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Abstract

Due to the increasing demand for agricultural products and labor shortage, there is a strong need for automation in agriculture. This
paper reviews the various techniques and recent developments in the field of fruit & crop harvesting. But due to various challenges
like a lot of variation in the work environment and limitation of sensing capabilities, it isn't easy to commercialize the use of such
robots. There are various solutions like human-robot collaboration and modifying production methods that need to be implemented
to increase such robots' productivity.

Introduction

The world’s population is increasing day by day, and so is the demand for agricultural products. We have to increase the
productivity of agriculture by 50% to provide sufficient food to the fast-growing population in the next 30 years [1]. Also, there will
be a shortage of labour and farmers due to urbanization and modern culture. As we knew, the tasks in agriculture are highly
repetitive and very dull, so there is a strong need for automation and robotization in agriculture. Some crops like wheat, corn, etc.,
can be harvest in one moment with the help of big machines, but there are some crops like apple, orange, etc., which can be
selectively harvested because these crops do not ripen uniformly. Also, we need to ensure that no damage happens to trees and
fruits, which makes selective harvesting the most challenging task on the farm.

Other than labour shortage and cost, there are various factors to promote robots in agriculture. Robots have better precision, a better
quality of operation, accuracy, and speed than humans. Robots can also detect the crop after harvesting, which can improve food
production. There are different challenges for robots in fruit harvesting as compared to robots that work in a stable work
environment of industries:

1. Safety: A harvesting robot should be safe for its environment. Most of the fruits and vegetables are very delicate,
so it needs to handle proper care so that there will be no damage to the plant and the robot manipulator itself.
Any damage to fruit can lead to rejection of the fruit in the fruit market, and damage to the plant can stop
producing different fruits.

2. Variation: Compared to industrial robots that work in a stable environment with known artificial objects, the harvesting
robot has to work in an unknown environment with natural things. There is lots of variation in its work environment. Every
fruit is different in shape, size, colour, etc., which needs to be harvested selectively. There is lots of variation caused by
climate change, affecting different conditions like temperature, humidity, illumination, etc. Other than this, there are
different production methods, soil types, irrigation methods resulting in different growth patterns.

System Requirement

This section presents the system requirement for the functionality of robotic harvesting. The functionality of this robot needs the
following sequence of tasks to be performed:

1. Detecting fruit and its various properties (like ripeness) in the scene and localizing fruit in 3-dimensional spaces.
2. Approach to target Fruit.

3. Detachment of Fruit from the plant.
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4. Guiding the detached fruit to the storage container.
Task 1: Detection and localization of fruit:

The machine vision system is used to detect and find its location in 3D space. Recent developments in the field of visual
identification and machine vision system increase the application of robots in fruit harvesting. Agriculture robots also use artificial
intelligence to identify the target in the scene [2]. Fruit harvesting is a time-consuming task that motivates researchers to research in
this field. Most of the fruit fields have rough terrain & there are lots of obstacles in the form of rocks that cause high vibration in the
vision system of mobile harvesting robot when it has to travel from one plant to another plant in the field. We have to use dynamic
target tracking and de-blurring algorithms to overcome this challenge. Tang et al. (2018) [3] used a binocular vision system to track
vibration caused by rough terrain and detect the deformation surface. The machine vision system should see different fruit types and
environmental changes (Zhao et al., 2016) [4], collect information, and learn automatically from it. A robot system should have
some network transmission function that enables it to send the fruit images to the server (Garcia Sanchez et al., 2011) [5]. The first
task of the fruit harvesting robot is to use a vision system to collect information about the fruit environment (Zou et al., 2012;) [6]. It
includes camera calibration (Wang et al., 2019) [7], target recognition and positioning, target background recognition, 3D
reconstruction, visual positioning-based robot behavior planning, and vision. Vibrations caused by wind or manipulator, inaccurate
positioning caused by various tasks, and variation in the illumination of the fruit environment are the significant challenges in the
machine vision system of the harvesting robot. The table represents the different performance parameters of the fruit harvesting
robots.

References Harvesting success Harvesting time Recognition Recognition time
rate (%) per fruit(s) accuracy (%) (s)
Zou et al. (2016) [8] 84-88 11.3-15.5 85-94 0.8
Liu et al. (2019) [9] / / 935 /
Onishi et al. (2019) / 16 90 2
[10]
Vitzrabin and Edan 79 / / /
(2016) [11]
Williams H. A. M. et 86 2.78 / /
al. (2019) [12]
Hemming et al. / / 90 /
(2014) [13]
Qingchun et al. 86 / / /
(2012) [14]
Williams H. A. M. et 51.0 5.5 76.1 3
al. (2019) [15]
Majeed et al. (2018) / / 88-93 /
[16]

Stereo Vision System

There are two types of stereo vision systems currently being used. The first is a binocular vision system based on optical geometry.
In which we use optical principles and optimal algorithms to obtain the 3D position of the target. The second is the RGB-D camera
based on the time of flight method (TOF), which uses an infrared sensor to obtain information about the target fruit. One limitation
of the TOF method is that it is very sensitive to any interference and may not work if powerful light is present in the scene. Another
limitation is the working distance of the infrared sensor. The optimal geometry-based system does not rely on artificial intelligence.
Hence the optical geometry-based system can use in indoor and outdoor environments. To ensure stability vision system based on
optimal geometry is used. On the other hand, the principle of the RGB-D camera is very simple, and the system is also very
compact, which can be used for many local tasks.

The optical geometry-based stereo vision system consists of two or more two cameras separated by some
distance (Zou et al., 2012) [17]. First of all, cameras are calibrated. After that, two or more images of a target are obtained through
the vision system. Then, obtained images are classified to identify the target object in the scene. The binocular vision-based stereo
system is based on monocular vision. The early monocular-based stereo vision system used a single camera to detect a 2D image of
the target. Researchers began to explore 3D images and stereoscopic machine vision (Roberts, 1965) [18].
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Fig.2. apple harvesting robot (Si et al., 2015). [20]

Laser Active Vision Technology

The laser-based vision system to identify fruits was proposed by Jimenez et al. (1999) [21]. This method uses an
infrared sensor to detect the three-dimensional position of the fruit in space along with its radius and surface reflectivity.
Slaughter et al. (1986)[22] proposed an active triangulation-based system that consists of several independent lasers.
The light produced from each laser is projected on the object. s. Kondo et al. (2009)[23] used a laser finger on a grape,
cucumber, and tomato harvesting robot. The problem with the structured light is that it needs complex equipment
installation and unpredictable occlusions are also there. Due to this, in some cases, the laser is blocked by some
obstacles in the work environment, and sometimes the laser may be out of focus due to long distance, which results in
inaccurate measurements. Fig.3 represents an apple harvesting robot.

Fig.3. Iceberg lettuce picking robot (Birrell et al., 2019) [24]
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Task 2 & 4: Approach to Target fruit and Guiding Harvested fruit to Storage Container.

To harvest the fruit from the plant, a robotic manipulator need to guide the end effector to the desired target so that after harvesting
the fruit, it can be stored in some storage container. So the first design consideration for the manipulator is that it should adapt itself
according to the crop environment because there are many variations in the work environment of a robotic harvester like the shape
and size of each fruit is different, and stem length varies from fruit to fruit. The second design consideration for the manipulator is
that it should be strong enough to handle the payload of fruit and handle various forces acting on it during the harvesting operation.

Another design consideration is that system can work in a harsh agricultural environment where dirt, wind, and rain are very
common. So robot motors, actuators, wires, and sensors should be protected from rainwater and dirt. Power source for compressor,
actuators is readily available in the indoor environment, but robotic harvester works in agriculture fields, requiring an external
power source. Another design consideration for the manipulator is that it should damage the plants and end effector as the collision
between them is widespread during the operation. After the successful detachment of fruit from the plant, it is needed that detached
fruit is being guided to the storage tank. For this operation, a dedicated robot was used to pick the detached fruit from the ground
and place it in the storage container, but dropping the fruits on the ground lead to damage to the fruits, and such fruits are not
accepted in the fruit market. The crop environment plays a vital role in the design of the manipulator. For this, we can consider three
various methods to set up the crop environment.

Greenhouse

A greenhouse is a controlled environment for crop production in which we can control environmental factors such as humidity,
temperature, illumination, etc. Plants grow in an artificial environment where only an optimal amount of water and nutrients are
provided to the plants. Henten [25] and van Henten et al. [26] describe the greenhouse production cycle and various activities.
Robots developed in the past three decades have been discussed in [27].

Robots had a cycle time of 33s and a harvesting success rate of 66%. The success rate for fruit detachment and localization were
75% and 85%, respectively. A robotic system, SWEEPER (www.sweeper-robot.eu), was developed for sweet pepper harvesting in
the EU projects. This system consists of six degrees of freedom manipulator, RGB-D camera with GPU controller for localization of
the target, a specially designed end effector, and a storage container to store harvested fruits.

This system was evaluated on 262 fruits [28], resulting in a 66% success rate in optimal crop environment 18% in commercial crop
environment shows the need for a specially designed crop environment for robotic harvesting

Fig.4. Prototype of sweet pepper harvesting robot SWEEPER (www.sweeper-robot.eu)

Orchard

The environmental parameters are uncontrollable in an orchard, which makes the variation in the natural conditions difficult. The
layout of the orchard also has fewer structures compared to the greenhouse, especially robot navigation in the mountainous
environment is a more challenging task. Robotic operations are more accessible in modern orchards in which trees are trimmed and
trained extensively compared to traditional orchards having tress in 3d structures [29]. We can use mechanical harvesters when
fruits are allowed to be damaged and when all fruits can be harvested in one moment, especially for the juice market and for nuts
[30]. However, selective harvesting for the fresh fruit market is a more complex and challenging task. Sa et al. [31] show a deep
neural network application to detect different types of fruits, including apples, oranges, and mango. Silwal et al. [32] proposed a
design of a robotic system for fresh market apples. The system was an open-loop control system with seven degrees of the
manipulator, a global camera setup, and a grasping end-effector resulting in an average picking time of 6s. The success rate was
84%.
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Fig.5.Apple harvesting robot (Silwal et al., 2017) [33]
Open Field

Open field is another type of crop production method in which crops are produced on the flat strips of the land. For this type of crop,
the mechanical harvester is the most efficient way of harvesting because these crops can be harvested in one moment. Selective
harvesting for these crops is more challenging due to environmental variations compared to controlled crop production methods.
Chatzimichali et al. [34] proposed a robotic design to harvest white asparagus selectively. The procedure consists of two cameras to
identify the asparagus and caterpillar platform. Leu et al. [35] presented a harvesting robot design for the harvesting of green
asparagus, consisting of one RGB-D camera, a four-wheeled platform, and two harvesting tools (fig.6).

Fig.6. Green asparagus harvesting end effector [35].
Task 3: Fruit Detachment

After reaching the target location with the help of a manipulator, fruit needs to be detached from the plant by using an end effector.
The end effector is the tool that is attached at the end of the robotic manipulator. An end effector should be capable of handling a
high degree of variability that exists in the work environment of the crops. Karkee and Zhang (2012) [36] have discussed the
various sources of variation in the crop environment. Due to multiple factors, there is natural variation in fruit shape, size, color,

weight, etc. these variations largely depend on the production methods. Fig.7 shows the two pictures of apples growing on the same
plant.

Fig.7. variation in apple position and orientation [36]
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The apples shown on the left side are isolated and are more accessible to the end effector. However, apples on the right are more
clustered and are oriented in an unpredictable direction, and are less accessible. The parameters related to fruit growth patterns play
an essential role in the design criteria of the end effector and its method of fruit detachment. The second design consideration of the
end effector is that it should not damage fruits and trees. The detached fruit should be free from any surface damage to be accepted
in the fresh fruit market. The physical properties of the fruit also play an essential role in selecting the detachment process and
overall end effector. There are various methods to detach the fruits from the stem. Gripping is a single DOF method that uses
vacuum or open/ close type of devices.

On the other hand, grasping is a multi-DOF method that is adaptive to fruit shape. The various method used for fruit detachment,
including gripping and cutting in which fruit is gripped, its stem is being cut by use of some blade or thermal device. All
technologies use gripping only during fruit picking and use forces produced by the end effector for the detachment process. This
section reviewed 39 different robotic harvesting technology developed between 1985 and 2018 ((Bac et al. (2014)) [37]. All
technologies developed for fruit and vegetable harvesting.

Study Fruit Fruit Manipulator | Manipulator | Number of | Types of
Detachment DOF Actuators End End
Method Effector | Effector
Actuators | Actuators
Grand Apple Grip 4 Hydraulic 1 Vacuum
d’Esno
netal.,
1987[3
8]
Setiawan, Grip Electric Vacuum
Furukawa, Apple 6 (industrial) 1 generato
& r
Preston,
2004 [39]
Baeten et Apple Grip 6 Electric 1 Vacuum
al., (industrial) pump
2008
[40]
Bulano Grip Electric DC motor
n& Apple 3 (custom) 2 & stepper
Kataoka, motor
2010[41]
Grip & Cut Electric & DC Motor
Zhao et al, Apple > I-ézﬂ:lgrl:]c; ’ ne;&mati
2011[42] P
C pump
Silwal et Grasp 7 Electric 3 Electric
201a7|[’43]. Apple (custom)

Hohimer Grasp o Electric 3 Pneumati
etal., Apple (custom) ¢
2018[

44].
Grip & Cut 4 Electric 2 Electric

Irie et al, Aspar (custom) motor

2009[45] agus
Chatzimic Grip & Cut Electric Pneuma
hali et Aspar 3 (custom) 2 tic
al., agus pump
2009[4 & DC
6]. motor
Grip & Cut 3 Electric? 2 Pneumati
Edan et al., Canta (custom) c(?)
2000[47]. loup
Grip Electric Servom

Tanigaki Cherr 4 (custom) 3 otors &
etal., y vacuum
2008[ pump

48].
Grip & Cut Pneumat
Van Electric 2 ic pump
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Henten c (industrial) &
ucu .
etal, mber electric
2002[4 motor
9].
Cut Electric 1 Electric
motor
Tang et al., Cucu (custom)
2009[50]. mber
Aljanobi Grip Electric 1(?) Motor (?)
etal., Date (custom)
2010[ Palm
51].
Wan Cut Electric 1 DC
Ishak, Eggpl (custom) Motor
Kit, & ant
Awal,

2010[52].

Monta, Grape Grip & Cut Electric? ? ?

Kondo, & (custom)

Shibano,19
95[53].
Scarfe et Kiwi Grip Electric 1(?) Electric
al., (custom) motor
2009[
54].
Grip & Cut Electric &
Choetal., Lettuc Prefinatig 1) Pneumati
2002 [55]. e (custom) c
Liuetal., Lyche i - Pneumati
S011[56]. ye Grip & Cut 1 z
Grip Stepper
. motor &
Reed et al., Mush Pneumatic 3 rotary
2001[57]. rooms (custom) pneumati
c

Pool and Grip Hydraulic
Harrell, Orang (custom) 1 Hydraulic
1991[5 e

8].

Muscato Cut Electric &
etal., Orang Pneumatic 3 Pneumati
2005 e (custom) c

59]

Lee and Cut Hydraulic & Pneumati
Rosa, Orang pneumatic 1 c
2006[ e (custom) cylinder

60]

Haifeng Pinea Grip - 2 Stepper
etal pple motors
2002[

61]

Foglia and Radic Grip & Cut Pneumatic 2 Pneumati
Reina, chio (custom) c
2006[6 muscles

2]
Kondo et Cherr Grip & Cut Electric? 2 Pneum
al., y (custom) atic &
1996[ Tomat solenoi
63] 0 d

Monta Grip Electric DC
ae;i Tct)cr)na (custom) 2 mcgor
199 vacuu
8[64 m

1 pump
Grip &Grasp Vacuum
. pump &
Electric stepper
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Ling et al., Tomat (industrial) :rjotor
2004[65] 0 near
actuator
Zhao et al., Tomat | Grasp & Cut - Pneumati
2016[66] 0 P c(?)
Grip EM
Antonelli et Saffro Electric solenoids
al., n (custom) &
2011[6 vacuum
7] pump
Grip & Cut DC
: Spheri Electric servomotor
Liuetal., . .
2007[68] caI_ (industrial) S&
Fruit vacuum
pump
Hayalshl Strawb Grip & Cut Electric? Pneumati
etal. erry c
2010[69] (custom)
Feng et al., Strawb Grip & Cut Electric Pneumati
2012[70] erry (industrial) c
Hanetal., Strawb Grip & Cut Electric Electric
2012[71] erry (custom) motors

Manipulator Actuation

The selection of the degree of freedom of the manipulator plays an important role in the harvesting operation. The work
environment of different fruits is different. Seven of the 39 technologies used robotic manipulators with electric actuators. Electrical
servomotor and stepper motors are used where the weight of manipulation & the payload is low. Hydraulic and pneumatic actuators
are used for heavy payloads because of their high power-to-weight ratio. The breakdown of manipulator actuators used in the
remaining technologies is shown as:

B Hydraulic B Pnueamtic M Electric

B Pnuematic & Hydaulic m Electric & Hydraulic  ® Electric & pnuematic

Fig.8. Breakdown of manipulator actuators

End Effector Actuation

Most of the technologies used one or two actuators, and the number of actuators used by all harvesting technologies varies from one
to four. Most of the actuators used were either pneumatic or electric. Breakdown of all the end effector actuators used in different
technologies is shown n fig.9. Most of the technologies used electrical or pneumatic type end effectors for the fruit detachment
process. The breakdown of different types of actuation used for the end effector is shown in fig.10. These findings show that a
system might benefit from using electrical & pneumatic actuation for end effector & electrical actuation for the manipulator for fruit
picking.
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Fig.10. Breakdown of all End Effector Actuators used
Fruit Detachment Methods

There are various methods used for the fruit detachment, including grip, grasp, grip & cut the stem, etc. Combination of gripping &
cutting is the most commonly used method for the fruit detachment process. Only one end effector used the grasp method to grasp
the fruit according to its shape. The breakdown of all fruit detachment methods used by all technologies is shown in fig.10.

JETIR2204719 | Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org h168


http://www.jetir.org/

© 2022 JETIR April 2022, Volume 9, Issue 4 www.jetir.org (ISSN-2349-5162)

18

[any
(o2}

=
o

=
N

=
o

Number of technologies

4
2 .
. .

Grip Grasp Cut Grisp & Cut  Grasp & Cut

Fig.10. Breakdown of all fruit detachment methods

Future Scope & Solution to Technical Problems

There is bright scope of robotics in fruit or crop harvesting. There are a lot of challenges in the operation of the harvesting robot.
Here are some solutions and improvements we can make in harvesting robots.

1. Reducing variation in the work environment: The performance of the machine vision system depends on the variation in
the work environment of the harvesting robot. We can enhance the productivity of the machine vision system by reducing
the plant population and reducing the variation of plants by arranging in some particular sequence. We can use different
plant production methods like greenhouse and orchards. To reduce the complexity of the scene, breeding for the robot is
another way. Modification and standardization of the cultivation systems offer opportunities to reduce variation.

2. Enhancing robotic technology: Including more domain knowledge in the design and operation of robots to reduce the
variation. For this, we have to model the world in which the robot has to operate, which will provide clues about the work
environment and the presence or absence of objects. Another way is to extend the capabilities of sensors so that we can
better feedback from the sensors.

3. Human-robot collaboration: The kind of variation in the agriculture field can be tackled by human-robot collaboration.
They will help each other enhance the productivity of the overall operation of the harvesting robot. A human operator can
guide the robot to target fruits, and the robot can harvest with its end effector.

Conclusion

This paper reviews the role of robotics in fruit & crop harvesting and various techniques and methods used in harvesting robots from
machine vision to fruit detachment. Various technical challenges and limitations of the system also have been discussed. And for all
problems, various possible solutions also have been discussed. To increase the productivity of the harvesting robot, we have to
implement such solutions in the robotic system
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