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Abstract: Aiming at the problem that soft robots are challenging to take into account both flexibility
and bearing capacity, Using the software Pneu-Net driver as the deformation mode, magnetorheo-
logical fluid material phase transformation to achieve variable stiffness, A pneumatic modular soft
joint structure with dynamic adjustable deformation and stiffness in all directions is proposed. In
this paper, mathematical models of deformation and variable stiffness are established. The corre-
spondence between gas pressure and deformation and applied current and joint stiffness is ob-
tained. The finite element analysis method was used to simulate the deformation characteristics and
variable stiffness characteristics of modular joints based on the Yeoh model. Finally, the theoretical
and simulation results are verified by deformation and variable stiffness tests. It is proved that the
modular joint has good rigid-flexible coupling characteristics.
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1. Introduction

A soft robot has good flexibility[1],more degrees of freedom, adapts to active and passive defor-
mation, and is friendly to dynamic, unknown ,and unstructured environments, widely used in mili-
tary reconnaissance, disaster rescue and scientific exploration, and other vital fields. However, due
to the low stiffness of compliant structures and soft materials[2], the bearing capacity of soft robots is
generally low. Insufficient carrying capacity[3] has become the most significant obstacle limiting the
range of soft robots; It is also a common critical technical problem in this field[4].

In the current research in this area, Various soft robots have been introduced[5]. Most soft robots
are inspired by natural creatures; The driving method of the soft robot includes pneumatic[6], Elec-
trically active polymer[7], Shape memory alloy[8], magnetorheological Fluid[9], and cable-driven
methods[10]. Due to the PNEU-NET software drive[11], has the advantages of large deformation and
high efficiency. It has been widely innovated and applied by researchers. There are several methods
for varying stiffness with different techniques, Such as variable stiffness materials[12], Electrically
induced unstable stiffness materials[13], and pressure-induced unstable stiffness method[14]. Cheng
N Getal.[15] of the University of Hong Kong, China designed and manufactured an elephant trunk-
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shaped gripper. In the local area, the stiffness can be adjusted by the reversible interference of the
particle medium. S.M. Hadi Sadati et al. [16] proposed an idea of scale interference inspired by fish
scales. By controlling the Coulomb friction between the rigid hierarchies to control the stiffness of the
continuous manipulator, the concept of stiffness control of the soft robot arm is broadened. Ali Shiva
et al.[17] took inspiration from the confrontational behavior of the octopus arms and proposed a var-
iable stiffness method that can control the attitude and stiffness of the robot simultaneously by pneu-
matic and tendon-driven reverse operation. Ying Wei et al.[18] proposed a method to adjust the stiff-
ness of the robot spine based on the spherical joints using vacuum energy. The stiffness can be in-
creased by 13 times, but the positioning control of the mechanism is only analyzed for the controlla-
bility of the stiffness. Li et al. [14] designed the gripper based on the concept of passive particle inter-
ference. When the pressure changes from 20 KPa to 80 KPa, The stiffness can be increased by more
than six times, and the bending process and the stiffness increase are achieved simultaneously. How-
ever, the variable stiffness uses particle interference, The bending motion range is still limited, and
the fluidity of particles in the particle package will affect the stability of the fixture stiffness. Yanzhi
Zhao et al.[19] proposed an extensive range of variable stiffness self-locking soft continuous robots
based on interference phenomenon. The textile smooth rope restraint mechanism based the particle
interference mechanism uses the low elasticity and high toughness of fiber, the excellent fluidity of
spherical particles, and the rigidity of particles themselves. A variable stiffness self-locking soft robot
is constructed. The shape of the robot will not change significantly after the stiffness change. Loai
A.T. Al A beach et Al. [20] developed a variable stiffness multi-finger dexterous gripper. The gripper
uses pneumatic muscles for compliance, and by increasing the pressure on all actuators, It can im-
prove the stiffness of the grip independently without changing the position of the fingers. But the
deformation recovery is not ideal. Loai Al Abeach et Al.[21] proposed the design, analysis, and testing
of a variable stiffness three-finger soft gripper. It uses pneumatic muscles to drive the finger and
changes the stiffness of the finger by particle clamping. As the stiffness of the finger increases due to
friction caused by the granular interference, the positioning accuracy of the extended finger (i.e.,
opening the grip) decreases; that is, the muscle is not pulled back to the original extended length.
Yujia Li et al.[22] proposed a flexible robot with variable stiffness based on pre-inflation, particle
interference, and origami technology. When the origami structure is compressed, the particles are
squeezed by the compression force and the increased pressure of the three air chambers, which in-
creases the overall stiffness of the robot. Tao Wang et al. [23] proposed a new layer interference var-
iable stiffness technology, which uses electrostatic attraction to squeeze the material layer to generate
friction, which in turn generates interference. It is characterized by high stiffness variation and space
saving. However, the formation of local low pressure areas between the contact surfaces results in a
degree of randomness in the stiffness generated under applied voltage. Liu Zhaoyu et al. [24] of
Shanghai Jiao Tong University proposed a method combining soft crawling robots with variable stiff-
ness technology to achieve the obstacle avoidance movement of soft crawling robots. When a modu-
lar biomimetic soft robot with variable stiffness adjustment passes through obstacles of the same
height, There will be no apparent collision with obstacles. Although there are many research results
on variable stiffness, the coupling characteristics of deformation and variable stiffness are not studied
deeply[25,26]. However, considering the flexibility and bearing capacity of soft robots simultane-
ously requires good rigid-flexible coupling characteristics [27,28]. From the research literature, there
are few reports on this aspect.

Therefore, this study focuses on the innovative new modular soft robot joint with variable stiff-
ness, and conducts research on the coupling characteristics of joint deformation and variable stiffness.
The deformation and variable stiffness model of modular soft joints is established and solved to ob-
tain the correspondence between gas pressure and deformation amount and applied current and joint
stiffness. The finite element analysis method is used to simulate and analyze the deformation charac-
teristics and variable stiffness characteristics of modular joints based on Yeoh model, and the rigid-
flexible coupling characteristics of modular joints are revealed through deformation and variable
stiffness tests..
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2. STRUCTURE PRINCIPLE

The new modular soft robot joint body material with variable stiffness is made of 50A silicone
rubber, and the entire modular joint is composed of four drive modules. As shown in Fig 1, each
driver module is divided into three parts: It is composed of a variable stiffness system, a flexible
deformation system, and a connecting end cover. As shown in the upper left view and upper right
view of Fig 1, the axis of the flexible joint is the first channel for installing polyurethane foam pads,
the outer circumference of the flexible joint is provided with a second channel for installing wires,
and between the first channel and the second channel there are 4 embedded pneumatic network
channels at 90° to each other, distributed in the entire structure of the joint, through the combination
of positive and negative pressure gas changes of different pressures of the 4 channels, different de-
grees of bending in all directions can be realized

The second  The first
quadrant 4 quadrant

~ Endcap The third | The fourth

End Polyurethane lect ¢
cover foampad ©ccromagne assembly quadrant quadrant

PNS- Embedded Pneumatic
Network channel

Figure 1. Modular joint.

The variable stiffness system consists of electromagnets at both ends of the joint and polyure-
thane foam pads filled with magnetorheological fluid, which are centrally placed at the pivot position
of each joint. The electromagnet is powered by the DC power supply, and the current in the electro-
magnet circuit is adjusted by changing the resistance of the varistor in the electromagnet loop, so that
the electromagnet produces different magnetic field strengths, and the viscosity of the magnetorhe-
ological fluid is changed by the size of the magnetic field strength[29], so as to realize the dynamic
and continuous adjustment of modular joint stiffness.

The flexible deformation system includes a pneumatic flexible pneumatic joint which can bend
and deform with the change of air pressure, and a pneumatic system that provides an air source for
the joint. Each air chamber of the common is connected at the bottom. Each drive module has four
air pipes, and each air pipe is inserted into the pneumatic channel connecting the end cover. When
inflating, the air passes through the inflatable tube to each chamber of the soft joint. As the chamber
pressure increases, each compartment expands, causing the smooth joints to bend[30]. As shown in
Fig. 2(b), the air chamber after expansion.

(a) Before inflating (b) After inflation.
Figure 2. Section of air chamber.

The end caps of the two ends of the flexible joints are 3D printed with PLA material and placed
on polyurethane foam pads filled with magnetorheological fluid. Embedded pneumatic network
channels in two adjacent loose joints are connected through quick joints and hoses in the end covers.
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3. MODELING AND SOLVING

Deformation and variable stiffness are two important indexes to evaluate modular joints. The
modular joint is modeled mathematically from these two aspects.

3.1 Deformation Modeling

As shown in Fig. 2(a), the cavity in the exhaust state is rectangular, and the elongation of a single
embedded pneumatic network channel of the joint after inflation and expansion is less than the elon-
gation away from the axis layer, so that the joint is convex and bent away from the axis layer.

To simplify the model, the following assumptions are proposed :(1) the material used cannot be
compressed; (2) The soft joint keeps constant curvature bending during bending. The parameters of
the air chamber[31] are shown in Fig. 3, and their values are shown in Table 1.

Table 1. Structural parameters of the air cavity.

parameter value
The thickness of a single air chamber constraint layer a
The thickness of the cavity wall in the length direction of a single cavity d
Cavity wall thickness in the height direction d
Cavity wall thickness in the width direction d
The length of the cavity in the direction of the height of a single air cavity b+c-d
Single air cavity length direction empty cavity length e
Width direction cavity length g-2d
The spacing between air cavities f
Width of vent between air cavity and air cavity h
fid.e.

N
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Figure 3. Structural parameters.

During joint design, each air cavity is designed with a symmetric structure, and the structural
parameters are consistent, as shown in Fig. 3. Therefore, when ventilating an embedded pneumatic
network channel, each air cavity in the medium is subjected to the same pressure and bending Angle.

As shown in Fig. 4, the total number of air cavities in this channel is ", where the bending Angle
of each air cavity is @, then the whole bending Angle is:


https://doi.org/10.20944/preprints202306.0720.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 June 2023 d0i:10.20944/preprints202306.0720.v1

5 of 23
Gasbag
Figure 4. Flexural Angle of flexible joint.
0=nw (1)

The relationship between gas pressure and bending angle can be solved by the structural pa-
rameters of a single air cavity, assuming that the neutral axis length is unchanged when the modular
joint is deformed, and the bending deformation changes uniformly in the length direction, so as to
establish an ideal physical model of the joint structure, as shown in Fig 5, the relationship between
gas pressure and bending angle can be converted into the relationship between gas pressure and
deformation.

Under the condition of ignoring the self-weight of the joint and its external force, it can be seen
from the law of conservation of energy that the work done by the pneumatic system to inflate the
embedded pneumatic network channel is completely converted into the energy of silica gel defor-
mation, that is, the work done by the gas pressure is equal to the energy of the deformation of the
soft joint, which is expressed by its formula as:

Pdv, =V dU
a r (2)

Among them, P is the gas pressure of the pneumatic system to inflate the embedded pneu-

Va

matic network channel, is the volume of the air cavity after inflation, Vi is the volume of silica

gel after inflation, and Y is the strain energy. Since it is assumed that the silica gel is incompressible
before and after inflation, its volume remains the same, so it can be obtained:
V,=g(2d +e)(b+c+a)+g(d+f)(a+b+d)-e(b+c—d)(g-2d)

®)
V' is the total volume after inflation, so Vo=V -V, , thus:
V- g(1+p)(2d +e)(b+c+a) . of (a+b+d)
2 2 (4)
_ Re o
Where Z is the primary elongation in the direction of the air cavity length, Rsino  sinw

R is the curvature radius of joint bending. Taking the derivative of ¢ and combining equations (3)
and (4), the relationship between the bending Angle of a single air cavity and the gas pressure can be

obtained:
. du
2(sinw)*V, ——
_ (sinw)"V, . 1
[(2d +e)(b+c+a)+ f(a+b+d)]g(sinw—acosw) 5)
Where 8=4b=45c=14d=10e=51=7g=44h=25 ;.5 gel material is a second-order Yeoh
1
3 2 L=1,=8"+=+1

model, So Y = Cio(l; =3 +Co(1, =3) , Among them, £* " When the gas pressure was set

to 0KPa, 25KPa, 50KPa, 75KPa, 100KPa, and 125KPa, respectively, the bending Angle results of cor-
responding joints were solved, as shown in Table 2.

Table 2. Bending angles of joints under different pressure.

P(KPa) 0 25 50 75 100 125
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0 (°) 0 27.8 51.4 120.3 165.4 335.3

As shown in Fig. 5, when the gas with a certain pressure is injected into the joint, the relationship
between deformation and bending Angle is as follows:

Lo

Figure 5. Ideal physical model of joint structure.

R1:b'1800
n 0
0
L=2n(R~R)
360 (6)
RO
L-L=r
180 7)

Where R is the distance of the edge of the joint from the neutral axis, Lo is the initial length of

the joint, L is the length after joint deformation, ¢ is the bending angle of the joint, and R is the
bending radius of the joint.

The bending Angle in Table 2 above is transformed into the deformation amount by formula (7),
and the deformation amount is used to reflect the deformation effect of the modular joint. The rela-
tionship between deformation amount and gas pressure in the theoretical model is shown in Fig. 6.

250 T T T T T
218

150 1
111

100 F 78&/ -

501 41‘_‘/ |
157

./

1 1 1 1 1
0 25 50 75 100 125 150
Gas Pressure P(KPa)

The Deformation Lg-L1(mm)

Figure 6. Relationship between deformation and gas pressure in theoretical modeling.
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The image of the relationship between gas pressure and joint deformation obtained by kinemat-
ically modeling the modular joint conceptual model is shown in Fig 6. When the gas pressure changes
from 0 to 100KPa, the deformation increases approximately linearly with the increase of gas pressure,
and the gas pressure increases slightly after 100KPa, the deformation has a large increase, and the
maximum pressure of the drive module does not exceed 125KPa[32] after strength verification, and
the expected deformation effect can be achieved..

3.2 Variable stiffness modeling

After the soft joint is deformed, a certain stiffness is required to enhance the bearing capacity,
and the greater the stiffness, the stronger the bearing capacity. The stiffness of the robot includes a
variety of rigidities, such as static stiffness, dynamic stiffness, servo stiffness and mechanical stiffness.
Considering that the bending deformation process of soft actuators has little influence on dynamic
stiffness, therefore, this paper only analyzes the change of static stiffness[33].

The transformation of force and motion is introduced to establish a variable stiffness model of

f , the rotational momentum of the joint is 0.

modular joints. Under the action of external force
When the external energy and the rotational speed of the common are small enough, they can be
regarded as an approximately linear relationship:
k=t
0 (8)
Where K represents the stiffness of the joint.
For the static stiffness of the drive module, the modular joint can be regarded as a system. When

the joint is stationary, the velocity and angular velocity are zero. So angular velocity ¢ is equal to

zero, Angular acceleration ¢ is equal to zero. Therefore the torque 7 acting on the joint satisfies:
T

k, ==
o ©)

Among them, K" is the static stiffness of the modular joints.

The operating mode of the variable stiffness model in the drive module is shown in Fig. 7(a).
When the electromagnet is not energized, magnetorheological fluid is not magnetic, and magnetorhe-
ological fluid at this time is a liquid form with low viscosity and almost no damping moment in it.
The effect of variable stiffness in flexible joints is virtually zero. When the electromagnet is energized,
magnetorheological fluid particles will generate magnetism and connect into a chain structure, and
magnetorheological fluid can become a semi-solid state with high viscosity within milliseconds[34].
When the magnetic field encountered by the magnetorheological fluid increases, the magnetorheo-
logical fluid will become a solid-like form, and in this change, the shear stress of the magnetorheo-
logical fluid will gradually increase, resulting in damping torque. The damping torque diagram of
the structure is shown in Fig. 7(b).

—» Magnetorheological fluid

(a) fluid flow without (b)Damping torque of
magnetic field Sche- strong magnetic field
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netorheological fluid
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field

Figure 7. Change under magnetic field of magnetorheological liquid.

To solve the flow of the magnetorheological fluid in the driving module, the following assump-
tions are made[35] :

(1) The magnetorheological fluid cannot be compressed in the flow process and can maintain
long-term stability;

(2) The flow effect of magnetorheological fluid in both axial and radial directions of the joint is
negligible;

(3) The flow velocity of the magnetorheological fluid in modular joints is only related to the joint
radius;

(4) The magnetorheological fluid has the same pressure in the radial direction of the joint.

The distribution of damping torque is concentric circles with a small radius I and large radius
R . When the modular joint moves with angular velocity @, the joint will produce a torque / in
the direction opposite to the angular velocity. Let the annular area of the disk be 92 and the damp-
ing torque produced by the disk be 7 .
2R 1)

2h (10)

The ¥ is the magneto-induced torque generated by the action of the applied magnetic field

=r,+r= %nr(H)(R3 -+

on the viscosity of the magnetorheological fluid, and the IV s the non-magneto-induced torque
generated by the density of the magnetorheological fluid after yield.

From the above formula, it can be seen that the stiffness change of the drive module is related to
the change of magnetorheological fluid viscosity. When the electromagnet is not energized, the mag-
netorheological fluid is not magnetic, and the magnetorheological fluid at this time is a liquid form
with low viscosity, and the constitutive relationship at any point is:

T=ny (11)

Here 7 is the shear stress generated by the magnetorheological fluid in modular joints, 7 is
the viscosity of the magnetorheological fluid in the absence of a magnetic field, and 7 is the shear
strain caused by the magnetorheological fluid viscosity in modular joints.

T_{Sgn(}?)ry(H)+m? T27,

0 T<7, (12)

where 7 is the shear yield stress generated by the magnetorheological fluid in the modular

joint. The magnitude of the magnetic field generated by the electromagnet is positively correlated
with the shear yield stress generated by the magnetorheological fluid.

Therefore, the variable stiffness characteristics of magnetorheological fluids can be reflected by
electromagnetic field magnetic induction strength analysis. The magnetization curve of magnetorhe-
ological fluid is shown in Fig 8.
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(b)Relationship between shear yield stress and external magnetic field
Fig. 8 Magnetization properties of magnetorheological fluids
The stiffness change of the driving module is related to the viscosity change of the magnetorhe-
ological fluid. It can be seen from Fig. 8 that the magnetic induction intensity B increases linearly
with the increase of the magnetic field intensity within 400kAmp/m, so the magneto-induced yield
stress 7 and the external magnetic field intensity H have an approximately linear relationship:

r=aH (13)
The permeability #m of Fluid is:
B
" oH (14)
Through equations (10) and (11), we can get:
«(8)=27
Hr (15)
Magnetic field strength calculation formula:
N
- (16)
Substituting equation (13) into equation (10), we can obtain:
(1) = aNI
- (17)

Equation (17) shows the relationship between magneto-induced shear yield stress, electromag-
net parameters, and applied current.
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4. SIMULATION ANALYSIS

The finite element method is used to establish a model, simulate and analyze the aerodynamic
loading process of the pneumatic soft robot, and investigate the deformation effect of the flexible joint
by introducing different gas pressures into the channel under the same magnetic induction strength.
The variable stiffness effect is investigated by the shear modulus of the joint under different magnetic
induction strengths.

4. 1 Parameter Settings

The viscosity parameter at a certain magnetic induction strength is converted into the shear
modulus of the material, replacing the properties of the magnetorheological fluid, so as to determine
the influence on the system deformation under different working conditions through simulation.

Disc type electromagnet is selected, and its structural parameters are shown in Table 3.

Table 3 Structure parameters of the electromagnet

Diameter . Table magnetic intermediate . .
(mm) high (mm) magnetic field strength (T) nominal voltage (V) weight (g)
35 30 0.1 24 200

4.2 Deformation simulation

4.2.1 Deformation simulation without magnetic field

The constitutive model is established through the Yeoh model, and its density function is ex-
pressed as binomial parameters in the form of:
W =Cpo(l, =3 +Cy(l, -3)° (18)

Where i =A+4+4 , ﬂ‘lis the axial stretch ratio, 4 is the radial stretch ratio, and A is the

circumferential primary stretch ratio. Coand » are the constant coefficients of Yeoh model silica

gel materials. Make the material constant coefficients Cuo = 0'11, Ca =002

The theoretical model of a single soft joint was taken as the object, and the bending deformation
Angle was observed by applying 0-125KPa gas pressure to a single channel of the flexible actuator,
as shown in Fig. 9.

(c)P=50KPa (d)P=75KPa
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(e)P=100KPa (f)P=125KPa

Figure 9. Simulated stress distribution of joints under different gas pressures.

It can be seen from Fig 9 that the bending angle of the soft body joint gradually increases with
the increase of gas pressure, the stress concentration appears on the side close to the gas source, and
the stress gradually decreases on the side away from the air source, and with the increase of defor-
mation, the stress concentration area begins to expand inward. The relationship curve between gas
pressure and joint deformation is shown in Fig 10.

250 T T T T

)]

o

o
T
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[y

a1

o
T
1

L
100 | 80.3/ 7
L] L
41.3 / i
)
159
I/

" 1 " 1 "
0 25 50 75 100 125 150
Gas pressure P(KPa)

The deformation Lg-L1(mm)

Figure 10. Variation of deformation with gas pressure.

It can be seen from Fig. 10 that when the gas pressure changes from 0 to 111KPa, the deformation
is roughly linearly related with the increase of gas pressure, and the deformation is significantly de-
formed with the increase of gas pressure after 111KPa, which is prone to excessive material stress
concentration and the risk of material rupture caused by over deformation.

4.2.2 Pressurize single channel with different magnetic fields

Table 4 shows other gradient gas pressures for a single track.

Table 4. Parameter Settings of simulation conditions.

Working viscosity =~ Gas pressure  Gas pressure  Gas pressure  Gas pressure  Gas pressure
condition (Pa-s) (KPa) (KPa) (KPa) (KPa) (KPa)

1 0 25 50 75 100 125

2 15 25 50 75 100 125

3 38 25 50 75 100 125

4 55 25 50 75 100 125

5 72 25 50 75 100 125
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As shown in Fig 11, when the viscosity is 55Pas and the gas pressure is 25KPa, 50KPa, 75KPa,
100KPa, and 125KPa, respectively, the deformation amount of soft joint gradually increases with the
increase of air pressure.

39.755 B
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14652 Bk 5}

0o &.
HDNV 26503 (5
196 22088
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81397
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32559
16219
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o

168
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(a)P=25KPa (b)P=50KPa

77.563 WX
B9

(c)P=75KPa (d)P=100KPa

140.39 B
12479
109.19
93592
77993
62395
46796
3197
15599
OB

175.5°

(e)P=125KPa

Figure 11. Deformation of a single channel with different gas pressures (t =15Pa-s).

When a single channel is introduced to a gas pressure of 75KPa, the bending change and stress
change are shown in Fig. 12, and the viscosity increases gradually as the magnetic field increases. By
comparing the bending degree of soft joints with viscosities of 0.15Pas, 15Pa-s, 38Pas, 55Pa-s, and
72Pas, it can be seen that the greater the viscosity, the less obvious the joint deformation, the less
obvious the surface stress, and the greater the shear force.

Similarly, since the working conditions of channel 1, channel 2, channel 3, and channel 4 are the
same, the analysis results of gas pressure entering other media can be obtained by the same analysis
method.
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Figure 12. Deformation simulation of different viscosity (P=75KPa).

4.2.3 Pressurize the two channels under various magnetic fields

In order to study the effect of variable stiffness on omnidirectional deformation, the adjacent
channel 1 and channel 2 are applied 1-5 working conditions at the same time as shown in Table 5.
The two adjacent channels with viscosity 55Pa's simultaneously pass the gas pressure of 15KPa,
30KPa, 45KPa, 60KPa and 75KPa, and the bending angle and stress simulation diagram of the soft

joint are shown in Fig. 13.

Table 5. Parameter Settings of simulation conditions.

Gas pressure ~ Gas pressure  Gas pressure  Gas pressure  Gas pressure

Workdng con-  viscosity ( (KPa) (KPa) (KPa) (KPa) (KPa)
dition Pa-s)
1 0 15 30 15 60 75
2 15 15 30 45 60 75
3 38 15 30 45 60 75
4 55 15 30 45 60 75
5 7 15 30 45 60 75
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11.208
89664
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a®3
22416
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093434
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(c)P=45KPa (d)P=60KPa
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Figure 13. Deformation simulation of two adjacent channels with different gas pressures (7 =55Pa-s).

When the gas pressure of 75KPa is introduced into the adjacent two channels, the bending
change and stress change are shown in Fig. 14, and the viscosity increases gradually as the magnetic
field increases. By comparing the bending degree of soft joints with viscosities of 0.15Pa-s, 15Pa-s,
38Pa-s, 55Pa-s, and 72Pas, it can be seen that the greater the viscosity, the less obvious the joint de-
formation, the less obvious the surface stress, and the greater the shear force.
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Figure 14. Corresponding deformation of two adjacent channels at different viscosities (P=75KPa).

4.3 Variable stiffness simulation

In this section, the variable stiffness model is established for stiffness simulation analysis, and
the stiffness analysis method is determined in section 3.2. In the process of measuring the variable
stiffness characteristics, the magnetic induction strength of the electromagnetic field is used to reflect
the variable stiffness characteristics of the magnetorheological fluid.
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When the driving module is fed with 75KPa air pressure, the variable stiffness system is under
the applied current of 0.14, 0.2A, 0.3A, 0.4A, and 0.5A, respectively. As shown in Fig 15, With the
increase of the external magnetic field strength, the stiffness of the drive module increases, and the

deformation decreases.

(d) [=0.4A

(e) I=0.15A

Figure 15. distribution of magnetic field under different currents at 75KPa.

Under the magnetic field of 0.4A applied current, when the pressure of the drive module is 0KPa,
25KPa, 50KPa, 75KPa, 100KPa, and 125kP, As shown in Fig. 16, with the increase of deformation, the
magnetic field at the center of the two electromagnets changes from strong to weak and then to vig-

orous.

(a)P=0KPa (b)P=25KPa
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(c)P=50KPa (d)P=75KPa

(e)P=100KPa (f)P=125KPa

Figure 16. Magnetic field distribution with different gas pressure at 0.4A current.
5. TEST

5.1 Experimental Design

In order to verify the correctness of the theoretical and simulation results, a test platform for the
analysis of rigid and flexible characteristics of modular soft joints was built. As shown in Fig. 17,
Using the drive module as a simple support beam, the inflatable end and end filled with magnetorhe-
ological fluid are constrained by two crab clamps to make the entire structure in a horizontal state,
and the bending sensor Flex Sensor 4.5 is attached to the axial direction of the joint to measure the
bending angle; By changing the magnetic field strength of the electromagnet, the stiffness is variable.

Figure 17. Analysis test of rigid-flexible coupling characteristics.

Several sets of experiments were conducted to verify the deformation and variable stiffness ef-
fects of the proposed drive module. Two sets of deformation tests were conducted to test the influ-
ence of the combination of positive and negative pressure gas with different pressures on the defor-
mation characteristics of the modular joint. The relationship between gas pressure and joint defor-
mation was tested, and the degree of bending deformation in different directions was measured.
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Through the variable stiffness experiment, the influence of the variable stiffness characteristic on the
bearing capacity of the drive module is tested.

5.1.1. Deformation test

Firstly, the effect of the combination of positive and negative pressure gas changes at different
pressures on the deformation characteristics of modular joints is tested. The air pressure of the posi-
tive pressure reducing valve is adjusted to 100kPa, and the air pressure of the negative pressure re-
ducing valve is adjusted to -50kPa, and the action of the reversing valve group in the pneumatic
system is adjusted in turn, and the actual joint deformation effect is shown in Fig. 18, and the defor-
mation is shown in Table 6.

Table 6 Deformation analysis

Channel
umber The deformation
1 2 3 4 LO-L1

(mm)

—_

10
10
10
10
10
10
10
10
13.5
13.5
0 13.5
0 - 0 + 13.5
Note: Positive pressure is "+," negative pressure is "-", impassability is "0".
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Figure 18. Actual deformation effect of flexible joint.

As can be seen from Table 6, 100KPa gas pressure is injected into channels 1, 2, 3, and 4 from
state 1 to state 4, the joint deforms to the positive direction of the Y axis, the positive direction of the
X axis, the negative direction of the Y axis and the negative direction of the X axis, respectively, with
a deformation amount of 10mm. State 5 ~ State 8 is the joint channel combined into 100KPa gas pres-
sure. The soft joint deformation to the first quadrant, the second quadrant, the third quadrant, and
the fourth quadrant of the diagonal direction of deformation is 10mm, And according to the size of
the gas pressure through the two channels to determine whether the bulging tip is biased to the X
axis or Y axis, if the gas pressure through the two channels is the same, the joint will be convex de-
formation in the direction of the quadrant angular bisector. In states 9 to 12, based on of states 1 to 4,
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-50KPa gas pressure is applied, and the deformation of soft joints is 13.5mm. The bulging deformation
effect is enhanced.

To test the relationship between gas pressure and joint deformation and the degree of bending
deformation in different deformation directions; An embedded pneumatic network channel is se-
lected in the experimental flexible joint, and embedded pneumatic network channel 1 is set in this

experiment. The pressure-reducing valve controls the pressure gradient of input channel 1, as shown
in Fig. 19.

‘ OkPa - ) 25kPa - \ 50kPa -

75kPa - X 100kP * 125kP

Figure 19. Flexural degree of flexible joint under different air pressure.

Table 7. Resistance values of bending sensors with different gas pressures.

Air pressure (KPa) 0 25 50 75 100

125

The sensor (KQ) 25 26.5 27.2 28.1 31.8

34.2

The resistance value fed back by the bending sensor is converted into the bending Angle through
the related image of the bending sensor resistance value and bending Angle shown in Fig. 20. Then
the bending Angle is converted into the deformation amount through equation (7) to obtain the image
between the gas pressure and the experimental deformation amount, as shown in Fig. 21.

55
50

I
a

Q)
w w b
o o1 O

Resistance (k!
= 2NN
o o o1 o o
T T T
1 1 1

1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
The Angle (°)

Figure 20. Relationship between resistance value of bending sensor and bending angle.
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Figure 21. Relationship between gas pressure and deformation in channel 1.

It can be seen from Fig. 21, the deformation of the experimental flexible joint gradually in-
creases with the increase of gas pressure, and its change trend is basically the same as the modeling
results and simulation results. Using the above method of verifying the relationship between gas
pressure and deformation of channel 1, the relationship between gas pressure and deformation of
channel 2, channel 3 and channel 4 can be obtained in the same way. The relationship between gas
pressure and deformation in theory, simulation and test results is compared, as shown in Fig. 22.

T T T
—ml— Modeling Results
—@— Simulation Results
—A— Channel1Experimental Results
—w— Channel2Experimental Results
—&— Channel3Experimental Results
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Figure 22. Relationship between gas pressure and deformation.

It can be seen from the figure that the relationship between gas pressure and deformation of
channel 2, channel 3 and channel 4 has the same change trend as the relationship image of channel 1,
and the deformation of experimental flexible joints gradually increases with the increase of gas pres-
sure. In the comparison of theory, simulation and test results, the deformation of soft joints gradually
increases with the increase of gas pressure, and the change trend is basically consistent, and the test
results are consistent with the modeling results and simulation results.

5.1.2 Variable stiffness test

In order to analyze the effect of variable stiffness on the bearing capacity of soft body joints, the
test setup equates the variable stiffness structure to a simple support beam structure, hangs a stage
at the midpoint of the joint, and places weights to apply a constant force to measure the bending
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angle of the joint through the bending sensor. The relation between the bending Angle ¢ and the
elastic modulus E of the flexible joint is:
E_ FL?
1661 (18)

Where F is the concentrated force, namely the gravity of the weight, L is the length of the
flexible joint, and | is the moment of inertia. According to equation (18), the larger the flexural An-
gle of the test flexible joint, the smaller the elastic modulus, that is, the smaller the stiffness. According
to the above principles, the influence of different applied currents on the stiffness characteristics is
analyzed.

Use crab clamps to restrain both ends of the flexible joint to make it in a horizontal position,
record its initial position without load through the bending sensor, and then adjust the resistance
values of the rheostat to 60 €,70 €©,80 2,90 €,100 2,110 Q respectively, place 1Kg and 2Kg
weights on the stage, and after it is stabilized, record the final position of the flexible joint after the
load is applied by the bending sensor to obtain the flexible joint bending angle under different loads.
Fig. 23(a) shows the state before the flexible joint becomes stiff, and Fig. 23(b) is the state after the
flexible joint becomes stiff.

(a) Before changing stiffness (b) After varying stiffness

Figure 23. Experimental setup before and after variable stiffness.

By converting the rheostat resistance into applied current through the relationship between elec-
tromagnet resistance and current, the bending angle of flexible joints with 1Kg load and 2Kg load
under different applied currents can be obtained, and the result is shown in Fig. 24.
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Figure 24. The relationship between applied current and flexible joint bending angle under different
loads.

As can be seen from Fig. 24 that the bending Angle is approximately linear with the change of
applied current. When the load is 1kg, and the applied current is 0.47A to 0.57A, the bending Angle
changes gently. With the increased the applied current, the bearing capacity and bending strength of
the weak joints are enhanced. With the rise of the applied current, the bending Angle of the flexible
joint gradually decreases. That is, the stiffness effect gradually increases, which is consistent with the
theoretical results.

6. CONCLUSION

In this paper, a pneumatic modular joint that can realize the dynamic adjustment of deformation
and stiffness in all directions is designed and produced, and its deformation and variable stiffness
characteristics are theoretical, simulated, and experimentally analyzed, and the rigid-flexible cou-
pling characteristics of soft joints are revealed. The specific conclusions are as follows:

(1) The deformation and variable stiffness models are established, and the gas pressure and de-
formation amount, as well as the correspondence between the magnetic field strength and the stiff-
ness of the drive module are obtained.

(2) Through finite element simulation analysis, the change law of pressure and deformation un-
der different stiffness conditions is obtained, and the change law of magnetic field strength and joint
stiffness under different deformation conditions is considered.

(3) The theoretical analysis is verified by experiments, and the experiments show that under the
simultaneous action of deformation and variable stiffness, the compliance and bearing capacity are
taken into account, and the experimental results of the drive module are in good agreement with the
calculation and simulation results of the theoretical model.
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