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Light is increasingly being used to drive soft robots and soft actuators. In this paper, a light-driven
soft robot with compound motion patterns based on gas-liquid phase transition chamber is proposed,
which inspired by the frog and the larvae of gall midges. When a light source with a power density

of about 1.25 W/cm? is illuminated on the upper surface of the auxiliary pneumatic chamber, the
previously non-existent main pneumatic chamber can be expanded quickly within less than 3 s, and
generate enormous thrust. This allows the soft robot (length: 3 cm; width: 0.7 cm; weight: 0.36 g) to
quickly release from the magnet attractive field and perform a jump with a height of 50.8 cm in less
than 1 s, approximately 16 times the body length of the entire soft robot. The proposed soft robot can
also be combined with a photothermal bending film to achieve directional crawling. At the same time,
by fixing the foot of the soft robot on the base and using light irradiate it, an object weighing about 5
times the overall weight can be ejected to a horizontal distance of 16.9 cm. This untethered pneumatic
soft robot has broad prospects in soft jumping robots and wireless actuators, and the proposed
pneumatic triggered chamber can also be further applied to other application fields.

Nowadays, the ability of light to remotely and accurately transfer thermal energy has aroused increasing interest
among researchers in light-driven soft robots. By combining a variety of soft film materials with different thermal
expansion coeflicients, soft robots can perform different types of motion behaviors, such as grasping’, crawling?,
rolling®, jumping®~¢, swimming’ and so on. Moreover, mechanical instability can be incorporated to enhance
movement speed®. Researches on the combination of photothermal responsive film, humidity responsive film,
and electroactive film, with detailed structural design, for the production of soft robots, which can achieve diverse
motion behaviors and get excellent motion performance’~'. However, due to their light weight and small size,
these soft robots can only perform certain common movements, and it is challenging to move objects with masses
many times larger than themselves. Some soft robots achieve jumping movements through the combination of
soft film materials and magnets, but it is difficult for them to drive other objects to move together!”!8. Large
soft robots are usually manufactured by combining soft and rigid materials through mechanical design, which
can effectively carry large objects, but their mobility is very poor. In order to enable pneumatic soft robots to
jump, the size of them will be very large and they always require many pneumatic connection tubes and air
pumps to assist in their movement!>?’. This enables pneumatic robots to perform the task of grabbing and
transporting objects to designated positions by precisely controlling the inflation and inhalation frequency of
the air pump?!~3°. Despite the fact that pneumatic soft robots can be manipulated in real-time through the
trachea to display specific motion behaviors in various environments and have high sensitivity’!~*, the overall
size of such soft robots is large, and the trachea is bulky and complex. Consequently, pneumatic soft robots are
developing towards connectionless wires direction. Researchers are exploring some convenient methods for
removing the trachea and preparing soft robots. Recently, the combination of photothermal drive and gas-liquid
drive is increasingly applied to the researches of soft robots and actuators®. For example, Wu et al.*> have made
a light-driven soft robot that can complete some climbing motions by heating and cooling the internal liquid
inside the pneumatic chamber. However, due to the large overall size and slow gas-liquid conversion, it is difficult
to make these types of pneumatic soft robots driven by light carry out more kinds of movements.
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In this paper, a light-driven untethered pneumatic soft robot with compound motion patterns is prepared,
which can be used in the fields of bionic jumping soft robots, directional crawling soft robots, and long-distance
throwing actuators. The soft robot is composed of a polyimide (PI) film, a silicone rubber chamber and two
small magnets. The thickness of the PI film is 0.25 mm, which possesses high tensile strength, excellent thermal
stability, chemical corrosion resistance and mechanical properties. It is the best flexible film for making the
body of pneumatic soft robot. Furthermore, the laser engraving technology can be utilized on the 1 mm-thick
silicone rubber film to minimize the thickness of the pneumatic chamber, with a magnet encapsulated within
the chamber to reduce the overall weight and volume. This structural design method has been demonstrated
to enhance the driving performance of pneumatic soft robots. The light-driven untethered pneumatic soft
robot achieves a maximum jump height of 53.9 cm and a landing distance of approximately 30 cm following
1.25 W/cm? of irradiation for a duration of less than 3 s. When a small magnet is employed to fix a thin
photothermal film on the bottom of the main body, the soft robot achieves a crawling speed of 0.11 mm/s. When
the main body of the soft robot is fixed on the substrate and an object of 2 times its own weight is placed on it, the
object can be thrown directionally up to a distance of 49.6 cm, then an object of 5 times its own weight is placed,
it can be thrown up to a distance of 16.9 cm. The light-driven pneumatic soft robot is distinguished by its simple
processing, low cost and broad application prospects, which greatly promotes the development of the unbound
pneumatic soft robot in the direction of high speed and miniaturization.

Experimental section

Materials

In this paper, we utilized 0.25 mm-thick and 0.05 mm-thick polyimide films purchased from Zhongshan
Dawn Technology Co., Ltd. (China) for use in our experiments. 1 mm-thick and 0.1 mm-thick silicone rubber
films were purchased from Xinghua Zhongjiu Rubber and Plastic Products Factory (China). Furthermore,
organosilicon adhesive was purchased from Dongguan Taowei Construction Engineering Co., Ltd. (China). The
7100 e-fluoride liquid was purchased from Shanghai Tengyan Chemicals Trading Co., Ltd. (China) and nano
carbon powder was purchased from Hebei Yuanying New Materials Co., Ltd. (China).

Preparation of the pneumatic soft robot

Firstly, a 0.25 mm-thick rectangular PI film is engraved by a 1064 nm laser to make soft robot body with specific
structure. Secondly, a carbon dioxide (C'O2) laser is employed to incise a size of 80 mm*40 mm silicone rubber
film to manufacture pneumatic chambers, they can be formed by engraving five times in succession. Then, a
silicone adhesive is used to bond the chamber to the circular side of the PI film body, a small magnet is placed
in the chamber and a 0.1 mm-thick silicone rubber film of the same size as the upper surface of the chamber is
glued on top of it. The assembly of the pneumatic soft robot is completed by attaching a magnet of the same size
to the other end of the PI film with a silicone adhesive. Finally, a 0.05 mm-thick polyimide tape is pasted above
the side cavity. Use a syringe to plunge from the cavity wall to the inside of the side cavity, vacuum the inside,
and then inject the mixed solution, a pneumatic soft robot was obtained.

Characterizations

The motion image and video of the soft robot are captured by the iPhone 13 pro in normal shooting mode and
slow-motion mode respectively. The upward thrust of the main pneumatic chamber is measured with a digital
push-pull gauge, which was purchased from Wenzhou Weidu Electronics Co., Ltd. (China). The temperature
change of the upper surface during laser irradiation is measured by a thermal imager (RX-300, A-BE, China).

Results and discussion

Preparation and structure of a pneumatic soft robot

In this article, inspired by the jumping motion of frog and the larvae of gall midges (Asphondylia) (Fig. 1a),
a light-driven pneumatic soft jumping robot is composed of a piece of PI film, two magnets, and a specially
designed silicone rubber chamber. Figure 1b shows the preparing method of pneumatic soft robot. Firstly, a
0.1 mm-thick aluminum foil layer is positioned on the platform, with a 0.25 mm-thick rectangular PI film on it
and then the PI film is engraved by a 1064 nm laser. The aluminum foil can conduct heat with greater efficiency
during engraving and make the edges smooth. The 1064 nm laser has an output power of 1 W, an engraving
depth of 60%, and an engraving accuracy of 4k. By importing a specific designed structure, the body of the soft
robot can be produced. The 0.25 mm-thick PI film was selected to ensure optimal stiffness and excellent fatigue
resistance. Moreover, PI film also has good high temperature resistance and insulation properties. Secondly, a
carbon dioxide (C'O2) laser is employed to incise a silicone rubber pneumatic chamber. Here, we put a size of
80 mm*40 mm silicone rubber film on an aluminum metal plate. The power of the C' Oz laser is set to 5.6 W, the
engraving speed is 180 mm/s, the step size is 1 mm/s, and silicone rubber pneumatic chambers can be formed
by engraving five times in succession. Then, the carved chamber is cleaned by immersing it in an anhydrous
ethanol solution for five minutes. Finally, a silicone adhesive is used to bond the chamber to the circular side of
the PI film body, a magnet is placed in the chamber and a 0.1 mm-thick silicone rubber film of the same size as
the upper surface of the chamber is glued on top of it. After curing, an air chamber with a naturally flat upper
surface is obtained. The assembly of the pneumatic soft robot is completed by attaching a magnet of the same size
to the other end of the PI film with a silicone adhesive.

Compared with the method of passively exhausting the internal air with the help of atmospheric pressure in
previous studies, the designed device can actively expel internal air by directly inserting a syringe. 3M Novec™ ™
7100 acts as a phase-changing liquid with non-flammability and a suitable boiling point (61 °C). The rate of
vaporization of the fluid can be increased by mixing 7100 e-fluoride and nano carbon powder in a 100:1 ratio.
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Fig. 1. Bioinspired design of the light-driven pneumatic soft robot based on gas-liquid phase transition
chamber. (a) Schematic illustration of bioinspired jumping actuation combining frog-inspired and gall midge
larva-like mechanisms. (b) Schematic of the fabrication process for the unconstrained pneumatic soft robot via
laser engraving. (c) Structural parameters of the light-driven pneumatic soft robot.

In addition, silicone rubber offers superior elasticity compared to soft materials such as silicone and PDMS. As
a result, when the syringe is removed, the needle hole naturally compresses and occludes due to the inherent
stress of the material, which greatly reduces the difficulty of manufacturing a photothermal pneumatic chamber.
Considering that the silicone rubber retains some degree of permeability, if the internal solution gradually
evaporates over an extended period of time during storage, the syringe can be re inserted into the chamber from
the cavity wall, and the solution can be injected into the interior again, which makes the soft robot continuously
respond to light and heat, greatly increasing the lifespan of the soft pneumatic robot. As shown in Fig. Ic, the
overall length of the soft robot is 30 mm, the width is 7 mm, and the total thickness is 1.4 mm. A 0.05 mm-thick
polyimide tape with a length and width of 7 mm*5 mm is pasted to the side cavity of the chamber to allow the gas
converted from the liquid after illumination to expand above the magnet first. The remaining geometric parameters
of the structure are as follows: Lpr = 30mm, Hpy1 = 0.25 mm, Ho = Hyag = 1 mm, Hg = 0.1 mm,
Hpro =0.05 mm, Lrc =3 mm, R;c =5 mm, Roc = 9.5 mm,Tc =1 mm, Lc = 6 mm, Raag =4 mm

Morphing mechanism and actuation performances of the pneumatic soft jumping robot

The preparation method of this soft robot is relatively easy. The soft robot needs to be manually bended in
advance, the magnets on both sides attracted each other to keep body bent and store elastic potential energy
inside. When the auxiliary chamber is irradiated by 808 nm laser, the phase-changing liquid rapidly vaporizes,

Scientific Reports |

(2025) 15:18098 | https://doi.org/10.1038/s41598-025-03247-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

causing the main chamber to rapidly expand. Concurrently, the distance between the initially attached magnets
gradually increases, then the two magnets will detach abruptly. The elastic potential energy accumulated
internally will be converted into the kinetic energy of the soft robot to execute the jumping motion (Fig. 2a). To
demonstrate the gas movement between the main pneumatic chamber and the auxiliary pneumatic chamber,
Fig. 2b shows the chamber variation of the auxiliary chamber under 808 nm laser irradiation with a power
density of 1.25 W/cm?. As shown in Fig. 2¢, the jumping image is taken with a relatively stable height. After
2.16 s of laser irradiation on the chamber of soft robot, the magnets on both sides detached, the soft robot
started jumping at 2.17 s and performed multiple 360° rotations in the air and successfully landed at 3.89 s.
In comparison to conventional pneumatic soft jumping robots, this soft robot possesses enhanced degrees of
freedom and a faster response time.

As depicted in Fig. 2d, the stable take-off velocity, stable jumping height and stable jumping distance of
the soft robot reached 1.68 m/s, 50.8 cm, and 30 cm, respectively. To ensure data accuracy, the jumping height
of the soft robot was measured at the lowest point during the jumping process. The velocity of the soft robot
was calculated by the vertical displacement (Ah = ha — h1) and corresponding time intervals (At = t2 — t1)
during jumping. The formula used is v = (h2 — h1)/(t2 — t1), where h; represents the height at the previous
position, ha represents the height at the current position, ¢1 represents the time taken to reach the previous
position, and 2 represents the time taken to reach the current position. Based on its mass (m = 0.36 g) and stable
jumping height, the work done to overcome gravity (W¢a = mgh) of the pneumatic soft robot was calculated to
be about 0.00179 J. So that the work efficiency of this soft robot is extremely high. The weight of the different
magnet combinations has a significant impact on the jumping height of the soft robot. Consequently, when all
other parameters remain constant, Fig. 2e illustrates the correlation between the magnet dimensions on both
sides and the resultant jump height of the soft robot. The magnetic force exerted by a combination of a 3 mm*1
mm magnet and a4 mm*1 mm magnet was insufficient to maintain the PI film in a bent state. Consequently, the
experiment is conducted exclusively with 4 mm*1 mm magnets. The jumping heights of the soft robots made of
different matching small magnets are different, and the jumping height changes during 20 times of heating and
cooling are recorded. As shown in Table 1, we measured the weights of magnets with different sizes. Besides, a
more detailed study was conducted on on magnets with diameters of 3 mm, 4 mm, and 5 mm, and thicknesses
of 0.5 mm and 1 mm. Different combinations of magnets were attached to a 0.25 mm-thick, 30 mm-long, 7 mm-
wide polyimide film, respectively. The activation time and jumping height of soft robots were recorded in Table 2.
The findings indicate that the deployment of two 4 mm*1 mm magnets leads to a substantial augmentation in
jumping height, exhibiting optimal efficiency. The 4 mm and 5 mm refer to the magnets’ diameter size, and the
1 mm refer to the magnets’ thickness.

Figure 2f shows the effect of the power of the irradiating laser on the response time. A NIR laser with a power
of 3.75 W/cm? irradiates the auxiliary chamber for 0.6 s, which can propel the soft robot to jump. However, high
power density lasers are likely to damage the pneumatic chamber and destroy the reusability of the soft robot.
Therefore, a near-infrared laser with a power of 1.25 W/cm? is used in this experiment. It is also noteworthy that
a correlation exists between the overall length, width and thickness of the soft robot and its capacity for jumping
height. As shown in Fig. 2g, soft robot made of 28 mm-long PI film can can be activated more quickly, but it
exhibits limited long-term durability, its recovery time from excessive bending becomes longer due to flexural
fatigue in the 0.25 mm-thick PI film. As shown in Fig. 2h, soft robots with larger widths exhibit significant
challenges in achieving bilateral adhesion when using 4*1 mm magnets. Although the 8 mm-wide soft robot
demonstrates superior jumping performance, it operates near the critical magnetic adhesion threshold on both
sides, the two sides of the soft robot occasionally fail to maintain stable adhesion, resulting in inability to jump.
Therefore, we conclude that the 7 mm-wide configuration represents the optimal design when considering
jumping height stability. As shown in Table 3, we measured the upward force generated by polyimide films of
different thicknesses bent to the same angle. The 0.1 mm-thick polyimide film exhibited minimal upward force,
low rigidity, and excessive softness, making it unsuitable for jump-capable soft robots. In contrast, the 0.5 mm-
thick film produced a significantly higher upward force but was overly rigid. If used in jumping soft robots, it
would require larger magnets for adhesion, substantially increasing the robot’s weight and drastically degrading
jumping performance. Therefore, 30 mm-long, 7 mm-wide and 0.25 mm-thick PI film and two 4*1 mm magnets
are the best for making pneumatic soft jumping robot.

We conducted a more in-depth study on the forces acting on the soft robot, defining
F= Fstress + Fupward expansion force of the chamber. When F S Fattraction( the attractive force between
magnets), the soft robot remains stable and does not open automatically to jump. When F' > Fittraction, the
magnets on both sides of the soft robot fail to attract together, causing the two sides of the soft robot to open and
initiate a jump. As the length of the soft robot increases, the stress force decreases, requiring a greater upward
expansion force of the chamber to make F exceed Fattraction. Consequently, a longer heat accumulation time
is needed. During jump initiation, the attractive force between magnets (Fattraction) decays rapidly to zero,
enabling the foot segment to strike the substrate. The resultant ground reaction force Fyup, = Fitress — G = ma(
where Fitress denotes the prestress accumulated during magnetic coupling, G = myg is the gravitational force,
and m is the mass of the soft robot) governs the acceleration and jumping height.

Expansion/recovery characteristics of the soft silicone rubber chamber

To minimize the size of the pneumatic chamber, a new design approach of the chamber has been proposed.
The design of the chamber for storing liquid and the chamber for expansion should be undertaken in different
positions, as shown in Fig. 3a. When the chamber is irradiated by the laser, the liquid inside vaporizes due to
heating, causing the chamber to expand and transition from the state shown in the left image to the state shown
in the right image. Similarly, when the laser is removed, the gas inside cools and liquefies, allowing the chamber
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Fig. 2. Jump performance of the light-driven pneumatic soft robot based on gas-liquid phase transition
chamber. (a) Schematic diagram used to analyze jumping mechanism of each step. (b) Schematic diagram of
chamber expansion process after illumination. (c) Photographs showing the time-dependent jump behavior of
the soft robot, recorded at 240 frames per second (scale bar = 10 cm). (d) Jumping height and velocity of the
robot. (e) Jumping heights of the soft robot made with different magnets combinations. (f) Jumping heights of
30 mm-long and 7 mm-wide soft robot triggered by NIR laser with varied power densities (1.25, 2.50, and 3.75
W/cm?). (g) Jumping processes of 7 mm-wide soft robots with different lengths (L = 28, 30, 32, 34 mm) under
1.25 W/cm? laser irradiation. (h) Jumping processes of 30 mm-long soft robots with different widths (W =6, 7,
8 mm) under 1.25 W/cm? laser irradiation. Both (f), (g) and (h) initiate laser irradiation at t = 0 s.
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Magnet ID | Diameter (mm) | Thickness (mm) | Mass (g)
1 3 0.5 0.025
2 3 1 0.051
3 4 0.5 0.051
4 4 1 0.098
5 5 0.5 0.068
6 5 1 0.151

Table 1. Relationship between magnet diameter, thickness, and mass (NdFeB, Density = 7.5 g/ em?).

Pair ID | Head magnet size (mm) | Tail magnet size (mm) | Mass (g) | Activation time (s) | Jumping height (cm)
1 3*1 541 0.362 1.57 41.1
2 4*1 4*1 0.360 2.17 50.8
3 4*1 5%1 0.418 2.55 42.8
4 5*1 4*1 0.418 2.46 44.9
5 5*1 5*1 0.456 3.89 37.8

Table 2. Effect of magnet size on jumping performance of a 30*7 mm, 0.25 mm-thick film after laser
irradiation.

Film ID | Thickness (mm) | Upward force at 90 degree (N) | Upward Force at 180 degree (N)
1 0.1 0 0

2 0.25 0 1.66

3 0.5 1.68 12.82

Table 3. Stiffness analysis of polyimide films with different thicknesses.
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Fig. 3. Mechanisms of expansion and recovery of pneumatic chamber. (a) Silicone rubber chamber expansion/
recovery state under irradiation and after irradiation cessation. (b) Relationship between the chamber thrust
and the irradiation time during expansion/recovery. (c) Photo-thermal performance of the silicone rubber
chamber under 1.25 W/cm? laser irradiation.

to return to its initial flat state (Left). Due to a layer of 0.05 mm-thick PI tape attached to the upper side of the
chamber for storing liquid, when the laser irradiates the liquid cavity, although the liquid will vaporize into gas,
the gas will move towards the chamber for expansion. When the laser is removed, the gas will cool down again
into liquid and flow back into the liquid cavity. As shown in the Fig. 3b, the pressure gauge is used to measure
the upward thrust of the main chamber when the liquid chamber is illuminated. When the laser is turned on,
the reading of the pressure gauge shows a significant upward trend. After the laser is removed, the reading of the
pressure slowly returns to its initial reading. Before the measurement, the digital push-pull gauge is placed in
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parallel alignment with the upper surface of the chamber. Figure 3¢ shows changes of the surface temperature of
the soft silicone rubber chamber. It has been demonstrated that, within 3 s of undergoing irradiation, the surface
temperature of the chamber can reach 108.5 °C. Following a cooling period of 2 s, the surface temperature of the
chamber can be restored to near its initial temperature.

Crawling motion of the pneumatic soft robot

Considering application scenarios that require jumping in different positions, a crawling soft robot used as the
feet of the jumping soft robot can be added to the soft robot by using a tiny magnet to attach the feet to the tail
of the curved soft robot. feet can be added to the soft robot and a tiny magnet is used to attach the feet to the
bottom of the curved soft robot. The tiny magnet is in a cylindrical shape with a radius of 1.25 mm and a height
of 0.5 mm. The feet of the soft robot are made of a layer of 50 micrometers-thick PI single-layer tape adhered to
a 100 micrometers-thick black plastic film, then cut it into a specific shape, as shown in Fig. 4a. By illuminating
the individual crawling feet and the soft robot combined with crawling feet with infrared light several times,
the designed soft robot can move to a specific position (Fig. 4b,c). The soft robot combined with crawling feet
crawls faster than the individual crawling feet. The soft robotic feet primarily leverage the friction between the
soft robot and the contact surface. A heavier body increases the foot’s contact pressure with the ground, reducing
slippage and improving crawling efficiency. The soft robot with feet is capable of directional crawling at a speed
of 0.11 mm/s. It is continuously irradiated by an infrared lamp with a power density of 1.41 W/cm? for 7 times.
After 290 s, the soft robot can complete a significant crawling motion to the left. The surface shown in Fig. 4 is
composed of A4 2-side multi-purpose paper, which was purchased from Hefei Yizheng Cultural Products Co.,
Ltd. (China). Compared with other soft robots used for crawling, the overall combination of soft foot and soft
robot also provides ideas for future multifunctional soft pneumatic robots.

Projectile motion of the pneumatic soft robot

Remove the soft feet of the wireless pneumatic soft robot and secure the soft robot to the base using a magnet (4
mm*1 mm) glued to the substrate (Fig. 5a). To enable the soft robot to launch objects, one end (Tail) needs to
be fixed to the substrate by the magnet. When an 808 nm laser is directed towards a pneumatic cavity, objects
positioned diagonally above the soft robot are projected into the distance. By this method, a novel remote-
controlled ejection device was fabricated. As shown in Fig. 5b, an object with a weight of 0.72 g is projected,
which has two times the overall weight of the soft robot. Also, the weight of the object is an important factor to
consider. Then a 1.8 g object five times the overall weight of the soft robot is projected. Figure 5¢ shows objects
of different weights that can be thrown to different heights and horizontal positions by the soft robot. This also
greatly improves the efficiency of soft robots for moving objects.

Conclusions

The proposed light-driven untethered pneumatic soft robot does not need to be fabricated through complex
processes such as solution preparation. Through fine structural design, the silicone rubber chamber, PI film and
small magnets are combined together, which can be easily made in a short time. After adding the pneumatic
mixed solution into the chamber, it can be controlled remotely through light, and the reaction speed is very fast,
the pneumatic soft robot can jump to a height of 50.8 cm within 3 s. With the removal of the pneumatic tubes,
a smaller pneumatic soft robot whose thickness is less than 1.5 mm can be designed through the reasonable
internal structure design of the chamber, which can be used more conveniently in a narrow environment. At the
same time, the robot can crawl by sticking the simple feet at the bottom of the pneumatic robot. By attaching one
side of the pneumatic soft robot to the substrate, a simple ejector can be built, an object weighing five times its
own weight can be quickly thrown to a distance of 16.9 cm. Therefore, the proposed pneumatic soft robots have
broad prospects in miniaturization and multi motion modes.
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Fig. 4. Soft robot crawling motion gaits. (a) Schematic of the crawling foot and the overall design of the soft
crawling robot. (b) Optical images of the crawling process of individual crawling feet. (c) Optical images of the
crawling process of soft robot combined with crawling feet.
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Fig. 5. Discussion of light-driven projectile motion of the pneumatic soft robot. (a) Schematic of the specific
setup of throwing object experiments. The basal magnet serves to anchor one side of the soft robot to the
substrate. (b) Photographs showing the time-dependent throwing object behavior of the soft robot, recorded
at 240 frames per second. (c) The projectile heights and distances achieved when throwing objects of varying
weights.

Data availability

The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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