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A B S T R A C T

Precise control of the jumping direction and trajectory of soft robotics poses a challenge due to their large 
deformation and low stiffness. In this paper, we propose a pneumatic soft actuator consisting of an inward semi- 
spherical shell with a pre-existing T-shaped incision, which exhibits asymmetric snapping-through buckling 
under an increasing internal pressure. During the dynamic snapping, the shell deforms rapidly, resulting in an 
asymmetric, inclined impact with the ground. The impact force drives the soft actuator to jump in a controllable 
direction, and the adopted semi-open pneumatic system greatly improves the efficient utilization of air ejection 
energy. This design not only enhances the jumping performance, but also allows the control of the trajectory 
through adjusting the air pressure. Our experiments demonstrate that the actuator can achieve various jumping 
functions, for examples, to jump over obstacles of varying heights and depths, to execute rapid and continuous 
locomotion, and even to escape from a deep bottle. This work offers a paradigmatic idea for designing highly 
maneuverable and controllable soft robots.

1. Introduction

Soft robots have gained many important applications as, for exam-
ples, invasive surgery tools [1,2], wearable hand-assist robots [3,4], 
grippers [5–8], and field explorers [9] due to their advantages of 
cost-effectiveness, safety in interacting with humans, and adaptability to 
complex working conditions. To cope with a wide range of environ-
ments, soft robots have been developed to perform various locomotion 
modes, such as crawling [10–12], jumping [13–18], running [19,20], 
rolling [21,22], and swimming [23–26].

Among the various modes of locomotion, jumping is particularly 
advantageous for navigating obstacles and maneuvering through un-
structured environments. A few strategies have been proposed to drive 
the jumping of soft robots, for examples, explosion [27], combustion 
[28,29], and elastic energy release [13,16,30]. The combustion of 
flammable gas can create a rapid and large internal pressure increase in 
the soft actuator. The strategy of elastic energy release creates large 
deformation in two steps. It first accumulates elastic energy by using a 
latch-based system and then release the energy suddenly. In a recent 
innovative work, Bertoldi and coworkers [15] proposed a pneumatic 

soft jumper by harnessing the snap-through instability of a 
semi-spherical shell. Recently, Wang et al. [31] reported an insect-scale 
jumping robot by leveraging a dynamic buckling cascade. For these 
existing soft jumpers, however, it remains a challenge to exactly control 
the direction and trajectory of jump. Directional locomotion can be 
realized through structural design with the asymmetrical deformation of 
soft robots. Zuo et al. [32] proposed a liquid crystal elastomer soft 
actuator capable of performing multi-directional crawling, based on the 
strategy that selective stimulation of specific domains of the actuator 
leads to various asymmetric deformation modes. By integrating multiple 
soft actuators as a whole, the system can be propelled to move in a 
specific direction [33]. This strategy has been employed to direct the 
locomotion of soft jumpers [18,28], which, however, requires an addi-
tional control system. However, these existing jumping actuation stra-
tegies pose some limitations in the control of jumping trajectory. For 
example, the combustion-based approach requires a precise volume 
ratio of the mixed gases for controlled explosions, while the latch-based 
approach limits to a rated output power.

Among the actuation methods [34,35], pneumatic soft actuators 
have emerged as a promising route to executing accurately controllable 
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tasks [36]. Recently, Laake et al. [37] designed a novel semi-open 
pneumatic valve to realize sequential actuation of soft robots. In this 
paper, we propose a pneumatic soft actuator capable of directional 
jumping by harnessing the asymmetric snapping mechanism of a 
semi-spherical shell with a T-shaped crack. Systematic experiments and 
theoretical analysis are performed to demonstrate the efficacy and 
robustness of the designed soft robots. By presetting the initial inflation 
air pressure in the robot, its jumping trajectory can be precisely 
controlled. Finally, to highlight the maneuverability and high efficiency 
of the actuator, we showcase several applications, including jumping 
over obstacles of different heights and depths, escaping from a deep 
bottle, and moving across various challenging terrains.

2. Materials and methods

2.1. Design strategy of a directional soft jumper

The proposed pneumatic soft actuator comprises a short cylindrical 
tube, which is capped at the upper end by a flat plate with thickness tu 
and has an inward semi-spherical shell at the lower end, as shown in 
Fig. 1A. It is fabricated by using the silicone rubber compression 
molding technology [38]. The detailed fabrication process is described 
in the Supplementary Materials. Both the spherical shell and the cylin-
drical tube are made of silicone rubber (Dongjue Silicone NE 9370, 
China) with an initial shear modulus of μ = 2.0 MPa. The top circular 
cover is made of silicone rubber (Dongjue Silicone NE 9340, China) with 
an initial shear modulus of μ = 0.5 MPa. The shear moduli of the 
different parts can all be tuned in a wide range by changing the volume 
fractions of compositions in the silicone rubber.

Let to, ho, and ro denote the thickness, height, and inner radius of the 
outer cylindrical tube, respectively. The outer cylindrical tube connects 
to the inner spherical shell through a thin film with thickness tf . The 
thickness, radius, and polar angle of the spherical shell are ti, ri, and θ, 
respectively. We cut a T-shaped, thickness-through incision in the 
spherical shell, with the two branches intersected at the center of the 
spherical shell. The two intersecting fissures of the T-incision have the 
lengths of l1 and l2, respectively. The spherical shell is separated by the 
horizontal fissure of the T-shaped incision into two parts, F and B 
(Fig. 1A). Obviously, the whole system, including both F and B, is 
geometrically symmetric with respect to the vertical branch of the T- 
crack, but is asymmetric with respect to its horizontal branch. It is worth 
emphasizing that the incision of some other shapes could also be made, 
including a V-shaped one, which may also result in asymmetric de-
formations during snapping. We inflate the spacing encompassed by the 
cylindrical tube, the spherical shell and the circular cap with air.

2.2. Analysis of actuation mechanism

To reveal the energetic mechanism of the soft actuator, we first 
simulate its response to quasi-static inflation by using the commercial 
finite element software Abaqus. In our calculations, the model is dis-
cretized into C3D4H solid elements. The silicone rubber approximately 
obeys an incompressible neo-Hookean hyperelastic constitutive model. 
To simulate the inflating process, we apply the fluid cavity model and 
capture the pressure–volume curve by using the Riks method. More 
details of the finite element method (FEM) are available in the Supple-
mentary Materials. In the example, we take the following specific geo-
metric parameters according to our experiments: to = 1.0 mm, ro =

10.6 mm, ho = 9.3 mm, ti = 1.5 mm, ri = 10.0 mm, θ = 60.0∘, tf =
1.0 mm, tu = 0.5 mm, l1 = 4.0 mm, and l2 = 4.0 mm.

Our simulations show that the pressure–volume curve of the soft 
actuator shares a similar tendency to that of a spherical shell without the 
crack [15] (Fig. S4). Our soft actuator is also characterized by a limit of 
volume V1 (marked by the black square in Fig. 1B) when the internal air 
pressure increases to the value pl. At this pressure, snapping-through 
instability occurs, causing the system to switch to a state with a lower 

pressure (marked by the black circle in Fig. 1B). During snapping, the 
originally-inward spherical shell inverts, characterized by the traveling 
path of the pole (marked by the blue arrows in Fig. 1B) of parts B and F. 
Different from the axisymmetric deformation of a spherical shell [15], 
the semi-spherical shell deforms asymmetrically due to the introduction 
of the crack. Parts B and F follow different paths during the geometric 
inversion, and B is lower than that F after snapping. The asymmetric 
impact between the actuator and the ground induces an inclined force, 
which creates a small torque with respect to the mass center of the 

Fig. 1. Pneumatic soft jumper. (A) Geometry of the soft actuator, which 
comprises an inward semi-spherical shell with a T-shaped incision, a cylindrical 
tube, and an upper circular cap. It is divided into two parts, F and B. The 
shadow in the cross section of the shell denotes the incision. (B) The numerical 
(red) and experimental (blue) pressure–volume curves of the actuator subject to 
quasi-static air inflation. The curve obtained from FEM is characterized by a 
volume limit point (marked by the square), indicating the occurrence of 
snapping instability in the system. The snapping induces a sudden release of 
elastic energy Us (marked by the jacinth area) [15,39,40]. In the experiment, 
the internal air pressure reaches a critical value pc (marked by the star) and 
then drops quickly. During snapping, the soft actuator deforms asymmetrically 
due to the presence of the T-shaped crack in the shell. (C) Directional jumping 
locomotion of the actuator. The part B first impacts the ground, generating an 
inclined force to the actuator. Thus, the actuator takes off in the direction of θj 

measured from the ground.
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actuator, resulting in the tilting of the soft actuator. Therefore, the 
asymmetric impact supplies the soft actuator with an inclined force, 
which ultimately launches it along a certain direction (Fig. 1C).

The snapping of the actuator induces a sudden release of energy, Us, 
corresponding to the pink highlighted area in Fig. 1B. It is calculated by 

Us =

∫

Γ
p dΔV, (1) 

where Γ is the equilibrium path from the point of the volume limit to 
that after snapping. For the soft actuator with the above parameters, we 
obtain Us = 0.54 J. The incision keeps closed before snapping and will 
open quickly due to the inversion of the spherical shell. With the 
opening of the incision, the inflated air swiftly ejects, propelling the shell 
to collide with the ground with a high velocity. The air ejection energy 
Ua also contributes to the kinetic energy of the actuator and thus en-
hances its jumping performance. Thus, the total energy Ut that drives the 
actuator comprises the released energy Us and the air ejection energy Ua, 
that is, 

Ut = Us + Ua. (2) 

Importantly, after the release of high-pressure air, the shell will 
promptly regain its initial inward state. Therefore, the present pneu-
matic soft actuator is a semi-open pneumatic system that can switch on 
at the critical pressure and automatically return to its original state for 
the next jumping.

3. Results and discussions

3.1. Directional jump experiments

Now we experimentally investigate the jumping ability of the soft 
actuator fabricated in Fig. 1A. Air is inflated slowly into the actuator via 
a syringe pump (Longer, LSP01–2A), with a rate of 0.1 mL/s. The in-
ternal air pressure p is measured by using an air pressure gauge. Upon 
reaching 28 kPa, the soft actuator rapidly takes off, accompanied by a 
sudden drop of the internal pressure to 22 kPa (the blue dashed line in 
Fig. 1B). According to Eq. (3), the actuator’s volume changes rapidly 
from 1.7 mL to 2.4 mL. At the beginning of jumping, part B inverts first 
and contacts with the ground, causing the actuator to rotate with an 
angle of about 5∘ (Fig. 2 and Movie S1). Subsequently, part B pushes 
against the ground (Fig. 2B–C), propelling the actuator to jump at an 
angle of 85∘ measured from the ground. The jump direction is deter-
mined by the initial tilt angle, which depends on both the configuration 
after snapping and the geometric parameters of the T-shaped incision. It 
is observed that it takes less than 6.5 ms from the beginning of snapping 
to the final launch.

Supplementary material related to this article can be found online at 
doi:10.1016/j.eml.2024.102242.

Supplementary material related to this article can be found online at 
doi:10.1016/j.eml.2024.102242.

The pressure–volume curve is plotted in Fig. 1B, where the abscissas 
ΔV denotes the volume change in the interior spacing of the actuator. 
Considering the compressibility of air, the volume change ΔV is 
approximately equal to the volume of the injected air minus the volume 
change due to the air compression. Thus, ΔV is calculated by [15]

ΔV = ΔVsyringe −

(
p − p0

p

)

Vsystem, (3) 

where ΔVsyringe is the volume change injected by the syringe, Vsystem is 
the initial volume of the whole system (including the syringe and the 
actuator), and p0 denotes the initial air pressure in the system. The 
experimental results show a good agreement with our simulations, with 
a small discrepancy that is attributed mainly to the manufacturing error 
and the lag in the pressure measurement.

To further illustrate the merits of the proposed semi-open pneumatic 

system, we conduct both FEM simulations and experiments to compare 
the jumping behavior of two soft actuators, one having a T-shaped 
incision and the other having not. FEM simulations show that the 
pressure–volume curves of the two actuators are similar (Fig. S4). 
However, the experiments show that when slowly inflated at 0.1 mL/s, 
the soft actuator without the T-shaped incision cannot jump (Movie S2). 
This is because it is powered only by the elastic energy release induced 
by snapping, which is insufficient to drive the actuator to jump. 
Therefore, the semi-open pneumatic system can greatly improve the 
utilization of air energy. Additionally, it is highlighted that the air en-
ergy varies with the internal pressure and thereby we can realize the 
control of the total jumping energy Ut by changing the air pressure.

3.2. Accurate control of jumping trajectories

Inspired by the above findings, we use a pulse system (Fig. S5) to 
inflate the soft actuator rapidly with different initial air pressures pi =

30, 40, and 50 kPa, which are all higher than the critical value of 
snapping, pc = 28 kPa. To track the jump trajectories, the location of the 
soft actuator is denoted by the centroid of the cylindrical shell. We 
observe that the jumping trajectories of the soft actuator vary dramati-
cally under different preset air pressures (Fig. 3 and Movie S3), and thus 
we can tune the jumping direction and trajectory by changing the in-
ternal pressure. Because the air ejection energy depends on the preset air 
pressure, we assume that Ua = cpiVl, where c is a dissipation coefficient 
which can be determined by fitting the experimental results. Therefore, 
the total energy can be expressed as 

Ut = Us + Ua =

∫

Γ
pdΔV + cpiVl. (4) 

Specially, for the case of quasi-static inflation, the preset internal air 
pressure pi is equal to the pressure limit p1 at snapping, leading to Ua =

cp1Vl.
Supplementary material related to this article can be found online at 

Fig. 2. Directional jumping locomotion of a soft jumper. (A)–(D) Experi-
mental snapshots at 0.0, 1.5, 3.0, and 6.5 ms. (B) At the beginning of jumping, 
part B inverts and impacts the ground, tilting the actuator with an angle of 5∘. 
(C) Then, part B pushes against the ground, propelling the actuator to jump. (D) 
Finally, the actuator launches at an angle of 85∘ measured from the ground.
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To further predict the jumping trajectory in terms of the design pa-

rameters, we develop a simplified two-dimensional kinematic model by 
using the commercial package Adams (More details of the method are 
available in the Supplementary Materials). The FEM simulation results 
are used as the input. As shown in Fig. 3A, the kinematic model com-
prises a rigid frame and an active bar, connected with a torsional spring 
with stiffness kts. The active bar with mass mi/2 and length ri − l2 rep-
resents part B which impacts the ground during snapping. The rest of the 
soft jumper, including part F, the cylinder tube, and the circular cap, are 
modeled as a rigid frame since they will not impact the ground during 
the snapping. Assume that the torsional spring is pre-compressed before 
snapping and is stress-free after the impact, meaning that the total en-
ergy Ut is all stored in the torsional spring in the former configuration. 
Thus, the equivalent stiffness of the torsional spring is given by 

kts =
2Ut

(θ2 − θ1)
2, (5) 

where θ1 and θ2 are the angles between the bar and the rigid frame 
before and after snapping, respectively, which are determined from our 
FEM results. For the present actuator, FEM simulations give θ1=78◦ and 
θ2=105◦. To account for energy dissipation effects, the torsional spring 
is modeled with a damping coefficient ct, which can be determined by 
fitting with the experimental results.

To validate the kinematic model, we compare the theoretically pre-
dicted jumping trajectory with the experimental measurements in four 
different situations, including under quasi-static inflation, and inflation 
under pi=30, 40, and 50 kPa, respectively. The dynamic numerical re-
sults are shown in Movie S3. A good agreement is found between the 
theoretical jumping trajectories and the experimental measurements, as 
shown in Fig. 3B, where we take the damping coefficient ct = 0.3 kg/s, 
and c = 0.12 for inflation under a preset air pressure and c = 0.07 for 
quasi-static inflation. It is noted that the parameter c is dependent on the 
geometric parameters of both the soft robot and the crack. The 

discrepancy in the dissipation coefficient c between the two inflation 
modes can be attributed to the sudden release of air when inflated with 
high pressure. The results demonstrate that the kinematic model in 
Fig. 3 can well predict the jumping trajectory of the soft actuator. It is 
noted that the above kinematic method can predict the jumping tra-
jectories of soft jumpers with different geometric parameters. Addi-
tionally, we find that in the case of quasi-static inflation, the ratio 
between the air ejection energy and the released elastic energy Ua/Us 
reaches 426.3 %. The above experiments and model both confirm that 
the semi-open pneumatic system can greatly improve the utilization of 
air energy. Additionally, as the initial air pressure pi increases, the soft 
jumper will jump higher and farther.

On the basis of the above results, we propose a precise strategy to 
control the jump trajectory of the soft actuator such that it can jump to 
the exact location or height. For a destination with given height and 
distance, for example, the above kinematic model can be used to 
calculate the air pressure required for the actuator to reach that position. 
This strategy will be demonstrated via a few different examples in the 
following section.

3.3. Jumping onto the top of a pillar

To verify the above-proposed control strategy, we inflate the soft 
actuator with different air pressures such that it can jump onto the tops 
of pillars with different distances lb and heights hb, as shown in Fig. 4
and Movie S4.

For a pillar with (lb,hb), we first search for a jump trajectory of the 
soft actuator which contains the destination (lb +ro, hb +ro) by using the 
kinematic model. The detailed search method is described in Section S5 
of Supplementary Materials. Then we can determine the required air 
pressure. Next, we inflate the soft jumper with the air pressure by pre-
setting the pneumatic control system. Three examples of pillars are 
shown in Fig. 4. For a pillar with smaller distance lb = 50 mm and height 
hb = 50 mm, our calculation shows that only a slow rate of 0.1 mL/s is 
required. Our experiments show that the soft actuator can swiftly jump 
onto the pillar (Fig. 4A). For the two pillars with (lb = 70 mm, hb =

90 mm) and (lb = 80 mm, hb = 130 mm), the actuator can also easily 
jump onto the pillar tops when we set the air pressures pi = 31 kPa and 
pi = 40 kPa, respectively (Fig. 4B and C).

When the ratio of the inner radius of the semi-spherical shell to its 
thickness is constant, both the released energy Us and the gravitational 
potential energy are proportional to the mass [15]. Therefore, by 
adjusting the inflation air pressure, the proposed soft jumper can be 
readily scaled to different sizes.

3.4. Adaptive jumping in various environments

In nature, some worms with soft-bodies, e.g., maggots [41], can jump 
swiftly to escape from dangerous environments or predators. Now we 
examine whether the soft actuator we have proposed can jump or not 
into and out of a deep bottle, which poses a challenge for most artificial 
soft robots. In our experiments, the bottle has a depth of 130 mm and a 
smaller opening of 52 mm diameter. It is found that the actuator can 
successfully achieve this task (Movie S4, Figs. 5A and 5B). Therefore, the 
soft jumper can execute self-rescue from deep holes or other complex 
environments.

Furthermore, the proposed semi-open pneumatic system can achieve 
automatic resetting of the pneumatic system. After snapping, the actu-
ator will return to the initial state automatically and quickly, leading to 
continuous jumping (Movie S5). The soft actuator exhibits the remark-
able capability to not only effectively locomote across diverse complex 
terrains with sand, stones, trenches, and cobblestones (Fig. 5C and 
Movie S6), which may be uneven, low contact area, slippery, and even 
flowable, but also to jump out of the sand after being buried (Fig. 5D and 
Movie S6). There, the soft jump also has potential applications in planet 
exploration, in which the probe might be buried and move on complex 

Fig. 3. Kinematic model of the soft actuator. (A) The kinematic model 
comprises a rigid frame and an active bar, connected with a torsional spring of 
stiffness kts. The torsional spring is pre-compressed before snapping and is 
stress-free after snapping, and thus the total energy Ut is stored in the torsional 
spring in the former configuration. We use the centroid C of the cylindrical tube 
to track the motion of the actuator. (B) Comparison of the trajectories of the 
point C during jumping between the experimental results and the theoretical 
predictions.
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terrains.

4. Conclusions

In summary, we have proposed a pneumatic soft actuator that can 
jump in a controllable direction. The soft actuator comprises a semi- 
spherical shell with a T-shaped incision, which exhibits asymmetric 
snapping-through buckling when subjected to an increasing internal 
pressure. The asymmetric snapping results in an inclined impact with 
the ground, generating a force sufficiently large to drive the soft actuator 
to jump in a specific direction. Further, by supplying the actuator with a 

preset air pressure, we realize precise control of the trajectory of the soft 
actuator. Functional jumping is demonstrated by several experiments, 
for examples, jumping onto platforms of varying heights, launching 
from uneven ground, and escaping from a bottle. The semi-open pneu-
matic system not only improves the utilization of air pressure, but also 
holds promise for automatic control of fluidic soft robots. This work 
offers a paradigmatic strategy for designing soft jumpers of various sizes 
which can efficiently traverse rough terrains.

Finally, it is also worth mentioning that since the soft jumper pro-
posed in this paper is tethered, its jumping performance has some lim-
itations. By integrating a micro air pump into the soft jumper or 

Fig. 4. An actuator jumps onto the tops of pillars of different distances and heights. (A) The actuator jumps onto a pillar with distance lb = 50 mm and height 
hb = 50 mm, where air is inflated with a slow, quasi-static rate of 0.1 mL/s. (B) The actuator jumps onto a pillar with lb = 70 mm and hb = 90 mm, where the air 
pressure is set to be pi = 31 kPa. (C) For a pillar with lb = 80 mm and hb = 130 mm, we set the air pressure pi = 40 kPa.

Fig. 5. An actuator jumps in various environments. (A) Jumping into and (B) out of a deep bottle, which has a height of 130 mm and a narrow opening of 52 mm 
diameter. (C) The soft actuator jumps across a variety of complex terrains: sand, stones (frictional and uneven), and cobblestones (slippery). (D) The buried soft 
actuator jumps out of the sand.
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supplying it with gas through chemical reaction, the soft jumper could 
be made untethered.

Data and materials availability

All data needed to evaluate the conclusions in the paper are present 
in the paper or the Supplementary Materials.
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