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Manipulators are increasingly used in mechanical manufacturing due to the needs of industrial automation. The shortcomings of traditional
manipulators, such as those in relation to their flexibility, interactivity, and safety, lead to certain limitations in their application for variable
shapes and fragile objects. Given the above shortcomings of traditional manipulators, this research analysed a friction-enhanced multi-airbag
soft manipulator and its performance. Analysis results of characteristic parameters show that the structure of the airbag soft manipulator is
optimized, and the structural design and manufacture of the soft manipulator are completed. Deformation of the manipulator base material
is described by the Neo-Hooke strain energy function, and the strain energy function coefficient is derived by obtaining the characteristic
parameters of the material through tensile experiments. Finite element analysis of the manipulator is performed according to the determined
strain energy function. The influence of the characteristic parameters on the mechanical bending of the manipulator is studied. Theoretical
analysis proves the validity of the finite element analysis. The structural parameters of the manipulator are finally determined according to
the simulation analysis results. The control system is designed according to the driving method and working mode of the soft manipulator
to perform the soft manipulator grasp experiment. The manipulator can lift a weight of 300 g, thereby indicating that the soft manipulator
designed in this paper has a good application effect and prospects.
Keywords: soft manipulator, characteristic parameters, optimized, grasp experiment
Highlights
• The structure of the airbag soft manipulator is optimized, and the structural design and manufacture of the soft manipulator
are completed.
• Deformation of the manipulator base material is described by the Neo-Hooke strain energy function, and the strain energy
function coefficient is derived by obtaining the characteristic parameters of the material through tensile experiments.
• Finite element analysis of manipulator is performed according to the determined strain energy function. The influence of the
characteristic parameters on the mechanical bending of the manipulator is studied.
• According to the driving method and working mode of the soft robot, the control system is designed to perform the soft robot
gripping experiment.

0 INTRODUCTION
Robotic manipulators have reshaped industrial
processes. The traditional application of rigid
manipulators in people’s production and life has
liberated them from heavy labour, which has greatly
promoted the automation and mechanization of
industrial production [1]. The traditional manipulator
is mainly made of metal material, which is realized
by a complicated control system for handling, etc.,
such as the control of a six-degree-of-freedom robotic
manipulator [2]. In the process of grasping irregularly
shaped and fragile objects, it is difficult to perform
such work using the traditional rigid manipulator
because the rigidity of the operating object is much
lower than the rigidity of the manipulator. With the
development of three-dimensional (3D) printing
technology and materials science, some scientists
began to use soft materials to design and manufacture
manipulators, which caused widespread interest [3]
and [4]. Soft manipulators are inspired by bionics. By
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utilizing and exerting the mechanical intelligence of
the soft material, the material is physically close to
the organism itself, and the soft manipulators that are
as flexible as the object to be manipulated and more
adaptable are obtained [5].
To obtain mechanical properties and flexibility
of the soft manipulators, many scholars have
conducted a lot of research and achieved remarkable
results. Marchese and Rus [6] present an extremely
soft robotic manipulator morphology that is composed
entirely of low durometer elastomer, powered by
pressurized air, and designed to be both modular
and durable. Blanes et al. [7] developed a pneumatic
robot gripper capable of sorting eggplants according
to their firmness, one of the fingers adapts to and
copies the shapes of eggplants when the jamming
of its internal granular material changes from soft to
hard. Ranzani et al. [8] present the concept design of
a modular soft manipulator for minimally invasive
surgery, and combined flexible fluidic actuators to
obtain multidirectional bending and elongation with
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a variable stiffness mechanism based on granular
jamming. Erkaya [9] investigated the effects of joint
clearance in a robotic system, which improved the
accuracy of robotic manipulators for many industrial
and medical applications. Galloway et al. [10] present
the development of an underwater gripper that utilizes
soft robotics technology to delicately manipulate
and sample fragile species on the deep reef and
demonstrated design principles for soft robot end
effectors, bench-top characterization of their grasping
performance and conclude by describing in situ testing
at mesophotic depths.
In addition to structural improvements, many
researchers have broken through the boundaries of
tradition and studied the materials and manufacturing
methods of software manipulators. Diller and Sitti
[11] used a magnetic polymer to manufacture soft
manipulators, controlling the soft manipulators by
magnetic properties, so that the manipulators can
achieve 3D space motion. Ge et al. [12] present a new
4D printing approach that can create high resolution
(up to a few microns), multi-material shape memory
polymer (SMP) architectures, and can create soft
manipulators with pre-programmed functions. Yuk
et al. [13] showed that the hydraulic actuations of
hydrogels with designed structures and properties
could give soft actuators and robots that are highspeed, high-force, and optically and sonically
camouflaged in water. Ongaro et al. [14] used a
thermosensitive gel to design soft untethered grippers
that can be used in an unstructured environment.
Hughes and Iida [15] studied the control of a generalpurpose soft manipulator based on tactile sensing.
There are also many researchers who have
studied the driving methods of soft manipulators.
It is hoped that the improvement of the driving
method will make the soft manipulators move
more quickly and more powerfully. Jun et al. [16]
proposed a weighted gradient projection method to
resolve inverse kinematics problems of redundant
manipulators with multiple performance criteria.
Brown et al. [17] developed a “coffee bag”-shaped
blocking-based software manipulator that achieves
the capture of objects of different shapes by blocking
between different parts. Deaconescu and Deaconescu
[18] aimed to present and discuss an innovative,
constructive solution for a gripper system that can be
attached to an industrial robot for assembly operations.
Behl et al. [19] designed a soft manipulator using a
shape memory polymer that can be bi-directionally
bent. The soft manipulator grasps the object by
bending the shape memory polymer. Kim et al. [20]
developed a soft manipulator that can capture a variety

of irregular objects using shape memory alloys. Lau
[21] report a three-dimensional design of dielectric
elastomer fingers with higher flexural stiffness and
close to 90° voltage-controllable bending for object
gripping and pinching. Alam et al. [22] addressed the
design and implementation of robust nonlinear control
approaches to obtain the desired trajectory tracking
of a flexible joint manipulator driven with a directcurrent geared motor. Li [23] proposed a parallel-chain
nonholonomic manipulator with a chainable kinetics
model. The manipulator could move to the target
configuration within the specified time was proved by
two simulation experiments.
Yang et al. [24] achieved both the controllability
of compliance and the acquisition of position
feedback in soft robotic fingers in the novel design of
a 3D-printed multi-smart material substrate. Fei et al.
[25] present the design and test of a novel fabric-based
versatile and stiffness-tuneable soft gripper integrating
soft pneumatic fingers and a wrist. The morphology is
designed into a compact tuning fork shape with two
bidirectional sheet-shaped soft fingers and a biaxial
bidirectional (universal) cylinder-shaped soft wrist.
In this paper, an enhanced soft manipulator
is designed according to the characteristics of soft
materials, and the satisfying gripping effect is verified
by experiments.
1 SOFT MANIPULATOR PERFORMANCE ANALYSIS
1.1 Soft Manipulator Driving Method
The function of the soft manipulator is directly
affected by its structure. Such a structure includes
the configuration of the soft mechanical finger and
the layout of the finger. During the design process,
the fingers of the soft manipulator are simulated
to determine the optimal parameters. The soft
manipulator is made of a generally nonlinearly
deformed soft material. Thus, the conventional
driving method for use on a rigid material is no
longer applicable. The driving method of the software
manipulator currently includes a direct transmission
of the driving force from the power source to the body
or driving with a directly deformable driver. The four
types of commonly used driving methods include
pneumatic driving [26] and [27], cable driving [28],
shape memory alloy [29], and electroactive polymer
driving [30]. The software manipulator studied in this
research requires a substantial output force to facilitate
the grasping of the object, and the soft robot must
respond and be grasped quickly. Therefore, pneumatic
driving is used to drive the entire soft manipulator,
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and a soft manipulator is designed according to the
characteristics of the pneumatic drive.
1.2 Neo-Hooke Characteristic Model
A soft manipulator is distinguished from a traditional
manipulator as the former uses a flexible material.
Therefore, when simulating and analysing the soft
manipulator, the material parameters must first be
determined. In this work, silica gel is used as the base
material of the manipulator. The strain energy function
is often utilized to express the characteristics of the
super-elastic materials of silicone rubber. Common
characteristic models include the Neo-Hooke [31],
Mooney-Rivlin [32], and Ogden models [33]. The most
extensive model is the Neo-Hooke model, which is
based on two assumptions: material incompressibility
and material isotropy. Given the above assumptions,
the strain energy function is described as a function
of the three main invariants I1, I2 and I3 of the Green
strain tensor E, as shown in Eq. (1).
E = E ( I1 , I 2 , I 3 ) ,
(1)
where I1, I2 and I3 can be calculated according to Eq.
(2).
 I1 = λ12 + λ22 + λ32

2
2
2
2
2
2
 I 2 = λ1 ⋅ λ2 + λ1 ⋅ λ3 + λ2 ⋅ λ3
.

2
2
2
 I 3 = λ1 ⋅ λ2 ⋅ λ3
λ = 1 + ε
i
 i

(2)

Given that the material is incompressible, Eq. (3)
can be obtained as:
(3)

I 3 = λ12 ⋅ λ22 ⋅ λ32 = 1.
Bringing Eq. (3) into Eq. (2) gives:
 I1 = λ12 + λ22 + λ32

1
1
1 .

I2 = λ 2 + λ 2 + λ 2
1
2
3


(4)

Therefore, the strain energy function W is
expressed as a function of I1 and I2. When the material
is not deformed, λ1 = λ2 = λ3 = 1. In this condition, the
strain energy function can be approximated as an
exponential form, as shown in Eq. (5):
W=

∞

∑

Cij ( I1 − 3) ( I 2 − 3) ( I 3 − 1) .
i

i + j + k =1

k

j

(5)

Given that I3 = 1, the simplification of Eq. (5) is:
W=

∞

∑ C (I

i + j =1
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ij

1

− 3) ( I 2 − 3) .
i

j

(6)

As the limits of I1 and I2 are both 3, a large
exponential in Eq. (6) reduces the value of W; thus, W
can be ignored in subsequent calculations. Taking the
first term of Eq. (6) yields a strain energy expression
in the form of a silica gel Neo-Hooke model:
W = C10 ( I1 − 3) .

(7)

Accurately describing the strain energy function
of silica gel requires adding the corresponding
isosceles function part to Eq. (7), and the strain energy
function is obtained as follows:
W = C10 ( I1 − 3) + D1 ( J − 1) .
2

(8)

Simulation describes the strain of silica gel
according to the strain energy function, and the
coefficients therein have the following relationship:
C10 =

G
,
2

(9)

D1 =

2
.
κ

(10)

Assuming that the volume of the silica material
is incompressible, its bulk modulus is infinite,
D1 = 0, and the shear modulus of the material can be
experimentally determined.
1.3 Soft Material Characteristic Parameters
To determine the material characteristic parameters,
the tensile test is carried out, and the specimen is
prepared according to the corresponding standardGB/T 528-2009. Fig. 1a illustrates the shape of the
specimen, and Fig. 1b demonstrates the tensile test
specimen. The dimensions of the specimen are as
follows: A (100 mm), B (25 mm), C (20 mm), D (5
mm), E (11 mm), and F (25 mm).
A tensile test is performed. As shown in Fig. 2,
the model of the tensile testing machine is the JJTEST-UTM. The specimen is symmetrically clamped
on the upper and lower holders of the tensile testing
machine, thereby enabling an even distribution of the
tensile force on the cross-section. Fig. 2a presents
the testing machine. Fig. 2b illustrates the specimen
clamping diagram. During the test, the tensile machine
stretched the specimen at a speed of 5 mm/min until it
broke. The maximum stress is generated at the fracture
of the specimen. The displacement of the chuck is
automatically recorded by a tensile machine during
the stretching process. The change in the length ΔL
and the load generated by the stretching F is obtained;
then, the strain ε and the stress σ are calculated as in
Eqs. (11) and (12), respectively.
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G=

E
,
2 (1 + µ )

(14)

where G is the shear modulus of the material in MPa;
and μ is 0.48.

Fig. 1. Specimen; a) diagram of dumbbell specimen;
and b) tensile test specimen
Fig. 3. Stress-strain curve of silica gel

The shear modulus of the material can be
calculated through Eq. (14). According to Eq. (9), the
parameters C10 = 0.11392 and D1 = 0 of the material
under the Neo-Hooke strain energy function can be
obtained.
2 SIMULATION ANALYSIS OF THE SOFT MANIPULATOR
2.1 Finite Element Simulation Analysis
After selecting gas power as the driving method of
the soft manipulator, we design a multi-airbag soft
manipulator. Fig. 4 shows the structure.

Fig. 2. Universal testing machine and its holder;
a) tensile testing machine; and b) clamping diagram

ε=

∆L
,
L

(11)

σ=

F
,
Sb

(12)

where L represents the length of the specimen before
deformation, and Sb is the cross-sectional area at the
fracture. The stress-strain curve of the specimen is
obtained. As shown in Fig. 3, Young’s modulus of the
silica material can be obtained:
E=

σ
.
ε

(13)

Eq. (13) indicates that Young’s modulus is the
slope of the relationship curve in Fig. 3. Young’s
modulus of the silica gel material is obtained, namely,
E = 0.67441 MPa. The following relationship exists
between the shear modulus and Young’s modulus:

Fig. 4. Multi-airbag soft manipulator

Multi-airbag soft manipulator is affected by body
characteristic parameters when subjected to force
deformation, including: width W, length L, airbag
width a, airbag length b, airbag depth H, airbag
number n, airbag wall thickness d and airbag spacing
x. The simulation analysis initialization parameters
are set to 150 mm (length), 16 mm (width), 12 mm
(height), and the number of airbags (13). The size of a
single airbag is 10 mm (length), 3 mm (width), and 10
mm (height). The spacing of the airbag is 10 mm, with
2 mm in width for the back gap, 8 mm in height, and

Design and Performance Analysis of Airbag-Soft-Manipulator According to Characteristic Parameters

41

Strojniški vestnik - Journal of Mechanical Engineering 66(2020)1, 38-50

the spacing runs through the front and back. During
the analysis, the pressure applied inside the soft
manipulator is 0.07 MPa.

the mechanical manipulators under different airbag
lengths.

(1) Effect of width W
Under the condition that the airbag length is
constant b, a relationship exists between the width of
the soft manipulator and the thickness of the sidewall,
as shown in Eq. (15):
W = b + 2d.

(15)

According to Eq. (15), the case wherein the airbag
length is determined, the influence of the thickness of
the soft body sidewall, and the soft body manipulator
width on the mechanical bending of the soft body are
essentially similar. When studying the influence of the
width using SIMULIA Abaqus [34], the width of the
soft manipulator is set to 14 mm, 16 mm, 18 mm, 20
mm, and 22 mm, and Fig. 5 shows the angles of the
mechanical arm of different widths.

Fig. 6. Bending angle of soft manipulator under different airbag
length; a) 8 mm; b) 10 mm; c) 12 mm; d) 14 mm; and e) 16 mm

The relationship between airbag length and the
bending angle is ascertained and shown in Table 2.
Table 2. Bending angle of soft manipulator under different widths

b [mm]
Bending angle [°]

6

8

10

12

14

110.1

165.3

210.3

252.5

289.6

As the length of the airbag increases, the force
bending angle of the soft manipulator increases. Thus,
airbag length positively influences the mechanical
bending of the soft manipulator.
Fig. 5. Bending angle of soft manipulator with different width;
a) 14 mm; b) 16 mm; c) 18 mm; d) 20 mm; and e) 22 mm

The relationship between the width and the
bending angle is ascertained, as shown in Table 1.

(3) Effect of airbag width a
When the airbag width a is applied to the soft
manipulator, the airbag widths are set to 2 mm, 2.5
mm, 3 mm, 3.5 mm, and 4 mm; moreover, Fig. 7
illustrates the bending under different airbag width
conditions.

Table 1. Bending angle of soft manipulator under different widths

W [mm]
Bending angle [°]

14

16

18

20

22

258.5

210.3

175.8

155.3

138.5

As the width of the soft manipulator increases,
the angle of the mechanical manipulator’s force
bending becomes smaller slowly, thereby indicating
that the increase in the width of the soft manipulator
negatively affects the bending of the manipulator.
(2) Effect of the airbag length b
When studying the effect of the width of the
soft airbag on the bending of the soft manipulator,
the airbag lengths are set to 8 mm, 10 mm, 12 mm,
14 mm, and 16 mm. Fig. 6 illustrates the angles of
42

Fig. 7. Bending angle of soft manipulator under different airbag
widths; a) 2 mm; b) 2.5 mm; c) 3 mm; d) 3.5 mm; and e) 4 mm
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Table 3 shows the relationship between the airbag
width and the bending angle.
Table 3. Bending angle of soft manipulator under different airbag
widths

a [mm]
Bending angle [°]

2

2.5

3

3.5

4

178.2

193.4

210.3

222.4

238.4

As the width of the airbag increases, the angle
at which the soft body is forced to bend increases,
thereby indicating that the increase in the width of
the airbag positively affects the bending of the soft
manipulator.

As the number of airbags increases, the angle at
which the soft manipulator is forced to bend increases.
Thus, an increase in the number of airbags positively
affects the mechanical bending of the soft manipulator.
(5) Effect of airbag depth H
The depths of the soft body manipulator airbag
are 6 mm to 10 mm in the study of the effect of the
airbag depth H. Fig. 9 illustrates the bending under
different airbag depth conditions.

(4) Effect of the number of airbags n
When the lengths of both ends of the soft
manipulator are unchanged, the relationship between
the length of the soft manipulator and the number of
the airbags n is expressed by Eq. (16), and the airbag
pitch at this time is 10 mm.
L = d1 + d2 + xn .

(16)

When the length of both ends and the distance
between the airbags are constant, the length of the soft
manipulator is essentially the same as the number of
airbags. The number of airbags in the simulation are
11 to 15. Fig. 8 shows the bending angle of the soft
manipulator.

Fig. 9. Bending angle of soft manipulator under different airbag
depths; a) 6 mm; b) 7 mm; c) 8 mm; d) 9 mm; and e) 10 mm

Table 5 demonstrates the relationship between the
airbag width and the bending angle.
Table 5. Bending angle of soft manipulator under different airbag
depths

H [mm]
Bending angle [°]

6

7

8

9

10

87.7

124.8

161.9

184.9

210.3

As the depth of the airbag increases, the angle
at which the soft body manipulator bends is also
increased. Thus, an increase in the depth of the airbag
positively affects the mechanical bending of the soft
body manipulator.
Fig. 8. Bending angle of soft manipulator under different airbag
numbers; a) 11; b) 12; c) 13; d) 14; and e) 15

Table 4 shows the relationship between the
number of airbags and the bending angle.
Table 4. Bending angle of soft manipulator under different airbag
widths

n
Bending angle [°]

11

12

13

14

15

171.4

190.0

210.3

223.6

240.1

(6) Effect of airbag spacing x
According to Eq. (16), the influence of the airbag
spacing and of the length of the soft manipulator
on the mechanical bending of the soft body are
essentially the same when the length of the two ends
of the soft manipulator and the number of airbags are
constant. The spacing of airbags are 9 mm, 10 mm, 11
mm, 12 mm, and 13 mm in the study of the influence
of the spacing of the airbag on the soft manipulator,
and Fig. 10 presents the bending diagram of the soft
manipulator.
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Fig. 12. Schematic diagram of force analysis for soft manipulator
Fig. 10. Bending angle of soft manipulator under different airbag
spacings; a) 9 mm; b) 10 mm; c) 11 mm; d) 12 mm; and e) 13 mm

Table 6 establishes the relationship between the
airbag spacing and the bending angle.
Table 6. Bending angle of soft manipulator under different airbag
spacings

x [mm]
Bending angle [°]

9

10

11

12

13

245.1

210.3

175.7

146.7

120.6

As the distance between the airbags increases, the
angle at which the soft manipulator is forced to bend
is reduced. Thus, an increase in the depth of the airbag
negatively affects the mechanical bending of the soft
manipulator.
2.2 Theoretical Analysis of Software Manipulator Bending
Fig. 11 illustrates the force received inside the soft
manipulator. For convenience, the force analysis
inside the soft manipulator is simplified because the
soft manipulator is only bent inside the illustrated
interface, and the force acting on the sidewall of the
soft manipulator can be ignored. Fig. 12 presents a
simplified schematic of the force analysis.

Fig. 11. Schematic diagram of the internal force of a soft
manipulator

The inner wall of the soft manipulator is divided
into a curved inner side and a curved outer side (Fig.
13). The inner sidewall of the curved inner side has no
airbag and is a flat surface. Conversely, the inner wall
44

Fig. 13. Inner and outer sides of bending soft manipulators and
their stress analysis; a) inner and outer sides; b) stress analysis of
inner side; c) stress analysis of outer side

of the outer side of the curved side is provided with
an airbag. Thus, the inner wall of the force-receiving
inner wall includes the inner wall of the end portion
and the left side of the airbag, apart from the portion
which is balanced with the inner wall of the curved
inner and right side walls of the airbag. After being
subjected to the same amount of gas pressure, the
inner wall of the curved outer side is subjected to a
pressure substantially stronger than that applied to the
inner side of the curved portion, such that the force
deformation generated outside the curved portion
is larger than the bending deformation generated
by the inner side of the curved portion, and the soft
body mechanical force is bent by the force. The
deformation predisposes the airbag on the outside of
the curved body to expand. After being subjected to
the internal pressure of the soft manipulator, the length
of the curved outer side perpendicular to the fixed
end is greater than the length of the curved inner side
perpendicular to the fixed end owing to the curved
inner side and the curved outer side. The ends of the
soft manipulator are connected to each other; thus, the
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soft manipulator can only eliminate the difference in
length between the inner and outer sides of the bend
by bending.
The soft manipulator forms a concentric fanshaped area after bending, and the curved inner and
outer sides are respectively two arcs of a fan shape.
The difference between the lengths of the curved inner
and outer sides can be expressed by the difference
in the arc length of the fan shape (Fig. 14). The
difference in the curvature of the inner and outer sides
of the curved body of the soft body is obtained, as
shown in Eq. (17).
Lr = πα (ra + h) – πα ra = παh .

difference between the inner and outer inner wall
areas of the soft manipulator.
The difference between the inner and outer inner
wall areas of the soft manipulator can be calculated by
Eq. (20):
SΔ = SL + SR + SLT + SRT .

(20)

Fig. 15 shows the force-receiving surfaces on the
left and right sides of the airbag and the left and right
ends of the robot.

(17)

Fig. 15. Four cross-sections causing pressure difference

The four pressure differences can be calculated
by Eq. (21):
SL = SR = b ⋅ H − 4
,

 S LT = S RT = b ⋅ H

Fig. 14. A sector formed by the bending of a manipulator

The difference between its inner and outer sides is
related to the height and bending curvature of the soft
manipulator. After the structure of the soft manipulator
is determined, the difference between the inner and
outer lengths is ascertained only in relation to the arc
corresponding to the curved arc. The greater the arc of
the inner and outer sides, the greater the difference in
arc length. The difference between the inner and outer
lengths is related to the pressure difference between
the inner and outer sides of the soft manipulator. The
force inside the soft manipulator can be obtained by
Eq. (18):
Fs = Ps ·Ss .

(18)

When the gas pressure applied to the inner
wall of the soft manipulator is constant, the pressure
applied to the inside of the soft manipulator changes
with the change in the force-receiving area. The
pressure difference can be obtained by Eq. (19):
FΔ = Ps · SΔ ,

(19)

where FΔ denotes the force difference between the
inner and outer inner walls of the bend; SΔ is the

(21)

where b and H respectively represent the length and
depth of the soft manipulator airbag.
Eq. (21) shows that the length and depth of the
airbag are strongly affected by the force of the soft
manipulator. This observation can also be proven via
simulation results. Under the influence of two factors,
the change angles of the bending angle of the soft
manipulator are 122.6° and 179.5°, respectively. The
large length influence is caused by the change amount
in length, which is relatively large. The remaining
influencing factors include the width W and the airbag
spacing x. The thickness of the silica gel is affected
by the impedance change when the deformation
is changed. The bending forces of the soft body are
−120.0° and −124.5°, respectively. The increase in
the width of the soft manipulator and the distance
between the airbags cause an increase in the bending
resistance, and such modification reduces the bending
angle. The width of the airbag and the number of
airbags also have a certain influence on the bending
of the soft manipulator. The changes in the angle are
60.2° and 68.7°. The change in these two parameters
alters the length of the soft manipulator, the width of
the airbag, and the number of airbags. The increase in
those parameters will increase the length of the soft
manipulator; moreover, the force and deformation
resistance will not change, thereby changing the
bending angle of the soft manipulator. The theoretical
analysis proves that the influence of the above

Design and Performance Analysis of Airbag-Soft-Manipulator According to Characteristic Parameters

45

Strojniški vestnik - Journal of Mechanical Engineering 66(2020)1, 38-50

parameters on the bending of the soft manipulator is
consistent with the simulation analysis results, which
can be used as a reference for design.
2.3 Characteristic Parameters of the Soft Manipulator
(1) The template size used in this research is 20
mm × 20 mm. For the nanofibre film and the
soft manipulator to fit well, the width of the soft
manipulator is set as 20 mm.
(2) The sidewalls of the soft manipulator must have
a certain thickness. When the wall thickness
is under 1 mm, the simulation results do not
converge. To ensure the safety of the soft
manipulator, the wall thickness must be greater
than or equal to 2 mm.
(3) According to the width and wall thickness
requirements, the length of the soft manipulator
airbag is 14 mm, and the sidewall is 3 mm,
dimensions which meet the design requirements.
(4) The width of the airbag has less influence on the
soft manipulator. To facilitate the draft, the width
of the airbag is set to 3 mm.
(5) The depth of the airbag is 10 mm, where the
airflow passage is distributed at 2 mm on the top.
(6) After the depth of the airbag is determined, the
height is also ascertained to be 14 mm, and the
thickness of the upper and lower end faces is 2
mm.
(7) To facilitate the drafting operation, the depth
and width of the groove are set to 8 mm and 3
mm, respectively; moreover, the thickness of the
sidewall of the airbag sandwiched between the
groove and the airbag is 3 mm. These dimensions
satisfy the requirements of safety design.
(8) The chosen number of airbags is eight.
(9) According to Eqs. (4) and (7) and the wall
thickness of the airbag, the distance between the
airbags is determined to be 12 mm.
(10) The total length of the soft manipulator is set to
115 mm.
(11) The two ends of the soft manipulator are
symmetrical. According to Eqs. (4), (8), (9), and
(10), the length of both ends is 14 mm.

and the moulds are printed by 3D printing technology,
as shown in Fig. 16.
The airbag soft manipulator is manufactured,
as shown in Fig. 17. The driving mode of the soft
manipulator is a pneumatic drive. By controlling the
gas pressure inside the soft manipulator, the bending
degree of the soft manipulator is directly affected;
thus, the corresponding gripping force is obtained.
According to the requirements of the pneumatic drive
control method, the control process of the entire
control system is obtained (Fig. 18).

Fig. 16. Mould of soft manipulator

Fig. 17. Soft manipulator; a) manipulator with no nanofibre
array film attached; and b) manipulator with nanofibre array film
attached

3 GRASP EXPERIMENT OF AIRBAG SOFT MANIPULATOR
Since the soft manipulator contains airbags inside, it
cannot be integrally cast during the manufacturing
process, so the moulds are separately designed and
cast, and the manufactured samples are combined.
The manipulator is divided into upper and lower parts,
46

Fig. 18. Soft manipulator internal gas control process

In current robotics applications, the urgent
need for productivity and precision highlights the
crucial need to replace traditional control strategies
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with modern ones. Therefore, closed-loop feedback
control is necessary [35] to [37]. In this paper, the
control system is divided into four main parts: a
microcontroller that plays a major control role
(Arduino Mega 2560), a pump (DC miniature
diaphragm pump) that supplies gas pressure, a valve
that controls the internal communication between
the pump (SMC-VQ110U-5M model solenoid valve)
and the soft manipulator, and a pressure sensor that
measures the gas pressure inside the manipulator in
real-time. The microcontroller is the core control
component that reads the pressure value transmitted
by the pressure sensor and controls the opening and
closing of the pump switches and valves to control the
flow of air to the soft manipulator. According to the
control requirements, the control strategies are set as
shown in Fig. 19.

controlling the frequency of the opening and
closing of the solenoid valve and the gas inside
the soft manipulator.
Fig. 20 shows the grasp experiment system of the
soft manipulator. The pressure test is performed on
each pressure channel, and the pressure value of the
sensor is obtained, as shown in Fig. 21.

Fig. 20. Grasp experiment system of soft manipulator

Fig. 21. Variation of pressure in each channel during testing
Fig. 19. Control strategy of soft manipulator

Experimental steps:
(1) Adjust the potentiometer and set the solenoid
valve gas pressure.
(2) Open the diaphragm pump so that it begins to
provide pressure to the system.
(3) Open the solenoid valve to allow gas to pass
inside the software robot.
(4) The pressure sensor that is electrically connected
to the soft manipulator measures the gas pressure
inside in real-time and transmits the measured
pressure data to the microcontroller.
(5) If the pressure meets the requirements, then, no
adjustment is made; if the pressure fails to meet
the expected value, then, the potentiometer is
adjusted to modify the duty cycle of the pulse
width modulation (PWM) signal, thereby

The pressure changes can be seen in Fig. 21.
The pressure of the four channels partially changes
when the potentiometer is adjusted, thereby indicating
that the system can work normally. Moreover, the
pressure of the four-channel system exceeds0.1 MPa.
According to the simulation results, this pressure can
fully meet the requirements of the soft manipulator
bending.
The stress test of a single manipulator are
performed, and its bending angles under different
pressures are tested. Subsequently, the test and
simulation results are compared (Fig. 22). The testing
pressures are set as 0.1 MPa, 0.2 MPa, 0.3 MPa, 0.4
MPa, and 0.5 MPa.
The bending angles under the finite element
analysis and under the pressure test fit well (Fig. 22),
thereby proving that the simulation results of the soft
manipulator are reliable and can be used as the basis
for the design of the soft manipulator structure.
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Fig. 22. Bending angle of soft manipulator under finite element
analysis and experimental analysis

Fig. 23. Grasp experiment of soft manipulator

The grasp experiment is carried out using the
built-up soft manipulator measurement and control
system. The object to be grabbed is a beaker. The
original weight of the beaker is 147.7 g. Water is
added to the beaker to increase the weight of the
grabbed object, and Fig. 23 illustrates the grasping
process. In the experiment, the final water addition is
approximately 150 ml; that is, the final grab weight of
the soft manipulator is 300 g and indicates that the soft
manipulator optimization has good application effect.
4 CONCLUSION
A friction-enhanced multi-airbag soft manipulator is
developed in the paper, and the pneumatic drive is
selected as the driving method of the software robot.
Firstly, finite element analysis of the manipulator
is performed. Under the influence of the length and
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depth, the change angles of the bending angle of the
soft manipulator are 122.6° and 179.5°, respectively.
The remaining influencing factors include the width
W and the airbag spacing x. The thickness of the
silica gel is affected by the impedance change when
the deformation is changed. The bending forces of
the soft body are −120.0° and −124.5°, respectively.
The width of the airbag and the number of airbags
also have a certain influence on the bending of the
soft manipulator. The changes in the angle are 60.2°
and 68.7°. The change in these two parameters alters
the length of the soft manipulator, the width of the
airbag, and the number of airbags. The increase in
those parameters will increase the length of the soft
manipulator; moreover, the force and deformation
resistance will not change, thereby changing the
bending angle of the soft manipulator. Secondly, the
expression of the Neo-Hooke strain energy function
is obtained, according to the mechanical tensile test.
According to the strain energy function, the finite
element analysis method is utilized to examine the
influence of the change in soft manipulator size
parameters on the force bending. The theoretical
analysis results confirm that the finite element
analysis outcomes are correct. Finally, the software
manipulator is manufactured and the pressure channel
tests, bending angle tests, and grasp experiment
are carried out. The weight of 300 g can be lifted
by the manipulator, thereby indicating that the soft
manipulator designed in this research has good
application effect and prospect.
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6 NOMENCLATURES
α
λi
εi
κ
μ
ra

h
G
FΔ
Fs

Arc corresponding to the bending, [°]
Main elongation ratio
Main direction strain, [MPa]
Bulk modulus of the material
Poisson’s ratio of the material
The radius of the arc, [mm]

Soft manipulator height, [mm]
Shear modulus of the material, [MPa]
Inner and outer wall force difference, [N]
Force on the inner wall, [N]
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LT
Ps
SΔ
SL
SLT
SR
SRT
Ss
W

Inner and outer arc length difference, [mm]
Gas pressure received by the inner wall, [MPa]
Inner and outer wall area difference, [mm2]
Left side of the airbag, [mm²]
Left end area of the manipulator, [mm²]
Right side of the airbag, [mm²]
Right end area of the manipulator, [mm²]
Area of force inside the soft manipulator, [mm²]
Strain energy function
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