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Abstract: When an octopus grasps something, the rigidity of its tentacle can change greatly, which al-
lowing for unlimited freedom, agility, and precision. Inspired by this, a three-finger flexible bionic
robot gripper was designed for apple picking. First, a flexible chamber finger was designed to drive
the gripper finger to elongate, shorten, and bend, which works through a process of inflating and
deflating. Further, we proposed a three-finger mode to achieve two kinds of motion states: grasping
and relaxing, by simulating the movement of an octopus grasping at something. In this paper,
we evaluated the bending property of the designed flexible bionic gripper through an apple grasping
experiment. The experimental results show that the 100.0 g bionic gripper can load an apple with a
weight of 246.5~350.0 g and a diameter of 69.0~99.0 mm, and the grasping success rate is 100%. It has
a good grasping performance. Compared to other soft grippers, the proposed bionic flexible gripper
has the advantages of being lightweight, and having good cushioning, low driving air pressure,
and a strong grasping force.

Keywords: octopus tentacles; bionic flexible gripper; pneumatic drive; agriculture

1. Introduction

The apple is one of the most common fruits, which possesses huge consumer mar-
ket, and is available in various kinds, and different weights and sizes. The traditional
artificial approaches for picking and sorting imply a shape evaluation process, and the
fruit pickers simply sort fruits by judging their shape, weight, and rough skin conditions,
thus causing a huge workload in this process. In addition, the cost of apple picking reaches
50% to 70% of the total cost [1]. With the development of mechanization and automa-
tion technology, apple picking and sorting will gradually rely on mechanical operation,
especially in the case of large-scale planting; since apple production is huge, the efficiency
and scale of manual picking and sorting simply cannot satisfy the production needs [1].
In order to solve the objective problems, including huge workload, low efficiency, and high
cost involved in manual picking and sorting operations, agricultural picking and sort-
ing robots have emerged, becoming one of the research hotspots in the field of artificial
intelligence agriculture.

The robot gripper structure is the last part which directly touches the apple, and its
excellent performance effectively improves the working efficiency. Since the growing
environment of apples is complex, their skin is fragile, and their shape is complex and
changeable, it is easy to cause damage to the fruit in the process of picking and sorting,
thus affecting the quality, storage, and transportation of apples, and ultimately harming
the market price and economic benefits. Traditional industrial robots mainly have a
rigid structure, with the characteristics of the “three highs”: high stiffness, high strength,
and high speed [2]. Thus, it is easy to damage the surface of apples during operation of these
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robots, which requires high precision but results in poor universality. Ma Lvzhong et al. [3]
(2009) and Ji Changying et al. [4] (2011) have designed their own apple picking devices,
but the structure is complex, which can cause varying degrees of damage to the apple
epidermis. Therefore, owing to the particularity and delicacy of apples, soft robots with
flexible grippers are more appropriate for apple sorting.

Currently, many scholars and engineers both at home and abroad have started to
study the structure of the soft robot. Based on the bionics concept with intelligent materials
such as silicone rubber, shape-memory alloys (SMAs) [5], electroactive polymers (EAPs) [6],
etc. and new driving technologies such as SMA drivers [7], pneumatic drivers [8,9],
magnetorheological drivers [10], EAP drivers, etc., they developed a series of novel robots
without adopting the traditional rigid structure, by imitating the structure and behav-
ior of invertebrates in nature, such as earthworms, starfish, octopuses, etc.. This kind
of soft robot possesses a strong adaptive ability, and theoretically has infinite freedom,
which can be applied to unstructured working environments. In terms of flexible robot
manufacturing, many new processing technologies have been introduced, such as shape de-
position manufacturing [11,12], 3D printing [13], flexible photolithography technology [14],
and composite materials integrated through a variety of manufacturing methods [15].
Currently, led by Harvard University in the United States [13], the research on super-elastic
silica gel material as the ontology material, combined with 3D printing technology, is the
most popular branch of soft robot research. The GEORGE [16] team at Harvard University
(2011) developed a multi-cavity pneumatic software gripper, which has a strong adap-
tive ability, but it is not good at end bending, thus it is difficult for the gripper to grasp
objects. Further, due to the small end contact, instability appears during the working
process. The PneuNet (pneumatic mesh) structure proposed by Shepherd et al. [17] from
Harvard University is a flexible, multi-cavity pneumatic robot, which is capable of bending.
Belgian company Octinion [18] developed a small strawberry picking robot, which is
composed of two soft fingers, produced through 3D printing. After grasping the object,
the grip will passively deform. Compared with human fingers, it has a larger contact area,
and better pressure distribution. Hemming’s team [19] designed a sweet pepper-picking
claw with a fin-bar structure, which adopts fin-bar fingers and has a fin-bar effect, able bend
according to the shape of the object’s surface. Dimeas [20] (2015) et al. proposed a fuzzy
controller-based hierarchical control gripper, which is combined with a pressure profile
sensor, and can adjust the grasping force, and detect the uneven distribution of dislocation
or force on the gripper. Yaguchi et al. [21] (2016) designed a tomato-picking robot with
a rotating gripper, which can pick tomatoes within 23.0 s, with a success rate of approx-
imately 62.6%. Paul Glick et al. [22] invented a flexible robot gripper with a gecko-like
adhesive, which adopts Van der Waals forces to achieve adhesion, and can grasp large
curvature objects with high grasping strength and fast execution speed, but this gripper
is not suitable for grasping fragile objects. Tomokazu Takahashi et al. [23,24] designed an
octopus-inspired vacuum clamper with miniature raised sections, which can grasp rigid
objects with flat surfaces, curved surfaces, uneven surfaces, or grooves. Brown et al. [25,26]
developed a bag-like gripper containing ground coffee, which is highly compliant and can
conform to the shape of an object, thus wrapping the object safely. It is suitable for grasping
all kinds of hard, small objects. The “vacuum cleaner” picking machine developed by
Abundant Robotics Company [27] (2017) sucks mature apples from fruit trees through
a large suction nozzle, but the machine can easily suck excess branches and leaves into
the trachea, causing obstruction. Ma Shaochun et al. [28] (2018) developed a device for
apple picking based on negative pressure suction, but the proportion of apples without is
only 85%. In addition, the relevant apple-picking devices at home and abroad generally
have a large body and a complex structure, so it is difficult to realize the non-destructive
harvesting of apples. In addition, the cost is high, which is difficult for Chinese fruit
farmers to bear.

In conclusion, despite the soft robot becoming a popular research topic in the field of
robotics at home and abroad, it is still in the basic research stage in the field of agriculture,
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especially concerning the picking and sorting of fruits and vegetables, and is not widely
used. Due to the good qualities of soft robots, developing a flexible gripper with adaptive
abilities is the inevitable trend of agricultural intelligent robot development. In China,
a bionic soft robots laboratory has been established in the Beijing University of Aeronau-
tics and Astronautics, which has produced several kinds of soft robot for the purpose
of grasping [29,30].

The flexible clamping device for apple gathering presented in this paper has the
advantages of having a simple structure, convenient fabrication, and low cost. It is ver-
ified through experiments that the apple surface is not damaged. Based on an analysis
of the muscles of octopus tentacles, we propose a novel bionic flexible agriculture grip
structure for apple grasping, according to its structure and motion characteristics. The pro-
posed flexible grip consists of three flexible fingers with the same structures, which are
pneumatically controlled. Under certain pressures, the grip can practice two kinds of
motion: grasping, and relaxing. In this paper, some assumptions are made on this flexible
gripper. Through finite element analysis and experimental analysis, the experimental
study of the proposed flexible gripper is conducted, and the conclusion is drawn. It is ex-
pected to provide reference for the development of non-destructive apple picking devices,
imitating human hands.

2. Materials and Methods

Bionics” aim is to imitate the function and behavior of biological systems, that is,
to improve technology based on inspiration from nature, and achieve effective applications
in engineering. In this paper, a novel bionic flexible gripper was designed based on the
principle of bionics, inspired by the structure and movement characteristics of octopus
tentacles. The proposed gripper is mainly used for picking and sorting apples.

2.1. Analysis of the Tentacle Structure of Octopus

The octopus is an invertebrate marine animal with high agility and intelligence [31],
as well as strong ability to learn. Most of the neurons in an octopus (about 60%) are
distributed throughout its eight tentacles, forming an independent nerve center with an
infinite degree of freedom, which can provide flexible changes of direction [32], so as to
achieve free bending, stretching, winding, and other complex actions.

The movement pattern of octopus tentacles is from the roots to the ends, which is
a kind of mobile bending. In any position of the tentacles, a combination of four basic
movements may occur: elongation, shortening, twisting, and bending [33]. An octopus
catches its prey using the method of enveloping grasp, that is, the tentacles stretch from
its roots to contact the object, further cover the object until the tips of the tentacles touch
the object, and completely wrap it up. In this way, an octopus can grasp an object without
knowing its shape. This complex movement pattern of octopus tentacles is enabled by their
unique muscle tissue structure. Its movement pattern and muscle tissue structure support
are both based on the muscular hydrostatic skeleton, the interior of which is completely
composed of arrays of muscle fibers and connective tissues of collagen fibers arranged in
different directions [34]. This dense array of muscle fibers cannot be compressed, and it
is difficult to compress its volume with external pressure, i.e., it has volume invariance.
Volume invariance is one of the key biological properties of octopus tentacles, enabling them
to achieve complex movements. The muscle tissues of octopus tentacles can be divided
into radial, longitudinal, and oblique muscles, as shown in Figure 1. When one side of
the longitudinal muscle is shortened, the diameter of the tentacle will increase, while the
other muscle groups will work together to maintain the diameter of the tentacle. When one
side of the longitudinal muscle is shortened by resistance, it causes the other side of the
longitudinal muscle to stretch passively, which results in the bending motion along the
direction of contraction force, and making the tentacle bend flexibly in the space form.
With the cooperation of various muscle tissues, the diameter of octopus tentacles remains
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basically unchanged, and the contraction of the longitudinal muscle on one side can only
cause slight irregular bending [35].

The muscular system of an octopus can act as a dynamic skeleton, which allows
smooth changes in shape, thus resulting in potentially large movements of the tentacles [36].

Radial muscle

Figure 1. Muscle structure of octopus tentacles.

In order to simulate the muscle characteristics and movement of octopus tentacles,
we designed a flexible fluid actuator, which can achieve the two motions of grasping and
relaxing via gas driving of the extension, shortening, and bending actions of the grippers.

2.2. Analysis of Apple Morphology

The shape of the flexible gripper is designed according to the shape characteristics of
apples, based on the principle to minimize the size of gripper. In the process of grasping
the apple, the flexible gripper implements wrapped grasping by deformation of the flexible
fingers through bending, and the gripper requires a certain deformation space. In order to
better fit the shape of grasped target, it is necessary to pre-analyze the shape characteristics
of the target, pre-determine the size of the required space, and estimate the deformation
volume of the gripper, so as to set the range of clamping deformation and the angle
of gripper.

Since the size and shape of apples vary in different stages of growth, the characteristic
parameters considered in the design of the clamping claws are of apples in the ripening
stage, including geometric parameters, such as mass, transverse diameter, longitudinal
diameter, fruit shape index, and minimum enclosing rectangle, as shown in Figure 2.

Minimum enclosing rectangle

—

Figure 2. Apple shape measurement.

With the Fuji apple (producing area: Yantai, Shandong Province, China) as a repre-
sentative sample, according to the shape selection rules, 100 apples with no mechanical
damage, plant diseases, or insect pests were selected as the test samples, and were then



Agriculture 2021, 11, 1014

50f16

numbered from 1 to 100. The disk scales (range of 500 g and precision of 0.1 g) and digital
caliper (range of 150 mm and precision of 0.02 mm) were adopted for precision measure-
ment and calculation of the sample quality and the shape parameters. Table 1 shows the
related characteristic parameters of apple.

According to Table 1, the variation coefficients of apple mass, vertical axis diameter,
horizontal axis diameter, and fruit shape indexes are 0.09, 0.05, 0.04, and 0.05, respectively,
all of which are small, indicating that the samples have high quality on average, and the
dispersion degree is minor.

Table 1. Characteristic parameters of sample apples.

Qualit Vertical Axis Horizontal Axis Fruit Shape Minimum Enclosing
Indicators / y Diameter Diameter Index Rectangle
mig Dya/mm Dpa/mm Dya/Dha A *b (mm)
Maximum 350.0 75.0 99.0 0.76 75*99
Minimum 246.5 69.0 82.0 0.94 69 * 82
Average 288.2 74.5 86.9 0.86 —
Standard deviation 24.8 3.7 3.2 0.05 —
Coefficient of variation 0.09 0.05 0.04 0.05 —

According to the above analysis, the basic indexes of the flexible clamping claw are
put forward: the flexible clamping claw adopts the form of three fingers; the initial opening
diameter of the clamping claw is 100 mm; the effective deformation length of the finger is
more than 90 mm; the load capacity is higher than 0.5 kg; and, within the range of operating
temperatures (—25~60 °C), it presents good adaptive deformation and flexible bending
deformation capacity.

2.3. Design and Manufacture of a Single Flexible Finger

In order to simulate the particular texture and structure of octopus tentacles, this paper
adopts the silicone rubber Dragonskin 30—a viscoelastic material—to create the flexible
fingers, and a pneumatic driver is employed in the simulation.

A single flexible finger is composed of a top layer with a balloon structure, and a
bottom layer with poor deformation capacity, as shown in Figure 3a. The top layer has
the structure of a hollow elastic chamber, connected to the vent hole at the tip of finger,
which is then connected to the external air source through an air pipe. A single flexible
finger has 7 chambers in total, each of which is 7 mm wide and 13 mm high, with a wall
thickness of 1.5 mm. Without deformation, the finger is 104 mm long, and the underside of
the finger is 4 mm thick. A fixed structure is situated at the root of the finger, as shown
in Figure 3b. In the initial state of the finger, the chamber pressure is consistent with the
external atmospheric pressure, and the finger remains upright. As the finger is driven
pneumatically, it is filled with gas, the pressure in the chamber becomes greater than the
external pressure, and the chamber on the top layer of the finger expands, thus elongating
the top part of the finger. However, due to the thicker bottom layer, the deformation
capacity of the finger is limited. After removal of the gas, the pressures in and out of the
chamber are once again equal, and the finger is restored to its original shape. Similarly,
if the finger is pumped and decompressed, the chamber contracts, both layers of the finger
are shortened, forcing the finger to bend outward. The deformation process of the chamber
is shown in Figure 4.
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Figure 3. Schematic diagram of flexible finger: (a) schematic diagram of finger; (b) schematic diagram
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Figure 4. Schematic diagram of chamber deformation process.

The flexible pneumatic finger can be produced through 3D printing, which is more
efficient and faster than other production methods. It has good integrity, and includes
features of high strength and high tolerance to expansion pressure, meaning that the
gripper can obtain greater grasping force. Therefore, the flexible gripper designed in this
paper was also created through 3D printing technology.

2.4. Finite-Element Analysis and Experimental Analysis of Flexible Finger

The finite-element analysis software ANSYS (ANSYSV17.0) was used for the finite-
element simulation and analysis. The material parameters for each part of the flexible
finger are shown in Table 2. Firstly, the model of a single flexible finger was established
by using the UG (Unigraphics NX) software, as shown in Figure 5a, and then the model
was imported into ANSYS for simulation. The static structural module was created in
ANSYS Workbench; subsequently, the material properties were integrated to obtain the
ANSYS model, as shown in Figure 5b. By refining the grid and simplifying the model,
the precision of the grid was determined, and 160,935 nodes and 62,146 elements were
divided, as shown in Figure 5c. The load of 65 kPa and —65 kPa were added to each surface
of the flexible finger, the fixed structure was set as rigid material, and the deformation
was neglected. After fixing the end of the finger, the deformation data was obtained,
based on the displacement of flexible finger. The simulation results are shown in Figure 6.
The simulation results show that: under the pressure of 65 kpa, the bending angle of the
flexible finger was 27.19° («) and the displacement of the fingertip was 31.871 mm (Asl).
Under the pressure of —65 kpa, the bending angle of the flexible finger was 16.82° (j3),
and the displacement of the fingertip was 21.679 mm (As2).

Table 2. Material parameters.

Name Material Type Density/(kg-m—3) Other Parameters
Flexible fingers Flexible 1.08 x 107 py = 0.264 MPa 1 =3.0158 D=0
Fixed structure Fixed 7850 Modulus of elasticity: Poisson’s ratio:

2 x 10° MPa 0.3
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Figure 5. Model flexible finger: (a) UG model; (b) ANSYS model; (c) grid chart.
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Total Deformation
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Figure 6. Simulation results. (a,c) show the deformation diagram and the stress diagram after inflation; (b,d) show the

deformation diagram and the stress diagram after deflation.

The air path of the flexible finger was connected to the circuit to conduct the inflation
and deflation experiments. The results are shown in Figure 7. The results show that:
under the pressure of 65 kpa, the bending angle of the flexible finger was 28.05° (x),
and the displacement of the fingertip was 32.948 mm (Asl). Under the pressure of —65 kpa,
the bending angle of the flexible finger was 17.35° (3), and the displacement of the fingertip
was 23.029 mm (As2).
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Figure 7. Experimental results: (a) inflation status; (b) deflation state.

It can be seen from Figures 6 and 7 that the simulation results are highly consistent
with the experimental results, which proves the feasibility of the flexible finger, and the
accuracy of the simulation model.

Since the bending capacity of flexible fingers has a greater influence on the structural
design, in order to give the flexible gripper better bending deformation and fetching per-
formance, the optimization structural design for flexible fingers is conducted based on
the simulation model in Section 2.3. The main parameters of the original finger model are
as follows: chamber spacing 2 mm; 7 chambers; chamber thickness 7 mm; chamber wall
thickness 1.5 mm; finger side thickness 4 mm; finger underside thickness 4 mm. The control
variable method was employed to change the factors which impact the length of flexible fin-
ger (spacing of chambers, number of chambers, thickness of chambers), the wall thickness
of chambers, the thickness of lower layer, and other factors, and to compare the horizontal
displacement at the end of the fingers. The larger the horizontal displacement, the greater
the bending degree of the finger. The finger variable factors are shown in Figure 8.

Total deformable length

Spacing of chambers Thickness ofchnmmsA - A-A
Thickness of finger side
- | ickness of finger side
J Wall thickness of chambers
-

Thickness of lower layer
Al g

Figure 8. Finger variable factors.

2.5. Experiment of Flexible Gripper

The bionic flexible gripper designed in this work is a three-finger gripper, in order
to present contact forces evenly. A flange structure is incorporated to fix the three flex-
ible fingers. The quality of the flexible gripper is 100 g, excluding the flange structure.
The structure diagram of the flexible gripper is shown in Figure 9. Both the flange structure
and the flexible fingers are produced through 3D printing.
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Figure 9. Structure diagram of flexible gripper.

As shown in Figure 10, the upper limit of the object mass that can be grasped by the
gripper in different air pressure ranges is tested by adding a weight in the circular sphere.

Figure 10. Maximum gripping quality test device of flexible gripper. 1: manipulator; 2: flange plate;
3: flexible finger.

2.5.1. Experiment of Apple Grabbing

In order to test the grasping ability of the gripper, an apple grasping experiment was
carried out in a laboratory environment to evaluate it. The flexible gripper was fixed on the
six-axis manipulator. The finger movement was accomplished with a pneumatic actuator.
We connected the gas circuit and electric circuit to carry out the grasping experiments;
the grasped object is the apple mentioned above.

We determined the initial position point A and the terminal position point B on the
experimental platform, as shown in Figure 11a. The flexible gripper opened the finger to
grab the apple from point A, and then the manipulator moved up 100 mm. The manipulator
rotated horizontally above point B, and the manipulator moved down to point B to relax
the flexible gripper, successfully completing the experiment. The motion path of the
manipulator is shown in Figure 11b.

Apples numbered from 1 to 90 were selected for grab test, and apples numbered from
91 to 100 were taken as untreated comparison items, and kept in their original state. The
working pressure was set to 50 kpa, and the working speed of the manipulator was set to
480 mm/s. The continuous loading time from the touch of the finger with the apple to the
stable grasping of the apple was 3 s. Upon completion of each grab, the contact area was
marked on the apple. The number of successful experiments and the number of failures
were recorded, and the grasping success rate was calculated.
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Figure 11. Motion path of the manipulator. (a) schematic diagram of rotation angle of manipulator;

(b) schematic diagram of manipulator motion path.

2.5.2. Experiment of Apple Damage

In order to observe the damage induced on apples grabbed by the flexible gripper,
we carried out an apple damage analysis.

(1) After completing the apple grab experiment, a 5x magnifying glass was used to
observe whether there was any skin damage or juice overflow in the contact area
between the apple and finger;

(2) The apple numbered 91 was selected, and grasped with a rigid claw. Subsequently,
10 apples were randomly selected from the successful grasping experiment. The sur-
faces which were touched by the finger were sliced respectively. The thickness was
2 mm, and placed under 5x microscope.

(3) 20 apples were randomly selected from the successful grasping experiment, and 9
untested apples numbered 92-100 were stored in the same environment. The temper-
ature was maintained at 25 °C, and the humidity at 80%. After seven days, the surface
condition of the apples was observed. The contact area between the apple and finger
was peeled to observe the internal pulp.

3. Results and Discussion

3.1. Simulation Results

As shown in Table 3 and Figure 12a, three factors (spacing of chambers, number of
chambers, and thickness of chambers) that affect the length of the finger were compared,
and the main parameters of the original finger model were kept as follows: chamber wall
thickness 1.5 mm; finger side thickness 4 mm; and finger lower thickness 4 mm. With the
same amount of increase in the length of the finger, the horizontal displacement of the finger
end presented a similar change, and the finger bending also changed with the same degree.
Therefore, it is inferred that, when the wall thickness of finger is constant, the increase in
finger length will lead to the increase in the degree of finger bending, and the degree of
change is not significantly affected by the change of finger length.

We changed the thickness of the lower layer, and kept the main parameters of the
original finger model as follows: chamber spacing 2 mm; 7 chambers; chamber thickness
7 mm; chamber wall thickness 1.5 mm; and finger lower thickness 4 mm. As shown in
Table 4 and Figure 12b, the horizontal displacement of the finger end and the thickness
of the lower layer present approximately linear change. The horizontal displacement
decreases by approximately 2 mm for every 1 mm of increase in the thickness of lower
layer. As the thickness of the lower layer increases, the horizontal displacement of the
finger end also declines, and such decrease gradually becomes gentler. When the lower
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layer is 2 mm thick, the bending deformation of the finger is significant, and the underside
of the finger shows transverse deformation, protruding outwards.

Table 3. Analysis of simulation results (spacing of chambers, number of chambers, thickness of
chambers). The bold part indicates the variable factors in the experiment.

Thickness of Horizontal
Number of Spacing of Chambers/ Total Length/ Displacement
Chambers/Units Chambers/mm mm mm of Finger End/
mm
7 2 7 76 15.791
8 2 7 85 20.434
9 2 7 94 25.719
10 2 7 103 31.468
11 2 7 112 37.841
7 1 7 86 20.824
7 2 7 94 25.719
7 3 7 102 30.286
7 4 7 110 35.053
7 5 7 118 40.131
7 2 6 85 20.824
7 2 7 94 25.719
7 2 8 103 30.286
7 2 9 112 35.053
7 2 10 121 40.131

|—=— Number of chambers (5,6,7,8,9)
[—e— Spacing of chambers (1, 2, 3, 4, 5) T
—~— Thickness of chambers (6,7,8,9,10)| A

70 T T T T T T

—=— Thickness of lower layer!|
—e— Thickness of finger side

J

Horizontal displacement (mm)
Horizontal displacement (mm)
»

L L L L L
70 80 90 100 110 120 2

4 5 6 7
Finger length (mm) Size (mm)

(a) (b)

T T T T T

\\7!7 Wall thickness of chamber

N ]

%)
°-3

)
>3
T

[
N
T

S
>
T

~

o
T
1

Horizontal displacement (mm)
[N
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T T
1 1 1

9
[
T
1

1 1 1
1.0 1.5 2.0 25 3.0

Size (mm)

o

(©)

Figure 12. Simulation results: (a) shows the relationship between the spacing of chambers, the number of chambers,
the thickness of chambers, and the horizontal displacement of finger ends; (b) shows the relationship between the thickness
of finger bottom and the horizontal displacement of finger ends; (c) shows the relationship between the wall thickness of
chambers and the horizontal displacement of finger ends.
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Table 4. Analysis of simulation results (thickness of lower layer, the thickness of finger side, wall
thickness of chambers). The bold part indicates the variable factors in the experiment.

Thickness of Lower Thickness of Finger Wall Thickness of Di H(l)rlzontal ¢
Layer/ Side/ Chambers/ ISP acement o
mm mm mm Finger End/

mm
3 4 15 27.882
4 4 15 25.719
5 4 15 23.814
6 4 15 21.977
7 4 15 20.467
4 2 15 20.824
4 3 15 25.719
4 4 15 30.286
4 5 15 35.053
4 6 15 40.131
4 4 1.0 20.824
4 4 15 25.719
4 4 2.0 30.286
4 4 2.5 35.053
4 4 3.0 40.131

We changed the thickness of finger side, and kept the main parameters of the original
finger model as follows: chamber spacing 2 mm; 7 chambers; chamber thickness 7 mm,;
chamber wall thickness 1.5 mm; and finger side thickness 4 mm. As shown in Table 4 and
Figure 12b, the horizontal displacement of the finger end and the thickness of the finger
underside present approximately linear change. The horizontal displacement decreases by
approximately 2 mm for every 1 mm of increase in the thickness of finger underside. As the
thickness of the finger underside decreases, the horizontal displacement of the finger end
also declines, and such decrease gradually becomes gentler. When the finger underside is
2 mm thick, the bending deformation of the finger is significant, and the underside of the
finger shows transverse deformation, protruding outwards.

We changed the wall thickness of the chambers and the main parameters of the
original finger model as follows: chamber spacing 2 mm; 7 chambers; chamber thickness
7 mm; finger side thickness 4 mm; and finger lower thickness 4 mm. As shown Table 4
and in Figure 12¢, with the increase of the wall thickness of the flexible finger chambers,
the horizontal displacement gradually decreases at increasingly higher rate. This is because
when the balloon wall thickness increases, the thin wall can bear the same pressure, and the
volume of deformation will decrease. The deformation of this kind of pneumatic chamber
finger is mainly caused by the deformation of the thin wall of the balloon. Therefore,
the deformation degree of the flexible finger will also decrease.

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results and their interpretation, as well as the experimental
conclusions that can be drawn.

According to the simulation results above, by comparing the influencing factors
on the bending degree of flexible fingers, and based on the minimum size principle for
the clip parts of the flexible clamp claw, the structure of the flexible fingers is finally
determined. In other words, the structure is a single flexible finger with 7 chambers in total,
each measuring 10 mm wide and 15 mm high with a wall thickness of 2 mm, with chamber
spacing of 4 mm; the thickness of lower layer is 4 mm, the total length of the finger is
116 mm with no deformation, and the thickness of finger bottom is 4 mm. In order to
increase friction, the mesh stripe structure of finger was designed.

3.2. Experiment Results and Analysis of Flexible Gripper

The experimental results are shown in Figure 13. The pressure in the finger cavity of



Agriculture 2021, 11, 1014

13 of 16

the flexible gripper is directly proportional to the mass of the grasping target. The maximum
mass of the apple used in this paper is 350.0 g, thus the driving air pressure is 50.0 kPa,
which can meet the requirements.
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Figure 13. Maximum mass of the flexible gripper can grasp under different air pressures.

The gripper successfully completed the grasping experiment 90 times, failed 0 times,
thus the success rate was 100%. It has been proven that the gripper can meet the grasping
requirements of conventional apples, and that the grasping effect is good.

3.3. Experimental Results and Analysis for Apple Damage

Using a 5x magnifying glass to observe the apple grabbed by the flexible clamping
claw, it can be found that there is no damage to the epidermis at the contact point between
the finger and the apple, thus the damage rate is 0%.

The microscopic observation experiment shows that the apple surface cells grasped by
the flexible gripper are round and full, and the microstructure is not damaged, as shown in
Figure 14a. The apple surface grabbed by the rigid clamping claw produces dark marks,
cells are damaged, and the microstructure is damaged, as shown in Figure 14b.

Figure 14. Apple surface under 5 times microscope. (a) apple held by flexible gripper. (b) apple held
by rigid gripper.

The apples which had been kept under constant temperature and humidity conditions
were removed after seven days. Upon observation of the surface of apple, there was
no visible damage on the skin on the contact point between finger and apple, as shown
in Figure 15a. After peeling, the internal pulp was observed, and there was no visible,
as shown in Figure 15b. It is thus proven that the flexible picking claw does not mechanically
damage the apple.
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Figure 15. Apples stored for seven days. (a) apple skin condition; (b) apple pulp condition.

At present, there are many soft grippers that can be used for robot harvesting. For dif-
ferent capture targets, each study puts forward different strategies [37]. In many cases, it is
difficult to make a comparative evaluation. The current harvesting robots in China, such as
the apple-picking robot of Jiangsu University, the elevated strawberry-picking robot of
China Agricultural University and the cucumber-picking robot in greenhouses [38], are still
in their infancy. At present, SDM, software lithography, and wax loss manufacturing are
the most commonly used processing technologies for software robots [11,39]. However,
there are many processing procedures, such as long cycle and single material, so it is
difficult to process a more complex three-dimensional cavity soft robot. Compared with
their manufacturing process, we successfully used silica gel material and the FDM-based
3D printing technique to fabricate directly bionic flexible grippers with complex inner
geometry. In addition, this effectively shortens the production cycle, and reduces cost.
Moreover, we have proven through experiments that the proposed bionic flexible gripper
has the advantages of being lightweight, and having good cushioning, low driving air
pressure, and a strong grasping force.

4. Conclusions

This paper presents a bionic flexible gripper inspired by octopus tentacles, used to
grasp apples, which is driven pneumatically. Firstly, the muscle structure and movement
characteristics of octopus tentacles and the apple shape were analyzed theoretically, and the
basic design indexes of flexible finger were put forward. Subsequently, by using the
ANSYS finite-element analysis software, a single flexible finger model was established for
simulation and optimization of structural design, and the structure of a single flexible finger
was determined. Finally, based on the structure of a single flexible finger, the structure of
a three-finger flexible gripper was proposed. The gripper is driven by pneumatic force,
and the grasping and relaxing motions are realized based on the process of inflation and
deflation, so as to complete the grasping and relaxing of the apple.

In order to test the performance of flexible gripper, we conducted a test using the
apple gripper. We set the moving path of the flexible gripper after grasping the apple by
using the six-axis manipulator, and completed 90 grasping experiments. The apple did
not fall during the grasping process, and the success rate was 100%. We conclude that the
flexible gripper can successfully grasp apples with a diameter of 69.0~99.0 mm, and a mass
of 246.5~350.0 g when the driving air pressure is 50.0 kPa. The experiment was completed
with great performance.

In order to observe the damage caused to apples grabbed by the flexible gripper,
we carried out an apple damage analysis. The experimental results show that the bionic
flexible gripper can not only effectively grasp apples, but also cause no damage the apple
skin and inner pulp tissues.

The flexible gripper is driven pneumatically, and both the flexible fingers and fixed
structure were all produced with 3D printing technology, which has the advantages of
strong deformation capacity, durability, convenient manufacturing, and low cost. It is not
only suitable for grasping apples, but also for grasping other fruits and vegetables.
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However, our current research work has some limitations. On the one hand, the struc-
tural design of the flexible gripper needs further improvement. Since the material, size,
and shape of the flexible gripper are important factors that need to be considered during
the design of gripper, we will try to make it more universal in our future work, and achieve
faster and more stable working conditions. On the other hand, this study only carries
out the structural design and experimental verification of the flexible gripper for these
two operations, and proves that the bionic gripper we designed can successfully complete
the two operations of grasping and loosening an apple without damaging the skin of
apple. This is only the first step of our research work. As a future work, we will study the
whole flexible picking and sorting robot, including the vision system, positioning system,
obstacle avoidance navigation system, and so on.
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