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Abstract. Soft actuators have attracted significant research in various domains owing to their flexible motion
characteristics. However, the applications of soft actuators are constrained by their low force-to-weight ratio
and maximum shrinkage rate, which is the ratio of the maximum stroke to the extreme length of the actuator,
considerably augmenting the driving energy and occupied area. This paper presents a novel dual-tunnel soft
pneumatic origami actuator capable of providing a large maximum shrinkage rate for reciprocating motion. The
inner tunnel is constructed by the origami mechanism chamber, and the outer tunnel is formed by the origami
mechanism in conjunction with the outer soft skin. A programmable design method for the proposed actuator
is presented, based on its geometric parameter model and stiffness model. A kinematics model is developed to
analyze the motion behavior and characteristics of the actuator’s reciprocating motion. The prototype is fabri-
cated using lightweight materials, such as oriented polypropylene and hard cardboard, on which tensile and load
experiments are conducted. The results verify the motion characteristics of the soft actuator and the accuracy
of the model. Compared to other linear actuators, the soft origami actuator is lightweight (weighing 5 g), has a
large maximum shrinkage rate (61 %) and boasts a force-to-weight ratio of 600. The design demonstrates the
extensive application potential of soft actuators with the origami mechanism.

1 Introduction

Rehabilitation robots serve as the primary apparatuses for the
rehabilitation of patients afflicted with limb dysfunction. Re-
search on the characteristics analysis in rehabilitation train-
ing reveals that human–machine motion is nonlinear. Robots
designated for rehabilitation purposes are obliged to exhibit a
high level of flexibility (Xiloyannis et al., 2019). Most early
rehabilitation robots were actuated by rigid mechanical struc-
tures. Soft rehabilitation robots are lighter in mass and more
flexible compared to rigid rehabilitation robots. The flexible
structure lessens the harm caused by the incoherent human–

machine motion. As a consequence, research on soft robotics
is currently concentrating on the issue of human–robot inter-
action (Lamine et al., 2017; Samper-Escudero et al., 2020).
The performance parameters of soft actuators are crucial to
exoskeleton robots, as the actuators are their main compo-
nents.

The research on soft actuators has attracted significant
global attention. Soft actuators, classified by driving type,
include dielectric elastomer actuators (Jung et al., 2007;
Shintake et al., 2016), magnetic responsive actuators (Diller
et al., 2012; Floyd et al., 2011), thermal responsive actua-
tors (Sun et al., 2023; Rodrigue et al., 2017), liquid crys-
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tal elastomers (Kularatne et al., 2017; Zhang et al., 2016,
etc.), photo-responsive actuation (Weng et al., 2016; Hu et
al., 2017; Kwan et al., 2018) and pressure-driven actuation
(Yang et al., 2019; Liu et al., 2019; Erel et al., 2022). Pneu-
matic flexible actuators (PFAs) (Guan et al., 2020) have
gained considerable popularity in the field of flexible actu-
ators due to their characteristics of being lightweight and
low cost and having outstanding compliance. PFAs are com-
monly used in the healthcare industry and other sectors.
Wang et al. (2022) developed a muscle–tendon system mim-
icking a flexible actuator based on the investigation of a
semimembranosus muscle mimicking a HimiSK actuator.
The limitations of this mechanism are its lengthy schedule
period and single driving direction. In the context of de-
formation vehicles, Feng et al. (2015) studied a soft actu-
ator based on embedded pneumatic muscle fibers (PMFs),
which enabled the adaptive wing camber to change. This ap-
proach offers rapid production times and utilizes low-cost
commercial materials. However, it has a relatively low max-
imum elongation–shrinkage rate and occupies a relatively
large area. To enhance the maximum elongation–shrinkage
rate of the pneumatic actuators, the origami mechanism has
been proposed to guide their motion along a predefined de-
sired trajectory. The origami mechanism is a technique for
constructing rigid structures from folded paper, which pos-
sesses the advantages of compactness, diverse shape varia-
tions and a large displacement ratio (Meloni et al., 2021). The
origami mechanism is widely used in bionic robots (Pagano
et al., 2017; Zhakypov and Paik, 2018), industrial grasping
robots (Firouzeh and Paik, 2017), flying robots and aerospace
mechanisms (Morgan et al., 2016), etc. Paez et al. (2016) uti-
lized the origami mechanism as the shell of the pneumatic
actuator, which protects the flexible air cavity and provides
orientation for the actuators. Bending experiments were con-
ducted to demonstrate that the origami mechanism shell has
no impact on the bending angle of the pneumatic actuator.
However, this mechanism is incapable of withstanding high
load forces. Li et al. (2019) developed a rigid-flexible cou-
pled piston structure based on the origami mechanism. Lee et
al. (2021) applied the origami mechanism to the deformable
wheel. The singularity of the motion of these actuators fails
to meet the requirement for multiple degrees of freedom in
single-joint devices, such as the shoulder and wrist joints of
rehabilitation exoskeletons.

The aforementioned pneumatic actuators exhibit the fol-
lowing shortcomings:

1. The intricate manufacturing procedures lead to esca-
lated costs.

2. The limitation of the maximum elongation–shrinkage
rate necessitates a larger area to generate greater dis-
placements.

3. The low force-to-weight ratio means that the actuator,
despite its heavier weight, generates a relatively small

load force, thus increasing the energy consumption of
the equipment.

This paper proposes a novel soft pneumatic actuator with a
higher force-to-weight ratio and a large maximum shrinkage
rate, inspired by previous investigations. We have a geomet-
ric parameter model to simplify the design and fabrication
of soft pneumatic actuators that incorporate the tunnel cav-
ity origami mechanism. The origami mechanism, combined
with a flexible skin, forms a dual-tunnel actuator, enabling
the actuator to perform controlled reciprocating motion. The
anisotropic stiffness characteristics of the actuator allow it to
move in both linear and curved directions. This actuator is
expected to find extensive applications in the fields of minia-
turized robotics and high-load, large workspace equipment,
particularly when more drives are connected in parallel or
series.

The order of this paper is as follows: Sect. 2 introduces
the primary design of the soft pneumatic actuator, includ-
ing a model of geometric parameters and an analysis of the
stiffness characteristics of the tunnel cavity origami mecha-
nism. Additionally, a kinematic analysis of the actuator will
be conducted. Section 3 presents a preliminary prototype of
the origami actuator and discusses the experimental and sim-
ulation results. Finally, Sect. 4 draws the conclusions and
outlines future prospects.

2 Structure design of the soft pneumatic actuator

As illustrated in Fig. 1, the dual-tunnel soft pneumatic
origami actuator is composed of an outer skin (oriented
polypropylene), an origami mechanism (hard cardboard) and
an air tube. The actuator features two tunnels: the inner tun-
nel is constructed by the origami mechanism chamber, and
the outer tunnel is formed by the origami mechanism and
the outer soft skin. The origami mechanism is enveloped by
two pieces of outer skin. One end of the actuator is reserved
for connection to the gas pipe, while the other three sides are
heat-pressed together. Figure 1a shows the components of the
soft pneumatic origami actuator. As demonstrated in Fig. 1b,
the actuator is capable of motion in three dimensions: stretch-
ing, rotating and bending.

2.1 Geometric parameter model of the soft pneumatic
origami actuator

The tubular cavity origami mechanism of the soft pneumatic
actuator dictates the intended direction of movement. The
actuator achieves linear movement through the differential
pressure between the inner and outer cavities. In the initial
state, the internal pressure is equal to the external air pres-
sure. When the air pressure increases or decreases, it causes
a change in the internal volume of the air bag. This alteration
in the volume of the air bag actuates the origami mechanism,
thereby inducing the deformation of the actuator.
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Figure 1. Structure of the dual-tunnel soft pneumatic origami actuator.

Figure 2. The folding unit.

The origami mechanism can currently be categorized into
three types: the Miura-ori pattern, the Yoshimura pattern and
the diagonal pattern. The Yoshimura origami structure has
larger scalability and volume of internal space, which facil-
itates the formation of a sealed space and can generate sig-
nificant volume deformation when designed as a columnar
structure. Therefore, the Yoshimura pattern has been chosen
to design the tubular cavity origami mechanism. As viewed
in Fig. 2, the single crease unit of the Yoshimura pattern
consists of multiple equilateral trapezoids. The height of the
trapezoid is H , the length of the lower bottom edge is a1,
the upper bottom edge is a2 and the bottom angle is γ . The
tubular cavity origami mechanism designed in this paper is
the closed tubular structure. It is assumed that each of its
cross-sections is a regular n-sided polygon (n does not in-
clude the number of the equilateral trapezoidal hypotenuse
edges). It can be deduced from the folding characteristics
of the Yoshimura origami mechanism that the paper under-
goes a flip and a reverse fold as n increases, as shown in
Fig. 3. In this regard, the closed tubular structure can only be
formed when n is an even number, and it can not be formed
when n= 2; thus, n≥ 4. Figure 4 shows that the tubular cav-
ity origami mechanism can achieve radial bending motion by
changing the distance between point A1 and point B1 while
performing axial motion. Therefore, n= 4 is selected as the
number of sides for the tubular cavity origami mechanism.
This realizes the multi-degree-of-freedom motion require-
ment of the actuator and avoids the complication of the fab-
rication process of the origami mechanism at the same time.
The crease design of the origami mechanism is presented in
Fig. 5.

Figure 3. Folding diagram: (a) n= 2, (b) n= 3 and (c) n= 4.

Figure 4. Radial motion of the origami tubular cavity mechanism.

It is crucial to design the parameters of the origami mech-
anism in a reasonable manner so that the creases do not cause
any deformation or bending during the process of folding
the paper from a plane to the tubular structure. The inner
and outer circles are set as the boundary conditions of the
origami mechanism cross-section. Figure 6 shows the in-
ner and outer circles of the tubular cavity origami mecha-
nism cross-section, where D represents the diameter of the
outer circle, and d represents the diameter of the inner circle.
Through the analysis of the planar structure, the relationship
between the parameters of the origami mechanism and the
cross-section of the inner and outer circles as well as n can
be determined:

a2 = d

γ = π − 3π
n

(n≥ 4)

H =D sin
(
π − 3π

n

)
cos

(
π − 3π

n

)
(n≥ 4)

a1 = d + 2 H

tan
(
π− 3π

n

) (n≥ 4).

(1)
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Figure 5. The crease design of the origami tubular cavity mecha-
nism.

2.2 Stiffness characterization of the tubular cavity
origami mechanism

The stiffness characteristics of the tubular cavity origami
mechanism are analyzed below to illustrate the actuator’s ori-
entation. The axial stiffness and the radial stiffness of the
origami mechanism are calculated and analyzed as follows.

The origami mechanism consists of a number of trape-
zoidal surfaces, which are connected to each other by hill
and valley creases. Figure 7 shows the intersection of hill
and valley creases at a single point. There are interactions
between the stiffness of neighboring creases, so the elastic
potential energy generated at a single vertex has been calcu-
lated to determine the stiffness of the entire origami mech-
anism. Once the parameters of the trapezoidal surfaces of
the origami mechanism are known, the morphology of the
origami mechanism can be determined by representing the
two dihedral angles that connect the vertices:

θ1 =
180
π

cos−1
[
1− 2 sin2(θ/2)

sin2γ

]
θ2 =

180
π

cos−1 [1− 2cot2γ tan2(θ/2)
]
.

(2)

The axial length of the unit origami mechanism is Lr, and the
radial length isWr; these two parameters can be expressed as

Lr = 2H cos π−θ2
Wr =

1
2 (a1− 2H )cos θ2 .

(3)

The elastic potential energy of the origami mechanism can
be obtained from the following equation:

Utot =

Tn∑
i=1

∑
θi

1
2
ki
(
θi − θi,eq

)2
, (4)

where Tn is the number of the two dihedral angles, and ki is
the stiffness of the two dihedral angles. The stiffness of the
dihedral angle is calculated as follows.

The crease has been folded as shown in Fig. 8, and the
crease part produces a permanent arc deformation. As shown
in Fig. 9, the arc stiffness can be calculated according to the
Euler–Bernoulli beam theory, and the deformation can be ob-
tained as

1y = 1
ki,fol

(1− cosβ0)
1x = 1

ki,fol
sinβ0,

(5)

where ki,fol is the stiffness of the folding dihedral angle. Ac-
cording to the geometric relationship of the arc, the relation-
ship between the longitudinal deformation of the arc and the
bending angle can be obtained:

1y =
ki,folθπ

90β0
sin
θ

2
cosβ0. (6)

The relationship between the stiffness of the arc and the
bending angle can be presented by

ki,fol =

√
90β0 (1− cosβ0)

θπ sin θ2 cosβ0
. (7)

The crease of the origami mechanism made in this paper
is formed by laser cutting. The cutting crease is the equal-
length dashed line, and the cutting length of laser cutting is
Llaser. The length of the single crease unit is b. As shown in
Fig. 8b, the number of the crease fragments within a single
crease unit is Nlaser,ke, which can be obtained as

Nlaser,ke =
b+Llaser

2Llaser
. (8)

Then the total length of the laser cut is obtained.

Llaser,tol =Nlaser,ke ·Llaser (9)

Assuming that the crease length is b, the stiffness of the
crease after laser cutting is

ki,laser,b = ki,fol ·
Llaser

b
. (10)

Substituting it in the above equation for the stiffness of the
initial crease, the relationship between crease stiffness and
dihedral angle is

ki,laser,b =

(
1+

Llaser

b

)√
45β0 (1− cosβ0)

2θπ sin θ2 cosβ0
. (11)

The length of the crease at the dihedral angle θ1 is a2; hence
the stiffness of the crease at the dihedral angle θ1 is

Kθ1 =

(
1+

Llaser

a2

)√
45β0 (1− cosβ0)

2θπ sin θ2 cosβ0
. (12)

The length of the crease of the dihedral angle θ2 is H sinγ ,
and the crease stiffness Kθ2 of the dihedral angle θ2 is calcu-
lated as

Kθ2 =

(
1+

Llaser

H sinγ

)√
45β0 (1− cosβ0)

2θπ sin θ2 cosβ0
. (13)

Then, the elastic potential energy of the tubular cavity
origami mechanism can be established as

Utot =
∑
θ1

1
2
Kθ1

(
θ1− θ1,eq

)2
+

∑
θ2

1
2
Kθ2

(
θ2− θ2,eq

)2
. (14)
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Figure 6. Diagram of circles inside and outside the origami section.

Figure 7. The origami unit.

Since the number of layers of the origami mechanism is N
and the number of n is 4, there are a total of 4N dihedral an-
gles and 4N dihedral corners. The axial force on the origami
mechanism in equilibrium can be obtained from the follow-
ing equation:

fa =
dUtot/dθ
dLr/dθ

. (15)

The axial stiffness of the origami oriented mechanism is

Ka =
dfa

dθ

∣∣∣∣
θ0

=
4N · 1802

H 2cos2 θ
2π

2[
H

2
sin
θ

2

(
Kθ1

1

cos3
(

1− sinθ
sin2γ

)
+Kθ2

1

cos3
(
1− 2cot2γ tan θ2 sec2 θ

2

))
+ 3H cos

θ

2

(
Kθ1

1

cos4
(

1− cosθ
sin2γ

)
+Kθ2

1

cos4
(

1− 2cot2γ tan θ
2 sec2 θ

2

(
1
2 sec2 θ

2 + 1
)))]. (16)

Similarly, the radial force of the tubular cavity origami mech-
anism in equilibrium can be obtained as

fr =
dUtot/dθ
dWr/dθ

. (17)

The radial stiffness of the tubular cavity origami mechanism
is

Kr =
dfr

dθ

∣∣∣∣
θ0

=
N · 1802

4(2H − a1)2sin2 θ
2π

2[(
Kθ1

1

cos3
(

1− sinθ
sin2γ

)
+Kθ2

1

cos3
(
1− 2cot2γ tan θ

2 sec2 θ
2

))2H − a1

8

cos
θ

2
+

1
4

(2H − a1) sin
θ

2

(
Kθ1

1

cos4
(

1− cosθ
sin2γ

)
+Kθ2

1

cos4
(

1− 2cot2γ tan θ
2 sec2 θ

2

(
1
2 sec2 θ

2 + 1
)))]. (18)

The value of the stiffness can be obtained to substitute
the design parameters’ tubular cavity origami mechanism
into Eqs. (16) and (18). The axial stiffness of the origami
mechanism is 0.003 N mm−1, and the radial stiffness is
0.965 N mm−1. The results show that the axial stiffness is
less than the radial stiffness. Consequently, when an external
force is applied to the origami mechanism, the axial motion
will remain unaffected by movements in other directions.

A numerical simulation of the origami mechanism’s stiff-
ness is conducted to determine the relationship between the
mechanism’s stiffness and the angle of a single crease.

In order to verify the accuracy of the above stiffness for-
mulas, we calculate the relative errors between the ABAQUS
and stiffness formulas. The simulation includes the stress and
strain of the origami mechanism at θ = 15°, θ = 30°, θ = 45°
and θ = 60°. The relative error between the simulated values
of ABAQUS and the theoretical model is calculated to be
7 %.
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Figure 8. The crease unit: (a) the crease unit before laser cutting
and (b) the crease unit after laser cutting.

Figure 9. The deformation part of the crease unit.

The stiffness model proposed by Chen et al. (2023) has
been calculated for the purpose of verifying the accuracy of
the stiffness model presented in this paper. The result is pro-
vided as follows:

U = ka1

(
1
2
θ1+

1
2
θ2−

1
2
θ1,0−

1
2
θ2,0

)2

+ ka2
(
θ2− θ2,0

)2 (19)

Kx =
4ka1

(
1
2 +

1
2θ2−

1
2θ1,0−

1
2θ2,0

)
+ ka2

(
θ2− θ1,0

)2
H cos

(
π
2 −

θ1,0
2

) . (20)

As shown in Fig. 10, the stiffness value of Chen et al. (2023)
compared with this paper obviously has a large error with the
ABAQUS simulation value, and its relative error is 17.09 %.

2.3 Performance analysis of the inner- and outer-cavity
drive

As shown in Fig. 11, the gas inside the soft pneumatic
origami actuator is inflated/aspirated to achieve the expan-
sion/contraction. In order to characterize the drive perfor-
mance and improve the control accuracy, this paper estab-
lishes the relationship between the displacement and the in-
ternal air pressure of the soft pneumatic actuator during aer-
ation and pumping, respectively. The material of the inner
origami mechanism is hard cardboard, and the portions out-
side the crease do not undergo bending deformation. There-
fore, the effect of material deformation on the displacement
of the actuator has been ignored. The tubular cavity origami
mechanism designed in this paper has a total ofN layers, and
the displacement of the origami mechanism can be obtained

Figure 10. Origami mechanism stiffness comparison of the compu-
tational model, the finite-element simulation and the contrast model.

as

L= 2NH cos
[
(π − θ )/2

]
. (21)

This paper simplifies the model of the tubular-cavity origami
mechanism into a single fixed-stiffness spring model due to
its complex mechanism. According to the potential energy
balance theory, when the actuator receives negative pressure,
the kinetic energy generated by the soft pneumatic actuator is
equal to the sum of the elastic potential energy of the origami
mechanism and the work done by the gas. Since the actuator
consists of an inner cavity and an outer cavity, and the gas
works on both, the potential energy equilibrium model can
be derived:

EK = ES+WP,int+WP,out , (22)

where EK is the kinetic energy generated by the actuator; ES
is the elastic potential energy of the origami mechanism; and
WP,int and WP,out are the work done by the gas of the inter-
nal and external cavity, respectively. The displacement of the
actuator is controlled by the gas pressure difference between
the inner and outer cavities, so the two-way fluid–solid cou-
pling model is established, and the internal gas pressure of
the actuator is determined according to the ideal gas law:

P0V0

T0
+
P ′V ′

T ′
=
PV

T
, (23)

where P0 and P are the internal air pressure of the actuator
before and after the application of air pressure, respectively;
P ′ is the applied gas pressure; T0 and T are the internal tem-
perature of the actuator before and after the application of
air pressure, respectively; and T ′ is the applied gas tempera-
ture. Assuming that the gas temperatures remain consistent,
Eq. (23) can be simplified as

P0V0+P
′V ′ = PV. (24)

Then, the internal structure of the origami mechanism is dis-
cretized into trapezoidal units to calculate its internal vol-
ume. The single layer of the origami mechanism designed in
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this paper consists of eight trapezoidal units of the same vol-
ume, and the height of the single layer in the initial state is
h0. Therefore, the volume of the actuator is

V0 =
1
3
Nh0 (a2+ 2a1) . (25)

The pressure inside the actuator during the movement can be
calculated as

P =
P0Nh0 (a2+ 2a1)+ 3P ′V ′

Nh0 (a2+ 2a1)
. (26)

The difference in air pressure between the inside and outside
is obtained as

1P = P −P out, (27)

where P out is the external pressure. It can be deduced that
the work done by the air pressure applied to the actuator is

WP =
1
3
1PNh′ (a2+ 2a1) , (28)

where h′ is the height of the single layer of origami as the
pressure is P ′, and h′ = Lr. The elastic potential energy of
the origami mechanism can be derived from the equation for
the elastic potential energy of a spring. Since the air pressure
is used almost exclusively for the stretching and elongation
of the origami mechanism during the inflation process, the
work done by the air pressure in the external cavity of the
actuator is considered insignificant. Therefore, the displace-
ment of the actuator during the extension process can be cal-
culated using the kinetic energy formula of the actuator:

L=

√
3mv2

− 21PNh′ (a2+ 2a1)
3Ka

. (29)

During the process of drive pumping, the pressure exerted
by the outer cavity on the origami mechanism serves as the
main driving force for contraction. The following section will
calculate the work done within the outer cavity of the drive.
The finite prime method (FPM) has been used to calculate
the pressure on the origami mechanism during shrinkage of
external oriented polypropylene. A finite number of mass
points on the oriented polypropylene is defined. Figure 12
presents the motion trajectory of mass point. t0 is the initial
moment, t0 is the pathway moment and tult is the termina-
tion moment. Since the origami mechanism is a symmetric
arrangement and combination, the unilateral force of a single
origami unit is investigated first.

According to Newton’s second law of motion force and
acceleration, the mass point can be always in dynamic equi-
librium during motion. The force generated by the mass point
can be obtained as follows:

F ext
a =maẍa , (30)

Figure 11. Bidirectional driving.

Figure 12. The motion of particles.

where ma is the weight of the point, ẍa is the acceleration
of the point and F ext

a is the acceleration of the mass point.
Explicit time integration is used to calculate the force of the
mass point (Yu and Luo, 2009):

ẋa =
1

21t (xa+1− xa−1)
ẍa =

1
1t2

(xa+1+ xa−1− 2xa) ,
(31)

where 1t is the time unit step of the mass point, which can
be obtained as

1t =
tsum

na,sum
, (32)

where tsum is the total time of particle motion, and na,sum is
the total time of particles. Similarly, the time unit of particles
satisfies the following relationship:

1x =
xsum

na,sum
. (33)

As shown in Fig. 13, xsum is the total length of particle
motion, Lr,0 is the initial height of single layer origami and
the height in ta is Lr,a. xsum can be obtained as follows:

xsum =

√(
Lr,0+Lr,a

)(
Lr,0−Lr,a

)
. (34)
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Figure 13. The step size of the particles.

The force of the mass point can be expressed as follows:

F ext
a =ma

1
1t2

(xa+1+ xa−1− 2xa) . (35)

The kinetic energy of the total particles is given by the fol-
lowing equation:

Ea,sum =WP,out =

Lr,0∫
0

F ext
a xsumda. (36)

Then, the drive model during contraction can be obtained:

L=

√√√√√√3mv2
− 21PNh′ (a2+ 2a1)− 6

Lr,0∫
0

F ext
a xsumda

3Ka
. (37)

3 Performance test

3.1 Actuator prototype

Figure 14 shows the experimental prototype of the soft pneu-
matic origami actuator (the manufacturing process of the ac-
tuator is elaborated in Movie S1 in the Supplement). The
crease of the origami mechanism has been determined. The
parameters associated with the crease can be obtained ac-
cording to the relevant constraints, as shown in Table 1. The
hard cardboard was selected for the origami mechanism on
the request of the actuator, which has lower hardness and can
be cut by a laser-cutting machine for crease cutting. A gas
tube was inserted at the cross-section of the origami mecha-
nism after the tubular cavity origami structure was formed by
reverse folding, and the end of the gas tube was about 1 cm
deep from the cross-section of the tubular cavity origami
mechanism. The oriented polypropylene exhibits good fa-
tigue resistance and flexibility. An external air cavity was
formed after heat pressing with the oriented polypropylene,
which serves to seal the origami skeleton and the tubes.

3.2 Tensile experiment and result analysis

An equal load tensile experiment has been conducted on the
actuator to characterize its tensile properties and verify the

Table 1. The parameter values of the origami mechanism.

Parameters Value

Number of sides n 4
Dihedral angle θ 90°
Base angle of the trapezoid γ 45°
Hypotenuse of the trapezoid a1 18 mm
Upper and lower sides of the trapezoid a2 8 mm
Height of the trapezoid H 5 mm

accuracy of the theoretical displacement mentioned earlier.
Figure 15 shows the experimental setup. The air pump ap-
plied different values of negative pressure to the actuator,
while the load was kept consistent. The internal air pressure
of the actuator was gradually decreased. The displacement
of the actuator at each moment under different negative pres-
sures was measured, and the results were analyzed. The rela-
tionship between the air pressure generated by the air pump
and the voltage supplied by the power supply is linear. The
principle of voltage regulation for the air pump is as follows:
a PWM (pulse width modulation) speed control circuit board
is used to adjust the voltage of the air pump, which regulates
the airflow and has a linear relationship with the air pump’s
pressure. Therefore, the experiment adjusted the voltage of
the air pump to control the airflow. Additionally, by control-
ling the inflation time of the air pump, it was ensured that
the change in the air pressure inside the actuator occurred
linearly.

As described in the above driving model for gas pressure
control, the experiments in this paper have driven the actua-
tor by changing the voltage of the air pump to facilitate the
drive. The following section will establish the conversion re-
lationship between gas pressure and voltage. According to
the deformation, the gas pressure formula can be derived:

P =
RTρvapt

VM
, (38)

where R is a constant (the value is 8.314), T is the gas tem-
perature, ρ is the gas density, t is the pressure supply time
of the air pump, M is the average molar mass of the air (the
value is 28.97 g mol−1), vap is the flow rate of the air pump
and V is the internal volume of the actuator.

P =
RTρt

(
29Vap+ 1.6

)(
V0+ vapt

)
M

(39)

The relationship between the voltage and displacement of the
actuator can be obtained by bringing Eq. (39) into Eq. (37).

The experimental instruments required are as follows:
stopwatch, scale, 24 V air pump (flow rate of 15 L min−1,
the maximum negative pressure), 220 V air pump (flow rate:
50 L min−1, maximum negative pressure: −87 kPa), power
supply, PWM speed circuit board, transparent glass cover
and a soft pneumatic actuator with parameters (with a diam-
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Figure 14. The prototype of the soft pneumatic actuator.

Figure 15. Experimental device of the soft pneumatic actuator. (a) Experimental platform. (b) Experimental air pumps with a flow rate of
50 L min−1 and maximum negative pressure of −87 kPa. (c) PWM speed control circuit board.

eter of 6 mm and effective length of 165 mm; the two ends of
the fixed head have been removed).

The experimental steps were as follows: at the beginning
of the experiment, the load on the soft pneumatic actuator
was 0 N. The air pump supplied gas to the soft pneumatic ac-
tuator, increasing the pressure by gradually raising the volt-
age from 0 V in 1 V increments. The data from the scale were
recorded until the negative pressure was maintained for 5 s.
The experimental process was repeated 10 times. Finally, the
relationship between the actuator’s displacement and the air
pump’s air pressure was obtained.

The contraction displacement of the soft pneumatic ac-
tuator has been obtained under different voltages through
the above experiments. As shown in Fig. 16, 10 sets of ex-
perimental data and simulation data were plotted as three-
dimensional curves. The results show the following:

1. Under a certain load, the less gas there is inside the ac-
tuator, the greater the shrinkage displacement produced
by the actuator.

2. The maximum shrinkage displacement of the soft pneu-
matic actuator can reach up to 61 % of its initial length.

The number of layers of the single actuator used in the
experiment was N = 35. The theoretical displacement of the
actuator was 245 mm, and the actual maximum displacement
was 100 mm. According to the error calculation formula, the
following analysis is provided:

τtail,Vol =
Dexp,Vol−Dsim,Vol

Dsim,Vol
× 100% , (40)

where Dexp,Vol (Vol= 0–25) represents the displacement of
the tensile experiment, and Dsim,Vol (Vol= 0–25) represents
the displacement of the simulation. τtail,Vol (Vol= 0–25) rep-
resents the error between the experiment and simulation, as
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Figure 16. Comparison between tensile experiment results and the simulation of the actuator.

Figure 17. The relative error between tensile experimental results and simulation results.

shown in Fig. 17. The maximum error is 51.08 %. The fol-
lowing could be the cause of the error:

1. The material selected for the external skin of the actu-
ator has low tensile resistance and is prone to inelastic
deformation after several experiments, which leads to
deviations in the experimental results.

2. The loss of air pressure produced by the air pump was
due to the actuator’s insufficient leakproofness.

3.3 Load experiment and result analysis

The load experiment on the actuator was conducted to char-
acterize the drive power performance and verify the load ca-
pacity of the soft pneumatic actuator. During the experiment,
the pressure in the actuator was kept constant, while the load

was gradually increased. Subsequently, the displacement of
the actuator was recorded.

Assuming the additional load of the actuator is Wload,
Eq. (37) can be expressed as follows:

L=

√
3(m+Wload)v2

− 21PNh′ (a2+ 2a1)
3Ka

. (41)

The load experimental steps were as follows: at the be-
ginning of the experiment, the voltage of the air pump was
220 V, and the load on the actuator was 0 N. The load on
the actuator was gradually increased. The displacement was
recorded after continuous pressurization for 5 s each time the
load value changed. The loading was ended when the addi-
tional load was increased to 30 N. The experimental process
was repeated 10 times.
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Figure 18. Comparison between load experiment results and the simulation of the actuator.

Figure 19. The relative errors between load experiment results and simulation results.

Five sets of experimental data on the contraction displace-
ment and the load value experienced by the actuator were
obtained. The data were homogenized to obtain a single set
of displacement–load data, which are plotted and shown in
Fig. 18. The experimental results demonstrate that when the
load is less than 15 N, it scarcely affects the contraction dis-
placement of the actuator. Moreover, once the load exceeds
15 N, the displacement of the actuator decreases as the load
increases. The weight of the actuator is measured to be 5 g;
thus the force-to-weight ratio can be calculated to be 600 %.
In addition, the amount of displacement is proportional to
the load when the air pressure inside the actuator is kept con-
stant. Figure 18 also shows the simulation of the load perfor-
mance of the actuator, and the errors between the simulation

and experimental results are calculated as follows:

τloa,Loa =
Dexp,Loa−Dsim,Loa

Dsim,Loa
× 100% , (42)

where Dexp,Loa (Loa= 0–30) represents the displacement of
the load experiment, and Dsim,Lod (Vol= 0–30) represents
the displacement of the simulation. τloa,Loa (Loa= 0–30) rep-
resents the error between the experiment and simulation. As
shown in Fig. 19, the maximum error is 15.19 %. Too large
a load causes the origami mechanism inside the actuator to
produce elastic deformation, which is the root of the problem
and causes variations in the load experimental results.
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Table 2. Performance comparison of different types of linear actu-
ators.

Typology Companies Quantity Displacement
ratio

Linear motors
Shaoteng 50 g 12 %

Luyi 50 g 15 %

Soft pneumatic The design of
5 g 61 %

actuators this paper

4 Conclusion

In this paper, inspired by the origami mechanism, a brand-
new soft pneumatic actuator was designed based on the tubu-
lar cavity origami mechanism. A geometric analysis and
stiffness model of the tubular cavity origami mechanism
were established. Finite-element simulation software was
utilized to simulate the stiffness of the origami mechanism.
Subsequently, the simulation results were compared with the
stiffness calculation method proposed in this paper as well
as other existing methods. The driving control model of the
actuator was proposed, and the principle prototype was de-
veloped. Tensile and load experiments were conducted. A
comparison between the simulation and experimental results
shows that the maximum error in the tensile experiment is
51.08 %, and the maximum error in the load experiment is
15.19 %. The axial stiffness and radial stiffness values of the
actuator were calculated using the stiffness model for com-
parison, and it was found that the axial stiffness was consid-
erably greater than the radial stiffness, which proves that the
radial motion of the actuator does not affect its axial motion.

Additionally, it has been proven that the stiffness of the
origami mechanism is closely related to the angle of the
crease. It has been discovered that the method of the origami
stiffness model presented in this paper improves the accuracy
by 10.09 %.

Table 2 compares the actuator presented in this paper with
currently available linear actuators. The lightest mass of a
linear motor is 50 g, and its maximum displacement ratio is
15 %, while the mass of the soft pneumatic actuator is only
5 g, with a maximum displacement ratio of 61 %. Addition-
ally, the force-to-weight ratio is 600. The outcomes demon-
strate that the soft pneumatic actuator designed in this paper
has a lower mass and a higher displacement ratio.

This paper suggests that motion models based on the mul-
tiple stiffness characteristics of pneumatic actuators should
also be developed to achieve multi-degree-of-freedom con-
trol of the actuator. The soft pneumatic actuator can be in-
tegrated with rehabilitation exoskeleton robotics technology
to achieve human–machine coordination and multi-sensory
control. Additionally, the soft pneumatic actuator can be ap-
plied to industrial robotic arms, gripper robots and other
fields.
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