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This paper studies the design of pneumatic soft-bodied bionic basic execution unit with soft-rigid combination, which can be used as an
actuator for pneumatic soft-bodied robots and soft-bodied manipulators. This study is inspired by structural characteristics and motion
mechanism of biological muscles, combined with the nonlinear hyperelasticity of silica gel and the insertion of thin leaf spring structure
in the nonretractable layer. Response surface analysis and numerical simulation algorithm are used to determine the optimal com-
bination of structural dimension parameters by taking the maximum output bending angle of the basic executing unit as the opti-
mization objective. Based on Odgen’s third-order constitutive model, the deformation analysis model of the basic execution unit is
established. The physical model of pneumatic soft-bodied bionic basic execution unit is prepared through 3D printing, shape deposition,
soft lithography, and other processing methods. Finally, the motion and dynamic characteristics of the physical model are tested through
experiments and result analysis, thus obtaining curves and empirical formulas describing the motion and dynamic characteristics of the
basic execution unit. The relevant errors are compared with the deformation analysis model of the execution unit to verify the feasibility
and effectiveness of the design of the pneumatic soft-bodied bionic basic execution unit. The above research methods, research process,
and results can provide a reference for the research and implementation of pneumatic and hydraulic driven soft-bodied robots and

grasping actuators of soft-bodied manipulators.

1. Introduction

With the increasing requirements for robotic flexibility, the
disadvantages of traditional rigid robots are gradually
highlighted, such as their heavy structure, low safety factors,
poor environmental adaptability, loud noise, and their
limited ability to interact with natural environment or
human beings. While traditional rigid robots can no longer
fully meet the development needs in various fields, natural
organisms provide new ideas for the development of robots
with their soft body, excellent flexibility, and strong envi-
ronmental adaptability [1-5]. Therefore, to further expand
the functions and applications of robots, soft-bodied bionic
robots have become a new direction in the field of robotics.
This kind of robot is mainly made of soft or malleable
materials; it can continuously deform in a limited space by
simulating the muscle motion of the natural organisms.
Compared with traditional rigid robots, it has infinite

degrees of freedom and can show unprecedented flexibility,
safety, and agility [6, 7].

At present, the most widely used soft-bodied robots are
pneumatic and hydraulic driven soft bionic robots, which
are diverse in types and structural forms, with the charac-
teristics of fast response, high driving force, high power
density, and so on. Suzumori et al. [8] from Okayama
University have developed a soft manta ray robot. The body
material of the robot is silicone rubber, with a body length of
150mm, a body width of 170mm, and the maximum
swimming speed of 100 mm/s. Marchese et al. [9] from
Massachusetts Institute of Technology have developed a new
kind of pneumatic soft-bodied bionic robotic fish. The ac-
tuator is made from silicone rubber material, which can
achieve swift maneuvers in the underwater environment and
track the target object. Tolley et al. [10] from Harvard
University have designed the world’s first pneumatic soft-
bodied crawling robot with limbs and trunks composed of all
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soft elastic materials. It can achieve two kinds of gait: un-
dulating wave and crawling. Marchese et al. [11] from
Massachusetts Institute of Technology have designed a
multi-degree-of-freedom pneumatic soft-bodied manipu-
lator with good compliance performance. In narrow spaces,
it can achieve flexible operation by adjusting the body
posture and can avoid damage to the surrounding envi-
ronment. Hao et al. [4] from Beihang University have
designed a pneumatic four-fingered soft-bodied manipula-
tor. By inflating and deflating, the target object can be
grasped and released, and the length of the body structure
can be adjusted to achieve multiobject grasping. Li et al. [12]
from Harvard University have developed a soft-bodied bi-
onic manipulator based on the contraction and relaxation
principle of human muscles, which can grasp objects
weighing less than 3kg. Liming et al. [13] from Harbin
Engineering University have designed a soft-bodied crawl-
ing robot based on the mechanical properties of soft ma-
terials and the relation between friction and driving force,
and it can be used to maneuver specifically in planes and
pipelines. Phillips et al. [14] from NSF Biological Devel-
opment Agency have designed a soft manipulator. The
pressure of the soft cavity structure can be controlled by the
pressure proportional valve, so that it can achieve flexible
operation in deep-sea. Frame et al. [15] from Atlantic
University of Florida have developed a water-injection
driven artificial jellyfish based on soft materials. By injecting
certain pressure into the inner part of the soft-propulsive
tentacle, the tentacle can imitates the swimming posture of
jellyfish through bending deformation and can swim in
narrow spaces. Jiantao et al. [16] from Yanshan University
have designed a wheeled-foot peristaltic soft-bodied bionic
robot with a double-cavity structure. It inflates and deflates
periodically through the airbag structure, bends the body
structure, and achieves the rapid motion of the robot by
introducing a wheel-foot design.

All the above-mentioned soft-bodied robots are designed
to imitate biological characteristics and make full use of the
advantages of soft materials, which simplifies the structure of
the robot body, while greatly improving their environment
the adaptability. These researches have broadened the ap-
plication field of soft-bodied bionic robots, but they still
inevitably rely on the character analysis of soft-bodied bionic
basic execution unit.

Bishop-Moser et al. [17, 18] from Villamora in Portugal
have established a theoretical model of the interaction be-
tween incompressible liquids, nonstretchable filament, and
the body of hydraulic driven soft-bodied basic execution
unit, which can accurately predict the deformation direction
of soft-bodied basic execution unit. According to their
numerical simulation and experimental research, Mosadegh
et al. [19] from Harvard University have determined the
relationship between the inflation pressure and the motion
characteristics of the pneumatic soft-bodied basic execution
unit and proved that the bending amplitude depends on the
bending path. Luo et al. [20] from Worcester Institute of
Technology have studied the dynamic response of hydraulic
driven soft-bodied execution unit through visual tracking
system and proved that quick response and good robustness
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are achieved under higher pressure. Peele et al. [21] from
Cornell University have determined the material properties
of pneumatic soft-bodied bionic actuator through rheo-
logical principle and tensile test, followed by numerical
simulations aiming to reduce the stress concentration of the
actuator and increase the motion amplitude. Connolly et al.
[22] from Harvard University have determined the rela-
tionship between the filament winding angle and the de-
formation of the pneumatic soft-bodied actuator through
numerical simulation technology, so that the actuator can
achieve different motion forms. Finally, multiple actuators
were connected in series to develop a worm-like soft-bodied
robot. Pengzhan et al. [23] from East China Jiaotong Uni-
versity controlled the pressure values of the chamber by
collecting and processing the internal pressure and bending
angle signals of the pneumatic soft-bodied execution unit
and changed the bending angle of the execution unit, thus
evaluating its performance in different motion states, and
ensured its good flexibility and environmental adaptability.
Based on the motion mechanism of fish muscle, Jusufi et al.
[24] from the University of Technology Sydney have
established a passive flexible mechanical model of the
pneumatic soft-bodied underwater execution unit. Then, by
controlling the flexible foil embedded in the body, the
motion mechanism and stiffness change of the execution
unit were studied. Finally, according to the movement phase
and frequency of the execution unit, the changing rule of the
thrust generated by the execution unit was determined,
which provides a reference for the application of underwater
carrier. Liming et al. [25] from Harbin Engineering Uni-
versity have analyzed the static characteristics of multi cavity
type pneumatic soft-bodied bionic actuator and verified the
feasibility of the actuator design principle. Based on the
rowing propulsion of frog swimming, Jizhuang et al. [26]
from Harbin Institute of Technology put forward a kind of
joint type pneumatic soft-bodied actuator unit. Firstly,
according to the Yeoh constitutive model and virtual work
principle, combined with the geometric parameters of the
actuator unit, the deformation analysis model is established.
Then, the bending angle and load torque of the actuator unit
were studied through different winding forms of the fila-
ment, which provides a feasible reference for the develop-
ment of the frog-like swimming robot. Chen et al. [27] from
Tianjin University have analyzed the static characteristics of
the pneumatic soft-bodied actuator by using the virtual work
principle and then deducted and solved the deflection
function of the actuator surface by Rayleigh Ritz method.
Finally, the deformation error of the actuator was deter-
mined to be low by connecting the deformation of the
actuator with the surface deformation of the soft robot. It
can be proved that it is feasible to study the deformation of
the soft actuator based on the principle of virtual work and
the principle of minimum potential energy and that this
approach can simplify the mathematical model of the soft-
bodied actuator. Azami et al. [28] from Tokyo Medical
University have designed a pneumatic soft-bodied actuator
composed of silica gel and metal spring. The oscillation
circuit was connected to the spring inside the actuator.
According to the change of spring length, the corresponding
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spring oscillation frequency was measured. Through the
oscillation frequency, the displacement output of the ac-
tuator could be determined, so as to realize the motion
control of the soft-bodied actuator. Saleh et al. [29] from Nile
University have studied the slope angle of the expansion wall
of the pneumatic soft-bodied actuator and determined the
relationship among inflation pressure, motion range, and
reaction force of the soft-bodied actuator through nonlinear
static finite element analysis. The feasibility of the design of
the soft-bodied actuator is verified by using the load scale in
the experiment, proving that the design can meet the
grasping requirements of the soft-bodied manipulator.

Although the above-mentioned scholars in related fields
have done numerous works on the pneumatic soft-bodied
bionic basic execution unit, the theoretical model of the
pneumatic soft-bodied bionic basic execution unit needs
further exploration, and the research on the motion and
dynamic characteristics still need further systematization
and perfection. Besides, most of the researches are limited to
the type of entirely soft-bodied or filament + soft-bodied,
which calls for the improvement of structure strength, ex-
ecution strength, and resilience of the pneumatic soft-bodied
bionic basic execution unit, making it difficult to lay a good
foundation for further application. Therefore, this paper has
achieved a certain extent of innovation in the structure
design, optimal combination of structure parameters, es-
tablishment of mechanical model, physical model prepa-
ration, analysis of motion characteristics, and analysis of
dynamic characteristics of the pneumatic soft-bodied bionic
basic execution unit with soft-rigid combination. The re-
search process is innovative, systematic, and universally
applicable.

2. Structure Design and Motion
Mechanism Analysis

2.1. Design Basis. Based on the hyperelastic characteristics of
the silica gel material and muscle motion mechanism, re-
ferring to the crawling form of inchworm in nature, the
swimming form of fishtail with swinging trunk, and the
grasping form of arm and elephant trunk, a pneumatic soft-
bodied bionic basic execution unit of the soft-rigid com-
bination is designed. By inflating the interior of the basic
execution unit cavity structure, each cavity can be inflated
and extruded. Combined with different inflations pressure
values, the execution unit can realize periodic bending
movement and power output. In this process, to enhance the
structural strength, execution force, and motion recovery
force of the soft-bodied basic execution unit, a thin leaf
spring structure is embedded in the nonretractable layer,
which can not only avoid the axial extension of the non-
retractable layer with the cavity expansion but also improve
the structure strength, execution strength and resilience of
the basic execution unit and therefore further improve the
overall performance and broaden the application fields of
the pneumatic soft-bodied bionic basic execution unit.

2.2. Structure Design. At present, the cavity structure shape
types of the pneumatic soft-bodied bionic basic execution
unit generally include rectangle, semiellipse, bow, fan, and
triangle. The application scenarios of different shapes are
different, and only the cavity structures of different shapes
need to be designed according to specific situations. It
should be noted that when the cavity structure of the basic
executing unit expands, its structure shape has little influ-
ence on its motion frequency, bending angle, and driving
load, but the parameters combination of its specific structure
size plays a key role. Therefore, in this paper, the soft-bodied
bionic basic execution unit of the rectangular cavity
structure, which is the most widely used and universal
representative, is taken as an example to study its motion
and dynamic characteristics.

The structure design of the pneumatic soft-bodied bionic
basic execution unit is shown in Figure 1. Its structure is
mainly composed of soft-bodied cavity, nonretractable layer,
and thin leaf spring.

The structure dimensions of the basic execution unit are
shown in Table 1. It should be noted that to ensure the
effectiveness of the expansion wall of the basic execution
unit, the remaining wall of the cavity structure should be
thicker than the expansion wall.

3. Optimal Combination of
Structural Parameters

The combination of structural dimension parameters plays a
key role in the motion and dynamic characteristics of the
pneumatic soft-bodied bionic basic execution unit. To
shorten the experimental research period and reduce ex-
perimental cost, the optimal combination of structural pa-
rameters is studied based on the response surface analysis
method [30-34] and numerical simulation algorithm
[35-38]. According to the design principle of the Box-
Behnken central composite experiment, the maximum
bending angle ® is used for determining the optimum
extraction process. Among them, the maximum bending
angle ®is determined using numerical simulation algo-
rithm, as shown in Figure 2.

In this paper, the response surface analysis experiments
of 8 factors and 3 levels are designed based on the specific
structure size of the basic execution unit, as shown in
Table 2.

120 groups of experiments can be obtained from 8
factors and 3 levels of response surface analysis tests in
Table 2. According to the experimental parameters of each
group, the corresponding numerical analysis model is
constructed by the numerical simulation algorithm, and
the maximum bending angles ® corresponding to the
experimental parameters of each group are obtained,
respectively. Then, regression analysis was carried out
from the data obtained, and the quadratic polynomial
regression equation of bending angle ® was fitted as in the
following:
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FIGURE 1: Structure design of pneumatic soft-bodied bionic basic execution unit. (a) 3D digital model. (b) Longitudinal local cross section.

(c) Transverse local cross section.

TaBLE 1: Dimensions of pneumatic soft-bodied bionic basic exe-
cution unit.

Z
°

Size

Single cavity length [

Single cavity width w

Single cavity height h

Thickness of expansion wall of single cavity ¢
Nonretractable layer thickness t,
Thickness of thin leaf spring ¢,
Cavity spacing i
Total number of cavity N

[e =N e N B S I S

A: transient structural
Total deformation
Type: total deformation
Unit: mm

Time: 2

141.96 Max
131.82
121.68
111.54
101.4
91.259
81.119
70.979
60.839
50.7
40.56
30.42
20.28
10.14
0 Min

FIGURE 2: Numerical simulation calculation results of pneumatic
soft-bodied bionic basic execution unit. The inflation pressure is
constant at 180 kpa.

TaBLE 2: Level and coding of test factors in response surface.

Coding ) w h t t t, i N
-1 22 7 14 0.8 1.8 0.3 1.2 9
0 26 9 16 1.0 2.1 0.4 1.3 11
1 30 11 18 1.2 2.4 0.5 1.4 13

R =2.11+4.161E - 0.03A + 0.055B - 0.045C - 0.17 D
—0.16F + 0.37G + 0.19H + 0.026AB — 0.090AC
—0.085AD + 0.14AE - 0.18AF - 0.017AG
—0.081AH - 0.073BC + 0.050B D + 0.10BE
—0.23BF + 0.080BG - 0.017BH + 0.12C D + 0.11CE
—0.023CF - 0.013CG + 0.090CH + 0.18 DE
—0.060 DF - 0.076 DG + 0.050 DH - 0.031EF
+ 0.059EG - 0.037EH - 0.068FG — 0.14FH
+0.053GH - 0.27A2 - 0.37B2 - 0.19C2 - 0.21 D2
—0.11E2 - 0.18F2 - 0.29G2 - 0.051H2,

(1)

where R is the bending angle ® and A, B, C, D, E, F, G, and H
are coded, respectively, for the length [ of a single cavity, the
width w of a single cavity, the height h of a single cavity, the
thickness ¢ of the expansion wall of a single cavity, the thickness
t, of the nonretractable layer, the thickness ¢, of the thin leaf
spring, the distance between the cavities 1, and the total number
of cavities N corresponding to the basic execution unit.

In the analysis of variance of the regression model and
the significance test of model coefficients, the significance of
each variable’s influence on response value can be tested by
determining F value and P value. As for the experiment
model, F=78.51 and P <0.0001, indicating the difference is
very significant. In addition, R, = 0.9788, Adj R, = 0.9663,
Pre R, = 0.9439, and the variance difference is very small
and close to 1, which indicates that the fitting degree of the
model is fairly satisfactory. Therefore, this model can be used
to analyze and predict the optimal extraction process of the
bending angle ©.

Then, based on response surface optimization test, an-
alyze the effect of the interaction of AC, AD, AE, AF, AG, AH,
BC, BD, BE, BF, BG, CD, CE, CH, DE, DF, DG, DH, EG, FG,
FH, and GH on the bending angle ®. The interaction of AB,
BH, CF, and GH has a significant impact (P < 0.05), while the
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interaction of CG, EF, and EH has no significant effect on
bending angle ® (P> 0.05). Therefore, the optimal extrac-
tion process can be obtained by analyzing the interaction of
varjous factors, as shown in Table 3.

4. Analysis of the Mechanical Model

4.1. Mechanical Model Analysis of Silica Gel Material.
Silica gel is a kind of nonlinear material with hyperelasticity,
large deformation, and almost no change in volume (i.e., in-
compressible). Its common constitutive models include the
Mooney-Rivlin model, Ogden model, and Yeoh model
[39-42]. Among them, the Ogden model has high modeling
accuracy and simple form; it can be verified by uniaxial tension,
biaxial tension, and pure shear tests and can effectively solve the
problem of large deformation of silica gel materials [43, 44].
Therefore, in this paper, the third-order Ogden constitutive
model is used to analyze the nonlinear mechanics of the
pneumatic soft-bodied bionic basic execution unit.

4.2. Establishment of the Mechanical Model for Pneumatic
Soft-Bodied Bionic Basic Execution Unit. Based on the stress-
strain relationship, the constitutive relation of silica gel
material is established, and assuming that the silica gel
material is isotropic and incompressible, the expressions of
strain energy function, that is, (2) and (3) are as follows:

W =W(I,,1,,1), (2)

292,42
I =A+A,+ A5,
292, 1292, 1292
I, = A{A5 + A5A5 + A4S, (3)
29242
I3 = 1A,
where I}, I,, and I; are invariant of the deformation tensor
and A, A,, and A; are the main elongation ratio in three
directions of space.

According to the incompressibility of materials, (4) is
rewritten as follows:

I, =204 = 1. (4)

Assuming that the material has no deformation in the
direction of width A; = 1, (5) and (6) can be obtained:

1
A =—
1 AZ (5)
2 ].
II=12=/\1+F+1. (6)

1

Because silica gel material has nonlinear characteristics
and its deformation state is different from that of small
deformation materials, the relationship between stress and
strain can be expressed by strain energy function.

The strain energy function of Ogden model is expressed
as follows:

Ww=YHE 52825 -3), (0=n<3).  (7)

iz1 %

TaBLE 3: Response test results of pneumatic soft-bodied bionic
basic execution unit.

No. Size Value

1 Single cavity length [ 27.41 mm
2 Single cavity width w 9.63 mm
3 Single cavity height h 14.92 mm
4 Thickness of expansion wall of single cavity t  0.83 mm
5 Nonretractable layer ¢, 1.84 mm
6 Thickness of thin leaf spring ¢, 0.34mm
7 Cavity spacing i 1.34 mm
8 Total numbers of cavity N 11.23

By choosing the form of third-order parameters, N = 3,
we can get

w=E s A0 118 3y 2 0% 1% 40 - 3)
&% %

B (AT + 257 + A3 - 3),
%3
(8)
where p; and «; are the material parameters, y, = —1.48;
ay = 1.43; uy = 1.94; a, = 5.73; py = 1.38; a3 = 1.54.

The stress expression of silica gel material can be de-
duced as in

ow -
0i=AiW—G=ZIujM—G, (N=3), (9
1 Jj=

where G is hydrostatic pressure. G =p A5 + p, A%+
Ay’ = st + s’ + st
Therefore, (10)-(12) are established:

N
0y = Z!"j :'xj_GZAMIA‘;I + A+ usAY - G, (10)
=1

N
022214]' ?j_G:.”lAgl + A5+ usdy’ - G, (11)
i

N
03 = Y uAY ~G=u A e AP~ G, (12)
j=1

0, =05 =0, as aresult, \, = A; = (1/4/A,).
Therefore, the following equationfd13 is established:
o —(,/2 o —(y/2
0=0, :.“1</11 _Al( )) +M2(A12 _/\1( )>
v (A7 -2, ),

Among them, the main elongation ratio of the basic
execution unitfd14 is obtained:
o

17 sin®’

(13)

(14)



where @ represents the bending angle of the cavity structure
of the basic execution unit under a certain pressure.
The bending angle ® can be expressed as
(w+i)N
_—

Q= (15)

The expression of elastic modulus of thin leaf spring is as
follows:

4L’C
E= 3> (16)
bh

where C is the elastic constant of the thin leaf spring, L is the
length of the thin leaf spring, b is the width of the thin leaf
spring, and A is the thickness of the thin leaf spring.

The stress expression of thin leaf spring can be deduced
as follows:

£=EA,. (17)

At the end of the filling process, the wall pressure of the
cavity structure of the basic executing unit can be considered
as approximately equal. Assuming that the gas pressure in
the cavity reaches P;, the force analysis of the case shows that
the moment balance formula of the pneumatic soft-bodied
bionic basic execution unit, i.e. equation (18) is as follows:

P+ Pj(w+t+i)+P;(h+t) =ot) + &3, (18)

where o is the internal stress of nonretractable layer and ¢ is
the internal stress of the thin leaf spring.

Finally, according to (14) to (18), the relationship be-
tween the bending angle @ of the basic execution unit and
the internal pressure in the case of maximum deformation is
obtained as follows:

= 0(P,). (19)

5. Preparation of Pneumatic Soft-Bodied Bionic
Basic Execution Unit

The 601 room temperature vulcanized silica gel, which is
soft, strong, elastic, and difficult to tear and deform, is se-
lected as the pneumatic soft-bodied bionic basic execution
unit. For the determination of its hardness value, according
to the actual work requirements of the pneumatic soft-
bodied bionic basic execution unit, the body structure needs
to have a certain strength and flexibility. If the hardness is
lower (lower than Shore A15), the body structure is too soft,
and if the hardness is higher (higher than Shore A25), the
brittleness is relatively high, and fracture is easy to occur.
Shore A15 to Shore A25 are generally more suitable for the
research of soft robots. Through numerical simulation, a
large inflation pressure (180kpa) is applied to the finite
element model with material properties in this hardness
range. The calculation results are shown in Table 4.

The results show that the bending angle of the pneumatic
soft-bodied bionic basic execution unit is too large from
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Shore Al5 to Shore Al7, and the expansion wall shows
excessive deformation, when the material hardness value
ranges from Shore A18 to Shore A25, the bending angle of
the pneumatic soft-bodied bionic basic execution unit does
not show excessive deformation, and the bending angle
gradually decreases with the increase of hardness value.
Therefore, Shore A18 is selected, which can meet the actual
bending requirements and has the largest bending angle.

The specific preparation materials are shown in Table 5.

The preparation of basic execution unit needs to com-
bine 3D printing technology, shape deposition, and soft
lithography [21, 45, 46], including three casting operations,
embedded thin leaf spring structure, and bonding
operations.

(1) Design of mould structure: because of the combination
of integrated mould and investment casting method, not
only the preparation process is complex, but also the cost
of the mould is high. Therefore, a set of combined
moulds is designed to cast and prepare the basic exe-
cution unit, and the mould is shown in Figure 3.

(2) Embedding of the thin leaf spring structure: to en-
sure that the thin leaf spring structure stays as flat as
possible in the middle of the nonretractable layer, it
is necessary to divide the nonretractable layer into
two parts; that is, when the 1/2 thickness of the
nonretractable layer is completed and when it is
about to solidify, the thin leaf spring structure should
be laid flat on it. After further curing, the remaining
1/2 thickness of the nonretractable layer goes on
being cast and built.

(3) Bonding method: the uncured liquid silica gel was
used to bond the silica gel structure. It is verified that
this method can not only ensure the attribute sta-
bility of the basic execution unit ontology structure
but also integrate the combination structure into a
whole, which has certain stability and reliability.

Finally, the physical model of pneumatic soft-bodied
bionic basic execution unit is obtained as shown in Figure 4.

6. Experimental Test and Analysis

In order to lay the foundation for the further application of
pneumatic soft-bodied bionic basic execution unit, it is
necessary to comprehensively and deeply study its motion
and dynamic characteristics. In this paper, the experimental
test and analysis are carried out for the unidirectional and
bidirectional forms of the pneumatic soft-bodied bionic
basic execution unit. Among them, the pressure range inside
of the cavity is 40 kpa to 180 kpa.

The main devices of the experiment include pneumatic
soft-bodied bionic basic execution unit (unidirectional and
bidirectional), pneumatic pump, electromagnetic reversing
valve, pressure regulating valve, bending sensor, Arduino
plate, and computer and force measuring test platform
[47-50]; see Figure 5.
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TaBLE 4: Comparison of calculation results of the 601 room temperature vulcanized silica gel with different ranges of hardness value.

Hardness value (shore A) Tensile strength (kpa)

Elongation (%)

Bending angle Deformation analysis

890 to 1140
1250 to 1780

15 to 17
18 to 25

580 to 540
520 to 440

224° to 176
151° to 98°

Excessive
Reasonable

TABLE 5: Preparation material.

Consumables for preparation

Details of materials

Cavity structure
Non-retractable layer structure
Thin leaf spring structure
Mould

601 room temperature vulcanized silica gel
601 room temperature vulcanized silica gel
Quenched 65Mn
PLA

(a)

(®)

——
(d)

()

FIGURE 3: Mould structure. (a) Cavity mould main body. (b) Cavity mould upper cover. (c) Nonretractable layer mould. (d) Gas inlet

(a) (®)

FIGURE 4: Physical model of pneumatic soft-bodied bionic basic execution unit. (a) Unidirectional basic execution unit. (b) Bidirectional

forming plug.

basic execution unit.

FiGure 5: Test platform of pneumatic soft-bodied bionic basic executing unit. Pneumatic soft-bodied bionic basic executing unit is
demonstrated with bidirectional structure as an example. (a) Motion characteristics test. (b) Dynamic characteristic test.

6.1. Motion Characteristics Analysis of Pneumatic Soft-Bodied
Bionic Basic Execution Unit

6.1.1. Motion Frequency Analysis. In the periodic motion
process of the unidirectional pneumatic soft-bodied bionic
basic execution unit, the cavity is inflated, and then the

pressure is set to deflate immediately after end of inflation.
Deflation ends when the basic execution unit reaches the flat
state, so as to determine the time of cycle period and to
complete the research of the unidirectional basic execution
unit inflation and deflation; in the periodic motion process
of the bidirectional pneumatic soft-bodied bionic basic



execution unit, it is necessary to select one cavity side to
inflate. After the inflation is finished, the side cavity is de-
flated immediately, while the other side cavity is inflated.
After the inflation is finished, the side cavity will deflate
immediately until the end of deflation, and the bidirectional
basic executing unit reaches the flat state. The state of in-
flation and deflation is shown in Figure 6.

After data acquisition, the sequence diagram of the
inflation and deflation cycle of the pneumatic soft-bodied
bionic basic execution unit is obtained as shown in Figure 7.

According to Figure 7, the change of motion cycle se-
quence of unidirectional and bidirectional pneumatic soft-
bodied bionic basic execution units can be determined.
Because the unidirectional basic execution unit only involves
unidirectional motion, its motion time is shorter than that of
the bidirectional basic execution unit. Among them, the
cycle time of unidirectional basic execution unit is longer
than that of the bidirectional basic execution unit, because
the motion amplitude of unidirectional basic execution unit
is larger than that of bidirectional basic execution unit under
the same inflatable pressure. Besides, when the motion range
of the basic execution unit increases with the increase of
inflation pressure, the resilience force generated by the thin
leaf spring structure also increases, which makes the motion
recovery time of the basic execution unit gradually approach
the motion bending time.

Then, according to the periodic motion of the pneumatic
soft-bodied bionic basic execution units, the P — f char-
acteristic curves of the inflatable pressure and the bending
angle of the basic execution units can be obtained, as shown
in Figure 8.

According to Figure 8, it can be seen that the motion
frequency of the pneumatic soft-bodied basic bionic exe-
cution unit increases first and then decreases gradually with
the increase of the inflation pressure, which is caused by the
gradual increase of its motion amplitude. When the motion
amplitude is small, the inflation pressure increases and the
motion frequency increases. When the motion amplitude is
large, the motion frequency decreases gradually with the
increase of the inflation pressure. Among them, the motion
frequency of the unidirectional basic execution unit is higher
than that of the bidirectional basic execution unit.

According to the P — f characteristic curves of the basic
execution unit, the empirical formula reflecting the change
of the characteristic curves can be obtained. The expression
of the empirical formula is as follows:

f(X)=P1-x4+p2-x3+p3-x2+p4-x+p5. (20)

Among them, the specific coefficients in the formula are
shown in Table 6.

6.1.2. Bending Angle Analysis. Based on the bending sensor
glued to the basic execution unit, the bending angle is
collected by the program written in advance. The P - ®
characteristic curves of inflation pressure and bending angle
can be obtained, as shown in Figure 9.

In Figure 9, it is shown that, under different inflation
pressures, the bending angle of unidirectional and
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bidirectional basic execution units range from 0° to 148" and
from 0° to 105°, respectively. Within this range, unidirec-
tional and bidirectional basic execution units can guarantee
the operation is in the best state, respectively. Among them,
the characteristic curves change gradually from the initial
linear to later the nonlinear, which is due to the expansion
of the cavity structure to a certain extent, and the large
reverse bending moment produced by the nonretractable
layer silica gel body and the thin leaf spring structure. The
bending angle of the bidirectional basic execution unit is
smaller than that of the unidirectional basic execution
unit because it also bears the reverse bending moment
produced by the compressed side cavity body when
bending. Therefore, the motion range of the unidirec-
tional basic execution unit can meet the needs of most
scenarios, while the bidirectional basic execution unit has
some limitations, and the bidirectional basic execution
unit should be selected according to the specific situation.
In addition, when the inflatable pressure continues to
increase, although the bending angle of the basic executive
unit will continue to increase slowly, its motion charac-
teristics will become worse, the executive ability will be
weakened, and the operation effect will be affected to a
certain extent.

In addition, the P—® characteristic curves of the
pneumatic soft-bodied bionic basic execution unit can be
expressed by empirical formula (20), and its specific pro-
portional coefficients are shown in Table 7.

It is important to note that the unidirectional basic
execution unit P — @ characteristic curve is compared with
the deformation model of the pneumatic soft-bodied bionic
basic execution unit established by Odgen’s third-order
constitutive model, and the accuracy analysis result of the
error bar is obtained, as shown in Figure 10.

According to Figure 10, it can be seen that the error bar
analysis results confirm that the actual experimental and
theoretical models exhibit small errors and high coinci-
dence, which can verify the accuracy and reliability of the
deformation model derived from the theory.

6.2. Analysis of Dynamic Characteristics. The dynamic test of
the pneumatic soft-bodied bionic basic execution unit is
carried out, as shown in Figure 11.

6.2.1. Dynamic Characteristic Analysis of Variable Bending
Angle. The P — M characteristic curves of inflation pressure
and driving moment are obtained through representative
data acquisition, as shown in Figure 12.

Figure 12 shows that the changing rule of the P - M
characteristic curves of unidirectional and bidirectional
basic execution units are similar. The main difference is that
the driving moment of bidirectional basic execution unit is
relatively low, which is caused by the reaction moment
produced by the compressed side cavity in the bidirectional
basic execution unit. Besides, within a certain range of
pressure change, the characteristic curves are approximately
linear, and nonlinearity appears mainly in the case of low
inflation pressure and high inflation pressure. Among them,
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FIGURE 6: Motion process of pneumatic soft-bodied bionic basic execution unit. (a) Unidirectional basic execution unit. (b) Bidirectional

basic execution unit.
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FIGURE 7: Motion cycle sequence diagram of pneumatic soft-bodied bionic basic execution unit. (a) Unidirectional basic execution unit. (b)

Bidirectional basic execution unit.
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Fi1GURE 8: The P — f characteristic curves of pneumatic soft-bodied bionic basic execution units.

when the inflation pressure is low, the main reason is that the
thin leaf spring structure in the basic execution unit will
produce some reaction moment, which offsets part of the
driving moment; when the inflation pressure is high, the

basic execution unit will produce extreme deformation,
which leads to the change of its stress form.

The P — M characteristic curves of the pneumatic soft-
bodied bionic basic execution unit can be expressed by
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TaBLE 6: Empirical formula coefficients of P — f characteristic
curves.

Empirical formula coefficients ~ Unidirectional ~ Bidirectional
P 2.669E -8 2.054E -8
P, ~1283E-5  -8989E-6
Py 2.082E-3 1.314E-3
Dy ~0.1245 ~0.06916
s 3.094 1.634
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FIGURE 9: P — @ characteristic curves of pneumatic soft-bodied
bionic basic execution units.

TaBLE 7: Empirical formula coefficients of P — @ characteristic
curves.

Empirical formula coeflicients ~ Unidirectional  Bidirectional
P -5.623E-9 -8.108E—-9
P, 314E-6 419E-6
s ~6.696E-4  -8.124E—-4
Py 0.06804 0.07552
s ~0.3905 ~1.386

empirical formula (20), and its specific proportional coef-
ficient is shown in Table 8.

6.2.2. Dynamic Characteristic Analysis of Fixed Bending
Angle. The P — M characteristic curves of inflation pressure
and driving moment are obtained by representative data
acquisition, as shown in Figure 13.

According to Figure 13, it can be seen that the distri-
bution trends of the P— M characteristic curves of the
unidirectional and bidirectional pneumatic soft-bodied bi-
onic basic units of fixed angle are almost the same, and their
driving moment increases with the increase of the inflatable
pressure. It should be noted that when the inflation pressure
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(b)

FiGure 11: Torque measurement experiment of pneumatic soft-
bodied bionic basic execution unit. (a) Unidirectional basic exe-
cution unit. (b) Bidirectional basic execution unit.

is low in the early stage, a large proportion of inflation is
allocated to ensure that the basic execution unit reaches the
set angle, which leads to the small increase of the driving
moment in the early stage.
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TasLE 8: Empirical formula coeflicients of P — M characteristic curves.

Empirical formula coefficients Unidirectional Bidirectional
) ~4.833E-6 ~2919E-6
P, 1.979E -3 1.184E-3
P -0.2543 —0.1497
Dy 13.89 8.562
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FIGURE 13: The P — M characteristic curve of pneumatic soft-bodied bionic basic units for fixed angle. (a) Unidirectional basic execution
unit. (b) Bidirectional basic execution unit.

7. Conclusions carriers that are suitable for underwater swimming,

land crawling, and grasping.
(1) A pneumatic soft-bodied bionic basic execution unit

with soft-rigid combination is designed for soft-
bodied robots, soft-bodied manipulators, and other

(2) Using response surface analysis and numerical
simulation algorithm, taking the maximum bending
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angle, which is output of the pneumatic soft-bodied
bionic basic execution unit, as the extraction target,
the optimal combination of structural parameters is
obtained.

(3) Based on Ogden’s third-order constitutive model, a
theoretical model for deformation analysis of
pneumatic soft-bodied bionic basic execution unit is
established, and the relationship between the
bending angle of the basic execution unit and the
inflation pressure is determined, which can provide a
theoretical reference for the design and analysis of
related soft-bodied robots.

(4) Through methods of 3D printing technology, shape
deposition, and soft lithography, the soft-rigid
combined physical models of unidirectional and
bidirectional pneumatic soft-bodied bionic basic
execution units were prepared. The key points are
emphatically discussed, involving mould making,
thin leaf spring structure embedding, and physical
structure bonding.

(5) Based on the experimental platform of the motion
and dynamic characteristics of the pneumatic soft-
bodied bionic basic execution units, the character-
istic curves of the motion frequency, bending angle,
and driving moment of the basic execution unit and
the corresponding empirical formulas are obtained
by matching the motion and dynamic characteristics
within a certain range according to the inflation
pressure. The experimental data analysis shows that
the deformation analysis model of the basic execu-
tion unit has high accuracy. It also proves that the
physical model of the pneumatic soft-bodied bionic
basic execution unit is feasible and can be used ef-
fectively as the pneumatic soft-bodied robot and the
grasping actuator of the soft-bodied manipulator.
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