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Abstract: The present study focused on the development, optimization, and performance evaluation
of a harvesting robot for heavyweight agricultural products. The main objective of developing this
system is to improve the harvesting process of the mentioned crops. The pumpkin was selected as a
heavyweight target crop for this study. The main components of the robot consist of mobile platforms
(the main robot tractor and a parallel robot tractor), a manipulation system and its end-effector,
and an integrated control unit. The development procedure was divided into four stages: stage I
(designed system using Solidworks), stage II (installation of the developed system on a temporary
platform), stage III (developed system on an RT-1 (Yanmar EG453)), and stage IV (developed system
on an RT-2 (Yanmar YT5113)). Various indicators related to the performance of the robot were
evaluated. The accuracy of 5.8 and 4.78 mm in x and y directions and repeatability of 5.11 mm were
observed. The harvesting success rate of 87~92%, and damage rate of 5% resulted in the evaluation
of the final version. The average cycle time was 35.1 s, 42.6 s, and 43.2 s for stages II, III, and IV,
respectively. The performance evaluations showed that the system’s indicators are good enough
to harvest big-sized and heavy-weighted crops. Development of the unique and unified system,
including a mobile platform, a manipulation system, an end-effector, and an integrated algorithm,
completed the targeted harvesting process appropriately. The system can increase the speed and
improve the harvesting process because it can work all day long, has a precise robotic manipulation
and end-effector, and a programmable controlling system that can work autonomously.

Keywords: harvesting machines; agricultural machines; artificial intelligence; smart farming; robotics;
harvesting robots; IoT; agronomy; agriculture; sustainable development

1. Introduction

Improvement of the mechanized food supply systems and self-sufficiency in the
agriculture industry are critical challenges [1]. These concerns, along with many others
such as limited agricultural farms, climate change, water crisis, labor shortage, farmer
income reduction, and culture changes, threaten the output of farm works. These problems
with their complexity push scientists to pursue a goal of “producing more food with limited
resources”. Artificial intelligence (Al) and agricultural robots (AR) as robotic technology
can be a benchmark technology to answer this question. Developing robots for agriculture
farms which are unpredictable environments, needs specific consideration. The ARs can
have uninterrupted activity. They have multiple programmability. And also they have
programmed for various missions.

The development of ARs as an intelligent system has many challenges, such as auto-
navigation systems [2], sensor fusion [3], real-time motion detection [4], and multi-robot
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controlling [5]. The developed ARs in the laboratory of Vehicle Robotics—Hokkaido Uni-
versity (VeBots) started with the development of a path planning system (1997); continued
with multi-robot tractors (2017); and reached intelligent harvesting systems (2019). The
final RTs can move on all predicted patterns with high safety indexes [6]. The VeBots
laboratory same as many other laboratories in the field of ICT, has researched ARs such as
path planning [7], vision intelligence [8], on-road and on-field navigation [9], navigation
combination with different sensors [10,11], sensor fusion [12], autonomous tractor [13-15],
turning functions [16,17], steering control [18], multi-robots [19], various platforms [20-23],
and intelligent systems [6,23-39].

This point seems to be a good maturity level for farm robots. Nevertheless, in close
consideration, this powerful and intelligent body (robot tractors) has no hands for any
flexible operations. So, the intelligent single/multi-robot tractors required a specifically
designed robotic actuating /manipulation system as a complementary unit to do more tasks
such as precision harvesting, seeding, fertilizing, watering, and weeding. On the other side,
the Japanese farmers met labor shortages in pumpkin fields (like other heavyweight crops
such as cabbage, melon, and watermelon). Fieldwork exhaustion and disproportionate
income have decreased the number of farmers in these fields. In this regard, Roshanianfard
and Noguchi [36] have been developing a harvesting robot for the heavyweight crop
since 2018 [36]. They developed a robotic manipulation system for this application with a
payload and safety factor of 25 Kg, and 2, respectively, and then developed a kinematic
and dynamic algorithm [27,33]. After developing and meeting the actual conditions and
limitations, the payload and FOS decrease to 15 Kg and 1.5. Then, Roshanianfard et al.
(2019) developed an end-effector to harvest pumpkins [29,38]. Finally, the preliminary tests
in different aspects were applied [37]. After finishing the development processes, many
tests were completed in various conditions. Some modifications were applied to different
system parts such as an algorithm, robotic arm, end-effector, and electrical controlling unit.
This study will present the finalized performance evaluation of the targeted system in many
technical aspects.

2. Materials and Methods
2.1. The Designed and Developed a Robotic System

Many types of robots have limitations in many aspects, such as payload, speed of
action, and performance smoothness. Robotic arms move using electrical actuators (as com-
monly used) that are fast and precise, but they cannot support large torques. Hydraulic and
pneumatic actuators can cover this disadvantage, but their complex and heavy components
are unsuitable for mobile robots. Studies mainly have focused on light and small agricul-
tural products such as cucumber, tomato, strawberry, and sweet pepper. Heavyweight
crops such as melon, pumpkin, cabbage, watermelon, and many others are expensive,
favorite, and economical in terms of production. In the Japanese market basket, these crops
are expensive products. Based on those reasons, research on these products and developing
a robotic harvesting system for these crops is scientifically and operationally justified.
This study presents the development and performance assessment of the robotic system
designed specifically to harvest heavyweight crops (pumpkin in this study). The novetlies
include, (a) the development of a unified system including a mobile platform, manipulation
system, and end-effector to achieve the objectives of this research. (b) development of an
integrated algorithm to control the harvesting process appropriately. (c) development of
a controlling unit using a Programmable Logic Controller (PLC) to control manipulation
systems and communicate with the platform. (d) development of an end effector (EE)
exclusively designed based on the physical properties of pumpkin. (e) evaluation of perfor-
mance, comparison with the functional goals, and optimization of various components to
achieve the highest efficiency.

The harvesting robot for heavyweight crops (HRHC) was designed for the actual
agricultural field. The components of HRHC consisted of (1) an autonomous robot tractor
(RT) as a mobile platform [40], (2) a specifically developed robotic arm (RA) [39], (3) a
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pumpkin harvesting robotic end-effector (EE) [29], (4) the controlling system (CS), and
another robot tractor to carry a trailer as shown in Figure 1. The controlling system and
algorithm of the system on a main, turning, and curve path was developed by Takai,
et al. [41] for crawler-type RT and by Yang, et al. [42] for wheel-type RT. Zhang and
Noguchi [20] developed the controlling of multi-robot and their communication methods.
Using a laser scanner, a safety system was applied to both RTs that Yang and Noguchi [43]
developed. Both robot tractors move in parallel and simultaneously. RTc4rier, which
carries a trailer, moves on the previous harvested path. The RTyrpc move after RT carrier,
harvests pumpkins, and place them in the trailer. The RTyrpc was a half-crawler tractor
(YANMAR, EG45 / YT5113) that could maneuver in an agricultural farm using RTK-GPS,
an IMU [20]. An installed robotic arm was a specifically developed SCARA-type robotic
arm for outdoor application in terms of reparability, cost-effectiveness, and flexibility [33].
Moreover, a specifically designed end-effector grasp and harvests crops using unique
techniques [29]. This end-effector was designed based on pumpkins’ shape, size, and
orientation diversity in the field [29]. A real-time controlling system includes (1) the
central controller located in the controlling station, (2) ECU of RTyruc + PC, (3) ECU of
RTcarrier + PC, and (4) controlling unit of manipulation system based on the PLC system.
The controlling unit as a compact circuit consists of five servo motors and amplifiers, a
position board installed on a PC, a controlling program, and optical cables for data transfer.
The PLC system was powered by 200ACV, which was generated by a gasoline generator.
Servo motors command transferred to the position board (connected to the PC by a PCI
Express protocol) via optical cables. The controlling program was written using C++.
The mathematical equations and related algorithms were calculated and designed using
the D-H method [33] because of its simplicity, minimum response time during operation,
and good changeability during experiments. During harvesting, the leaves wither, and
the location of the pumpkins is different in color, which can be easily detected using a
CCD camera using image processing. In the prototype version, the pumpkin’s position is
imported into the controlling unit manually, and it is planned to integrate it with a real-time
positing unit in the subsequent designs.

Figure 1. The HRHC system (a) required systems for operation, (b) components for operation, and
(c) detailed components.

2.2. Performance Evaluations

After developing the HRHC system, evaluation was required to ensure its performance.
Firstly, the performance evaluation of the system has done in an isolated and structured
lab environment, and after being satisfied with the results and required modifications, the
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experiments were repeated in a structured semi-conventional field. In the next study, we
will deal with the harvesting of pumpkins on conventional cultivated farms.

2.2.1. Workspace

The workspace is one of the essential parameters in designing a new robotic system,
and it is vital to evaluate during the development stages. After the design and development
of the system, the workspace is measured in different stages: (stage-I) designed and desired
system, (stage-1I) developed system installed on a temporary stage, (stage-III) developed
system on an RT (Yanmar, EG453), (stage-IV) Final system after modifications on another
RT (Yanmar, YT5113) (Figure 2). In Stage-I, the system was designed based on desired and
required parameters such as desired degrees of freedom (DOF), harvesting area, limitation
of actuating units, and many more. In stage II, after the development of the system,
some differences appeared in performance because of limitations in links, connections,
joints, screws, bolts, wirings, and other components. The developed system was installed
on a temporary stage for preliminary evaluation in this stage, and the parameters were
evaluated. In stage III, after preliminary evaluations and modifications, the manipulation
part was installed on a robot tractor model: Yanmar, EG453. For installation, some parts
were modified, such as the installation indicator. In stage IV, the system was installed
on another robot tractor model: Yanmar YT5113, to compare the performance difference
with different platforms. The modification was applied to the controlling algorithm and
mechanical units in this stage. A more robust system replaced the power transmission
(gearbox) of joint-1, and also many modifications were applied to links, junctions, and
joints. Required parameters related to the workspace measured, including workspace
volume, harvesting surface, and harvesting length, as illustrated in Figure 3. The Final

. CR T obtained value
value per desired value (FPD) was measured for each indicator. The FPD was 23 5201

(1) . (1) (V)

Figure 2. Development stages: (I) design, (II) adjustments and evaluation, (III) implementation,
(IV) installation/operation.

(b) (©

Harvesting volume

harvesting surface Harvesting length

Figure 3. (a) Illustration of parameters related to the workspace, (b) a 3D view of workspace,
(c) workspace cross-section.
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2.2.2. System Resolution

Roshanianfard and Noguchi [29] evaluated the performance of a pumpkin harvesting
robotic end-effector. Their evaluation parameters were the accuracy, repeatability, damage
rate, and harvesting possibility zone of the end-effector. In this study, the same method-
ologies were used to evaluate the general performance of the HRHC system. System
resolution (SR), control resolution, or movement resolution is the minimum movability
of a robotic system on the linear axis. It is the minimum possible distance between two
steps of motion that the robotic can move. This parameter can significantly impact other
performance indicators, such as accuracy and repeatability. The resolution depends on
the mechanical features, type of actuating system, and controlling logic and methodology.
There is a difference between the resolution of programming vs. control. The programming
resolution is the minor position increment allowed in the program of a robot. However,
the control resolution is a minor position or angle change that the device sense in feedback.
The time when the programming resolution becomes equal to the control resolution is
known as the best performance [31]. The system resolution in this study was defined as the
minimum position the system can move. In this regard, the preliminary tests were set to
follow on twenty squares with Imm offset from each other. This test was completed for
stages I, I1I, and IV (Figure 2). The system resolution and tolerance are calculated using
the following equations:

L
— f
SR (mm) = 2N x of fset @
System resolution tolerance (mm) = Expected of fset — SR, (2)

Which SR, L fr and N were system resolution, length of the most gain square, and the
number of squares.

2.2.3. Accuracy and Repeatability

Accuracy (Ac) and repeatability (Rp) are the main measurable characteristics or indi-
cators used as performance characteristics of fluid dispensing equipment such as robotic
arms. The Ac means how close an applied position is to a predetermined position [43],
the error between the desired and obtained position. This indicator shows the ability of a
robotic system to reach a commanded position with a minor error. The Rp is a parameter
to reach ideal results during several experiments [43]. In other words, it was defined as
the ability of a robotic system to achieve the repetition of a position (Figure 4). The Ac
and Rp of the system were tested in each development stage with considering the motion
effects of the platform in stages III and IV. The position measurements had to carry out after
a complete stop of the EE’s motion [44]. The main objective of this section is to achieve
smaller accuracy and repeatability numbers which indicates tighter groupings within the
test data distribution. In this regard, the tests were completed in different positions with
ten repetitions. Each point was set in one segment to evaluate the differences (Table 1). The
Z-value of each test on each stage could be different. Geometrically, the Rp was defined as
the radius of the smallest sphere that encompasses all the positions reached for the same
requested position [45]. The Ac is defined as the maximum errors for several positions
distributed inside the reference frame. Mathematically, the Ac and Rp were calculated by
the following equations.

1 18 - 1 & /-
Apx=nli_le/(x—xc)z;Apy:mg\/(y—yc)z;f‘pfmg\/m ©)

Li= (v =22+ (5 — ) + (2 — 2)° )
-1y, ©)
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(6)

Figure 4. Accurate and non-accurate comparison (left), and repeatable and non-repeatable compari-
son (right).

Table 1. Target position tested for accuracy and repeatability test.

Position No. X (mm) Y (mm)
1 500 —1470
2 1200 —1200
3 1450 500
4 700 950
5 550 —1150
6 1400 —700
7 550 1350
8 950 —450
9 1100 250
10 1150 20
11 1500 900

Which Ay, ny, nz, X, xc, and x, are positional accuracy, number of attained points
in each mission, number of repetitions, and the average value of the attained position,
commanded position, and reached position, respectively. In this section, the ANSI/RIA
R15.05 standards were used.

2.2.4. Harvesting Performance Indicators

The harvesting success rate (HSR), harvesting cycle time (CT), and damage rate (DR)
are three main parameters that indicate the quality of the newly developed robotic system.
In this study, these indicators were evaluated in ten repetitions based on the methodology
presented by Roshanianfard, Kamata and Noguchi [31], as shown in Table 2. Roshanianfard,
Kamata and Noguchi [31] selected HSR during the entire operation (from recognition of
product position to the stage of placing it in the trailer). Any damage during this period
counted as a failure. The harvesting procedure was divided into five stages, including
home position (HP), working position (WP), target position (TP), grasping position (GP),
and unloading position (UP). The CT was measured in three scenarios, as illustrated in
Figure 5 and described in Table 3. In the evaluation of DR, the pumpkins should be utterly
intact during operation.
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Table 2. Harvesting performance indicators.

Indicator Equation Unit
Success ful harvests o
HSR Totalharvests 'X 1QO %o
CT harvesting operation time s
DR Intact harvested crop % 100 %,

Total harvested crop

CT senario-1
CT seonario-2
T CT scenarin-3
Positioning @ >

unit
£ —* x TP GP, P,
- — Position of crop ) " Y
% ey (P‘M Approaching bt Grasping » Lifting and V(Ta.rryhlg and
B stem cutling unloading
rd

Next step

Is the harvesting
task finished?

Ts all pumpking in
block ,, finished?

Figure 5. Illustration of controlling procedure with different scenarios for cycle time.

Table 3. Harvesting performance indicators.

Indicator

CTScenario-l

CTScenario-Z

CTScenario—3

Description Start Point ENDPOINT
The consumed time for full harvesting
procedures plus transportation to the next crop ur, UP (.1
plus time loss because of failed attempts
The consumed time for harvesting each pumpkin Wwp,, up,

The consumed time between the target position

to unloading position in the same step TP UPn

3. Results and Discussion
3.1. Workspace Results

The results indicated that the V, S, and HL of the designed system was 8.024 x 10° mm>3,
3.518 x 10° mm?, and 808 mm, respectively (Figure 6). Nevertheless, after development, these
parameters were reduced to 51.52, 47.78, and 49.5% of the designed parameters, respectively
(Figure 7), which were 4.134 x 10 mm?, 1.681 x 10° mm?, and 400 mm, respectively. As
these results were not meet the requirements, some modifications in the structure, including
spacer removal, pulley and belt power transmission, link modification, and recodification of
the controlling algorithm, were applied, and the manipulation was installed on an RT (stage-
III). After this modification, the V, S, and HL reached 5.662 x 10° mm?3, 2.86 x 10® mm?,
and 800 mm, respectively. In this stage, the V, S., and HL were increased by 19.04, 33.58,
and 49.5%, compared with the developed system, respectively, which was 70.56, 81.36, and
99%, of desired parameters of the designed system, respectively. The significant difference
between the parameters of stage Il versus stage III was because of the platform’s stability.
The temporary stage was a metal structure that fluctuated during operation and reduced
the quality of motion. In stage III, the RT had less fluctuation and directly affected the
accuracy and repeatability values. After this stage, the system was installed on another RT
(stage-IV), and the modification was applied. In this stage, the V, S¢, and HL increased by
11.36, 9.82, and 9.38% in comparison to previous development, respectively, which was
81.92, 91.18, and 99.38% of desired parameters of the designed system, respectively. As it
is evident, there was no significant difference between the stage III and stage IV because,
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in both stages, a commercialized platform was used (stage-IIl: row-crop tractor Yanmar
EG453, stage-1V: general-purpose tractor Yanmar YT5113)

. & 503

770 808
670 657.4
570
470

. 320.8
370 400 286

==de==" 0lume of workspace (mm3 X 107)

g 2 5
168.1 —=#=Harvesting surface (MM*X 10°)

—8—Harvesting length (1MM)

I II 111 v
Stages

Figure 6. The workspace parameters in the different stages.

110

100 —l 99.38

90 91.18
g 80 81.92
a

70
- 70.56

60 ===V olume of workspace

50 ==@==Harvesting surface

47.78 —#— Harvesting length
40
11 111 v
Stages

Figure 7. FDP of development stages.

3.2. Resolution

The results of SR experiments are presented in Figure 8. In Stage-I, the side lengths
of the giant square were 39 and 43 mm on the x and Z axis instead of 40 mm, which
means the system resolution is tolerant. According to the calculations, the SRy, SRy, and
SRz were 1 & 0.075, 1 £ 0.05, and 1 & 0.025 mm, respectively. The system can have a
tolerance of 75, 50, and 25 pum in the X, Y and, Z axis, respectively (Table 5). The test was
repeated when the manipulation system was installed on RT-1, and the results show that
the SRy, SRy, and SRz were 1 + 0.273, 1 + 0.36, and 1 + 0.381 mm, respectively. The
system tolerates 273, 360 and 381 um in the X, Y, and Z-axis, respectively (Table 5). These
results indicated that the target installation platform and its vibration could harm the
resolution of manipulation. After final installation on YT 5113, the results showed that the
SRy, SRy, and SRz were 1 £ 0.372,1 £ 0.259, and 1 + 0.388 mm, respectively. The system
tolerate of 372, 259, and 388 um in the X, Y, and Z axis, respectively (Table 4). Between
stages III and IV, there were no significant differences indicated. However, the resolution
tolerance decreased due to mobile platforms, but this tolerance had no significant effects
on the general performance of the designed system. Based on the archived results, the
resolution values met the requirements and defined objectives for agricultural application.
A resolution of 5 mm is acceptable for an actual agricultural field. The presented robotic
system is more accurate than the required and desired indicator (Figure 8).



Agronomy 2022, 12, 1594

9of 15

(2) (b)
Figure 8. Resolution test sample (a) Desired path and (b) experimentation result.

Table 4. System resolution.

SR =+ Tolerance (mm)

Stage
5 X Y Z
I 1+ 0.075 1+ 0.050 1 4 0.025
11 1+0.273 1 £ 0.360 14 0.381
v 1+0.372 1+0.259 1 4+ 0.388

3.3. Accuracy and Repeatability

As results show, in stage II, the Acaverage Was 10.91 mm in the x-direction, 9.52 mm in
the y-direction, and Rpaverage Was 12.74 mm (Figure 9). The Acmax in x and y directions
were belonged to point-2 by 2.55 mm, and point-9 by 0.83 mm, respectively. The Rpmax
belonged to point-4 by 8.1 mm. The Acx of points 4, 6, 7, and 9 were more than the
Acx. average , and the Acy of points 1, 2, 4, and 7 were more than the Acy. average - In stage
ITI, The Acaverage Was 5.22mm in the x-direction, and 4.02 mm in the y-directions, and also
Rpaverage Was 5.23 mm. The Acmax in x and y directions were belonged to point-10 by
1.43 mm, and 0.50 mm, respectively. The Rpmax was belonged to point-9 by 3.56 mm. The
Acx of points 2, 3, 6,9, and 11 were more than the Acx. average and the Acy of points 3, 4, 7,
and 9 were more than the Acy. average- In stage IV, The Acaverage Was 5.8mm in x-direction,
and 4.78mm in y-directions, and also Rpaverage Was 5.11mm, which is almost the same as
stage III. The Acmax in the x and y directions were belonged to point-5 by 3.89 mm, and
point-10 by 2.56 mm, respectively. The Rpmax was belonged to point-5 by 2.38 mm. The
Acx of points 3,9, 10, and 11 were more than the Acy. average and the Acy of points 1,4, 5,
6, 8, and 9 were more than the Acy. average -

The results showed no relation between accuracy/repeatability with the position of
selected points (Table 5). The Rp of the points had no significant difference compared with
Rpaverage- No relationship between the distance of points versus its Ac and Rp was found.
Based on these results, the average values of each parameter are presented as the final
Acx, Acy, and Rp as 5.8, 4.78, and 5.11 mm, respectively. After evaluation, it was realized
that the vibration of the temporary stage harmed Ac and Rp, and this was because of its
mechanical structure. This condition changed when the robotic arm was installed on a
stable platform. The same experimentations in stages III and IV showed that the accuracy
and repeatability of the system were modified to 5.22, 4.02, and 5.23 mm for stage III, and
5.8,4.78, and 5.11 mm for stage IV, respectively. The result showed that the vibration of
operation because of the temporary stage had a negative impact on these indicators. The
resulted parameters are sufficient enough to do the harvesting procedure for heavyweight
crops. In this application, an 8mm accuracy and repeatability were the required values, and
the designed system is more accurate than the requirements.
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Position-1 Position-2 Position-3

Position-4

x

Command positions
A Barycenter of btained posiions

Figure 9. The polar plots of Ac and Rp.

Table 5. Ac and Rp results.

Experiment Positions Average
P t
arameters 1 2 3 4 5 6 7 8 9 10 1 (mm)
X 5.52 2.55 5.39 23.77 4.56 15.5 14.66 10.7 1556 1023 11.57 10.91
Accuracy
I y 20.77 14.58 7.6 19.1 2.81 3.53 18.16 3.24 0.83 392 102 9.52
Repeatability 13.9 12.27 14.56 8.1 14.7 12.47 12.26 12.53 12.87 12,65 13.83 12.74
X 4.26 7.29 6.59 2.73 4.66 5.24 4.85 151 1167 143 720 5.22
Accuracy
I y 0.64 0.33 8.49 9.59 2.00 3.83 415 3.37 8.80 050 198 4.02
Repeatability 4.62 4.87 4.84 5.74 5.77 6.01 5.23 6.09 3.56 6.15 4.63 5.23
X 4.48 4.66 7.02 5.55 3.74 3.89 5.76 4.04 7.5 94 777 58
Accuracy
v y 5.2 4.72 3.5 4.89 5.76 5.76 3.77 5.09 8.3 256  3.04 4.78
Repeatability 4.62 6.3 5.08 5.67 2.38 4.33 5.66 3.98 5.27 54 587 511

TS = Temporary stage.
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3.4. Workspace Indicators

As shown in Table 6, the average HSR of the HRHC system in stages II, III, and IV
were 92, 88, and 87, respectively, which is sufficient for a prototype system. The failures
in some points were because of the distance of the target point from the home position.
It was also because of delays during control, and it improved during algorithm updates.
These results clearly showed that the system has reliable parameters in its workspace.
No damage was recognized during operation in stage II (Table 6). It was because of a
laboratory environment. In stages III and IV, the damage rate was almost 5% in the actual
field. This damage was caused by variation in the orientation of the pumpkin and the
accuracy of positioning.

Table 6. HSR results.

Stage (ScenC;io-l) (ScenCaFlljio-Z) CT(Scenario-3) CT (Average) HSR (%) DR (%)
II 58.7 419 35.1 45.23 92 0
I 62.6 50.7 42.6 51.96 88 5~7
v 63.1 50.9 43.2 52.4 87 5~7

The results of CT in stage II showed that the average CTycenarios-1, CTscenarios-2, and
CTscenarios2 Were 58.7 s, 41.9 s, and 35.1 s, respectively. These indicators in stage III were
62.6,50.7, and 42.6 s, and in stage IV were 63.1, 50.9, and 43.2 s, respectively. The values of
average CT have no significant difference between stages III and IV because the difference
in the platform could not significantly impact harvesting success results. These values
have increased slightly compared with stage-II due to differences in the configuration
and size of the platforms and experimented environment. The values of CTycenarios-3 are
a valuable indicator because it indicates the traveling time between two harvestings in a
repetitive harvesting mission on the actual field. Based on this indicator, it can result that the
system completed the harvesting procedure in less than one minute for each target crop. In
CTscenarios-3 the time-traveling between HP and TP was excluded because, in an actual field,
the system harvests a crop unloads it and does this process again and again. The CTgcenarios-1
for stages II, III, IV was 58.7, 62.6, and 63.1, respectively, which was 57.7, 61.6, and 62% more
than CTscenarios-2, Tespectively. Scenario-1 included all steps of harvesting, including the
location indication, harvesting, and carrying to the trunk. The CTenarios-2 Was evaluated
during motion between WP, and UP,, and the consumed time for position detection was
ignored. The results showed that the system consumed 19~28% of CT to the determined
position of the target crop, data evaluation, and transmutation. It can conclude that if the
processing speed of the control unit has improved by component modification, the system
can finish the entire process with 75% of the CT. Although the HRHC system has an excellent
capability to perform the harvesting process, the modification was applied to improve
the value of indicators in different parts of it. Despite sevral advances developing robotic
arms, e.g., [45-51], for the future work, in order to improve the results applying advanced
evolutionary algorithms and machine learning methods, e.g., [52-57] for optimizing the
design and improving the performance.

4. Conclusions

This study presented a harvesting robot’s development and performance evaluation
for heavyweight crops called HRHC. Pumpkin was used as an example of a heavyweight
for evaluation. Based on the findings, the following explanations can be concluded in the
main components of the system. The mobile platform: The RTs are commercialized tractors
that can maneuver autonomously. The RTs can have various applications for carrying
objects, harvesting, plowing, seeding, cultivation, and most farm applications. Robotic
arm: The developed robotic arm is mostly designed for farm applications, which is not
accurate for very precise applications such as car production lines or circuit assembly. How-
ever, it is a practical system for farm application, carrying objects, horticulture application,



Agronomy 2022, 12, 1594

12 0f 15

etc. End effector: The designed end-effector is designed explicitly for pumpkin harvest-
ing. Changing the fingers can be applied to many more objects, including agricultural
products. Controlling system: This unit can have applications in many industries with
some minimal modifications. The system was designed, manufactured, and evaluated
using standard methodologies. Various performance parameters were tested, including
Ac, Rp, WS, HS, HL, DR, HSR, CT, and CR, presented in Table 7, and the performance was
compared with previous studies. The review paper presented by Bac, et al. [46] reported
that between almost 50 projects to develop robotic harvesting systems for agricultural
products such as apple, orange, kiwi, and strawberries between 1984 and 2014, there was
no practical harvesting robot commercialized. However, there was some commercialized
harvesting robot between 2012 and 2020, such as “Rubion” for strawberry harvesting [47]
and “SWEEPER” for sweet pepper harvester [48]. The HSR, CT, and DR compared in
some of the mentioned studies, and other parameters including V, Ac, Rp and many others
have not been mentioned.

Table 7. Performance indicators of HRHC system.

Stage .
Parameter - I v Unit
Accuracy-X (Acy) 10.91 5.22 5.8 mm
Accuracy-Y (Acy) 9.52 4.02 4.78 mm
Repeatability (Rp) 12.74 5.23 511 mm
Workspace volume (V) 4.134 5.662 6.574 x10° mm?
Harvesting surface (HS) 1.681 2.86 3.208 x10° mm?
Harvesting length (HL) 400 800 803 mm
Damage rate (DR) 0 5 5 %
Harvest success rate (HSR) 92 88 87 Y%
Scenario-1 58.7 62.6 63.1 s
cycle time (CT) Scenario-2 41.9 50.7 50.9 s
Scenario-3 35.1 42.6 43.2 s
X 1+£0.075 1+0.273 1+£0.372 mm
Control resolution (CR) Y 14+0.05 1+0.36 1+0.259 mm
Z 1+ 0.025 1+0.381 1+0.388 mm

The HSR of the HRHC system (87~92%) is higher than the H SRm,gmgg of previous
studies (66%). The DR of the HRHC system (5~7%) is almost the same as the DR gperage 0f
previous studies (5%). The CT of the HRHC system (overall average = 49.86 s) is in the
range of C Taverage of previous studies (1 ~ 227 s). This value is more extensive than similar
research, such as melon harvester by 15s [49], heavy material manipulator by 14s [50],
and robot for watermelon by 15s [51]. It means the CT of the HRHC system requires
improvement. In conclusion, the mentioned indicators are improvable by mechanical
optimization and improvement of the controlling system. Most of the outputs meet the
required parameters, and the HRHC system’s final version was applied to the target task.
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