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Abstract—Soft continuum robots have many applications
such as medical surgeries, service industries, rescue tasks, and
underwater exploration. Flexibility and good accessibility of
such robots are the key reasons for their popularity. However,
the complexity of their structural design and control systems
limit their broader applications. In this paper, a novel variable
stiffness soft continuum robot based on pre-charged air, particle
jamming, and origami is proposed. The robot is a bellow-like
origami structure with internal chambers. A spine-like chamber
is filled with particles, and three identical chambers
surrounding the spine chamber are filled with pressurized air.
When the origami structure is compressed, the particles are
jammed by the compression force and the increased pressure of
the three air chambers, thus increasing the overall stiffness of
the robot. The robot expansion-contraction and bending are
controlled by three tendons. An analytical model of the
proposed stiffness variation mechanism has been developed.
The effects of various parameters on the lateral and axial
stiffness of the soft continuum robot have been investigated by
experimental studies. A prototype robot has been fabricated to
demonstrate grasping operations.
Index Terms—Soft continuum robot, variable stiffness,
pre-charged air, particle jamming, origami

I. INTRODUCTION
Several methods for soft robot and continuum robot
actuation have been used in various configurations and
different working environments [1]. These methods include
pneumatics [2,3], electroactive polymers [4,5], shape memory
alloys [6], electro-rheological and magneto-rheological fluids
[ 7 ], and cable-driven approaches [ 8 ]. Many studies on
pneumatic methods have been conducted due to their early
development and simple principle. Pneumatic methods use
gas pressure differentials to deform flexible structures to
achieve certain motions and functions [9,10]. However, most
pneumatic soft actuators require heavy air compressors and
valves, and several hoses are connected between the air
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compressor and the robot, thus limiting the flexibility and
range of motion of the soft continuum robots. Cable-driven
method makes soft continuum robots miniaturized [11-13].
But it's hard to change the stiffness of the cable-driven soft
continuum robots.
An increasing number of soft robots must have variable
stiffness to adapt to changes in complex environments, such as
soft/hard, light/heavy, and big/small objects. Robotic
arms/hands must have flexible compliance with the body and
the necessary stiffness modulation capability [ 14]. Several
approaches of variable stiffness based on different
technologies, such as variable-rigidity materials [15], electric
[16] and magnetic field-induced [17], and thermal [18] and
pressure-induced methods [ 19 , 20 ], are available. The
pressure-induced control is widely studied because it is simple,
fast, and effective. At present, most research and applications
are based on vacuuming a particle pack from flowing to
jamming states to achieve variable stiffness. However, this
method requires a heavy vacuum pump, hoses, and valves,
while such components are bulky and inconvenient, limiting
the scope of applications.
Based on the aforementioned issues, the authors conducted
a series of studies in the early stage to develop new structures
and principles of soft robots [17-24]. The soft pneumatic
actuator and variable stiffness configuration are reduced as
much as possible to suit a variety of applications. Based on
previous research, this paper proposes a new method for
stiffness modulation based on particle jamming. Instead of
using a vacuum, the proposed method generates a jamming
effect by actively controlling the air pressure around the
particle pack by tendons and a compressible origami structure.
The major contributions of this research are presented in
three aspects. First, a novel variable stiffness soft continuum
robot based on pre-charged air, particle jamming, and origami
structure is proposed. Second, the analytic model of the
proposed soft continuum robot is established. Finally, the
effect of particle size, air pressure (difference), and continuum
robot structural parameters on its stiffness is investigated in
the experiments. The potential applications of the soft
continuum robot are demonstrated.
II. BASIC D ESIGN AND FABRICATION
The variable stiffness soft continuum robot comprises a
bellow-like origami structure, as shown in Fig. 1(a). The inner
part of the origami structure is designed as a hollow
three-lobed structure as in Fig. 1(b) to have adequate stiffness.
The hollow space of the three-lobed structure is filled with
particles. A wire guide structure is designed on each of the
lobes. The particle-filled three-lobed structure serves as the
spine of the soft continuum robot. The three air chambers are
filled with pressurized air and sealed before actual operations.
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Three type-304 stainless steel wires with a diameter of 0.5
mm passing through the tendon guide are used to control the
contraction and bending of the soft continuum robot. This type
of steel wire is used for its stiffness. Thus, the length variation
factor of the actuating tendon itself can be excluded in the
experimental test. The cable-driven design facilitates linear
control of continuum robot deformation, reducing the
complexity of the pneumatic control valve system.
When the actuation tendon is shortened, the radial
dimension is constant and the axial dimension is reduced.
These conditions decrease the volume of the three-lobed
particle-filled structure and that of the three air chambers.
Thus, the particles will change from flowing to jamming states,
increasing the rigidity of the entire continuum robot. In this
study, the tendons serve multiple purposes: positional and
stiffness control. Compared with conventional vacuum-based
particle jamming, the proposed method avoids the use of
vacuum pumps, air tubes, and complex valve controls.
Owing to possible air leakage in the 3D-printed air chambers
inside the soft continuum robot, three elastic latex tubes with
an outer diameter of 17 mm and thickness of 1.5 mm were
placed inside the chambers to serve as air chambers as shown
in Fig. 1(c). One end of the latex tube is sealed with a sealing
head and a clamp. The other end is connected to the air tube
and the check valve (serves the same function as the basketball
valve) to pre-charge the latex tube to the desired air pressure.
When the actuation tendon is shortened, the length of the air
chamber is reduced, and the air pressure and the stiffness of
the robot are increased. The pre-charged air chamber design
avoids the use of heavy air compressors, valves, and long air
tubes, making the soft continuum robot transportable.
Furthermore, the pre-charged structure can increase the initial
stiffness of the robot for centering. The three air chambers can
be pre-charged to compress the particles inside the spine to
prevent initial particle flow. The pre-bending effect of the
robot can be achieved if the pre-charged pressures in the three
air chambers are different. Thus, the robot can be linearly
driven by wires. This principle is similar to the concept of
pre-charged pneumatics previously reported by the authors’
team [23].

Steel wire

Particle-filled threelobed structure
Wire guide

Bellow-like origami structure
Φ 48 mm

For the prototype in this research, the origami structure has a
length of 210 mm and an outer contour diameter of 48 mm;
the wall thickness is 0.6 mm. The inner cylinder is a
three-lobed hollow bellow structure. The spacing between
every two layers of corrugation is 7 mm. The bellow structure
is designed to reduce the internal volume linearly when the
length of the structure is shortened. This process will lead to
reduced volume of the air chambers, which increases their air
pressure, resulting in particle jamming or stiffness increase in
the soft continuum robot. The outer rings are connected by a
tendon guide every 35 mm. The entire structure is fabricated
in one piece by 3D printing using thermoplastic polyurethane
(TPU) materials. The printer head has a diameter of 0.4 mm.
The printer parameters are set to 0.2 mm per layer thickness
and 30% filling density.

Pre-charged air chamber

210 mm

(a)

(b)

Glass beads

Air inlet

(filled in the hollow
three lobed structure)

Steel wire

Latex tube

Sealing head
Check valve

Bellow-like origami structure
Clamp
(c)

Figure 1. Basic design concept. (a) The bellow-like origami structure. (b) A
cross-section showing the three-lobed structure filled with particles and three
air chambers. (c) A prototype.

III. MODELING AND A NALYSIS
The deformation of the continuum robot is achieved by
pulling the wire. The displacement of the wire also determines
the change in air pressure of the air chambers. When the
pre-charged air chambers are compressed by the axial force,
the elastic latex tube is squeezed to expand laterally, as shown
in Fig. 2(b). Lateral expansion causes the latex tube to produce
a laterally uniform load that squeezes the particle spine. The
axial force F due to tendon pulling also contributes to
compression of the particle spine, as shown in Fig. 2(c).
Given that the inner particle-filled three-lobed structure
and the outer origami structure are corrugated, the inner latex
tube is radially expanded after compression of the elastic
chamber, conforming to the corrugated surface and pressing
the particle spine. The cross-sectional area of the latex tube is
calculated based on the area formula of an ellipse. For the
convenience of calculation, the average value of the maximum
and minimum areas of the ellipse between the inner
three-lobed bellow structure and the outer bellow-like origami
structure is taken as the sectional area of the pressurized air
chamber. Based on the ideal gas state equation,
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Figure 2. Working principle of the particle jamming pressure change. (a)
Diagram of the air and particle chambers. (b) Air chamber compression. (c)
Particle chamber compressed by tendon pulling force F and air pressure from
three chambers.

where P1 and V1 are the initial air pressure and volume of the
air chamber, respectively; P2 and V2 are the air pressure and
volume of the compressed air chamber, respectively; n is the
amount of gas substance; R is the ideal gas constant; T is the
thermodynamic temperature of the ideal gas; a and b are the
major and the minor axes of the elliptical section of the gas
chamber, respectively; and ΔL is the length change of the gas
chamber or the soft continuum robot.
The compressed air pressure P2 acts as a distributed load
q(y) on the particle spine and cooperates with the pulling force
F to squeeze the particles in the particle spine to change its
stiffness. A large pulling force results in a large length change
ΔL. Thus, the stiffness of the continuum robot is also high.
IV. EXPERIMENTAL STUDIES
The structure of the variable stiffness soft continuum robot
is a bellow-like origami structure with internal pre-charged air
and particle chambers (which serve as a spine). The lateral and
axial stiffness of the continuum robot are investigated
considering the effects of various parameters. In addition, a
potential application of the variable stiffness soft continuum
robot is presented by grasping demonstrations.
A. Experimental Tests of Variable Stiffness
An experimental test platform is established as shown in
Fig. 3. The soft continuum robot is fixed vertically on a
wooden board against the wall, in which one end is fixed and
the other end is suspended. A square piece of paper with a
spacing of 10 mm per line is attached to the board to observe
the lateral and axial displacements and the bending angle of
the continuum robot. Two motor-driven screw linear guides
are set in the horizontal and vertical directions. Force sensors 1
and 2 are driven by the two linear guides to pull the continuum
robot and record the pulling force. All the experiments were

performed at room temperature at least three times to ensure
repeatability. The average values are obtained, and the
experimental results are plotted in Figs. 4 to 6. The standard
deviations are not shown in the figures because the
experimental error, from approximately 0 to 0.02, is extremely
small relative to the pulling force.
(1) Lateral Stiffness
The soft continuum robot is shortened by pulling the three
actuation tendons with the motor-driven screw linear guide.
One end of the continuum robot and force sensor 1 is
connected with a Kevlar line. The linear guide drives the force
sensor 1 to move toward the left by 50 mm at a speed of
60 mm/min. The values of the force during the pulling process
are recorded. The effect of the particle diameter and
pre-charged air pressure on the lateral stiffness of the
continuum robot at different lengths was tested in the
experiments. The particulate material used in the experiment
is glass beads. The pre-charged pressures of the three air
chambers are equal. The experimental results are shown in Fig.
4. The ΔL indicated in the figure is the shortened length of the
soft continuum robot, D is the particle diameter, and P is the
pre-charged air pressure.
The lateral force tends to increase linearly with the lateral
pulling displacement and the pre-charged air pressure. This
finding indicates that the lateral stiffness of the continuum
robot increases with the pre-charged air pressure. The reason
is that the pre-tightening force of the particles in the
three-lobed bellow structure is increased after the pressure,
further preventing the occurrence of flow and facilitating the
possible change of particles to a jamming state. Furthermore,
the air pressure is increased to resist deformation. Therefore,
the lateral stiffness of the continuum robot is increased.
The lateral pulling force slightly differs when the particle
diameter is 1 and 2 mm. When the particle diameter is
increased to 3 mm, the lateral pulling force tends to decrease.
This condition indicates that the lateral stiffness of the
continuum robot is large when the particle diameter is small
because the contact area between every two particles increases
as the diameter of the particles decreases. Therefore, the
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Figure 5. Lateral stiffness tests. (a) △L = 0 mm; D = 2 mm; P1 = P2 = 40 kPa;
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As shown in Fig. 5(b), the pre-charged pressures of the
three air chambers are equal. The lateral pulling force is
applied from both directions with the displacement of 50 mm.
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Figure 4. Lateral stiffness tests. (a) △L = 0 mm; D = 2 mm; P = 0, 10, 20, 30,
40 kPa. (b) △L = 0 mm; D = 1, 2, 3 mm; P = 0, 10, 20, 30, 40 kPa. (c) △L = 0,
10, 20 mm; D = 2 mm; P = 20 kPa.

number of strong chains in the particles increases, resulting in
an enhanced effect against external action and resistance to
deformation; thus, lateral stiffness is enhanced [21]. In
addition, the lateral pulling force and stiffness tend to increase
considerably as the length of the continuum robot decreases.
A comparative experiment is conducted to further test the
influence of the air pressure difference of the three air
chambers and the distribution of the soft continuum robot
structure on the lateral stiffness. The steel wire was removed
in this experiment to eliminate the influence of the steel wire
on the structure. As shown in Fig. 5(a), the pre-charged
pressures of air chambers 1 and 2 are equal to 40 kPa. The air
chamber 3 pressures are 0, 10, 20, 30, and 40 kPa. Lateral
pulling force is applied with the displacement of 50 mm as
shown in Fig. 3. The experimental results show that a large
pre-charged pressure difference of the three air chambers leads
to a small lateral pulling force and low stiffness. Thus, the
lateral stiffness of the continuum robot can be changed by
varying the air pressure difference between the three
chambers.

The experiment shows that the structural distribution of
the robot has a slight effect on the lateral stiffness. The lateral
pulling force in the Fa direction is slightly larger than that of
the Fb direction; that is, the lateral stiffness in the Fa direction
is slightly larger than that of the Fb direction.
(2) Axial Stiffness
The pre-charged air pressures of the three air chambers are
settled equally. The three actuation tendons are pulled using a
motor-driven screw linear guide to shorten the continuum
robot by 20 mm. The value of force sensor 2 is continuously
recorded during the pulling process.
As shown in Fig. 6(a), a short length of the continuum
robot leads to a large pre-charged air pressure of the three air
chambers, resulting in a large axial pulling force and high
axial stiffness. The internal air chambers and particles are
compressed when the length of the soft continuum robot is
shortened. The air pressures in the air chambers are increased,
and the deformation resistance is enhanced. Moreover, the
particles vary from flowing to jamming states. These factors
work together to increase the axial stiffness of the continuum
robot.
As shown in Fig. 6(b), as the diameter of the particles
increases, the axial pulling force first increases and then
decreases. The axial force reduction of the particles with a
diameter of 3 mm is also remarkable. These results correspond
to those presented in Fig. 4(b). The particles with a diameter of
2 mm are matched to the size of the continuum robot designed
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Figure 6. Axial stiffness tests. (a) △L = 0, 10, 20 mm; D = 2 mm; P = 0, 5, 10,
15, 20 kPa. (b) △L = 20 mm; D = 1, 2, 3 mm; P = 0, 5, 10, 15, 20 kPa.

In the aforementioned experiment, the lateral and axial
pulling forces linearly increase with the displacement of the
wire. The cause of this phenomenon is also analyzed. The
uniaxial pressure experiments of glass beads were conducted
in the previous research of the authors. Initially, the force
increases linearly with the compression displacement. The
force rapidly decreased when it reaches a peak, indicating that
the glass beads in the steel container are cracked or crushed
[21]. Therefore, the particles exhibit elastic deformation
characteristics before they are crushed.
A DS2-100N dynamometer produced by ZHIQU
Precision Instruments Co., Ltd. is used in the experiment. The
range of the dynamometer is 0 N to 100 N. This dynamometer
can only test the contracting force of the continuum robot by
20 mm, which is far less than that of crushing the particles.
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in this paper, making it prone to jamming. Furthermore, the
effect of stiffness enhancement is evident.
The air pressure test platform in Fig. 7 is established to
monitor the air pressure change during the stiffness variation
of the continuum robot to further understand the change of
stiffness. The pressure sensor (3000 series pressure sensor
produced by Hong Kong North ZTT) is connected to three air
chambers. The voltage value of the pressure sensor is read and
recorded during the contracting process of the continuum
robot. Therefore, the corresponding air pressure value can be
obtained. The experimental results show that the gas pressure
in the gas chamber increases approximately linearly during the
contraction of the continuum robot. The air pressure increased
to 24.95 kPa after the continuum robot pre-charged with
20 kPa air is contracted by 20 mm. Comparing the calculation
results in the modeling, the calculated air pressure increases to
23.88 kPa by using Eq. (2). The relative error is approximately
4%.

30

0

10
20
Axial Displacement (mm)

(b)
Figure 7. Air pressure changes at different axial displacements and initial
pre-charged air pressures. (a) Air pressure test platform. (b) Air pressure test
results.

Therefore, the relationship between force and displacement in
this experiment is linear, indicating that the particles have
certain compressibility. When compressing the chambers
filled with particles within a certain force range, the external
pulling force breaks the balance between the particles, causing
the slippage or rotation of some particles. The contact between
the particles is unstable, causing the breakage and
recombination of force chains between the particles, which, in
turn, facilitates the solid-liquid transition of the particles.
When the force is increased to a certain value, the porosity of
the particle system is minimized and the structural rigidity
reaches its maximum. If the force is increased afterward, then
the particles will be crushed and broken.
B. Variable Stiffness and Grasping Demonstration
The proposed soft continuum robot can be used to develop
advanced applications due to its variable stiffness, linear
control, and portability. A grasping experimental platform
based on the variable stiffness soft continuum robot is
designed and fabricated in this study, as shown in Fig. 8. The
continuum robot is fixed on a support. The support is fixed on
the test bench constructed using aluminum. A soft gripper
based on compliant mechanisms is attached to the end of the
continuum robot by a 3D-printed bracket. The soft gripper
comprises TPU materials by 3D printing, and the printing
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Figure 9. Demonstration of sample grasping. (a) Table tennis ball (2.85 g). (b)
Pen (16.76 g). (c) Balloon (1.06 g). (d) Water-filled bottle (162.45 g).

parameters are the same as those of the bellow-like origami
structure.
Three nylon threads are used as the actuation tendons,
which are wound around three reels. Three servo motors
control the rotational angles of the three reels to change the
length of the actuation tendon, thereby controlling the motion
of the continuum robot. One end of a nylon thread is tied to
the palm of the soft gripper, and the other end is wrapped
around a reel. The opening and closing of the soft gripper is
controlled by a servo motor. The battery can be installed on
the continuum robot in remote jobs. The continuum robot can
be shortened by up to 20 mm, and the maximum bending
angle is 36° (which is limited by the current servo motion
range in the prototype; the servos by servo motors will be
replaced to expand the bending range and controllability in
our coming development).
In the grasping demonstration experiment presented in Fig.
9, objects with a range of different features, such as a table
tennis ball, a pen, a balloon, and a water-filled bottle, were
tested. Experimental results show that the variable stiffness
soft continuum robot can be combined with a soft gripper to
capture soft/hard and light/heavy objects. This experiment
demonstrates the application possibilities of the continuum
robot in the gripper and bionic muscle.
V. CONCLUSION AND DISCUSSION
This article presented a novel variable stiffness soft
continuum robot, which has many advantages over

conventional soft continuum robot. First, the stiffness of
particles remarkably increases under the combined action of
tension wire and air pressure. Second, the pre-charged air
chamber design avoids the use of heavy air compressors,
valves, and considerably long air tubes, making the robot
transportable. Third, the structural volume of variable
stiffness by compressing the particle chamber is smaller than
that of the conventional particle vacuum structure, decreasing
the need for air tightness of the origami structure. Fourth, the
design of pulling wire enables the easy linear control of the
stiffness of the continuum robot, reducing the complexity of
the control system. Finally, the foldable bellow-like structural
design enables the soft continuum robot to produce large
expansion-contraction and continuous uniform bending
deformations, preventing buckling when the wire is pulled
(The wire guides are designed at the three particle lobes).
The lateral and axial stiffness have been experimentally
studied. The experimental results show that the lateral
stiffness tends to increase linearly with the pre-charged air
pressure, the decrease in the continuum robot length, and the
reduction in the pre-charged pressure difference of the three
air chambers. Particle diameter and structural symmetry have
slight effects on lateral stiffness. The axial stiffness tends to
increase linearly with the decrease in the continuum robot
length and the increase in the pre-charged air pressure of the
three chambers. As the diameter of the particles increases, the
axial stiffness first increases and then decreases. This result
helps to optimize the design of the continuum robot based on
functional requirements. Finally, the potential application of
the continuum robot in the gripper and bionic muscle is
presented by the grasping demonstration.
In the future work, the authors are aiming to develop a
continuum robot with more modules, similar to the prototype
shown in this paper. This will allow more degrees of freedom.
Furthermore, the control algorithm can be optimized
according to the environmental characteristics, so that the soft
continuum robot can handle more complex tasks.
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