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Hanging force analysis for realizing low vibration of grape clusters during

speedy robotic post-harvest handling
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(1. Key Laboratory of Modern Agricultural Equipment and Technology, Ministry of Education, Jiangsu University,
Zhenjiang 212013, Jiangsu, China,
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Abstract: Mechanical damage induced by vibration during harvesting and post-harvest handling could decrease the quality,
quantity, and shelf life of the fresh grape cluster. Usually, fresh grape clusters are harvested by gripping and cutting from the
main rachis in the present robotic harvesting system, then transported towards the basket during post-harvest handling. However,
serious cluster vibration and corresponding berry falling may occur during the robotic transportation of hanging grape clusters.
Therefore, this study was designed to perform experimental and theoretical hanging force analysis to explore the vibration
mechanism of hanging grape clusters during robotic transportation. A lead screw lathe with an attached linear actuator was used
to investigate the effects of four different speeds (0.4, 0.6, 0.8, 1.0 m/s) with four acceleration levels (6, 8, 10, 12 m/s?) on the
vibration of the hanging grape cluster. By the experiments, the peak hanging force of the grape cluster at the start, constant speed,
and stop phase of the actuator was recorded using a single axis force sensor, and the cluster’s swing angle was measured with a
digital camera. The experimental results showed a linear relationship between the swing angle and hanging force of the cluster at
the start and stop phase of the actuator. The multi-stage cluster’s vibration during robotic transportation was observed, and the
behavior of cycled damping after a sudden stop of the actuator was found. The simulated results of hanging force of grape cluster
in damping phase were agreed with experimental results with R* more than 0.90 at an optimum acceleration of 10 m/s’>. To
conclude, this research provides theoretical basics for understanding the complex vibration mechanism of the hanging cluster
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fruits during speedy robotic transportation operations with low-loss of berry drop both on industrial and farm levels.
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clusters during speedy robotic post-harvest handling.

1 Introduction

Grape occupies an important place in the world, its annual
output has reached 79 million t!". ~ Grape species and cultivars can
be classified into four main groups for food usage: table grapes,
wine grapes, juice grapes, and raisin grapesi”. Among these, table
grapes occupy an important place in the world's cluster fruits
production, and more than 65% of the grapes produced are
consumed as fresh eating fruit®). Fresh eating grape yields are
enhanced with the development of the grape industry!*!.

Compared with wine grapes which are harvested and
transported in the form of berries, the harvest and post-harvest
handling of fresh eating grapes must be completed in the form of
clusters or bunches until they are put in the supermarket. In
robotic handling of grape clusters during harvesting and

post-harvesting operations, the “stem gripping” method (for single
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Hanging force analysis for realizing low vibration of grape

fruits)™!

and cut.

is usually not used, but the main rachis is directly gripped

The hanging grape cluster after cutting is transported
towards a box, released and placed into a basket to complete on-site
transportation (as shown in Figure 1). However, berry drop or
shatter may occur during these robotic handling operations due to
the vibration of the grape cluster. For long-distance transportation
that including processing, packaging, storage, and logistics
operations, the probability of berry drops would greatly increase,
which may also increase the handling of the cluster fruits®'*.
The loss caused by berry drop and decay of fruit is up to 20% to
30%, the integrity of fresh cluster fruits and non-destructive
evaluation are two major quality criteria for grape cluster fruit!'®.
The problem of berry falling, breaking of fresh grapes has seriously
affected its shelf life and marketability™'®'7), which has become a
serious problem that has plagued the fresh grape cluster fruits
industry chain for a long time. It has become a key obstacle to the
development and control of harvesting and post-harvesting robotic
tools for the handling of fresh cluster fruits.

In order to solve the problem of grape berry drop and decay,
significant researches have been carried out on the impact and
vibration damage of the grapes during harvest and postharvest
mechanical handling, i.e., Pezzi et al.'® and Caprara et al.l'"! used
electronic fruit to investigate the collision of fresh grapes during
mechanical harvesting and transportation.  Yue et al.*”! found that
the dropping impact of grape berry has a significant impact on
physiological quality during storage and transportation. Bian et
al.® studied the influence of drop height on the dielectric



July, 2021

Faheem M, et al. Hanging force analysis for realizing low vibration of grape clusters during speedy robotic post-harvest handling

Vol. 14No.4 63

properties of red globe grapes. Vinokur et al.”?? found the berry
falling rate was directly proportional to the free-falling height.
Jung et al.l evaluated the effect of vibration stress on the quality
of packaged grapes using simulated transportation. Vallone et
al. ) measured acceleration effect on the mechanical harvesting of
grapes by using an instrumented sphere. Deng et al.’} developed
a mathematical model to predict the grape berry drop during
storage. Fischer et al.***! determined the critical frequencies for
grapes and strawberries fruit shattering during transportation of
distribution. ~ Hao®! found that the greater the vibration
acceleration was, the greater the damage to the Kyoto grapes was
during storage and road transportation. Demir et al.”*”! calculated
the natural frequency of grape, and berry drop during simulated
transportation environmental. But the above studies deal with the
impact of mechanical handling on the harvest and post-harvest
quality and berry drop damage of fresh grape clusters.

In robotic hanging handling, grape clusters are hung or
clamped from the main rachis after harvest and being transported
towards a box!”! as shown in (Figure 1). Although robotic
handling of hanging cluster fruits can overcome bruising and
abrading damage, the potential problems like the vibration of the
cluster and corresponding berry falling attract more and more
attention in the field of robotic post-harvest handling. It is an
important handling option in practice both on industrial and farm
levels. For robotic harvesting of a single fruit, several researchers
conducted different studies on fruit falling damage caused by
vibration of the fruit that might be happened in stem gripping and
cutting”?*3% of a single fruit. Robotic post-harvest handling
practices with hanging cluster fruits are few in the application
where the gripping or holding force will be applied to a particular
cluster part (rachis) bearing all the weight of the cluster®4!,
Therefore, the reliability and damage ratio needs to be examined!*?.
Kondo et all* obtained results from the experiments that
increasing the robotic transportation speed of the hanging tomato
cluster would cause the vibration of the cluster, and fruit falling.
Liu et al.*¥) found that acceleration and deceleration would become
the reason for the vibration of the grape cluster and berry falling in
high-speed photography experiments. Therefore, understanding
the vibration mechanism, and ensuring the lower ratio of berry
falling during robotic transportation has a great value to improve
the performance of the robotic post-harvest handling of cluster
fruits both on the industry level and on-site field.

The impact of robotic post-harvest handling on the berry drop
of the hanging cluster fruits is mainly related to the field of
mechanical vibratory harvesting and post-harvesting. To discover
the inner vibration mechanism of hanging stem fruits (single fruits)
under different excitations, several researchers®>*>*% have been
involved in mechanical modeling and simulation of hanging
“stem-fruits” systems. They described the properties of the fruit
and stem, and the connection strength of the branch. For the
motion of the stem fruits in vibration, some researchers”>>1521
thought it was very complex. They described five patterns of
vibrating fruits, in which bending and swinging had a significant
effect on the falling of the stemfruit. The above researchers
mainly focused on the vibration excitation characteristics, vibration
transmission through a single stem fruit system, which is obviously
different from the coupling vibration response of the complex
cluster fruits like redcurrant, rubus, lychee, tomato, longan, etc.3],
during robotic post-harvest transportation handling.

Theoretical modeling and simulation of the hanging cluster
ruits are powerful tools for understanding the vibration and berry

dropping mechanism during robotic transportation of cluster fruits.
Liu et al.l”! firstly developed a compound mechanical model of a
grape cluster, then carried out simulation and experimental analysis
under different excitations in the transportation phase after cutting
to observe the swing angle for each berry of the cluster. However,
the vibration mechanism of the whole cluster, characteristics,
hanging force for supporting grape cluster, and the effect of swing
angle on the main rachis bending during robotic post-harvest
transportation are still remaining unexplored.

The vibration of the cluster fruits has a significant effect on the
loss of control during robotic post-harvest handling both on
industrial and farm levels. In this context, the main aim of the
study was to analyze the behavior of grape cluster vibration in
different phases of linear transportation of the actuator. The effect
of different speed and acceleration excitations on the grape cluster
and hanging force (the force that bears the weight of the gripped
grape cluster against gravity during robotic transportation) was
observed. The relationship between swing angle and hanging
force of the grape cluster was analyzed to understand berry falling
and rachis bending mechanism. Furthermore, the experimental
results combined with simulated results of cluster hanging force by
using cyclic damping model was obtained for the verification of
vibration falling mechanism.  Overall, this study provides
theoretical support for the industries to optimize the berry falling
loss of different cluster fruits during robotic transportation handling,
and suggests a safe zone and excitation at which chances of
damages will be minimized.

Transport direction

Gripper —_—

N

Shattering

Grape cluster
Figure 1 Vibration damage of hanging grape cluster during

robotic transportation
2 Materials and methods

2.1 Stalk structure of the grape cluster

The study was conducted in the Key Laboratory of Modern
Agricultural Equipment Engineering designated by the Ministry of
Education, Jiangsu University, Zhengjiang, Jiangsu, China. An
artificial grape cluster with a mass of 506 g was used for the
experiments and analysis, there were about 85 berries in the cluster
that were filled with soil manually to maintain weight just like a
real grape cluster, and each berry weighted 4-5 g measured with
digital weight balance (BP Professional Electronic Balance
BP-6228, accuracy 0.01 g). The cluster has many sub-rachis
separated from the main rachis whose diameter (2.28 mm) was
measured with a vernier caliper (accuracy +0.02 mm). Every sub
rachis has several stems with attached berries at the pedicel®*¥ as
shown in Figure 2a. The experimental setup included a lead
screw lathe with attached one degree of freedom (1 DOF) actuator,
programmable logic controller (PLC), a clamp, a single axis force
sensor (Model: MIK LCS1, range 0-5 kg with 0.03% full-scale
error) that was installed between the grape cluster and clamp, as
shown in Figure 2b.
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b. Experimental setup
Figure 2 Material and experimental setup for hanging force
analysis of grape cluster

2.2  Experimental observation of cluster’s vibration and
hanging force

An artificial grape cluster was used as experimental material
because the study aimed to analyze the vibration mechanism of the
hanging grape cluster during different zones of robotic linear
transportation that was difficult by using a real grape cluster.
Since the real cluster will be damaged in the experiments, which
will lead to the change of conditions, the results of different
excitation treatments cannot be put together to compare and
analyze. For understanding the vibration mechanism of the grape
cluster, the actuator was moving horizontally on the rails of the
lead screw lathe according to the input speed and acceleration
excitations from the PLC as shown in Table 1. Due to the
actuator movement, the excitations were transferred from the clamp
to the berries through main rachis, and the hanging grape cluster
started to vibrate as shown in Figure 3a. Firstly, the force exerted
on the hanging grape cluster during the linear transportation was
measured with the single-axis force sensor. The excitation
displacement or stroke length was adjusted to 800 mm from start to
stop point.

The peak hanging force of the grape cluster during accelerating
(start), constant speed, and deaccelerating (stop) time phase of the
actuator was determined as shown in Figure 3b. Then, the safe
time phase and excitation at which the amplitude of the cluster’s
vibration was low were analyzed. The state of the hanging grape
cluster was recorded with a digital video camera, and the vibration
amplitude of the hanging grape cluster was analyzed and explained
from camera images and data acquisition card (DAC) software that
showed force signals in the digits form. Theoretical analysis was
also done for different zones during linear transportation of the
actuator. The experimental results of the cluster’s hanging force
combined with simulated results by using damping model to see
the goodness of fit were obtained, and the berry falling mechanism
due to serious vibrations of the hanging grape cluster was verified.

K Accelerating

Constant speed

Deaccelerating

a. Schematic diagram of experimental observation of cluster’s vibration at
accelerating and deaccelerating of actuator

Deaccelrating phase

b. Time phases of grape cluster during linear transportation
Figure 3 Hanging force analysis in different phases of linear

transportation of grape cluster

Table 1 Different excitations to actuator

1

Speed/m's”'  Accelerated speed/m-s > Accelerated time/ms  Duty cycle/s
6 66.66 2
8 50.00 2
0.4
10 40.00 2
12 33.00 2
6 100.00 1.33
8 75.00 1.33
0.6
10 60.00 1.33
12 50.00 1.33
6 133.00 1
8 100.00 1
0.8
10 80.00 1
12 66.00 1
6 166.00 0.80
Lo 8 125.00 0.80
’ 10 100.00 0.80
12 83.00 0.80

Note: Duty cycle is the time taken by the actuator to complete one stroke.



July, 2021

Faheem M, et al. Hanging force analysis for realizing low vibration of grape clusters during speedy robotic post-harvest handling

Vol. 14No.4 65

2.3 Experimental observation of the cluster swing angle

The swing angle of the grape cluster at different speeds (0.4,
0.6, 0.8, 1.0 m/s) and acceleration (6, 8, 10, 12 m/s*)*! during
linear transportation of the actuator was recorded and observed by
using a digital camera. During the analysis of camera images, the
swing angle () of the grape cluster at extreme position P, from the
mean position P; was calculated with the help of a protector
(Figure 4a). Due to the high friction of the guide rails and static
load of the actuator at the start and stop, the swing angle of the
cluster was observed high as shown in Figure 4a. The bending
load on the main rachis was from two points: the gripping point
and the point just above berries. Twisting of the cluster was also
observed during experiments as shown in Figure 4. The relation
between swing angle and hanging force of the cluster was
investigated to find the safe zone at which the hanging grape
cluster vibrated with low amplitude.

Actuator movement —— (v, a)

After load

Gripper Before load

—_—

Twist Load o
Main
rachis

l Bending of

Main Bending of rachis at

rachis  rachis  gripping
above point
berries

G G

a. Swing angle of the grape cluster b. Bending load on the main rachis
Note: v is speed; a is acceleration; 6 is swing angle of the grape cluster; G is
gravity; Py and P, are extreme positions of grape cluster before and after load.
Figure 4 Observation of swing angle of grape cluster and bending

load on main rachis during linear robotic transportation

3 Results

3.1 Experimental results
3.1.1 Effect of different excitations on peak hanging force

It was observed from the experiments that at input excitations
of 0.4, 0.6, 0.8, 1.0 m/s and 6, 8, 10, 12 m/s’, the amplitude of the
cluster’s vibration was maximum at the start and stop of the

t*® That was due to the air resistance and

[57]

actuator movemen!
on which the actuator moved. It was
found from the experimental analysis that the magnitude of
cluster’s hanging force at either the start or stop time phase of the
actuator was positively correlated with input speed and acceleration
(Figure 5). The magnitude of the hanging force was observed
higher in the deaccelerating phase, i.e., around 12 N at an
excitation speed of 1.0 m/s, compared to that in the accelerating
phase, i.e., around 9 N at the same excitation speed as shown in
Figure 5. These results suggest that deaccelerating phase causes

friction of the guide rails

serious vibrations of the grape cluster, and more berry fall would
happen in this phase of robotic transportation.
3.1.2 Effect of different excitations on swing angle of grape cluster
The experimental results indicated that the swing angle of the
grape cluster was positively correlated with excitation speed. It
can be seen from Figure 6 that the mean swing angle under
different speeds of the actuator (0.4, 0.6, 0.8, 1.0 m/s) during the
accelerating and deaccelerating phase were 31°, 37°, 42°, 45°, and
32°, 43°, 56°, 59°, respectively. Also, it is observed from Figure
6a that the swing angle increased when increasing the acceleration

excitations, and reached the maximum at 10 m/s’ during the
accelerating phase, but again decreased at acceleration excitation of
12 m/s* at each speed. This decrement in swing angle was due to
swinging of the cluster in other directions resulted from twisting of
the main rachis at high speed and acceleration of the actuator.
However, in the deaccelerating phase at high speeds shown in
Figure 6b, high air resistance and friction of the guide rails
deflected the values of hanging force as compared to the
accelerating phase. The results of the swing angle suggested that
the optimum acceleration was 10 m/s’, at which the grape cluster
swung in one direction with minimum twisting of the main rachis.
Therefore, the chances of berry drop would be minimized.
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55 . . . . .
angle increases with the increase of hanging force and serious
~ 30F v=0.8 m/s vibration of the grape cluster can result in increased berry drop.
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3.1.3 Analysis of bending load on grape cluster Hanging force/N
The swing angle of the grape cluster was observed from the a. Accelerating phase
images of the digital camera under different speed excitations (0.4, 65 -
. . . = Swing angle 2
0.6, 0.8, 1.0 m/s) during the deaccelerating phase as shown in ——
. . . . . . - = Lmear
Figure 7. During the analysis of the images and videos, it was o
observed that the maximum bending angle of the main rachis 551
occurred during the start and stop of the actuator, and even more T sk
bending angle during the stop (deaccelerating) phase occurred. i‘_:n
o . . § 45t
The kinetic energy of the actuator was transmitted to the hanging @
grape cluster and it caused the grape cluster to vibrate with a high Z dof
swing angle during the deaccelerating phase. These results 35t
suggest that during the deaccelerating phase bending load on the - y=a+b%
L u i
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. ‘-’5 L 1 1 1 1 1 J
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Figure 7 Swing angle at different speed excitations

3.1.4 Relationship between hanging force and swing angle

From the statistical analysis, it was found a linear relationship
between the hanging force and swing angle of the grape cluster
existed both at the start and stop of the actuator with R*=0.993 and
0.964 as shown in Figure 8. Also, the swing angle of the grape
cluster was observed under sixteen different treatments of speed

Hanging force/N
b. Deaccelerating phase
Figure 8 Relationship of swing angle and hanging force of cluster
in different time phases

3.2 Theoretical analysis
3.2.1

When the actuator was moving from point 0 to point ¢ as
shown in Figure 9a, the hanging cluster started to vibrate, and the
force sensor measured the hanging force of the cluster in the form
of analogue signals.
zones as shown in Figure 9b, for better understanding of the inner
vibration mechanism of the hanging grape cluster at different
stages of robotic transportation.

Zone 1 (Stationary phase of the hanging grape cluster): In this
zone hanging grape cluster was at stationary position with its static
weight, and force signals showed the calibrated value of 506 g
cluster was around 6.17 N.

Zone 2 (Accelerating phase): In this zone, excitations applied
to the actuator, it started to move from position 0 to a. Due to the
actuator’s movement, the hanging grape cluster started to vibrate.
The magnitude of force signals was high in this zone because the

Vibration characters at different phases

These force signals were divided into 5

hanging cluster suddenly started to vibrate from a stationary state.

Zone 3 (Constant speed phase): between Zone 2 and Zone 4,
the cluster moved with low or constant amplitude vibration due to
the short time interval of the actuator’s movement, and the
magnitude of hanging force signals was observed constantly.

Zone 4 (Deaccelerating phase): In the next phase, when the
actuator was stopped at position ¢, a dramatic increment in the
magnitude of the hanging force signals was observed that showed
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the hanging grape cluster reached maximum amplitude (highest
position) during deaccelerating of the actuator.

Zone 5 (Damping phase): After the actuator stopped in Zone 4,
all the kinetic energy of the actuator transmitted into hanging grape
cluster that pushed the hanging grape cluster around a position like
a pendulum motion with a natural frequency. The kinetic energy
of the actuator was converted into the potential energy of the
hanging cluster. After some time, the grape cluster reached the
mean position due to loss of stored energy caused by medium
resistance and cluster weight, and showed the damping behavior.
It was cycled vibration, and showed damping behavior until the
grape cluster stopped without energy input. The experimental
results of this damping phase were compared with simulated results
to verify the vibration falling mechanism.

Stroke length 800 mm

le

Travel direction

(5] 1

0

a. Velocity trapezium of actuator’s movement

Zone 5
Zone 3

Hanging force/N

2 Zone 2
Zone 4

n 1 1 1 1 Il 1 1 ]
0 0.5 1.0 1:5 2.0 25 3.0 3.5 4.0

Time/s

b. Force sensor signals
Figure 9 Hanging force zones of grape cluster during robotic
linear transportation
3.2.2 Cycled damping vibration
1) Trend of natural damping
For the verification of experimental results of damping zone
with a simulation model to see the goodness of fit and how close
the results are.  Firstly, the amplitude of peak hanging force points
Ay, Ag, Az, Ay, As, Ag, Ay from the force signals of hanging cluster
through GETDATA softwarel®™ was determined as shown in
Figure 10a. Then, a graph between these peak force points and
time intervals accordingly was drawn using the curve fitting tool
(CFT) on Matlab to fit the selected data as shown in Figure 10b.
An exponential decay relationship between peak points of hanging
force and time interval at different excitations was observed in
Zone 5.
expressed as:

The exponential decay model characteristic was

F)=axe+c M
where, ¢; is the time that peak hanging force of cluster appears in
each cycle, s; i=1, 2,...; F(¢,) is the peak hanging force of cluster in

each cycle, N; a is the amplitude of hanging force, N; b is the
damping coefficient; ¢, is the mean or center value of cluster
hanging force or calibrated weight force of the hanging grape
cluster, N, as shown in Figure 10c.

t=t_ 1ty (=1,2,...) 2)
where, y is the time period for one cycle, s.
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Figure 10 Experimental and simulated results relationship for
hanging force of grape cluster
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2) The natural cycled damping

It was found with experimental results shown as Figure 9 that
in Zone 5, after the stop of the actuator, the cluster vibrated with
natural frequency showed a damping behavior until stop. To
express the force signals, the damping should be combined with the
cyclicity.  Therefore, the kinematic equation of the damped
oscillator in Equation (3) was used to simulate the hanging force
signals in the damping phase as shown in Figure 10d.

F(f)=axe " xcosCt+c; 3)
where, axe ™ is the decaying amplitude; cosCt is the oscillating
piece; C is the natural frequency of the cluster (Hz) which can be
found by
_2n

y
3.2.3 Start-stop excitation vibration test of grape cluster
The force signal results obtained from the experimental tests in

¢ “)

the damping zone were compared with simulated results from
cycled damping model as shown in Figure 11b. They were almost
the same that satisfied the vibration law or vibration falling
mechanism. The vibration damping characteristics after
deceleration shock obtained by the force signal curve depended on
the natural frequency of the grape cluster. The maximum
amplitude of vibration at different acceleration and deceleration
shocks were 4, 4,. The respective vibration-damping curve with
natural frequencies f1 (1/y), f2 (1/y) of the hanging grape cluster
during the constant speed of the actuator and after the stop of the
actuator as shown in Figure 11a. Figure 11a shows the cluster’s
vibration signals of all the 5 zones in which the constant speed
phase of the hanging cluster was compared with that of the
actuator’s motion (T, to Tj3).

14 -
12 F 101 y=Time for one cycle
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Figure 11 Start-stop excitation vibration test of grape fruit cluster

3.2.4 Law of vibration attenuation (Fitting results)

1) Vibration attenuation in a constant speed phase

Based on the hanging force signals, cluster vibration
It was
observed from the force signals that the behavior of grape cluster
vibration in the constant speed phase was not uniform due to the
short time interval. Fluctuations or constant amplitude vibrations
were observed because the hanging cluster vibrated quickly. The
single-axis force sensor showed some disturbing behavior that was
not damped and cannot be measured or simulated accurately with

characteristics under different excitations were analyzed.

the cyclic damping model.

2) Vibration attenuation after a sudden stop

It can be observed from Figure 12 that simulated model
results generally agreed well with the experimental observations
in Zone 5 (damping zone) for all 16 treatments with the goodness
of fit (R?) greater than 0.90.
falling mechanism of cluster fruits spatially and temporally,

These results satisfied the vibration

except for some values at lower speed inputs from the motor, i.e.,
0.4 m/s, 0.6 m/s with an acceleration of 6, 8, 10, and 12 m/s.
Excitation speed was low because, after the sudden stop of the
actuator, the behavior of the hanging grape cluster was slightly
damped. The value of the damping factor was observed low due
to low energy loss from the cluster to the environment. The
cycled damping model of Equation (3) was fitted with the
experimental data of the damping stage for each speed and
acceleration excitation. It was observed from theoretical
analysis that experiment results agreed well with simulated
results shown in Figure 12. It can be seen from Figure 12a-c
that the amplitude of vibration in the damping zone increased
when increasing the excitation speed of the actuator. But from
0.8 to 1.0 m/s, there is a small difference in amplitude due to
twisting of the main rachis in other directions.

The energy in the damping phase was lost due to drag force, air

resistance, and cluster weight. As we know damping force is

directly proportional to velocity™".
Foov
F,=-bxv &)
where, F; is damping force, N; v is velocity excitation given by
servo motor, m/s; b is damping constant of oscillation depending
both on the shape of oscillator and medium through which
oscillator is moving, kg/s.
If =0, then Equation (3) becomes
F)=a+c (6)
Consider the vibrations at some time 7, for which the amplitude
is reduced by factor e,
Ft)=axe™ +¢
F(t)=axe ™ 1+

F(h)  ax e+
F(t,+1) axe’™

™)

+7) +¢

where, b=1/7; 7 is the relaxation time, s.

The damping constant b is inversely proportional to the time,
during which the amplitude of the cluster’s vibration is reduced by
a factor e as shown in Figure 11. However, the damping factor is
not enough to describe the damping vibration of the hanging grape
cluster. It is therefore necessary to introduce the time of one
vibration cycle of the grape cluster. This characteristic is the
decrement damping D (decrease in damping), which is the ratio of
the amplitudes of two successive peaks hanging force of grape

cluster, which are separated in time by a period 7.
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F(t) _ axe™
Ft,+T) axe’™D
Logarithmic decrement is equal to the logarithm of D:
A=InD=>bT +¢

=ebT +¢ ®)

/1=bT=Z+cl
T
1
A=— 9
e )

Damping constant is inversely proportional to the number of
cluster’s vibrations that results in decreased amplitude of e. Here
amplitude of the grape cluster’s vibration is decaying with respect
to time after the stop of the actuator, also, the total energy is not
constant. The grape cluster lost its stored kinetic energy into
environment due to friction and air resistance. Therefore, total
energy was expressed as a function of time.

2r —— Experimental results
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1 2 —2bt,
ET,y=—mxa xe ™
2
ET, =E,xe™ (11)
)

where, ET|, is the total energy as a function of time; E is the initial
energy which is a function of mass and velocity.

If the velocity and mass of the grape cluster are high, then the
initial energy stored in the cluster will be more, and it would cause
the grape cluster to vibrate with high amplitude in the damping
zone. Therefore, the chances of berry drop or shattering will be
more in the damping phase of linear robotic transportation of the
hanging grape cluster.
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Figure 12 Vibration attenuation in damping phase at acceleration excitation of 12 m/s’

4 Conclusions

In this study, the vibration mechanism of the hanging grape
cluster in different phases of robotic transportation was observed
from the experimental tests and theoretical analysis. The robotic
linear transportation of the hanging grape cluster was recorded and
analyzed by using a force sensor and digital camera images. The
effect of different speed and acceleration excitations on the hanging
force of the cluster was studied. The robotic post-harvest
transportation process and berry drop damage caused by the
vibration of the grape cluster were elucidated.
conclusions are drawn from the proposed study:

1) It was concluded from the experiments that vibration of the
hanging grape cluster was maximum at the deaccelerating phase of

Following

the actuator and more berry fall would happen in this phase of
robotic transportation.

2) During the deaccelerating phase, it was observed from the
camera images that maximum bending of the main rachis occurred
at a swing angle of 59°.

3) It was concluded that by increasing the hanging force of the
cluster, the swing angle of the cluster also increased linearly with
R*=0.993 and 0.964 for the accelerating and deaccelerating phases,
respectively. The results of the swing angle and hanging force of
the grape cluster suggested that the optimum acceleration excitation
was 10 m/s” at each speed, at which damages would be minimum.

4) Based on the theoretical analysis of experimental results and
simulated results, the behavior that grape cluster’s vibration was
damped after the sudden stop of the actuator verified berry falling
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damages would be more in damping zone.

Thus, current research can act as a guide for the robotic

post-harvest handling of cluster fruits like fresh grapes, cherries,

blueberries, and litchi.

In the future, this research will help to

reduce the damages on farm and food processing industry level.
This study also provides the theoretical support for the industrial

needs of the low-loss robotic handling of different fresh-eat cluster
fruits that are consumed abundantly.
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