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Abstract: Japanese agriculture is facing a decrease in agricultural workers. Mechanization, both to
save time and reduce physical input, is essential to solving this issue. Recent worldwide progress
in Internet-of-things technology has enabled the application of remote-controlled and unmanned
machinery in agriculture. This study was conducted in the Gojo-Yoshino mountainous region in
Nara, Japan, which is famous for its persimmon cultivation. The performance of newly introduced
smart agricultural machinery was studied in the field by simulating cultivation work. The results
showed that the remote-control weeder, speed sprayer, and remote-control mini crawler carrier saved
90%, 75%, and 5% of weeding, spraying, and harvesting times, respectively, when compared with
conventional methods. Such time savings led to an 8% decrease in the total working time spent on
persimmon cultivation. In addition, using the speed sprayer showed improvement in the fruit’s
quality. Results of the power assist suits did not show a time-saving effect but showed a reduction of
physical burden. These results suggest that the mechanization of persimmon cultivation is efficient
and labor-saving, and satisfies the need for farmers. However, the high investment costs remain an
issue in extending mechanization to the region.

Keywords: persimmons; smart farming machinery; weeder; speed sprayer; assist suit; mini
crawler carrier

1. Introduction

Japanese agriculture is currently facing difficulties due to a decline in farming pop-
ulation and available farmlands. This decline in the farming population stems from a
decrease in the number of young workers, owing to the country’s declining birthrate and
an increasing aging population. Additionally, there is a negative perception of farming,
such as the physical burden involved, it being labor-intensive, and the lower earnings
realized when compared with other industries. The population of farmers decreased from
4.14 million in 1995 to 2.1 million in 2015, of which 1.33 million were above the age of
65 years. During the same period, the agricultural land area decreased from 5.04 million ha
to 4.37 million ha [1].

Meanwhile, the Japanese government is aiming to increase the export of high-quality
agricultural products. Among them, fruits are believed to have the potential to expand into
foreign markets, which consequently will stabilize the income of farmers.

For maintaining and increasing production, the mechanization of agricultural work
should result in saving labor, improving safety levels, and helping to break away from the
physical burden of cultivation. In the last decade, advanced machinery—in which artificial-
intelligence (AI) and Internet-of-things (IoT) technologies are applied—has been developed,
and has also been expected to accelerate automation and the labor-saving of agricultural
production globally [2,3]. In Japan, the development of such advanced machinery has
progressed mainly in unmanned ground vehicles, power-assisted suits for labor-saving in
lifting work, and unmanned aerial vehicles such as drones for fertilization application and
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pest control [4]. Most of them are relatively expensive, costing more than USD 1000. For
promoting the developed machinery, the Japanese government is now strongly encouraging
smart farming in practice, by initiating various projects nationwide [5]. This study of one
such project was carried out in the Gojo-Yoshino region of Nara Prefecture, famous for
its persimmon cultivation. By introducing smart technologies, the project was aimed at
stabilizing persimmon production with less labor input.

Persimmon fruits have been cultivated in Japan since ancient times. In the Gojo-
Yoshino region, persimmon cultivation as a cash tree crop started in the 1920s. The region
is in a rural mountainous area of the central part of Japan (see Figure 1a,b), with an
annual average temperature of 14.5 °C and an annual average rainfall of 1454 mm [6].
In the 1970s, land reclamation for persimmon farming was accelerated in the mountains
and steep terrain, and in 1974, the national Agricultural Land Development Project was
initiated. Consequently, the Gojo-Yoshino region became the second-largest persimmon-
fruit-producing region in the country. Persimmon fruits are cultivated in both greenhouses
and open fields (see Figure 1d), and 80% of national greenhouse production comes from
this region [7]. For stabilizing fruit production, irrigation water is provided by the Ichinoki
Dam, shown in Figure 1c, which was constructed in 1997 by the national government. A
total of 1817 ha of land was reclaimed for irrigating orchards, of which ~1600 ha is for
persimmons consisting of ~400 farm households (average of 4.0 ha per household) [8].
Many of the farming plots are widely scattered in mountainous areas on steep slopes that
limit efficient cultivation. As in many other parts of Japan, there are high expectations for
the introduction of advanced farming technology to small holders to solve the problems of
aging and the decreasing number of farmers, especially since persimmon cultivation takes
place in steep fields that require intensive labor for pruning, bud thinning, fruit thinning,
harvesting, fertilizing, irrigating, and weeding. Therefore, it is essential for farmers to apply
IoT technology to farm management, e.g., automated irrigation, harvesting, and weeding.
However, the applicability and the degree of effectiveness of these technologies in these
steep persimmon cultivation areas is still in question.

Figure 1. Study area and view of persimmon cultivation. (a) Location of Gojo-Yoshino region;
(b) Image of major persimmon grown in Gojo-Yoshino region, “Tone Wase’; (c) Ichinomi Dam for
irrigation; and (d) Greenhouses and on-field persimmon cultivation areas.

High-quality production of Japanese fruits is based on its detailed management by
farmers. Persimmon cultivation requires relatively less labor for the cultivation of fruit
trees, but the annual working time per 100 m? for persimmon cultivation is approximately
seven times higher than that of paddy rice production (28 h 100 m?), which is 186 h per
year [9,10]. To produce high-quality fruits, maintaining an intensive cultivation manage-
ment is required throughout the year. Therefore, fruit farming tends to be in small-scale
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units with a limited labor force to manage the entire field. By contrast, fruit farming in the
Gojo-Yoshino region is on a relatively large scale by Japanese standards, because the field
layout was designed by a national government project, although the average size of the
plot is ~200 m?. Therefore, it is desirable to mechanize cultivation to maintain high-quality
production in small-scale fields in the mountainous areas of Japan, such as the selected area
in this study, in order to improve work efficiency and save labor. In standard persimmon
cultivation management, the time spent on harvesting is the longest, followed by bud/fruit
thinning, pruning, and weeding/pesticide spraying, as shown in Figure 2.

Indirect
Labor, 2.09

Fertilization,
3.69

1

Weeding,
5.00

Pesticide
spraying,
13.05

Tree management,
8.70

Figure 2. Typical time spent on each work category of persimmon cultivation (rearranged from [9,10]).

The objective of this study was to assess the performance of newly introduced farm
machinery under a mountainous setting for small holders. This paper describes a study
on the performance assessment of labor-saving machinery for weeding, pest control, and
harvesting in persimmon cultivation. The remote-control weeder, Speed Sprayer (SS),
remote-control mini crawler carrier, and power assist suit that are available on the mar-
ket were used for the field experiments. The machinery used in this study, which was
introduced to the market in 2019, was the preference of the local farmers. Assessments
were focused on the working time required for weeding, working time required and fruit
quality during pest control, and working time and physical burden required for harvesting.
The total labor-saving efficiency evaluated from these assessments can help understand
the situation of smart farming in Japan and promote the introduction of smart farming
machinery into on-site farm work.

2. Materials and Methods

Persimmon cultivation normally consists of pruning, bud thinning, fruit thinning,
harvesting, and fertilization (Figure 3). Irrigation water is provided in rotation every eight
days at 50 mm per application, from June to September.
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Figure 3. Management schedule of a single season of persimmon (“Tone Wase’) cultivation based
on the information provided by farmers in the Gojo-Yoshino region. Abbreviations are E: Early,
M: Middle, and L: Late, Le: leafing, B: blooming, F: fertilization, P: pruning, BT: bud thinning,
FT: fruit thinning, H: harvesting, PS: pesticide spraying, W: Weeding, and Ir: Irrigation.

The remote-control weeder (Sanyo Equipment AJK-600, Figure 4b), the Speed Sprayer
(SS: Kioritz SSV665FSC, Figure 4d) for pest control, a remote-control mini crawler carrier
(Sanko JS-800-CR, Figure 4f), and the power assist suit (Kubota WIN-1, Figure 4g) for
harvesting, were used for experiments in the summer months of 2019 and 2020. Weeding
performance of the weeder was compared with that of a two-stroke engine-powered hand-
held brush cutter (Figure 4a). The SS was compared with a conventional engine-powered
sprayer (Figure 4c). The performance of the remote-control mini crawler carrier was
compared with a hand-pushed power-assisted mini crawler carrier (Figure 4e). The power
assist suit was compared in its harvesting performance with a case without using the suit.
All subjects provided their informed consent for inclusion before they participated in the
study. The study was conducted in accordance with the Declaration of Helsinki, and the
protocol used in the study was approved by the Ethics Committee of the Department
of Agriculture, Kindai University (2019-8). Statistical analyses were applied to the data
obtained from the experiments.

Figure 4. Farm machinery used in the experiments: (a) hand-held brush cutter; (b) remote-control
weeder; (c) conventional engine-powered sprayer; (d) speed sprayer; (e) hand-pushed power-assisted
mini crawler carrier; (f) remote-control mini crawler carrier; and (g) power assist suit.

2.1. Remote-Control Weeder Experiment

The remote-control weeder used in the experiment is equipped with a hammer knife
with a cutting width of 60 cm placed underneath the body (Figure 4b). It is driven by a
gasoline engine with a maximum speed of 2.8 km h™!, and can operate on land with a
maximum slope of 40 degrees. With the remote controller, the weeder can be operated from
a maximum distance of 200 m. It has the flexibility to move forward and backward during
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its operation. The conventional hand-held brush cutter, which is widely used in the area,
was used for the comparison. The brush cutter, with a two-cycle engine, rotates metal or
nylon blades for cutting weed.

In the experiment, five test plots of 100 m? each were selected in a persimmon field
with an inclined slope of 17 degrees (Figure 5a). Weeding was carried out using the weeder
and the brush cutter. The operating times were recorded from the beginning to the end
of the work. The weeding rate, expressed as weeding area per minute, was calculated
from the recorded time. The work time and the weeding rate were statistically compared
between the 2019 brush cutter experiments and the 2019 and 2020 weeder experiments by
Turkey HRD test.

Y

Remote—control
weeder

Persimmon
tree

Weeder

Weeding 100 m? area
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1. Collection point
of baskets Remote—control
mini crawler carrier

Transporting 2 times
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Persimmon fruits were refilled from baskets to transport boxes

Returning without box
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1 simulated work
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(Equal height to Japanese pick—up truck’s loading platform)

Power assist suit [©® | Mini crawler carrier

Figure 5. Experimental settings adopted in persimmon cultivation: (a) experimental settings for
weeder; (b) experimental settings for mini crawler carrier; (c) experimental settings for power
assist suit.

Six adults participated as operators in the weeding experiment. The number of
participating operators was different in each experiment due to limited time, as all of them
were volunteers and participated in the experiments when it was convenient for them.
The 2019 experiment was conducted in July. One of the six operators participated only in
the brush cutter experiment and not in the weeder experiment. Four of the six operators
were beginners at using the brush cutter, while the remaining two had experience. The
five operators who participated in the weeder experiment were all beginners at using the
weeder. The 2020 experiment was also conducted in July. The 2020 experiment focused
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only on the weeder. Two of the five 2019 weeder operators had a year’s experience in
operating the weeder and participated again in the experiment to record the work times.
One of the two operators conducted the experiment twice.

2.2. Speed Sprayer (SS) for Pest Control

The SS sprays the liquid chemicals from multiple nozzles, and the atomized chemical is
sprayed by the blower over a wide area. The introduced SS has a closed cabin to protect the
operator from exposure to chemicals, and the cabin is air-conditioned to ensure comfortable
use during the hot summer.

When using the conventional sprayer, chemicals are sprayed from a nozzle by hand
using the same pump as that mounted on the SS to match the pumping power with the SS.
The conventional sprayer requires at least two assistants to pull out the hose and operate
the pump. In addition, the operator and assistant each need to wear a pair of raincoats,
masks, and goggles to avoid chemical exposure. The experimental field was divided into
two: one area where the SS could enter (2776 m?) without being obstructed by orchard trees
and branches, and another area where the SS could not enter (224 m?). The working times
and the amount of chemicals used in each field were recorded. The chemical application
rate expressed as the chemical amount sprayed per minute, the work rate expressed as the
area sprayed per minute, the amount of chemical application expressed as the amount of
chemicals applied per minute, and operational times per 100 m? were estimated. All the
estimated values were statistically tested between the conventional sprayer and the SS by
the Mann-Whitney test.

In addition, fruit quality was compared in the 2020 season between the two areas
where the SS and the conventional sprayer were used. Considering that about 20 fruits were
randomly harvested three times on 07/10/2020 from the two areas, resulting in 60 fruits
from each area, a total of 120 fruits were examined. The harvested fruits were sorted into
three grades by a skilled farmer. The first grade fruits and the second grade ones were
both sellable, but the second grade fruits had more scratches or were less colored than the
first grade fruits. The third grade fruits were damaged and unsellable, as they had many
scratches or excessive mature coloring. All the results were changed to percentages for the
20 fruits and were statistically tested by the Turkey HSD test.

2.3. Remote-Control Mini Crawler Carrier

The remote-control mini crawler carrier is a battery-powered caterpillar-type vehicle
that can be operated for two hours on a single battery charge, and it is operated from a
maximum distance of 200 m. The conventional practice of persimmon harvesting is that
the fruits are manually placed in a basket, and when six to eight baskets are full, they
are carried to the primary fruit-sorting point by the carrier. Because the remote-control
carrier can be operated from a distance, the physical burden on farmers can be reduced
when working on such sloped fields. The experiment was carried out by simulating the
work using two transport boxes (520 mm x 370 mm x 300 mm) weighing 20 kg, which
were loaded onto the carrier instead of using the basket (as is the conventional practice),
and then moved between the primary sorting point and the collection point of the harvest
basket. As a vehicle of transport, a remote-control mini crawler carrier and a hand-pushed
power-assisted mini crawler carrier (Figure 4e), which are widely used in the area, were
used for comparison. The work time required for the round trip of fruit carrying were
monitored. The carriers made two round trips between a distance of 70 m of the two points
(Figure 5b). The operators were four adults who had no experience in operating either type
of carrier. The experiment was carried out after practicing the operation on a flat field for
10 to 20 min and after a sufficient break. The recorded times were analyzed separately in
uphill and downhill situations, and then tested by the Turkey HSD test.
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2.4. Power Assist Suit

The power assist suit used in this study is battery-driven and can lift a load 100 times
with a single charge. The attached waist servo motor has a maximum assist force of 77 Nm,
and the winch, which is a characterized feature of this model, has a maximum suspension
assist force of 20 kgf. In the case of persimmon transportation generally, the box can be
held only by the winch of the power assist suit. At the time of harvest, the transport boxes
are transported to the truck bed parked at a side road of the field, and a truck can carry
36 transport boxes at a time. In addition, the same number of transport boxes are loaded
and unloaded at the fruit sorting plant. It is expected that the power assist suit can reduce
the physical burden of such work and shorten the working time. As shown in Figure 5c¢, the
simulated task imitated the work of stacking the fruit transport boxes onto the truck bed
and moving the transport boxes weighing 20 kg each onto a table of 60 cm height, which
was placed 5 m away from the starting point. The round trip was repeated 36 times. Times
of each participant for one round trip were compared by ANOVA. The experiment was
conducted in 2020, and the 15 participating operators consisted of 12 males and 3 females.
Three of these males performed the experimental tasks thrice to examine changes in the
working time due to their proficiency in operation. Results of the proficiency tests were
statistically analyzed by the Turkey HSD test.

The average time of round trips (Tz) was calculated for each participant using
Equation (1). The parameter Ti is the time spent for the i-th round trip of the partici-
pant, and 7 is the total number of round trips. The time spent for each round trip, expressed
as TNi, was normalized using Equation (2); n was 36 for male participants and 24 for
female participants. These equations were modified from the methods used by Oka and
Kishimoto [11]. TNi with or without the suits were compared by the Mann-Whitney test.

—
i=1 11
n

Ta = (1)

Ti
TNi= — 2
Ni T )

Physical burden was assessed by adopting the method proposed by Kato and Okubo [12].
The participants in the experiments self-evaluated the fatigue experienced in each of their
body parts before and after the experiment by filling out a questionnaire. They identified
the fatigued part and the change in the degree of fatigue between the cases with and those
without using the power assist suit. In the questionnaire, the whole body was categorized
into 60 parts, and the degree of fatigue was recorded at four levels of each part: 1. less tense;
2. no change; 3. slightly tense; 4. tense; and 5. very tense. The results with and without the
suit were compared by the Mann-Whitney test.

3. Results
3.1. Comparison of the Working Time with Remote-Control Weeder

Table 1 sets out the results of the experiment in working times, weeding rates of
the remote-control weeder, and the brush cutter. None of the five remote-control weeder
operators had any experience in weeder operation prior to the 2019 experiment. These
operators and one additional operator participated in the experiment with the brush
cutter. Among them, two operators had experience using the brush cutter. Comparing the
averages, using the remote-control weeder resulted in a speed that was 2.8 times faster
than when using the brush cutter. The result of the experience with the remote-control
weeder showed a significant increase in the work speed, as shown in Table 1. In the 2020
experiment, the difference in working speed increased to 9.2 times, and the speed was
3.3 times faster than the speed in 2019. As a result, the weeding time per unit area under
the remote-control weeder reduced to 10.2% of that with the brush cutter.
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Table 1. Work time and weeding rate in the weeding experiment.

Weeding Rate Work Time for Number of
(m?min—1) 100 m? (min) Participants
Hand-held brush cutter (2019) 49+222 230.5 +86.2% 6
Remote-control weeder b b
with no experience (2019) 13.6+ 68 89.0 £41.6 >
Remote-control weeder 451+ 12.8°¢ 23.6 4 75¢ 3

with one year’s experience (2020)

b ¢ Tukey HSD test, p < 0.05. Numbers following =+ are standard deviations.

3.2. Assessment of Speed Sprayer (SS)

As shown in Table 2, the working speed of operating the SS was 3.5 times faster on
average compared to using the conventional engine-powered sprayer, and the work time
per unit area was reduced by 75%. The average amount of chemicals sprayed per unit time
was 3.8 times larger but the spraying efficiency, as expressed by the amount of chemicals
sprayed per unit area, was nearly identical.

Table 2. Performance of conventional and speed sprayers.

Chemical Amount of
L. Work Rate Chemical Operational Time
Application Rate P e . s
. (m* min—1) Application (min 100 m—2)
(L min—1) “
(Lm=2)
Conventional
engine-powered 9.8 £34 26.7 £12.0 0.42+0.23 43.7 £18.8
sprayer
Speed Sprayer 375+37" 93.5+£229*% 0.42 £0.09 11.1+£22%

* p < 0.05 by Mann-Whitney test. Numbers following =+ are standard deviations.

The time-saving effect, as shown in Table 3, reveals the efficiency achieved in the work.
The amount of used chemicals is almost the same for both the SS and the conventional
sprayer, but the variation in the spraying efficiency of the conventional sprayer is significant.
Since the spraying efficiency is considered the amount of spraying per unit area, this result
represents an uneven spraying. In addition to the reduction in the working time, using the
SS resulted in more uniform chemical spraying.

Table 3. Work time using different types of mini crawler carriers.

Machine Type Move Toward Required Time (s)
Uphill 103.4 £2352
Hand-pushed Downhill 127.6 + 14.2°
Remot ol Uphill 109.4 9.8 2P
emote-contro Downbhill 108.4 + 18.1 2

&b Tykey HSD test, p < 0.05. Numbers following + are standard deviations.

In the quality of the harvested fruits, there was significant difference between the
1st-grade rate in the SS area, the 2nd-grade rate in the conventional sprayer area, and
the damaged-grade rate in the SS area, as shown in Figure 6. The damaged-grade fruits
were significantly decreased in the SS area. In the conventional sprayer area, there was
no significant difference among all the grades of the harvested fruits. However, by using
the SS, the most abundant grade seemed to move from the 2nd grade to the 1st grade.
These trends indicate that using the SS was more profitable in terms of the quality of the
harvested fruits than using the conventional sprayer.
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a b Turkey HSD test, p < 0.05.
Error bars shows standard deviations.

60
B Speed sprayer
50 2 ab 2 ] Conventional
ab _L sprayer
40
Q
£ 39 12
& b [
20
10
0
15t grade 2" grade = Damaged

Grade of persimmon fruits

Figure 6. Quality change in persimmon fruits when using the Speed Sprayer (SS) and conven-
tional sprayer.

3.3. Comparison of the Working Time with Remote-Control Mini Crawler Carrier

Table 3 shows a comparison of the average times required for moving the remote-
control mini crawler carrier and the hand-pushed power-assisted mini crawler carrier. The
time required for the uphill movement with the hand-push type was significantly faster
than the time for its downhill movement. However, when using the remote-control mini
crawler carrier, there was no time difference between the uphill and downhill movements.
Although no statistically significant differences were found, the average time required for
the remote-control type was slower than that for the push-type in the uphill movement,
and faster than that for the downhill movement. The average time required for one round
trip was 13.2 s, which is a 5% reduction in the average time.

The harvesting work of the remote-control mini crawler carrier consists of several
processes, such as harvesting, transportation, and fruit selection. Since transportation
does not occupy a large proportion of the harvesting work, the time-saving effect with the
remote-control mini crawler carrier was expected to be 5% or less when considering the
entire harvesting work.

3.4. Power Assist Suit

Table 4 shows the results of the experiment where the participants used the power
assist suit for the first time. The table shows the average time required for one round trip of
the job. When female participants used the power assist suit, they made 36 round trips in
transporting the transport box, and when they did not use the power assist suit they made
24 round trips. When the power assist suit was first used, the time required for all the male
and female participants was higher by an average of about 1.5 times.

Table 4. Average time for one round trip at the first use of the power assist suit.

Time Required (s) Number of
Participants : ; ; : : : Participants
with Using Suit without Using Suit P
All 14.62 £ 3.59 ** 10.68 £ 2.43 15
Male 13.67 +2.39 ** 10.15 +1.81 12
Female 18.40 £ 4.88 ** 13.80 +3.21 3

** ANOVA, p < 0.01. Numbers following =+ are standard deviations.



AgriEngineering 2022, 4

26

Figure 7 shows the average TNi for all participants with/without using the power
assist suit versus each number of round trips. The results showed that the time required
when using the power assist suit increased significantly in the first and second round trips
compared to when not using the suit. Conversely, from the 15th to 19th round trips, the
time required without using the suit tended to increase compared to when using the suit,
and it especially increased significantly in the 18th round trip. After the 19th round trip,
there were no significant differences between the two.

L
>
o

= with the suit

1.30 —--—- without the suit

1.20
1.10

=
o
o

ot
©
o

o

Average of normalized time required

e o
N ®
)

0 5 10 15 20 25
Round trip (times)

@ : Significant difference between with and without the suit, at each roundtrip
(Mann-Whitney test, p < 0.05)

Figure 7. Change in the average of normalized time (TNi) for participants of the power assist
suit experiment.

Figure 8 shows the changes in the average time required for one round trip in the first
to the fourth set of 36 round trips by three male participants using the power assist suit.
As the number of the round trip sets increased, the participants spent less time on it due
to being accustomed to the operation of the power assist suit. There was no significant
difference in the times between the first and second sets, but the time was significantly
shortened as the number of round trip sets increased. In particular, the required time for
the fourth set was almost the same as the time without using the suit.

a,b.¢ Turkey HSD test, p < 0.05
Error bars shows standard deviations.

18
P
o145
3 b
8124 e
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g I ' |
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[0} 6- B
()]
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¢ 3- B
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0 1st ) ond ' 3rd ' 4th TN
_ - Work without
Work with the suit the suit

Figure 8. Average time required for each of the 32 round trips of the first to the fourth repeated work.
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Physical conditions were recorded by the participants themselves after completing
the simulated work using the power assist suit. The red and blue shaded body parts in
Figure 9 show the parts in which the physical burden significantly changed after using the
power assist suit. The burdens on the palm and arm were significantly reduced, while the
burden on the thighs increased. The power assist suit is known to reduce the load on the
lower back [13], but this was not recognized by the participants.

With the suit :2.15 £ 0.55
Without the suit: 3.46 £ 1.33
Sy

With the suit :200+0
Without the suit: 2.77 £ 1.09

With the suit  :2.15 + 0.55

With thesuit  :2.00+0 Without the suit: 3.08 + 1.32

Without the suit: 3.00 £ 1.22

With the suit : 3.46 + 1.27
Without the suit: 2.38 + 0.96

i

1
With the suit :3.46 + 1.27

Witwoukithsnenle 240 2505 By using the power assist suit...

. Significant physical burden decrease
. Significant physical burden increase

Mann-Whitney test, p < 0.05. + shows standard deviations.

Figure 9. Change in physical burden on body parts after using the power assist suit.

The results of the experiment showed that the power assist suit can be useful for
continuous load carrying, although it may not lead to a reduction in working time.

4. Discussion
4.1. Weeding Work

Conventional weeding work is usually performed using a brush cutter, but it is very
risky because of the possibility of injury from exposure to rotating blades and health
hazards caused by the vibration [14,15]. The diameter of the brush cutter’s blade is ~20 cm,
and the working space can be limited depending on the size of the blade. By contrast,
the riding mower, which is a riding-type self-propelled weeder widely used in the study
area, has the risk of falling on steep-sloping fields [16], although it provides a faster work
speed and less physical burden compared to the brush cutter. The remote-control weeder
potentially reduces the risk of accidents, since it can be operated from a distance.

The results of this experiment showed that the remote-control weeder increased the
speed of weeding by approximately nine times, and the work time per unit area was
reduced to 1/10 (see Table 1). As mentioned previously, the average land plot in the
Gojo-Yoshino area is 200 m?, which means the work time per plot is about 8 h (470 min)
when using a brush cutter compared to 47 min when using a remote-control weeder. A
brush cutter is often operated by two or three people simultaneously, which takes about 3 h
per field. The remote-control weeder needs only one operator. Using the weeder reduces
not only the work time, but also the number of workers required for the weeding. The
reduction in the labor employed—and, probably, the employment cost of weeding—can be
significant through using the remote-control weeder.

4.2. Pest Control Work

A high-quality persimmon fruit is regarded as one with no scratches and good coloring
on the surface. Pest control is indispensable for producing high-quality fruits, and in the
Gojo-Yoshino region it is recommended to spray pesticide six to eight times during March
to October. Farmers need to finish the pest control of all the fruit trees within 10 days
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(Figure 3), and it must be performed in fine weather conditions to ensure the adhesion of
pesticides. The risk of missing the spray time during the optimum control period is always
a concern for farmers, especially during the rainy seasons of June, July, and September. The
SS can reduce the working time per unit area by 75%, as shown in Table 3. Assuming a
conventional sprayer is used on a total of 4.0 ha as the average land holding of persimmon
orchards in the region, it takes at least four days to complete the spraying of all plots
with 8 h of work per day. When adding the time to deploy and wind the hose, and the
time to move between the plots, pest control takes a week to complete. When the SS is
used, the pest control work can be completed within 8 h. This time reduction via the SS is
advantageous to avoid missing the optimum control period.

Pesticide control using the SS can also contribute to maintaining high fruit quality
because it enables timely pest control and uniform spray, in addition to saving working
time. This was revealed by the rate of 1st-grade fruits increasing significantly from the
damaged grade when using the SS, although the rates of all the grades were almost the same
when using the conventional sprayer (Figure 6). Usage of the SS can lead to improvement
of the farmer’s income by increasing the production of high-grade fruits.

4.3. Harvesting

Harvesting work is the most time-consuming in persimmon cultivation (Figure 2). In
this study, we examined two machines: a remote-control mini crawler carrier and a power
assist suit used for the harvesting. The remote-control mini crawler carrier showed a 5%
reduction in work time (Table 2); the power assist suit did not show any reduction in work
time, even when the participants had become accustomed to its operation (Figure 8).

In current cultivation practices in the Gojo-Yoshino region, most harvesting work is
carried out manually, using harvesting scissors for cutting the fruits from the trees and
placing them in a basket, which is time consuming. At present, automation in persimmon
harvest is limited, due to difficulties in cutting the fruits from trees with various shapes
and the different maturing conditions for each fruit in the field, unlike the developed
auto-harvesting machines for apple cultivation [17]. Since the transportation work is
not a time-consuming work in the whole harvesting process, the time-saving effect of
mechanization is not significant. For example, in the orchard where the experiment was
conducted, the harvest in 2020 was carried out by five people for 8 h a day, and the total
working time for the harvesting was 40 h. The transportation took 100 min a day using the
hand-push-type power-assisted mini crawler carrier (one round trip takes about 4 min per
25 round trips). Since the time reduction effect of using the remote-control mini crawler
carrier was 5%, the transportation time was reduced to 95 min or less than 1% of the total
harvesting work time. Since the remote-control mini crawler carrier can be operated from a
distance, it is not necessary for the operator to follow the carrier on the slope, which results
in a reduction of the physical burden.

The advantage of using the power assist suit lies in reducing the physical burden of
transporting, stacking, and loading and unloading the 20 kg transport boxes. The power
assist suit is originally known for supporting the load on the movement of the waist
when lifting a heavy object, and is mainly used in the fields of nursing and social welfare
work [13,18]. Previous studies applied to agricultural work have reported a reduction in
the strain on the lower back muscles [19] and a decrease in heart rate [20]. The effect of
reducing the burden may lead to a reduction in the work time of continuous work in the
15th to 18th round trips (Figure 7). Since the simulated work in this study was completed
in a short time, within 8 to 11 min, the data did not show a reduction in the total work
time. When the transportation work takes longer to complete, the time-saving effect may
be observed.

The power assist suit used in this study is equipped with an attachment for lifting
the transport box and a winch to help hold it in its lifted state. The results of this study
showed the effect of this equipment, as the load on the upper arms and hands was reduced
(Figure 9). However, it is inevitable that the winch will increase the workspace, turning the
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branches of the fruit trees into obstacles and restricting the movement of the worker. For
future use, it is desirable that the size of the winch-holding device be miniaturized while
maintaining the current assisted capability. In addition, since the power assist suit used in
this study weighs 10 kg, a total load of 30 kg may cause fatigue during long-time work.

4.4. Mechanization of Persimmon Cultivation

As previously mentioned, persimmon cultivation management requires much labor
for weeding, pest control, and harvesting (Figure 2). The expected post-mechanization
work times for the weeding, pest control, and harvesting were 0.50 h/100 m? (—4.5 h),
3.26 h/100 m? (—9.79 h), and 58.65 h/100 m? (—0.59 h), respectively, or shortened by
14.88 h/100 m?2 compared with the conventional work, which accounts for 8% of the total
working time (185.92 h/100 m?, Figure 2). For a farmer who owns an average of 4 ha land
in the Gojo-Yoshino region, the annual reduction time will be 595 h. This time reduction
can lead to a decrease in labor costs for farmers when used to reduce the number of
farm personnel. The effect of reducing labor costs may, however, become relatively small,
because many farms in the Gojo-Yoshino area are family-owned, and the farmers tend not
to employ workers. However, when farmers recognize the reduction time as surplus and
utilize this surplus time for other types of work, mechanization can generate more income
for farmers. Moreover, as revealed from analyzing the use of the SS, mechanization can
lead to improved fruit quality and increased profitability. Therefore, the expected results of
introducing smart farming [2,3], i.e., labor saving and income increment, can certainly be
achieved in Japanese persimmon cultivation.

However, only 8% of the total working time for persimmon management was reduced
by the 2019 machinery that was introduced. Many of the other harvesting processes have
remained manual, and the proportion of working hours for harvesting is still the longest
amonyg all the cultivation work. In addition, the technology that enables mechanization of
bud and fruit thinning, as well as pruning work, has not yet been developed for persimmon
cultivation. The mechanization of these types of work will result in significant time reduc-
tion and an increase in the efficiency of the entire management of persimmon cultivation.

4.5. Mechanization Obstacles and Its Solutions

Investment costs remain the issue, as the cost of the machines used in this research is
more than USD 1000 per unit. In particular, limited uses of the remote-control mini crawler
carrier and the power assist suit in harvesting work may result in very little effect on the
reduction in either labor saving or labor cost. The high costs are enough to offset the merit
of mechanization. To reduce the initial cost, adapting the machinery to suitable work is
essential, considering the characteristics of the work under specified locally dependent
situations. The remote-control weeder and the SS in this study were recognized as good
such examples of suitable adaptation. However, sharing machines among farmers may
be an option to reduce the initial investment cost for individual farm households. In
the Gojo-Yoshino region, there are organizations such as the agricultural cooperative and
production associations for shipping persimmons, and the land improvement district for
the management of irrigation. These organizations have close relationships with farmers,
and can take the initiative for sharing such machinery. Persimmon cultivation consists
of various management processes, which have their characteristic behaviors and require
unique machines such as those introduced in this study. In order to mechanize all of
the management processes of persimmon cultivation as much as possible, one possible
solution will be the sharing of the management-specialized smart machines by the locally
rooted organization.

5. Conclusions

This study examined the agricultural machines currently available in Japan for per-
simmon cultivation in mountainous areas. The results showed significant time saving
when the remote-control weeder and the speed sprayer were used; the remote-control
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mini crawler carrier and the power assist suit did not show any remarkable reduction in
work time. However, the remote-control carrier and the power assist suit could effectively
reduce the physical burden. All the simulated works in this study were completed in a
short period, within 1 h. Further research is needed to assess the effect of the agricultural
machines in longer-period works. Moreover, potential improvements in the quality of the
fruits observed in the speed sprayer assessment may increase revenue. Thus, although the
mechanization of persimmon cultivation has advantages, the high initial cost of investment
remains an issue to be addressed to facilitate its widespread use in farming.

Newly developed machines for smart farming are being released to the market one
after another. It will be important to clarify the specific characteristics required in the works
for mechanization and to assess the economic validity for the introduction of advanced
machines in the cultivation practice.
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