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Abstract: Conducting related research is crucial since there are still many problems that need to be resolved in
the research on soft robots in the areas of material selection, structure design and manufacture, and drive
control. Soft manipulators, a subset of soft robots, are now a popular area of study for many researchers. In
comparison to typical manipulators, soft manipulators feature a high degree of gripping flexibility and a basic
morphological structure. They are composed of flexible materials. It has a wide range of potential applications
in healthcare, rehabilitation, bionics, and detection, and it can compensate for the drawbacks of rigid
manipulators in some use scenarios. A modular soft-body torsional gripping system is developed after a
torsional and gripping actuator is conceived, constructed, and its performance is examined. The torsion
actuator and the grasping actuator can be combined in the system in a modular fashion. With the help of RGB-
D vision algorithms, this multi-modular setup makes it possible to combine soft actuators with various twisting
degrees and achieve exact gripping. Through pneumatic control, the target object is precisely grasped and
rotated at various angles, enabling rotation of the target object in three dimensions.

Keywords: soft actuator; modular design; machine vision; flexible clamping technology

1. Introduction

Conventional, rigid-bodied robots are extensively used in manufacturing and can be specifically
programmed to perform a single task efficiently, but often with limited adaptability. Because they
are built of rigid links and joints, they are unsafe for interaction with humans [1]. Soft robots are
mostly processed with soft materials. Compared with rigid robots, the degrees of freedom are highly
redundant, the motion is more flexible, and it can change its form actively or passively according to
the surrounding environment. This greatly compensates for the shortcomings of rigid robots and
pushes the design, modeling, control, and application of robots to a higher platform [2]. In recent
years, soft robotics has developed rapidly due to its inherent flexibility, versatile morphology, and
wide range of use cases [3-6]. For example, the robotic gripper, as an end-effector, can easily cause
deformation of the object's structure when faced with smooth surfaces or fragile or small objects, as
the size of the rigid gripper's gripping force is difficult to control precisely. The flexible gripper is
highly flexible due to its soft material, making it more precise and safer when gripping objects [7-12].

In addition, soft robots have many advantages: (1) Soft robots are soft and easily deformable due
to the soft materials they use. They can be deformed to varying degrees under different driving
methods [13-19]. (2) The soft material can increase the contact area with the object through its
deformation, making it more adaptable to different industrial environments. (3) The soft robot can
be controlled by software to connect the human to the object, and its softness makes it safe for
interaction [20-23]. Flexible grippers are already in use in industry, but even within the same
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application, the requirements for performing functions vary and change. The traditional concept of a
rigid mechanical gripper is to design a fully functional mechanical gripper directly to meet the
requirements. This is a simpler design concept, but it has the disadvantage that when the target object
is changed in size or the twist angle needs to be changed, a new rigid gripper is required to meet the
requirements. Suppose the soft twist gripper is broken down into different single-functional
modules. In that case, the soft gripper, by combining different functional modules, will completely
avoid the disadvantages of the traditional design model. The speed of replacement and customization
flexibility will be greatly enhanced in the real world of industrial production.

Calisti et al. designed a pull-wire-driven soft gripper imitating an octopus tentacle that is capable
of grasping pencils and screws by winding them [24]. Ilievski et al. developed a pneumatic multi-
cavity soft starfish gripper with high adaptivity that can effectively envelop and grip objects, but the
contact force between the gripper and the object is small and the stability when gripping the object is
not enough [25]. Manti et al. designed a soft-body manipulator with good adaptability and capable
of non-destructive grasping. It is capable of grasping fragile objects without damage but is unable to
perform the twisting function at the same time [26]. Chen et al. at Michigan State University produced
a wire-driven three-finger soft gripper, which is made of silicone material with a friction generator
attached to the surface to achieve self-sensing, and the gripper is capable of grasping different objects
by pulling the wire drive during the grasping process [27].

Different from articulated objects constructed by rigid parts linked with discrete joints, soft
pneumatic objects are composed of soft materials and embedded chambers [28]. One practical
application of soft robots is to pick up and place objects in unknown environments [29]. This article
presents the design of a modular soft twist gripper that can be quickly assembled and disassembled.
The grippers in this paper can be twisted as a whole, and the angle of twisting can be precisely
controlled by using different modules. As shown in Figure 1. The twisting and gripping functions
are implemented in the diagram through a twisting actuator and a gripping actuator, respectively.
Torsional actuators can be divided into positive quadrilateral and positive pentagonal torsional
actuators. The gripping actuators are three-finger gripping actuators. All soft actuator modules are
assembled quickly via a dedicated assembly interface. When faced with different torsion angles and
gripping requirements, the soft actuator modules can be quickly disassembled and adapted to the
actual requirements.

The modular design of the flexible torsion gripper is divided into two modules: the torsion
module and the gripping module. The torsion module has two torsion actuators: positive
quadrilateral and positive pentagonal. The two actuators' angles and torsion forces are different and
can be used for different applications.

The torsional actuator can perform superimposed movements of linear and torsional motion,
which allows it to be seen as a modular unit. When two modular units are combined, several different
forms of motion can be formed by the difference between the initial and end states of two modular
units. Connecting the bottom and top surfaces together is possible to achieve similar functions.
Combining torsional actuators to form different forms of motion makes it possible to use the modular
soft gripper in various combinations of modular configurations, preparing it for use in different
industrial environments.
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Figure 1. Schematic diagram of the modular design of the flexible torsion gripper.

2. Materials and Methods

2.1. Materials

The use of super elastomeric materials is very common in manufacturing flexible
actuators. Silicone rubber is a polymer that is more physically and chemically stable than ordinary
rubber because adding silicone materials creates a silicon-oxygen bond greater than ordinary rubber's
carbon-carbon bond energy. Silicone rubber is the material of choice for most soft actuators due to its
stability, flexibility and safety. In combination with the performance characteristics of silicone rubber,
the Ecoflex series of silicone rubbers developed by Smooth-on was chosen as the material for the
actuator. Ecoflex silicone rubber has a weight or volume mixing ratio of 1A:1B and cures at room
temperature. The shrinkage is negligible and the low viscosity ensures easy mixing and outgassing.
The cured silicone rubber is soft and flexible, elongating several times its original size without tearing
and returning elastically to its original shape without deformation. Ecoflex00-30 was therefore chosen
as the raw material for the production of the flexible torsion actuator, taking into account the
material's properties and experimental requirements. Comparative data for the Ecoflex series of
materials are shown in Table 1.

Table 1. Specific material parameters for the Ecoflex series of silicone rubbers.

Ecoflex series 00-10 00-20 00-30 00-40
Operable time 40min 30min 45min 18min
Curing time 4h 4h 4h 4h
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Exercise elongation 800% 845% 900% 980%
Mixed viscosity 14000 cps 3000cps 3000cps 8000cps
Shore' s hardness 00-10 00-20 00-30 00-40
Tensile strength 120psi 160psi 200psi 315psi
Shrinkage ratio <0.001% <0.001% <0.001% <0.001%
2.2. Methods

2.2.1. Design and manufacturing process for torsional soft body actuators

Torsional actuators are prepared using the moulding method. An example of a torsional soft
actuator in the shape of a square quadrilateral. Because there is a cavity in the middle of the torsion
actuator, it cannot be made directly from a single mould. The design of the mould for the flexible
actuator should take into account the following aspects: (1) the mould cavity is closed or semi-closed
to ensure that no leakage occurs during the curing of the silicone rubber; (2) the mould needs to be
easy to release. The flexible torsion actuator is therefore divided into two upper and two lower parts
to be cast through the mould.

Based on the above two considerations, the completed actuator model was imported into
Solidworks modelling software. The upper and lower moulds were obtained by drawing analysis,
setting parting lines, parting surface analysis and then by cutting and dividing. Finally, the clips and
pouring ports were designed for the upper and lower moulds.

Figure 2 shows a diagram of the mould for the square quadrilateral flexible torsion actuator
module. The upper and lower moulds are connected by snaps, allowing for a more precise fit and a
better overall mould seal. This part of the z is then poured together with the pouring feeler.

(a) (b) (0) (d)

Figure 2. Positive quadrilateral soft torsion actuator mould. (a) Upper mould A, (b) Lower mould B,
(c) Integral mould, (d) Pouring mould.

Based on the above mould design and moulding process, this section prepared the soft torsional
actuator to lay the foundation for subsequent experimental studies. The fabrication process is shown
in Figure 3. The pre-preparation work of the soft body torsion actuator is shown in Figure 4.
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Figure 3. Manufacturing process of torsional actuator.

1. Mix Ecoflex 00-30A and B liquids with PDMS (Polydimethylsiloxane) and PDMS curing agent
at 1:1:0.1:0.01. Mix thoroughly using a stirring bar and then put into a defoamer for 20 minutes
until no air bubbles are produced;

2. Spray rubber release agent evenly over the top and bottom mould surfaces to facilitate release;

3. The defoamed solution is slowly poured into the lower mould along the stirring bar, covered
with the upper mould and left to stand for a while, after which the whole mould is placed in a
vacuum defoamer for a second time until no air bubbles are produced;

4.  Place the mould in the drying oven for 40min and set the temperature to 40°C;

5. Remove the moulds from the drying oven and demould them after 40min of drying;

6. The top half of the twist actuator is removed from the mould and placed in the bottom half of
the twist actuator mould. Pour in the silicone rubber solution. The upper part of the actuator is
shown in figure 5 (a);

7. Place the lower half of the mould into the defoamer for 15min. The pouring process of the lower
part of the mould is shown in Figure 5 (b);

8.  Place the second half of the mould after the defoaming is completed into the drying oven for
40min, with the drying oven temperature set at 40°C;

9. Complete demoulding;

10. The prepared torsion actuator is connected to the modular interface.

(b)

Figure 4. Pre-preparation work for a flexible torsion actuator. (a) Rubber release agent, (b) Ecoflex 00-

30 silicone rubber, (c) PDMS, (d) Vacuum defoamer, (e) Configured silicone rubber solution.

Through the above process, the entire torsional actuator was prepared. The successful
quadrilateral torsional actuator is shown in Figure 5 (c), (d).
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Figure 5. Positive quadrilateral torsional actuator. (a) Upper part of the actuator, (b) Diagram of the
casting process in the lower half of the mould, (c) Overall actuator, (d) Bottom surface of the actuator.

2.2.2. Design of the gripper actuator structure

The design of the soft gripper needs to be lightweight in design, accurate in gripping, versatile
in gripping target objects and compact in structure. In combination with these requirements, a single-
chamber, three-finger soft gripper was designed. The structure of the three-finger gripping actuator
is shown in Figure 6.

(@) (b)

Figure 6. Schematic diagram of the three-finger gripping actuator structure. (a) Isometric drawing,
(b) Single finger section.

The three-finger gripper designed in this paper consists of a single cavity with a fully soft texture.
The materials used are the same as for the torsion actuator described above. In normal conditions,
the soft gripper has three fingers spaced 25 mm apart, the actuator has a total length of 60 mm, a
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width of 40 mm, a length of 35 mm at the fingertips and a diameter of 4 mm at the upper ventilation
hole. at the same time, the finger cavities of the gripper actuator are tapered from outside to inside
so that the modulus of elasticity on the outside of the finger cavities is greater than the modulus of
elasticity measured on the inside. Thus, under positive pressure, the three fingers can be spread
further apart than in the uninflated state. Conversely, the fingertips can be closed after a certain
amount of negative pressure has been applied, thus completing the entire gripping action.

2.2.3. Torsional actuator structure and parameter optimization

The software used in this paper is ABAQUS, which uses a structured meshing technique that
applies some standard meshing patterns to some geometric regions with simple shapes, with the
structured mesh regions shown in green. Tetrahedral cells are used exclusively in the grid. The
boundary conditions used are the corresponding air pressure values for the different states.

First, the analysis of the effect of the lateral center thickness on the torsional angle of the torsional
actuator is performed. During the analysis, all the parameters were fixed except for the bottom layer
thickness parameter. The specific parameters were set as 3 mm for the top surface thickness, 2.5 mm
for the side prism thickness, 2.5 mm for the side edge thickness, 2.5 mm, 2 mm, 1.5 mm for the side
center thickness, 0-70 kPa for the input air pressure range, and 10 kPa for each increase. Figure 7
shows the results for pressures of OkPa and -70kPa.

S, Mises S, Mises
(Aver:‘glals ; 22)03 (Average: 75%)

+1.099e+00
! +1.008e+00

+2.706e-04
+1.386e-04
+6.562e-06

| 15.963e-04

(a) (b)

Figure 7. Deformation results of the positive quadrilateral soft torsion actuator. (a) 0kPa, (b) -70kPa.

From the analysis of the experimental results, it can be concluded that the torsional angle of the
flexible torsional actuator increases with the increase of the negative pressure load in the range of 0~-
70kPa. When the pressure is -70kPa and the wall thickness is 2.5mm, the maximum torsional angle
of the actuator is 70°, 75° when the wall thickness is 2mm, and 78° when the wall thickness is 1.5mm,
respectively. The thickness of the sidewall center is 1.5mm in order to achieve the maximum torsional
angle, because it is a vacuum actuator and the chamber rupture that often occurs in positive pressure
actuators. Therefore, for the torsional actuator module, the sidewall center thickness is negatively
correlated with the torsional angle, and some of the data are described in Table 2.

Table 2. Lateral center thickness influence data sheet.

Twist angle of . Twist angle of
Twist angle of 2mm
Pressure 2.5mm side 1.5mm side
side thickness
thickness thickness
0kPa 0° 0° 0°
10kPa 29° 31° 32°
20kPa 54° 56° 57°
30kPa 62° 66° 70°
40kPa 65° 70° 74°

50kPa 67° 73° 76°
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60kPa 69° 75° 78°
70kPa 70° 75° 78°

Then, the effect of side prism thickness on the torsion angle of the torsion actuator was analyzed.
During the analysis, the parameters of side wall edge thickness, side wall center thickness, top surface
thickness and bottom surface thickness were kept constant, and the side prism thickness parameters
were changed, while the finite element simulation was combined, and the torsion angle state was
recorded after the soft body torsion actuator was stabilized, and the results were analyzed and
discussed.

As shown in Figure 8, the simulation results of the torsional actuator are shown from 0 to -70kPa.
The maximum torsional angle of the torsional actuator is 70° at an external air pressure load of -70kPa
and a side rib thickness of 3.5mm, 74° at a side rib thickness of 3mm, 78° at a side rib thickness of
2.5mm, and 78° at a side rib thickness of 2mm.

S, Mises S Mises
(Average: 75%) (Average: 75%)

+1.0936400 +1.0992+00

+1.008e+00
+1.002e+00 +9.162e-01
+8.247a-01
+7.331e-01

+1.837e-01
+9.216a-02
+5.963a-04

(a) (b)

S, Mises 5, Mises
(Average: 75%) (Average: 75%)
+6.914e-01

(©) (d)

Figure 8. Simulation results of torsional actuator with different side rib thickness at 70kPa. (a)
Thickness of side ribs 2mm, (b) Thickness of side ribs 2.5mm, (c) Thickness of side ribs 3mm, (d)
Thickness of side ribs 2mm.

The torsional angle of the actuator was analyzed from the torsional angle of the actuator under
different external air pressure loads: the torsional angle of the actuator was non-linear and increased
with the increase of the external negative pressure load, and the torsional angle of the actuator was
more variable from 0 to -30 kPa. The main reason is that in the initial state, the air in the torsional
actuator cavity decreases rapidly with the increase of negative pressure, which makes the side walls
of the actuator depressed from the center and squeezed to the center of the actuator, making the side
ribs bend. So in the range of 0~-30kPa air pressure, the twist angle of the actuator varies widely. In
the air pressure range of -30kPa~-50kPa, the air in the actuator cavity decreases from a large amount
at the beginning to a slow decrease, and the four side walls of the actuator start to rub against each
other, which makes the actuator gradually stabilize. -In the range of 50kPa~-70kPa, the actuator has
stabilized, and the change of angle is very small with the increase of negative pressure, and gradually
reaches the limit state. Some of the test data are shown in Table 3.
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Table 3. Test data of torsional actuator deformation angle with different side edge thickness

parameters.
Twist angle of  Twistangle  Twist angle of  Twist angle of
Pressure 3.5 mm of 3 mm 2.5 mm 2 mm
thickness of thickness of thickness of thickness of
side ribs side ribs side ribs side ribs
O0kPa 0° 0° 0° 0°
10kPa 27° 29° 32° 34°
20kPa 52° 54° 57° 59°
30kPa 60° 64° 70° 72°
40kPa 65° 70° 74° 75°
50kPa 67° 73° 76° 77°
60kPa 69° 74° 78° 78°
70kPa 70° 74° 78° 78°

The torsional angles of the actuators with the three side prism thicknesses are almost the same.
However, considering the influence on the torsional moment output of the actuator, this paper adopts
a side rib thickness of 2.5 mm, which can produce a larger torsional angle under the same air pressure
load condition and ensure the effective output of torsional force at the same time.

2.2.4. Optimization of gripper actuator structure and parameters

Most of the materials used to prepare soft-body actuators are soft-body materials. The
deformation of the material is large and non-linear when subjected to forces. In order to make the
finite element simulation more accurate, a second-order Yeoh function model is used to describe the
intrinsic structure of the gripping actuator. This functional model is widely adaptable and highly
accurate in analysing soft materials such as silicone. Its strain energy density function can be
expressed as:

W = Cyo(ly = 3)+Cq0 (I — 3)? (2.1)

Where: Cio = 0.11, and C2 = 0.02 are material parameters, and I is the deformation tensor
invariant.

I, = 22 + A2 + A2 2.2)

Where: A1, A2, As are the main elongation ratios of a single finger in the axial, circumferential and
radial directions, respectively.

Since the configured soft material is incompressible, A1A2A3=1. Moreover, the deformation of the
single finger of the gripping actuator in the circumferential direction can be neglected, i.e., A2=1. Let
the axial strain A1 = A, and then the axial deformation tensor invariance can be expressed as:

,, 1
L =X +)\—2+1 (2.3)

Substituting Eq. (2.3) into Eq. (2.1), a single finger second-order Yeoh constitutive model is
obtained:

2 1 2 1 ’ (2.4

The positive pressure test is designed to investigate the forces on the bottom of the gripping
actuator at the finger cavity joint after a positive pressure of 20-50 kPa has been applied to the
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gripping actuator. The actuator structure can be optimised by considering the actuator deformation
and force conditions.

The results of the gripping actuator deformation under positive pressure at 20 kPa, 30 kPa, 40
kPa and 50 kPa are shown in Figure 9 (a) to (d). It can be seen from the figures that the finger cavities
of the gripping actuator open more and more as the pressure of the positive pressure gradually
increases. At the same time, the upper cavity of the gripping actuator expands more and more under
positive pressure, and there is a possibility of cavity breakage. With a positive pressure input of 50
kPa, a spherical-like cavity appears in the gripping actuator, as shown in Figure 9 (d), where the
actuator deformation is already evident. In Figure 9 (e), it can be seen that the stresses at O, @ and
®) are excessive, affecting the gripping actuator's normal gripping action.

S, Mises
(Average: /)
— +7.284e-01
+6.677e-01
- +6.070e-01
+5.4632-01
+4.856e-01
+4.24%e-01

(Averag
— +2.571e-01
+2.356e-01
+2.142e-01
+1,928e-01
+1.714e-01
- +1,500e-01
+1.285e-01
+1.071e-01

+4.28 2
F—+ +42.143e-02
—— +8,365e-06

(b)

S, es

(Average: 75%)

— +1.05%e+01
- +9.706e+00
- +8.824e+00

S, Mises

+7.941e+00
+7.05%9e+00
+6.177e+00
+5.29424-00
+4,412e+00

- +3.530e+4-00
+2.647e+00
+1.765e+00

1+ +8,825e-01
—— +1.036e-04

+1.381e+00
+1.183e+00

+7.88%-01

+5.917e-01
3.945e-01

+6.091e-05

(d)

S, Mises
(Average: 75%)
+3.541e+00
+3.246e+00 19.3658400
+8.514e400
+7.662e+00
+6.811e+00
+5.960e+00

+2.951e+00
+2.656e+00
+2.361e+00
+2.065e+00
+1.770e+00
+1.475e+00
+1.180e+00
+8.853e-01
-01

+5.108e+00
- +4.257a+00

+3.406e+00
+2.554e+00
+1.703e+400

L +8.5150-01
L L 41754e-04

(f)

Figure 9. Diagram of the results of the positive pressure finite element analysis. (a) 20 kPa front view,
(b) 30 kPa front view, (c) 40 kPa front view, (d) 50 kPa front view, (e)(f) 50 kPa profile.

In order to reduce excessive deformation of the gripping soft actuator, the thickness of the
bottom of the finger cavity is thickened from 2mm to 8mm in this paper, and a positive pressure of
50kPa is applied. The calculated results are shown in Figure 10.


https://doi.org/10.20944/preprints202305.0466.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 May 2023 doi:10.20944/preprints202305.0466.v1

11

(a) (b)

Figure 10. Deformation of the bottom of the finger cavity of the gripping actuator after parameter
changes. (a) Diagram showing the change in thickness of the base of the finger cavity, (b) Deformation
diagram of the gripping actuator under positive pressure at 50kPa.

At a positive pressure of 50 kPa, the deformation of the bottom of the finger cavity is significantly
smaller at a thickness of 8 mm compared to 2 mm. At the same time, the problem of excessive stresses
at the finger cavity bottom and finger cavity joint is solved.

The gripping action of the gripping actuator is driven by negative pressure. The next step is to
investigate the deformation of the gripping actuator under negative pressure by applying negative
pressure to the internal surface of the gripping actuator.

Under an internal air pressure load of -30kPa, the results of the gripping actuator deformation
were obtained, as shown in Figure 11. It can be seen from the observations that a large depression
occurs on the outer side of the finger cavity at the location (D. This situation indicates that the outer
thickness of the finger cavity of the gripping actuator needs to be further optimized.

S, Mises
(Average: 75%)

+5.381e-01
+4.933e-01
+4.484e-01
+4.036e-01
+3.588e-01
+3.13%-01
+2.691e-01
+2.242e-01
+1.794e-01
- +1.346e-01
+8.971e-02
+4.487e-02
+3.05%e-05

Figure 11. Results of the negative pressure finite element analysis of the gripper actuator.

The finite element analysis shows that at a negative pressure of 30kPa, there is a large shrinkage
deformation outside the finger cavity. Therefore, the wall thickness of the outer finger cavity can be
increased to reduce deformation. In this way, the soft gripping actuator can be subjected to greater
elastic deformation on the outside of the finger cavity at the same negative pressure, ultimately
increasing the effective gripping force of the actuator.

The soft body-gripping actuator is a modular assembly, and the thickness of the outer finger
cavity was increased from 2 mm to 2.5 mm for weight control purposes, after which a new finite
element analysis was carried out. The results are shown in Figure 12.
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S, Mises
(Average: 75%)
+4.493e-01
+4.11%-01
+3.745e-01
+3.370e-01
+2.996e-01
+2.621e-01
+2.247e-01
+1.872e-01
+1.498e-01
+1.124e-01
+7.491e-02
+3.747e-02
+3.004e-05

Figure 12. Results of the negative pressure finite element analysis of the gripping actuator after
changing the finger cavity thickness parameter.

By increasing the thickness of the outer finger cavity from 2 mm to 2.5 mm, the deformation of
the outer finger cavity is slowed down. No non-ideal deformation occurs at the same negative
pressure. This method will facilitate a stable gripping of the gripping actuator.

2.2.5. Design and implementation of precise control based on RGB-D vision algorithms

By combining mechanical jaws with machine vision, it is possible to make them capable of
identifying objects more precisely. The acquisition of images of the working environment and the
target object with visual functions and the measurement and judgement based on this enables the
mechanical claw to achieve more functions. In industrial automation operations, conventional
mechanical jaws replace workers in picking and selecting. This helps to reduce labour costs while
effectively increasing the efficiency of the production line. Introducing mechanical jaws using
machine vision into production can further expand the range of applications for mechanical jaws. For
tasks that require identification and measurement, mechanical jaws can also be used to replace
manual labour and drive production operations smarter.

Although the environment in which the equipment is used is relatively simple, it is the accurate
identification of the target object that is the focus. The subsequent positioning, grasping and twisting
take place only when the mechanical jaws have accurately identified the target object. In order to
reduce costs, relatively rudimentary vision sensors are used. Colour recognition is used in the
recognition method. Colour recognition uses an algorithm to calculate the data collected by the vision
sensor, filter out the target object and locate it accordingly. The RGB to HSV colour model is used as
the colour recognition model for the preparation of this paper. The RGB colour model combines the
different luminous values of red, green and blue to represent colours other than red, green and blue
using the different levels of the luminosity of the different colours. The red, green and blue luminous
layers are divided into 256 classes. When the colour is white, RGB is expressed as (255, 255, 255);
when the colour is black, it is expressed as (0, 0, 0).

In the HSV color model, H represents hue, S represents saturation, and V represents value. The
formula for converting RGB to HSV is:

TR -G)(R-B)
JR—=6)?=R-B)(G - B)
< 5 min(R, G, B) (2.5)

4
R+G+B
y=R+G+E)

3

-1

H = cos
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In this paper, an algorithm based on color feature recognition is designed based on practical
situations. The algorithm outlines the training process of RGB-D [30]. The neural network takes H, S,
and V as inputs and outputs a segmentation mask. The training process uses a training dataset and a
test dataset to train and evaluate the model. (1) Input: The algorithm receives a dataset consisting of
H, S, and V. It also specifies the number of batches of training and test datasets, and the number of
epochs to run. (2) Initialization variables: The algorithm initializes several variables that will store the
best average accuracy and average crossover joint score achieved during training, as well as the
current set of weights for the neural network. (3) Training loop: In each epoch, the algorithm enters
a loop on the training data set, processing each batch through the neural network. (4) Calculate the
loss: The algorithm calculates the loss for each component by comparing these components with their
corresponding true labels using a loss function. (5) Update weights: The algorithm updates the
weights of the neural network by calculating the gradient of the loss with respect to the weights and
adjusts the weights in the direction of the gradient using an optimizer. (6) Evaluate the model: After
processing each batch of training data set, the algorithm evaluates the current model using a test data
set. It uses a metric function to calculate the average precision and average score of the test dataset.
(7) Save the best model: If the current average accuracy and average score are higher than the
previously recorded best score, the algorithm saves the current set of weights as the best weights and
updates the variables. (8) Return the trained model: After all the epochs are completed, the algorithm
returns the trained RGB-D with the saved best weight set. The flow chart of the algorithm model is

shown in Figure 13.

| Initialize variables |

| Calculate the loss 1-7
l

| Update weights I

l

| Evaluation model ‘

]

|Save the best modell

trained model

Figure 13. Flow chart of algorithm model.

As shown in Figure 14. Evaluating the best gripping performance of VGR (Visual Gripping
Torsion) on a torsional soft gripper. The set-up on the test bench includes a table stand and an RG2
gripper to capture the entire tabletop scene. The objects vary from experiment to experiment and
include several different coloured artefacts for training and testing. For the perceptual data, RGB-D
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images with a resolution of 640 x 480 were captured from the Intel Real Sense SR300. The camera is
mounted statically on a fixed tripod overlooking the table. The camera is positioned relative to the
base of the test bench by an automatic calibration procedure, during which the camera tracks the
position of the pattern affixed to the fixture. Calibration is optimised for external factors as the motor
moves the gripper over a 3D position grid within the camera's field of view.

soft actuator

sion camera

Figure 14. Schematic diagram of the operation of the flexible actuator.
3. Results and Discussion
3.1. Control performance analysis experiment of soft actuator

3.1.1. Torque measurement experiment

When measuring the torque characteristics, the initial angle of the torsion module was preset at
a torsion angle of 0° and the negative pressure was gradually increased. Through multiple
measurements for the average, the experimental data results are shown in Table 4.

Table 4. Experimental torque data for torsional actuators with different base shapes.

Positive quadrilateral  Positive pentagonal

Air pressure Round actuator torque
actuator torque actuator torque
OkPa ON‘m ON‘m ON‘m
-10kPa 0.016N'm 0.018N'm 0.017N‘m
-20kPa 0.029N'm 0.03IN'm 0.031IN‘m
-30kPa 0.040N'm 0.044N-m 0.043N'm
-40kPa 0.044N'm 0.05IN‘m 0.047N-m
-50kPa 0.0477N-‘m 0.055N‘m 0.048IN‘m
-60kPa 0.0479N‘m 0.057N‘m 0.0482Nm
-70kPa 0.048N'm 0.058N'm 0.0485N'm

Torsional actuator with different base shapes - 70 kPa torque measurement as shown in Figure
15.
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(@) (b) (©)

Figure 15. Torsional actuator with different base shapes - 70 kPa torque measurement. (a) Positive
quadrilateral bottom actuator, (b) Positive pentagonal bottom actuator, (¢) Round bottom actuator.

3.1.2. Torsional angle measurement experiment

After placing the flexible torsion module in the middle of the measuring platform, the air
pressure input to the actuator is controlled by turning the regulator valve. The initial angle of the
torsion actuator was preset at 0° and the negative pressure was gradually increased to measure the
angle of the torsion actuator at 10kPa intervals. The data was averaged over several measurements
and measured for each of the three different bottom surfaces of the torsion actuator. The table shows
that the torsional angle of the torsional actuator differs for the three different shapes of the bottom
surface when the same negative pressure is applied. The maximum torsion angle for the quadrilateral
base actuator is 78°, the maximum torsion angle for the pentagonal base actuator is 90° and the
maximum torsion angle for the circular base actuator is 73°. The three actuators have a large variation
in torsional angle from 0 to -10 kPa, a gentle variation in torsional angle from -10 kPa to -50 kPa and
a maximum torsional angle at the same time at -50 kPa.

Table 5. Torsional angle-pressure diagram for torsional actuators with different base shapes.

Positive Positive

. Round actuator .
Air pressure quadrilateral pentagonal
torque

actuator actuator torque

OkPa

-20kPa

57° 60° 77°
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-40kPa

-60kPa

-70kPa

73° 78° 90°

3.1.3. Experimental measurement of axial length variation of flexible torsional actuators

In the process of torsional actuator contraction torsion, the inclined plane of the actuator tilts
and collapses inward, resulting in the axial contraction of the actuator. Therefore, the torsional
actuator will perform two kinds of motion, linear motion and torsional motion, under the drive of
negative pressure. This measurement experiment will measure the axial length change of the actuator
with different shapes in the torsional process, and calculate the average value through multiple
measurements. The data of three torsional actuators with different bottom surfaces were measured
respectively to obtain Table 6 and Figure 16.

T T T T

60 -
—a— Regular quadrilateral

—a— Regular pentagon
—e— Round 4

P w wn
w =1 [
T T T

Axial length/mm

£
=]
T

5

—60 —40 -20 0

Pneumatic pressure/kPa
Figure 16. Axial length characteristics of soft torsion actuator.

It can be seen from Figure 16 that under negative pressure of OkPa~-70kPa, torsional actuators
with different bottom surfaces have little difference in their axial lengths, because torsional actuators
with regular quadrilateral and circular bottom surfaces have the same number of supporting axes,
which makes their axial length change curves almost the same with only slight differences. Compared
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with the regular quadrilateral and circular bottom surface, the regular pentagonal torsional actuator
has an extra axis on the side, making its final axial length 2mm longer than the other two.

Table 6. Axial length-pressure diagram of torsion actuator with different bottom shapes.

Regular quadrilateral Regular pentagon

Air pressure Circular actuator
actuator actuator

OkPa
-20kPa
45mm

-40kPa
38.5mm 40mm

-60kPa
36mm

-70kPa

35mm 35mm 36mm

3.2. Software torsion gripper system overall experiment
(1) Grab actuator grab experiment
The gripper grasps the target as shown in Figure 17. The conditions for success of its grasping

action are as follows: no falling occurs in the process of effectively grasping objects. As shown in the
following picture, the captured items are USB flash drive (9g), circular industrial switch (31g), L-
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shaped Allen wrench (13g), and quail egg (11g). The software gripper simulates grabbing objects, as
shown in Figure 18.

Figure 17. Soft gripper gripping process diagram. (a) Initial state of the gripper, (b) The gripper moves
to the vicinity of the target, (c) Gripper successfully grabs the target.

(0) (d)

Figure 18. Software gripper grasping test diagram. (a) USB flash drive, (b) circular industrial switch,

(c) L-shaped Allen wrench, (d) quail egg.

The measurement of the gripping efficiency of the soft gripping actuator is guided by the
"Standard Test Method for Responsive Robots". The objective is to capture statistically significant
functional data according to the standard test method. Through many experiments, it can be
concluded that, first, the soft body is more stable when grasping cylindrical objects. The reason is that
when the three knuckles are bent, the surface is in an arc state, forming an enveloping structure for
the objects, which can grasp the target objects more stably. When the soft grasp actuator grabs fragile
objects on the surface, such as quail eggs, because the silicone rubber material is soft, the finger cavity
of the soft grasp can adaptively change the current state according to the shape of the object when
grasping the object, so that it is completely fitted to the surface of the target object, so it is suitable for
grasping fragile and fragile objects on the surface. At the same time, due to the structure of the front
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end of the finger cavity, it is found in the experiment that the soft body is easy to fall when grasping
small objects such as L-shaped wrench.

(2) Torsional grab experiment

In this experiment, the platform will be built in the form of the second modular combination, to
control the torsional actuator 1, torsional actuator 2, grab the actuator suction and ventilation, to
achieve the industrial switch torsion -78°~78°. The experimental diagram of this experiment is shown
in Figure 19.

Figure 19. The second modular combination experiment diagram.

In this experiment, the industrial switch will be twisted through the aspiration and inflation of
torsional actuator 1 and torsional actuator 2. The flow chart of the control system is shown in Table

7.
Table 7. Flow chart of the second modular combined control system.
Angle of torsion Flow chart of inflating and venting actuator
Actuator 1
negative
ressure
Industrial switch Grab actuator P Grab actuator
) ) clockwise twist negative inflatable not to
Clockwise twist 78° pressure grab - grab
780 The torsion
gripper moves
down
Actuator 1
negative
pressure torsion
Industrial switch Grab actuator Actuator 1 Grab actuator
. counterclockwise negative — Inflatable [ inflatable not to
Counte.rcloc1:w1se twist 78° —— pressure grab recovery grab
twist 78 gripper moves
down as a whole
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Actuator 1 Actuator 2
negative negative
r ressure
Industrial switch Grab actuator L P Grab actuator
i i clockwise twist negative inflatable not to
Clockwise twist 156° pressure grab grab
° The torsion The torsion
156 gripper moves gripper moves
down down
Actuator 1
negative
pressure torsion The torsion
Industrial switch : Grab actuator
. counterclockwise » grg)per moves |_J negative
Counterclockwise twist 156° ownasa pressure grab
. hole
twist 156° Actuator 2 W
negative
pressure torsion

It can be seen from above that the torsional Angle of the regular quadrilateral torsional actuator
is 78° and its axial length is 35mm under the pressure of -70kPa. Therefore, in the process of torsion,
a single torsion actuator will be accompanied by a 25mm height expansion. Therefore, in the process
of torsion of the actuator, the grip should be moved down a certain distance as a whole.

(3) Industrial switch torsion experiment

After analyzing the inflating and venting sequence of each module, the industrial switch will be
tested for clockwise and counterclockwise torsion. This experiment will measure the maximum
torsion Angle of the soft gripper to the industrial switch in practice, and analyze whether there is any
error between the actual torsion Angle and the theoretical torsion Angle, and analyze and optimize
the error. The experimental process is shown in Figure 20.
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Figure 20. Modular software gripper torsion process diagram. (a) Software gripper readiness, (b)
Grab Actuator Negative Pressure Grab, (c) The negative pressure of actuator 1 is turned clockwise by
60°, (d) The negative pressure of actuator 2 is turned clockwise by 55°, (e) Actuator 2 deflates air and
twists 55° counterclockwise, (f) The actuator deflates air and rotates 60° counterclockwise.

The measured torsion Angle of the actual industrial switch is 60° when driving actuator 1, and
115° when driving actuator 1 and actuator 2. The reasons why the theoretical torsion Angle is smaller
than the torsion Angle of the actuator are as follows: (D There is relative sliding between the
grasping actuator and the industrial switch in the torsion process; @ Due to the weight of the
actuator quick assembly interface, the actual torsion Angle of the actuator is less than 78° (3 There
are errors in the positioning process of soft actuator. The reason why the torsion Angle of actuator 2
is smaller than that of actuator 1 is that the gravity of actuator 2 is greater than that of actuator 1, so
the torsion Angle is smaller than that of actuator 1.

(4) The experiment of torsional objects stuck in space

This experiment will simulate the Angle adjustment of the workpiece in assembly line
production, and the process of Angle adjustment of the workpiece is shown in Figure 21.
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Figure 21. Twisting grasp process diagram of modular software gripper. (a) Software gripper
readiness, (b) Grab actuator negative pressure grab, (c) Actuator 1 is rotated clockwise, (d) Actuator
2 is rotated clockwise.

It is measured that the actual torsion Angle of the workpiece is 63° when only actuator 1 is
driven. When actuator 1 and actuator 2 are driven, the actual torsion Angle is 122°. After analysis,
the actual torsion Angle is smaller than the theoretical Angle for the following reasons: (1) The weight
of the workpiece and the interface offset a part of the torsion Angle; (2) There are errors in the
positioning of the actuator.

To solve the above problems, if the actuator can be accurately moved to the industrial switch
center, the torsion Angle will be increased. After that, the RGB-D visual algorithm is used to identify
and determine the position of the industrial switch, and the positioning accuracy of the industrial
switch is optimized through continuous comparison practice, so that the software gripper can move
to the top of the target industrial switch center more precisely, and the deviation of the torsion Angle
caused by inaccurate positioning is eliminated. After continuous grasping practice, the positioning
error of the soft actuator in the left and right direction of the industrial switch was reduced to 1mm,
and the torsion Angle of the industrial switch was also increased from 60° to 70°.

4. Conclusions

A modular software torsion grasping system is designed that can assemble actuators by modular
assembly and make up for the shortcomings of traditional software grippers in torsion function. The
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actuating principle of the two actuators is explained, and the relevant parameters that may affect the
actuating performance of the actuators are analyzed by using ABAQUS as the simulation platform.
Combined with the results of the simulation experiment, the optimal structural design parameters of
the torsional actuator and grasping actuator were optimized to improve the performance of the
actuator.

In the actual torsion process, due to the sliding between the grasping actuator and the industrial
switch and the weight of the quick assembly interface of the actuator, the actual torsion angle of the
actuator is less than 78°, and the actual torsion angle is 60°. Then use the RGB-D visual algorithm to
continuously compare and practice to optimize the gripper positioning so that the twist angle can be
increased to 70°, which can meet the angle requirements of twisting the target item.

This paper introduces and uses the RGB-D algorithm to optimize the grasping process of the
soft torsion gripper and the grasping accuracy of the soft torsion gripper when facing the target object
by combining it with continuous contrast training. The actuating performance of the manufactured
soft actuator samples with different bottom surfaces was tested on the test platform. A modular
torsional grasping experimental test platform was built to test the torsional angle of the modular
torsional gripper in the actual grasping process, and the grasping accuracy was optimized by the
RGB-D algorithm, achieving a torsional angle of 70° for the single torsional actuator.
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