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Simulation and Test of Grape Fruit Cluster Vibration for Robotic Harvesting
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Abstract: To reduce the serious vibration and fruit dropping that may occur in high-speed robotic harvesting of fruit
clusters, a simulation model of fruit cluster vibration is necessary to vibration law discovery, influencing factor analysis and
optimal control study. To achieve all of the above objectives, the simulation model must take into account of the individual
difference of component properties and embody the complex multilevel stem structure, multiple fruits distribution and
multiplex excitation transmission. Therefore, a flexible rod-hinge-rigid rod-mass composite model was first put forward
based on the structure of stem-fruit system of grape cluster, and viscoelastic property of hinges and bending property of main
spike-stalk were determined by large sample tests. Then, simulation model of grape fruit cluster was constructed by
reconstitution of the solid stem system with 3D laser scan, replacement of main spike-stalk with flexible rod, random
addition of fruits and definition of different components according to their normal distribution from the above test results.
The accuracy of the simulation model was verified by experiments, and error of the mean value and standard deviation of
fruit relative swinging angle under different excitation methods are within 2% and 6. 6% , respectively. Finally, the effects
of various excitation methods and harvesting stages on cluster vibration were analyzed with this model. To conclude, the

successful establishment of this simulation model of grape fruit cluster provides an excellent analytical tool for robotic low-

vibration and anti-fall harvesting of various fruit clusters.
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0 Introduction

Based on the practicability of gripping, °rachis
gripping and cutting’ is adopted in most of the existing
researches on fruit cluster robotic harvesting of grapes,

litchis and etc'!'™®

However, the movement of high-
speed picking and transferring during robotic harvesting
may cause vibration of clusters and lead to fruits’

7] Unexpected fruit falling caused by vibration

falling
is regarded as one of main obstacles to successful and
efficient robotic harvesting.

To solve the above problem, study of cluster
vibration properties is essential. Generally a given
excitation transmitting through the °branch-stem-fruit’
system makes fruits vibrate and lead to fruit falling if
force between any fruit and stem exceeds the detaching

threshold. To discover the vibration mechanism, many
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scholars have been engaged in mechanical modeling of
‘ stem-fruit > system. For example, UPADHYAYA,
et al'’®°' adopted a simple pendulum model to
analyze the °stem-fruit’ system, while AWADY, et
al'" | regarded a stem-fruit’ system as a ° spring-
mass’ system in consideration of the elasticity of stem.
RAND, et al'"'' | took account of the mass and rigidity
of stalks and used a structure of stem-mass hinged to
branch to describe the coupled vibration relations of
BENTAHER, et al''?’, regarded
the ‘fruit-stem’ system as a cantilever-mass structure
while COOKE,

, described the bending deformation of stem

‘ branch-fruit-stem” .

in the finite element simulation,
et al'"
and the relative elastic rotation among branch, stem
and fruit by adding a spring between the rod and mass.

PARCHOMCHUK, et al'™ | furtherly optimized this
model by adding damping at the joint.
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It is obvious that the above researches either
aimed at single stem-fruit modeling or regarded the
cluster as a whole'™'. Furthermore, they were all
applied to the vibration harvesting of fruits. Compared
with single stem-fruit system, the fruit cluster system
has some special features, such as structure of multi-
stage stalks, distribution of multiple fruits, multiplex
excitation transmission and individual differences.
Additionally, all of excitation sources, characteristics,
positions, transmissions and the resulted form of falling
off by vibration are obviously different between the
robotic harvesting and the mechanized vibration
harvesting of fruits.

Therefore, this paper presented a mechanical and
simulation model of grape fruit cluster according to the
special excitation characteristics of robotic  rachis
gripping and cutting’ harvesting. This study provides
an excellent analytical tool for achieving the robotic
‘ milder vibration and less falling’ harvesting of various

fruit clusters.

1 ‘Stalk-fruit’ mechanical model of fruit
cluster

1.1 ‘Stalk-fruit’ structure of the cluster

Taking ‘Red globe’ grape as example, there are
about 40 ~ 80 fruits in one cluster, and each fruit
weights 10 ~ 25 ¢g. Every cluster has several sub-
rachises separated from the main rachis and every sub-
rachis has several stems with attached fruits. During
the process of robotic harvesting, the excitation was
applied at gripping position of a main rachis by the
end-effector, and then transmits through sub-rachis,

stems, and finally to the fruits.
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(a) Grape cluster (b) Stem system
Fig.1 Stem-fruit structure of grape cluster

1. Main rachis 2. Sub-rachis 3. Stem 4. Pedicel

1.2 Composite mechanical model of cluster

The robotic * rachis gripping and cutting ’

harvesting process consists of two phases. In the first
picking phase, theend effector grips the main rachis
and then cuts it off. And then in the second
transferring phase, the manipulator transfers the end
effector with gripped fruit cluster from the picking
position to the unloading position.

In the two phases, excitations will transmit both
by the end effector to a rachis, but characteristics of
the excitations and response of the cluster are obviously
different. In order to express the transmission of
excitation and clusters’ responses in these two phases,
a composite model of flexible bar-hinge- rigid bar-
spherical mass’ is proposed in this paper. In this
model, the main rachis is regarded as a flexible bar to
express its larger bending deformation under the
vibration excitation, while the sub-rachises and stems
are simplified as rigid bars. And then, the primary
hinges are used to describe both deformation of sub-
rachises and their rotation relatives to the main rachis,
and the secondary hinges are used to represent both
deformation of stems and their rotation relatives to the
sub-rachises (Fig.2a). In the picking phase, the
main rachis is regarded as a flexible bar fixed to the
vine. While in the transferring phase, the cluster
gravity G is born by end-effector and external excitation
is applied to the main rachis at the gripping position
(Fig.2b). In Fig. 2a and Fig. 2b, K represents the
gripping position ™" | F (1) and F, (t) represent
external excitation in picking and transferring phases,
respectively, H represents length of main rachis from
top point of cluster to fixed point to the vine, and Hj
represents length of main rachis from top point of
cluster to the gripping position K.

1.3 Mechanical properties of hinges between stalks
1.3.1 Principle of experiment

The mechanical properties of hinges between
stalks can be expressed by relationship between loaded
bending moment and relative rotation angle, because it
is difficult to load and measure directly. To solve the
problem of property detection, an indirect experiment
can be carried out. As shown in Fig. 3a, if the primary
hinge is fixed meanwhile a vertical force is applied on
the secondary hinge leading to relative rotation, the
relation curve of force-displacement along line of the
vertical force can be obtained and be transformed to the

relation curve of bending moment- relative rotation
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(b) Transferring phase

(a) Picki;:g phase

Fig.2 Composite model of grape cluster
1. Vine 2. Flexible-bar of main rachis 3. Primary hinge 4. Sub-
rachis 5. Secondary hinge 6.Stem 7. Pedicel 8. Fruit

angle.

M =FL (1)

0 tanf, *

18
0=90-6, - 7arctan 7 (2)

Where, M is the bending moment loaded on the hinge,
N - mm; F is the force loaded vertically on the
secondary stalk, N; 6 is the relative rotation angle
between primary stalk and secondary stalk, (°); 6, is
the initial angle between primary stalk and secondary
stalk, (°); x is the displacement along vertical line of
force F', mm; L is the horizontal distance between the

line of force F and pivot of hinge, with a preset value

of 35 mm.
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(a) Principle diagram

(b) Testing aparatus

Fig.3 Mechanical property test of hinge between stems
1. Screw-type fixture 2. Primary stalk 3. Separable clamp 4. DS —
A6 adding rod 5. DS — A5 V-shape loading head 6. Secondary stalk
7. Objective table

1.3.2 Experiment materials and methods

The experiment was conducted in Key Laboratory
of Modern Agricultural Equipment and Technology
designated by Ministry of Education, Jiangsu
University, in August, 2015 with a room temperature
of 25°C. The ‘Red Globe’ grape clusters cultured in
Ding Zhuang Village, Jurong, Zhenjiang were chosen

as test samples. Seven disease-free mature grape

clusters were picked at random, then 16 primary
hinges and 16 secondary hinges were selected randomly
after removing all fruits away. Length of all primary
stalks was kept at 30 mm. All tests were carried out in
8 h after picking.

The testing apparatus included texture analyzer of
TA. XTplus and screw-type fixture. As shown in
Fig.3b, the screw-type fixture was fixed on objective
table of the texture analyzer vertically and both ends of
the primary stalk of tested hinge sample were clamped
by self-made separable clamp, then the initial angle 6,
between the primary and secondary stalk was measured
with a digital angle measuring instrument, and the
diameter and length of the secondary stalk were
measured with a vernier caliper. Finally the DS — A5
V-shape loading head was used to press the secondary
stalk down at a constant speed of 1 mm/s vertically
until the hinge was broken. The horizontal distance L
between the loading position of V-shape head and pivot
of the hinge was set as 35 mm, and data sampling
frequency of the analyzer was set as 50 Hz.
1.3.3 Experiment results and analysis

Fig.4a and Fig.4b show the typical directly
measured force-displacement curve and the moment-

angle curve transformed by Eq. (1) and Eq.(2),

respectively.
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Fig.4 Typical mechanical property curve of hinge
between stems

It is found from the previous part of curve before
point B that hinges between stalks present obvious
viscoelastic behavior of typical agricultural materials,
and then plastic deformation, yielding, reinforcement
and rupture appear successively.
1.3.4 Viscoelastic model fitting

Kelvin model is a basic viscoelastic model of

parallel spring-damper as follow ;
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do
m; (3)

Where, E is the elastic coefficient, Nemm/(°); 7 is

M=Ef+n

the damping coefficient, N-mm-s/(°).
It can be found in Eq. (2), 6 is not linear with
x, which means d#/dt is not a constant. In order to
fitting the ‘ moment-angle’ curve of stalks with Kelvin
model, substituting Eqs. (2) into (3) :
1

L
(0+6,-90) )
180
Typical fitting result with Eq. (4) in Matlab

Cftool Toolbox is shown in Fig. 5. Goodness of fit of the

M=Ef+n (4)

1 +tan’ (

test data getting from all 32 samples is more than
0.93, which indicates that the model of Kelvin is ideal
to express the viscoelastic characteristics of hinges

among stalks.
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Fig.5 Fitting results of typical moment-rotation of

viscoelastic phase

1.3.5 Analysis of fitting result

From the statistical result of curve fitting of all
samples, it is easy to find that the elasticity coefficients
of bothprimary hinge and secondary hinge follow the
normal distribution. The mean value and standard
deviation of elastic coefficient of primary hinges are

3.780 and 0.729,
secondary hinges are 3. 662 and 0. 807, respectively.
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Fig. 6 Distribution of elasticity coefficient of hinges

between stems

Meanwhile, obvious positive linear correlation

between elasticity coefficients and damping coefficients
of hinges can be found(Fig.7).

7, =0.64E, +0.72 (R*=0.922) (5)

n, =0.62E, +0.16 (R’ =0.870) (6)
Where, E, is elasticity coefficient of primary hinge,
Nemm/(°); 7, is damping coefficient of primary
hinge, N +mm-s/(°); E, is elasticity coefficient of
mm/(°); m, is

coefficient of secondary hinge, N-mm-+s/(°).

secondary hinge, N damping
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Fig.7 Relation between elasticity and damping coefficient

of hinges between stems

1.4 Flexural properties of rachis
1.4.1 Material and methods

In these tests, materials and apparatus were the
same as used in section 1. 3. To carry out bending tests
of simply supported beam, seven rachises were
randomly chosen and cut off to assure length of 160 mm
(Fig.8). Then diameters of both ends and middle part
of each rachis were measured with vernier caliper and
their mean values were regarded as its cross section
diameter. Later each rachis was pressed down slowly at
a speed of 1 mm/s on the middle part with the
V- shape loading head. When the force reached
1.5 N, the loading head was stopped and kept loading for
10 s.

5
Fig. 8 Bending test of main rachis-stalk
1. DS — A6 adding rod 2. DS — AS V-shape loading head 3. Main

rachis 4. Support element 5. Objective table
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The bending modulus E, of rachis can be obtained

by[l9]

FL
— "t (7 )
" 481y
In which,
«D*
I'= 64 (8)

Where, F, is the load applied to the middle part of a
rachis, which was set as 1.5 N; L, is the distance
between the two support points, with a pre-set value of
120 mm; / is the moment of inertia, mm®; 7y is the
deflection of rachis, mm; D is the cross section
diameter of rachis, mm.
1.4.2 Test results

With obtained test data and Eqs. (7) and (8), it
can be easily figured out that range of diameter,
deflection, bending modulus of sampled rachises are
(3.38+0.34) mm,(12.18 +2.08) mm, (585.85 +
17.7) MPa, respectively.
1.5 Physical properties of fruits

Test materials were the same as used in section
1.3, 100 ‘ Red globe’

randomly, whose polar and equatorial radius were

grape fruits were selected

measured with a vernier caliper, also their weights
were obtained with an electronic balance.

Test results ( Fig. 9) show that there is less
difference between polar radius and equatorial radius,
which indicates that the grape fruits are nearly
spherical.

D,=0.95D, +0.207 (9)
Where, D, is equatorial radius of grape fruit, mm; D,

is polar radius of grape fruit, mm.

20

Rquatorial radius/mm

10 12 14 16 18 20

Polar radius/mm

Fig.9 Relation between equatorial and polar of fruits

Therefore, the grape fruits can be regard asballs,
whose radius can be replaced by mean value of their
equatorial and polar radius, respectively. Compared
the volume of the grape fruits calculated as ideal balls

with corresponding mass of all sampled fruits, we can

find an obvious linear relation (Fig. 10).
m=1.277 x107°V (R*=0.991) (10)
Where, m is the mass of fruit, g; V is the approximate

. 3
volume of fruit, mm’.
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Fig. 10 Relation between mass and approximate volume

of fruits

2 Simulation model of vibration

2.1 Modeling of the stalk system

Firstly, the fruits were all removed from the
cluster to leave only the stalk system and put it above
the induction spots, then a portable 3D scanner of
Creaform EXAscan was used to get its profile
(Resolution; 0.2 mm ). The portable scanner was
slowly moved around the stalk system until clear point-
cloud images of all parts were obtained, except for the
bottom part. Finally, the software of ‘imagewave’ was
used to repair the missing parts and build the model of
stalk system which could be further imported into
ADMAS in x_t format. Detail scan processing and soft

interface was shown in Fig. 11.

Fig. 11

1. Stem system 2. EXAscan scanner 3. Calibration point 4. Point-

3D laser scan of the stem system

cloud image

2.2 Property definition of stalk system

First, parameters of the entity model of rachis
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were defined in ANSYS as follows:
438 kg/m’, poisson’s ratio was 0.32 and elasticity
modulus was 586 MPa'? %',

was meshed, connection points were added to both

density was
Afterwards, the model

ends, and the modes order was set as 18. In this way,
a flexibility bar model of rachis was built and imported
into ADMAS by a neutral file to replace the rachis part
of stalk system model built in section 2.1. All sub-
rachises and stems were regarded as rigid rods'?,
whose density was also defined as 438 kg/m’ in
ADAMS to obtain a combined rigid-flexible entity
model of stalk system.
2.3 Normal-addition of fruits

With NORM. INV function and RAND function in
Excel, a set of normal random data of diameters was
obtained according to the normal distribution law of test
results in section 1.5, whose number was the same as
the scanned cluster sample. Then these normally
distributed diameter data would be used to build entity
mass balls models of fruits, which were fixed randomly
on the stems at pedicel position in the entity model of
stalk system. All fruits were regarded as rigid material
with density of 1277 kg/m’ calculated from Eq. (10).
2.4 Normal-addition of hinges between stalks

Also with  NORM. INV function and RAND
function in Excel, a set of normal random data of
elasticity coefficient was obtained according to the
normal distribution law of test results in section 1.3,
whose number was the same as scanned cluster
sample. Then a set of data of damping coefficient was
obtained from Egs. (5) and (6), and these normally
distributed data of elasticity and damping coefficient
would be used to define primary hinges and secondary
hinges randomly in the entity model of stalk system.
2.5 Establishment of vibration simulation model

of two phases

In view of the difference of excitations between
picking phase and transferring phase, by fixing top end
of the rachis and applying opposite excitation forces
with same value on the rachis at gripping position, the
vibration simulation model of picking phase was firstly
established. And then, by adding prismatic joint at
gripping position along direction of the excitation force
and finishing force setting, the vibration simulation
model of transferring phase was also established as

shown in Fig. 12.

(a) Picking phase (b) Transferring phase

Fig. 12 Establishment of simulation cluster model

1. Frictionless fixed hinge 2. Overhanging and gripping

3 Verification of the simulation model

3.1 Running of simulation model

The new simulation model was run firstly to verify
its feasibility and accuracy. With the simulation model
of cluster vibration of transferring phase, H, was set as
35 mm firstly, and an excitation of horizontal
acceleration and deceleration was applied at gripping
position: to accelerate at 12 m/s’ until the speed
reached 1. 6 m/s and maintained the speed for 400 ms
then slowed down to 0 m/s with a deceleration of

- 12 m/s”.

each fruit in vibration was selected as an important

In model running, declination angle of

index which was defined as the angle between
connecting line of gripping position and centroid of fruit
and the vertical line. All fruits in the model were
labeled and declination angle of each fruits was
measured in vertical projective plane where the
excitation laid. From statistical projective declination
angles of all fruits, regulation of cluster vibration might

be revealed ( Fig. 13).

(a) Accelerating phase  (b) Uniform phase (c) Decelerating phase

Fig. 13  Experiment of simulation cluster vibration model
3.2 Observation of vibration of cluster
The rachis of cluster was attached to a clamp to
guarantee same H, of 35 mm, which was driven by a
servo motor in a horizontal linear guide. Then same
excitation of horizontal acceleration and deceleration
was applied on the cluster. MS3100/CIR high-speed

camera was used to catch the real declination angle of
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fruits ( Fig. 14 ).
300 frame per second. Finally pictures taking with the

The shutter speed was set as

high-speed camera were imported to Matlab to get the
value of projective declination angles by using function

of ‘ginput’.

(ch;li)ec.e.lerating phase
Fig. 14  Observation of cluster vibration with
high-speed photography

3.3 Verification of simulation accuracy

To show the state of vibration, relative swing
angle that referred to difference between the declination
angle of fruits in vibration and the initial position was
brought in. Statistical analysis of relative swing angles
at vibration time of 100 ms in accelerating sub-phase,
300 ms in uniform motion phase and 600 ms in
decelerating phase were carried out in both simulation
and experiment. By comparing, it is easy to find that
relative swing angles of all fruits in the cluster obey
normal distribution and the distribution parameters of
simulation are highly consistent with those of the
experiment (Tab.1). The differences of average value
and standard deviation between simulation and
experiment are within 2% and 6.6% , respectively,
which indicates that the model has satisfied accuracy

and can meet the demand of further research of cluster

vibration well.

Tab.1 Normal distribution of fruit swing angle

(*)
Simulation Test
Time/ms Mean Standard Mean Standard
value deviation value deviation
100 16.27 2.25 15.93 2.10
300 11.43 4.08 11.51 4.19
600 8.62 1. 84 8.70 2.06

4 Simulation of grape cluster vibration

4.1 Difference between phases of picking and
transferring

In simulation, H and H; were set as 80 mm and
35 mm, respectively. Adding an excitation of 12 m/s’
acceleration in horizontal direction in both picking
phase and transferring phase, and the relative swing
angles of all fruits at same excitation distance of
100 mm were recorded. By statistical analysis of these
swing angles, it was found that angles of both picking
phase and transferring phase followed the normal
distribution( Fig. 15).

40 A Transferring phase
35F

o Picking phase
30t f %
g

u & g 8
15t £ %% g %
g

Probability density/%

10} & Y
o A ~

L S LI
6 8% 10 12 14 16 18 20

4

2 4
Swing angle of fruit/(*)
Fig. 15  Fruit swing angle at different stages

As shown in Fig. 15, the vibration amplitude in
the picking phase is much greater than that in the
transferring phase. It may be attributed to the lever
amplification effect resulted from the fixing of top end
of the rachis.

4.2 Influence of excitation -characteristics on
cluster vibration
4.2.1 Simulation of

characteristics

different excitation
With the simulation model of cluster vibration of

transferring  phase, three different single-factor
simulation experiments were carried out when H and
H, was still set as 80 and 35 mm;

(1) Simulation running under excitation of
12 m/s” acceleration in both horizontal and vertical
directions was carried out, and the relative swing
angles at excitation distance of 400 mm were recorded.

(2) Simulation running under excitations of 6, 8,
10, 12 m/s> acceleration in horizontal direction was

carried out, respectively, and the relative swing angles
at excitation distance of 400 mm were recorded.

(3) Simulation running under excitations of
12 m/s” acceleration in horizontal direction was carried

out, and the relative swing angles at excitation

distances of 200, 300, 400 mm were recorded,
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respectively.

4.2.2 Analysis of effecting factors to cluster vibration
(1) The statistical result of the relative swing

angle of fruits in different directions is showed in

Fig. 16. The cumulative relative swing angle reaches

722.0° for horizontal excitation, which is larger than

632. 1° for vertical excitation.

351

301 A Horizontal excitation %
= » . . il
£ i o Vertical excitation ”
= 25F a
& Y
g A
5 20F A
o ~
215) épl?g A
= a o
= | ) A
Z10 f %Q,
g s ” o
& AF A
oP ¥ :"é
0 " L P L L L L . s

2 4 & 3 10 12 14 16 18 20
Swing angle of fruit/(*)

Fig.16  Fruit swing angle under different excitation directions

(2) The statistical result of the relative swing
angle of fruits in horizontal direction under different
incentive intensities is showed in Fig. 17. It is found

that the cumulative relative swing angles under
excitation intensities of 6, 8, 10, 12 m/s” are 236. 5°,

327. 8°

concluded that the larger incentive intensity is, the

, 559.0° and 722.0°, respectively. It is easy

greater serious vibration is.

40
ae| 76m/s?
e 353F Sl ﬁ
e 08m/s?
5 30 - [ o ™
g .| * 10m/s= 5 o Af a ! %
E S« 12mis? ?m% a A {’,:\ X %
= 20F o =
£ B 4 1
" 15F 9 2 ':‘
o T
I 7 By 5
I S o 94
? vl A L % .,
0 5 10 15 20

Swing angle of fruit/(%)
Fig. 17  Fruit swing angle under different excitation values

(3) The statistical result of the relative swing
angle of fruits in horizontal direction under different
excitation ranges is showed in Fig. 18. The cumulative
468.9°, 595.7°,
722.0°, when the excitation range reached 100, 200,
300, 400 mm, Therefore ,

vibration is proportional to the excitation range.

relative swing angles are 342.5°,

respectively. the degree of

55 = 100 mm ;

< 20} ©200mm ﬂ g

R A 300 mm 0" m

3151 - 0mm 4 ?

B

E 10} Xﬁ %’g .

[ "

L £

2 5t »

A 2 =
0 5 ]t’l 15 20 25

Swing angle of fruit/(*)

Fig. 18  Fruit swing angle under different excitation ranges

5 Conclusions

(1) In this study, the composite model of
¢ flexible

mass’

bar-viscoelastic  hinge-rigid bar-spherical
was proposed according to the special excitation
characteristics of the robotic ‘ rachis gripping and

cutting’ harvesting, and the characteristics of all

components in this model were detected by
experiments.

(2) The 3D model of grape fruit cluster for
vibration simulation was built by modeling of stalk
system with laser scanning, replacing main rachis with
flexibility bar and normal adding of fruits and hinges.
The relative swing angles of simulation in both picking
phase and transferring phase were recorded and
differences of average value and standard deviation
between simulation and experiment were found within
2% and 6. 6% , respectively.

(3) By simulation of cluster vibration, it was
found that the vibration in the picking phase is much
With

all factors of

greater than that in the transferring phase.
respect to the transferring phase,
excitation  direction,

intensity and range have

significant impacts on cluster vibration. According to
simulation results it is believed that vibration caused by
horizontal excitation is serious than vertical excitation,
and the degree of vibration is proportional to both
excitation intensity and range.

(4) This high-accuracy simulation model of
cluster vibration will contribute greatly to the research
of robotic anti-fall harvesting, and also provide an
excellent analytical tool for the mechanized vibration-
harvesting research field. However, limited by
available method, impact among fruits has not yet been

involved in.
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Simulation and Test of Grape Fruit Cluster Vibration for Robotic Harvesting

Liu Jizhan' Tang Shanqi] Shan Shuai® Ju Jin' Li Mao' Zhu Xinxin'
(1. Key Laboratory of Modern Agriculture Equipment and Technology, Ministry of Education,
Jiangsu University , Zhenjiang 212013, China
2. School of Mechanical Engineering, Jiangsu University, Zhenjiang 212013, China)

Abstract; To reduce the serious vibration and fruit dropping that may occur in high-speed robotic
harvesting of fruit clusters, a simulation model of fruit cluster vibration is necessary to vibration law
discovery, influencing factor analysis and optimal control study. To achieve all of the above objectives,
the simulation model must take into account of the individual difference of component properties and
embody the complex multilevel stem structure, multiple fruits distribution and multiplex excitation
transmission. Therefore, a flexible rod-hinge-rigid rod-mass composite model was first put forward based
on the structure of stem-fruit system of grape cluster, and viscoelastic property of hinges and bending
property of main spike-stalk were determined by large sample tests. Then, simulation model of grape fruit
cluster was constructed by reconstitution of the solid stem system with 3D laser scan, replacement of main
spike-stalk with flexible rod, random addition of fruits and definition of different components according to
their normal distribution from the above test results. The accuracy of the simulation model was verified by
experiments, and error of the mean value and standard deviation of fruit relative swinging angle under
different excitation methods are within 2% and 6.6% , respectively. Finally, the effects of various
excitation methods and harvesting stages on cluster vibration were analyzed with this model. To conclude,
the successful establishment of this simulation model of grape fruit cluster provides an excellent analytical
tool for robotic low-vibration and anti-fall harvesting of various fruit clusters.

Key words: grape; harvesting robot; fruit cluster; vibration; simulation model
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