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Abstract: Automatic grafting and cutting machines can be employed to satisfy the increasing de-
mand for seedlings without soil-borne diseases in a short period. The main approach used to feed
seedlings for automatic grafting and cutting machines is artificial, which limits the improvement of
grafting and cutting machine productivity. The separation system with a subdivision air stream can
stably feed seedlings for cutting and grafting machines; however, the separation efficiency is low
when a few seedlings are in the separator. To solve this problem, a feedback monitoring device with
a photosensitive sensor as the sensing element and feedback functions on the status of seedlings in
the separator was developed. Through experiments using a photosensitive sensor to monitor the
separation process of tomato seedlings, the results showed that the effect on the effective seedling
blowing rate varied from large to small depending on the seedling size, light intensity, and sensor
diameter. The results of separation experiment showed that the productivity of the entire system
was 8784 plants/h, which satisfies the productivity needs of the grafting and cutting machine. Com-
pared with the separation device without feedback monitoring, the productivity increased by 39%,
the damage rate decreased by 4%, and the number of subdivided air stream operations was reduced
by 47%.
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1. Introduction

Feeding seedlings by hand for automatic grafting and cutting machines has become
an important factor limiting their productivity growth [1,2]. To automatically feed seed-
lings for grafting and cutting machines, it is necessary to solve the problem of separating
the collected seedlings into individual seedlings [3-5]. To address this issue, the ISO
group has adopted the conveyor belt of shaking, conveying collected seedlings to separate
the collected seedlings so as to provide individual seedlings for the machine vision-
guided manipulator to pick up [6]. Due to the uneven distribution of population seedlings
on the conveyor belt, the indirect effect of dithering conveyor belt on population seedlings
is random, resulting in an unstable separation speed [7]. The Denbin group used a set of
stepwise accelerated conveyor belts to separate the adjacent crabclaw seedlings; then, the
manipulator was guided by machine vision to pick up individual crabclaw seedlings and
deliver them to the automatic cutting machine. However, this method is only applicable
to the condition that there is no collusion or linkage between separated materials, and the
materials are not easy to roll [8]. In the separation of walnut kernels and shells, the differ-
ence of the impact signal between the walnut kernel and shell under a fixed vibration
frequency is identified by a computer, and the walnut kernel is separated from the walnut
shell by high-pressure airflow. The mechanical separation method is only applicable to
materials with a similar shape and strong impact resistance [9].
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Pneumatic separation has the advantages of simple structure, easy access to the sep-
aration medium, little damage to the separation objects, and low requirements for the
shape and rigidity of separation objects. It is widely used in agricultural product harvest-
ing, agricultural product classification and processing, food processing, chemical produc-
tion, and other industries [10]. The research on pneumatic separation in agricultural pro-
duction focuses on the separation between grains and stems and fruit and cladding in the
harvest mixture of the grain combine harvester [11]. The basic principle of pneumatic sep-
aration is to use the difference of aerodynamic characteristic parameters suspension speed
between objects to be separated to make the suspension speed of different materials have
different suspension effects on a certain speed of air flow [12,13].

Therefore, pneumatic separation involves adjusting the speed of air flow to achieve
the minimum suspension speed in the mixture, and then blowing out the materials with
the minimum suspension speed to achieve the purpose of separation. However, the key
point of the above pneumatic separation is that there must be differences between the
characteristic parameters of the separated material and the suspension speed [14,15]. For
the characteristic parameters of population seedlings, the difference of suspension speed
is small, the seedlings are tender, and the shape of seedlings is irregular. Therefore, it is
difficult to effectively separate similar materials by conventional pneumatic method.

On the basis of the above research, we established a subdivided air streams separa-
tion device to achieve the orderly separation of collected seedlings. Through high-speed
photography, the separation process of population seedlings in the subdivided air streams
field was observed [16,17],and the optimal parameters of separation operation were ob-
tained. Under the optimal operation parameters, the test was carried out to obtain the
productivity of the separation device during continuous operation [18].

However, when the number of seedlings in the separation container is small, the
fixed sequence jet separation method causes the separation rate of the system to decline
sharply, which increases the seedling separation movement in the separation container
and the number of collisions between seedlings, resulting in an increase in the damage
rate. If a monitoring device is used to feed back the real-time position of the seedlings to
be separated in the separation container, then the subdivided air stream would only spray
at the jet holes where the seedlings are separated, which can greatly increase the separa-
tion efficiency and reduce the damage rate [19,20].

Based on the existing subdivision air stream separation device, the separation oper-
ation requirements of collected seedlings, and the photosensitive feedback monitoring de-
vice, the continuous and non-accumulation separation of population seedlings was real-
ized by reducing the invalid operation times of subdivision air stream. Taking the sepa-
ration rate of the improved subdivision air stream separation device as the evaluation
index, a multi-factor orthogonal experiment was designed to determine the weighted op-
timal structural parameters and operation parameters of seedling size, light intensity, and
photosensitive sensor diameter. Further, this study aimed to investigate the operational
performance of the subdivision air stream separation system with a photosensitive sens-
ing control device.

2. Materials and Methods
2.1. Seedling Properties

Because grafted tomato seedlings (Figure 1) have good disease resistance and huge
demand in agricultural production, tomato seedlings were taken as the research object
[21]. In order to reduce the cultivation space, tomato seedlings are usually densely planted
in trays or soil. Before tomato seedling grafting, the seedlings are precut them in the cul-
tivation area, then collected rootless seedlings and sent to the grafting area. At this time,
the rootless tomato seedlings that are packaged together and hooked up with each other
are collected seedlings. Since tomato seedlings are the research targets for our separation,
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their physical parameters play an important role in the design of our experimental devices
[22].

The geometric and physical parameters of 100 tomato seedlings with normal growth
state, meeting the transplantation requirements, and suitable for automatic separation
were measured [23], as shown in Table 1. Images of plant height, crown width, and pro-
jected area of tomato seedlings were collected by Sony FDR-AX700 (Sony Inc., Tokyo, Ja-
pan). Use Image] 1.8.0.112 software (National Institutes of Health, Bethesda, MD, USA,
Software sources: https://imagej.net/software/fiji/downloads, accessed on 14 November
2022) to process the image and obtain the geometric parameters of tomato seedlings.
Moreover, terminal velocity is also an important parameter to analyze the force and mo-
tion of tomato seedlings in the air stream [24,25]. We placed the tomato seedlings into the
measuring instrument, recorded the speed of 100 tomato plants when they moved up with
the air flow with an anemometer, and finally took the average value of the suspension
speed. The anemometer (Xima, Hong Kong, China) was used to record the speed of 100
tomatoes in the vertical air tunnel when they just moved with the rising air flow, and
finally, the average suspension speed was recorded.

Table 1. Characteristics of the tomato seedlings 2.

Plant Height Crown Radius Mass, Projected Area of Side View, = Terminal Velocity,
(mm) (mm) W (g) A (mm?) Vt (m s7)
Max 125 110 1.6 3631.4 1.91
Min 74 63 0.43 3229.86 1.39
Mean 100.7 88.2 1.12 3405.63 1.65
CVe 0.36 0.38 0.74 0.12 0.15

2 Experimental tomato seedlings in the grafting period. ® CV is the coefficient of variation, which is
the ratio of the standard deviation to the mean.

Crown Radius

Plant
Height

Figure 1. Tomato seedlings for separation.

From Table 1, the geometric parameters of the tomato seedlings during the grafting
period varied significantly, owing to the influence of the phototaxis and photosynthesis
competition of plants. However, the growth rate of the tomato seedling height was greater
than that of the crown width. Nevertheless, the projected area of the side view of large
seedlings was larger than that of small seedlings, so it had a significant effect on the sep-
aration process of the subdivided air stream.

2.2. Separation System

As shown in Figure 2, the separation system of the collected seedlings consisted of a
feeding device for providing the collected seedlings, a separating device that generated
subdivided air streams by controlling the solenoid valve, a vacuum picking belt for pick-
ing and transporting the separated individual seedlings, a delivery device, a feedback
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monitoring device for monitoring the separation status in the separation container, a
pneumatic unit, and a control unit.

Figure 2. Separation system of collected seedlings: 1. seedling supply belt, 2. seedling box, 3. lifting
gate, 4. jet group, 5. photosensitive sensor, 6. group of solenoid valves, 7. light source, 8. separation
container, 9. picking belt, 10. vacuum slot, 11. delivery unit of individual separated seedlings.

When receiving the supply signal from the control unit, the feed belt will collect a
fixed number of group seedlings into the seedling collection box, and a fixed quantity of
seedlings will be transported to the supply box by the seedling supply belt. Then, the
lifting door will open, and at the same time, the pushing nozzle will blow a positive air
flow to send the collected seedlings into the separator. After the feeding process is com-
plete, the lifting door will close.

The separating device uses the subdivided air streams to separate the collected seed-
lings into individuals and deliver them to the vacuum picking belt.

The function of the picking belt is to use negative pressure to pick up the seedlings,
and then the seedlings will fall off when the picking belt moves to the delivery unit.

The individual seedling delivery unit is mainly comprised of two delivery belts. The
speed of the first delivery belt is lower than that of the second delivery belt, so that when
the seedlings enter the second delivery belt, the distance between the adjacent seedlings
can be significantly increased.

2.3. Feedback Monitoring Device

During seedling separation, the seedlings rapidly move in the separation container
and are very tender. Therefore, a feedback monitoring device with a rapid response and
no mechanical contact with the seedlings is required. In recent years, machine-vision
recognition technology has been widely used in the field of agricultural equipment [26].
It can not only recognize the biometrics of the object but also the position of the target [27].
Although the visual recognition system has powerful functions, it has a complex struc-
ture, cumbersome data processing, low operational efficiency, and high cost. By compar-
ing the performance parameters of different types of sensors, photoelectric and photosen-
sitive sensors exhibit characteristics of rapid response and low cost, but the monitoring
area of the photoelectric sensor is small, which cannot satisfy the monitoring requirements
of a row of jet pipes in the separation room during subdivided air stream operation.

Therefore, we selected a photosensitive sensor as the feedback monitoring device.
The photosensitive sensor is extremely sensitive to changes in the light intensity. It can
sense the position of tomato seedlings in the monitoring area of the separation container
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through the change in light intensity received by the sensor, which is caused by the shad-
ing effect of the seedlings in the separation container.

The feedback monitoring device consists of an induction detection module and mon-
itoring terminal, as shown in Figure 3. The photosensitive sensing device is located at the
bottom of the phase-backlight surface of the separation container and is installed on the
top of each jet orifice. The working process of the feedback monitoring device is shown in
Figure 4.

Figure 3. Structure of the feedback monitoring device: 1. signal processing device. 2. photosensitive
sensor.

Light source

Background plate

Tomato seedling

Jet hole

Light ray

Photosensitive sensor  Solenoid valve Pneumatic unit

Figure 4. Working principle of the detection module. For the convenience of identification, we rank
the photosensitive sensors as No. 1-No. 8. Similarly, we rank the solenoid valves as No. 1-No. 8.

The working process of the feedback monitoring device is as follows: When the seed-
lings passed through the photosensitive sensor, the light entering the photosensitive re-
sistor changed. The group seedling induction detection module converted the light inten-
sity change induced by the photosensitive resistance into a voltage signal through the sig-
nal acquisition circuit and transmitted it to the monitoring terminal through Controller
Area Network (CAN bus) technology. The analogue-to-digital (ADC) module inside the
monitoring terminal is an important center that connects the host computer and infor-
mation processing and can logically process the collected voltage data. Finally, by adjust-
ing the proportional relationship between the cathode current limiting resistance and the
transmission current limiting resistance of the optocoupler, and then comparing the rising
and falling edges of the signal square wave, the signal was smoothly adjusted, and the
square wave signal was output and transmitted to the programmable logic controller
Mitsubishi FR-FX3U (Mitsubishi Inc., Tokyo, Japan). At the same time, accurate monitor-
ing of the position of tomato seedlings in the separation container and information trans-
mission with the PLC were realized. The control flow is illustrated in Figure 5.

The workflow of the seedling separation system was as follows. First, the control de-
vice drove the feeding device to feed collected seedling to the separator. When the feeding
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operation was completed, the PLC controlled the solenoid valve connected with the jet
nozzle to generate subdivision air streams to achieve the separation of the collected seed-
lings. Each group of jets lasted for 0.5 s. However, when the number of seedlings in the
separation container was small, the fixed sequence jet separation method caused the sep-
aration rate of the system to decline sharply. Therefore, we developed a feedback moni-
toring device which could continuously monitor the separation status of seedlings col-
lected in the separation container and send the status signal to PLC. The PLC that origi-
nally controlled the solenoid valve to generate subdivided air stream according to the
predetermined sequence should control the on-off status of the corresponding nozzle ac-
cording to the judgment signal sent by the feedback monitoring device before each air
injection. During this period, the picking belt carried the individual seedlings separated
and pushed by the subdivided air streams to the delivery unit through the perforated
vacuum belt. Finally, the delivery device supplied individual tomato seedlings to the au-
tomatic grafting equipment to complete the whole separation operation. When the moni-
toring system determined that there were no seedlings to be separated, it started to send
a signal to the control unit, and the control unit sent a command to the feeding device to
supply collected seedlings to the separator. Subsequently, another separation was initi-

ated.

Feed
seedlings into
separation
container

|
-+

A

Is there anv
seedling to be
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the seIparation
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Whether to
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Figure 5. Flowchart for the feedback monitoring device.

2.4. Separation Experiment
e  Seedling blowing experiment

To understand the operation effect of the feedback monitoring device on the subdi-
vision air stream separation system, a seedling blowing experiment was conducted based
on the original subdivision air stream operation platform. To eliminate the motion inter-
ference between seedlings during the separation process, single seedlings with the same
windward area were randomly placed at the bottom of the separation container to inves-
tigate the effect of the subdivided air stream on seedlings controlled by the feedback sys-
tem. The effective seedling blowing rate, which is the ratio of the number of times a single
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seedling can reach the vacuum pickup strap to the 100 times the subdivided air stream
acts, was explored to determine the reasonable operation parameters of the feedback mon-
itoring device.

According to the previous experiment of separating tomato seedlings by subdividing
air streams, the operation time and pressure of each jet group were set to 0.5 s and 0.5 MP,
respectively [4]. To enable the sensor to capture the tomato seedlings in the separation
container, the installation height of the sensor should not be lower than the average height
when a single seedling is naturally laid on the bottom of the separation container. The
previous experiment revealed that the average height of a single seedling when laid flat
at the bottom of the separation container was 10 mm, so the distance between the sensor
and the bottom of the separation container was set to 10 mm, and the photosensitive sen-
sor was installed perpendicular to the wall of the separation container.

The photosensitive sensor is an important detection element of the monitoring sys-
tem. By changing the position of the seedlings in the separation container, the intensity of
the light entering the photosensitive sensor changed. Consequently, the provided signal
changed to PLC to control the monitoring device on the subdivision air stream generated
by the solenoid valve group. Thus, the induction speed and accuracy of photosensitive
resistance directly impacted the induction performance of the feedback monitoring de-
vice. Therefore, the illumination intensity of the background light in the separation con-
tainer and the size of the sensor significantly impacted the separation rate of feedback
monitoring. At the same time, the size of the seedling is also an important factor to be
considered. According to the preliminary experiment, when the light intensity exceeded
60 lux, the scattering phenomenon in the separation container was strong, which reduced
the sensitivity of the photosensitive sensor to the change in seedling position in the sepa-
ration container. When the light intensity was <20 lux, the photosensitive sensor was sus-
ceptible to light changes in the external environment, resulting in an induction error in
the seedlings. Therefore, the background light intensity in the separation container was
set to 20, 40, and 60 lux. As shown in Figure 2, the distance between two adjacent jet holes
is 20 mm. The maximum diameter of the photosensitive sensor was set to 15 mm to ensure
the monitoring area of the feedback monitoring device covered the bottom of the entire
separation container and that each jet hole had an independent photosensitive sensor
without interference between adjacent sensors.

However, when the seedlings were simultaneously monitored by adjacent sensors,
the subdivision air stream at an unreasonable position acted on the end of the seedlings
and could not send the seedlings to the picking belt. Therefore, the minimum diameter
left between the sensors was set to 5 mm, and the response times of the G105528, G110528,
and Gl15528 series photosensitive sensors were approximately the same [28]; hence, the
sensors were directly set to 5 mm, 10 mm, and 15 mm.

Because closely planted seedlings blocked each other and affected the photosynthesis
of seedlings, there were individual differences in the same batch of tomato seedlings. Ta-
ble 1 shows that the projected area (A) of the tomato seedlings in the transplant stage in
this study ranged from approximately 3229 mm? to 3631 mm?. There must have been dif-
ferences in the separation performance for such a large variation in A. Tomato seedlings
were divided into large, medium, and small seedlings according to the size of the pro-
jected area of the side view, and its three-level values were set as 3250-3367 mm?, 3367—
3484 mm?, and 3484-3600 mm?, which were defined as small seedlings, medium seedlings,
and large seedlings, respectively.

In summary, the size of the tomato seedlings, background illuminance of the separa-
tion container, and diameter of the sensor were selected as experimental factors in this
experiment. After repeating the experiment five times for each factor, the average value
was taken, and the L9 (3°) orthogonal table was selected for the test. A multivariate quad-
ratic regression equation was used to fit the functional relationship between the factor and
the response level, and the optimal process parameters were determined by analyzing the
regression equation.
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e  Separation operation experiment

The separation operation experiment was designed to explore the separation effect
of the separation system on the collected seedlings after using the feedback monitoring
system. The separation system which was shown in Figure 6, and operating parameters
of the feedback monitoring separation experiment were consistent with those of the seed-
ling blowing experiment. The 90 mm-thick seedlings were sent to the separation container
through the seedling feeding device and the experiment was started. During the test, the
number of seedlings delivered by the vacuum pickup belt was counted and the separation
rate (SR) was determined, which is the number of seedlings separated from the separation
system per unit time. At the same time, the coefficient of variation (CV) of SR was intro-
duced to study the stability of the separation system in cyclic operation. The experiment
was repeated 10 times, and the average value was calculated. Separation without feedback
monitoring was added as the control group. The investigation indicators that were meas-
ured included the number of subdivided air stream operations (Q), i.e., the total number
of subdivided air stream operations to complete the entire separation operation, and the
damage rate (DR), i.e., the proportion of damaged seedlings (Ws) to that of the total iso-
lated seedlings (Wt) in the separation operations.

Figure 6. Experimental system showing the separation system of the collected seedlings using sub-
divided air streams: 1. separation container, 2. photosensitive sensor, 3. monitoring terminal, 4.
touch screen controller, 5. picking belt, 6. delivery unit of individual separated seedlings, 7. delivery
unit.

3. Results and Discussion
e  Seedling blowing

The simulation test was performed according to the orthogonal rotation test design,
with the values of various influencing factors as independent variables and the effective
seedling blowing rate as the evaluation index. The test results are listed in Table 2.

Table 2. Orthogonal test results.

Factor Effective Seedling Blowing
Level . . Diameter of Photosensi- Light Intensity, L Rate
Seeding Size, A (mm?) tive Sensor, D (mm) ® (lux) g (%)
1 Small 20 5 92
2 Small 20 10 92.2
3 Small 20 15 91.8
4 Small 40 5 95.6
5 Small 40 10 95.7
6 Small 40 15 95.6
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7 Small 60 5 94.4
8 Small 60 10 95.2
9 Small 60 15 95
10 Medium 20 5 94
11 Medium 20 10 944
12 Medium 20 15 95
13 Medium 40 5 97.2
14 Medium 40 10 97.8
15 Medium 40 15 97
16 Medium 60 5 95.6
17 Medium 60 10 95.5
18 Medium 60 15 96
19 Large 20 5 94.2
20 Large 20 10 94.6
21 Large 20 15 94.4
22 Large 40 5 94.4
23 Large 40 10 94.8
24 Large 40 15 95
25 Large 60 5 93.6
26 Large 60 10 94
27 Large 60 15 93.8
According to the data sample in Table 2, the Design-Expert 10.0.3 software (Stat-Ease
Inc., MN, USA, Software sources: https://www.statease.com/, accessed on 14 November
2022) was used for quadratic regression analysis and multiple regression fitting. The p
values of the model (<0.0001) and lack of fit (0.2183 > 0.05) indicate that the quadratic re-
gression model has high significance. Table 3 shows the analysis of variance (ANOVA)
results of each response variable after the stepwise regression. Seedling size (A) and light
intensity (B) significantly affected the effective blowing rate; therefore, A and B had a sig-
nificant influence on the effective blowing rate. The effect of the diameter of the sensor (C)
on the effective blowing rate was not significant.
Table 3. Analysis of variance for the subdivision air separation experiment.
Source Sum of Squares df Mean Square Val;ue i;::;l:;
Model 37.20 9 413 50.93 <0.0001 significant
A —seedling size 0.98 1 0.98 12.08 0.0103
B—light intensity 1.28 1 1.28 15.77 0.0054
C—diameter of sensor 0.020 1 0.020 0.25 0.6348
AB 3.24 1 3.24 39.93 0.0004
AC 7.105 x 1015 1 7.105 x 10715 8.757 x 10714 1.0000
BC 0.64 1 0.64 7.89 0.0262
A2 6.16 1 6.16 75.97 <0.0001
B? 22.47 1 22.47 276.89 <0.0001
2 0.40 1 0.40 4.99 0.0607
Residual 0.57 7 0.081
Lack of Fit 0.36 3 0.12 2.31 0.2183 not significant
Pure Error 0.21 4 0.052
Cor Total 37.76 16

“p <0.001” indicates highly significant; “0.01 < p <0.05” indicates significant; “p > 0.05” indicates not
significant.
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The response surface diagram was drawn according to the regression equation and
a three-dimensional spatial surface, which consisted of the results of the response values
obtained under the interaction of various experimental factors. It can predict and test the
response values of the variables and determine the relationship between them. The rela-
tionship between the effective blowing rate and various factors is shown in the Figure 7.

As shown in Figure 7a, the relationship between light intensity and seedling size on
the effective seedling blowing rate was spherical. As the light intensity and seedling size
increased, the effective separation rate first increased, then decreased. The analysis re-
vealed that, with the increase in light intensity, the shading effect of seedlings on light
became increasingly obvious, and the change precision of light intensity collected by the
photosensitive probe of the monitoring module increased, thus improving the effective
seedling blowing rate of the system. However, when the light intensity was high, the scat-
tering of light in the separation container increased, which increased the light entering the
photosensitive sensor. However, the gap between the large seedling leaves and stalks was
larger than that between the small seedlings, which made it easier for light to pass through
the seedlings. In other words, the light penetration ability of large seedlings was stronger
than that of small seedlings.

The graphic features of Figure 7b,c mainly exhibit a cylindrical shape, indicating that
the sensor diameter had little effect on the effective seedling blowing rate. However, the
light intensity had a great influence on the effective seedling blowing rate. When the light
intensity was low, the shadow cast on the sensor after being shielded by tomato seedlings
had a great impact on the photosensitive sensor. The photosensitive sensor was com-
pletely covered more easily, which may result in solenoid valve operation when the seed-
ling does not enter the sensor-monitoring area. When the light intensity was strong, the
photosensitive sensor with a large diameter required a greater light intensity change to
cause its effect, and the shielding ability of the seedlings was limited. The seedling covered
the sensor but did not reach the sensing threshold.

(a)Response surfaces of light (b)Response surfaces of diameter (c)Response surfaces of diameter
intensity and seedling size of sensor and seedling size for of sensor and light intensity for
for the effective blowing rate the effective blowing rate the effective blowing rate

Figure 7. Response surfaces of two factors for the effective blowing rate.

By observing the separation process of the tomato seedlings, a statistical analysis of
the reasons for reducing the effective seedling blowing rate was performed (Figure 8). The
horizontal axis represents the sensor diameter, and each vertical axis represents the num-
ber of seedlings. The “I” phenomenon mainly occurred in Figure 8c,f,i because, when the
light intensity was high, the scattered light affected the sensor’s induction in the seedlings.
Figure 8i reveals that the number of “I” phenomena occurring at various sensor diameters
(i.e., 10) was larger than those occurring in Figure 8¢, f. This is because the effect of large
seedlings on light shielding was not as good as that of small seedlings, so light readily
penetrated the gap between the leaves and stems of large seedlings. As shown in Figure
8a,d,g, when the light intensity was low, the light could not penetrate the tomato seed-
lings, resulting in a shadow at the sensor position that spread to the adjacent sensor, caus-
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ing wrong operation; hence, the “II” phenomenon occurred. The occurrence of “II” in Fig-
ure 8a was more than that in Figure 8d,g because the light transmittance of small seedlings
was poor, so the shadow was deeper than that of the large seedlings. When the diameter
of the sensor is large, although the monitoring blind area of the monitoring area is re-
duced, it will also cause the action of jet holes when both ends of the seedling enter the
monitoring area. Because the separation effect of the subdivided air stream on the seedling
does not act on the main body of the seedling, the seedling cannot move along the action
of the subdivided air stream, which reduces the effective seedling blowing rate and causes
the “III” phenomenon, which mainly occurred in Figure 8g,h,i. The “IV” phenomenon
mainly occurs because, although seedlings returning to the bottom of the separation
chamber after being impacted by the subdivided air stream did not trigger the sensor ac-
tion, the unstable air stream in the separation chamber caused the tomato seedlings with
low masses to shake left and right, resulting in the unstable on-off signal of the sensor.
Thus, the tomato could not be directly affected by the subdivided air stream. The “IV”
phenomenon occurred in both small and medium seedlings, but not in large seedlings.
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Figure 8. Subfigures (a—i) respectively shows tomato seedlings under different Sensor diameters:
Small seedling (a—c), Medium seedling (d—f), Large seedling (g—i). Reduction of the effective seed-
ling blowing rate. Three phenomena for reducing effective seedling blowing rate are shown: (I) The
seedlings blocked the sensor but did not produce an air stream; (II) The seedlings did not block the
sensor but produced an air stream; (III) The subdivision air stream did not act on the effective posi-
tion of the seedling. (IV) The seedling caused the sensor to produce unstable signals and could not
be affected by the subdivided air stream. The numbers in the column chart in this figure represent
the number of seedlings.

When the light intensity was 41.496 lux, the seedling size was 3445.442 mm?, the sen-
sor diameter was 9.358 mm, and the predicted maximum effective blowing rate was
97.559%. The optimized parameters were used in the experiment to verify the accuracy of
the model prediction. The experiment was repeated 10 times. The actual measured value
of the optimal parameters was 96.8%, and the error with the model-predicted value was
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0.8%, indicating that the predicted value and the measured value have good consistency,
which further verifies the reliability of the model. Therefore, the experimental parameters
of the detection device optimized by Behnken’s combined experimental design were ac-
curate, reliable, and practical.

e  Separation operation experiment

Figure 9 depicts a variation curve of seedling quantity with time for the two separa-
tion methods for the separation system with and without feedback monitoring. Figure 10
shows the trend of SR over time during the tomato seedling separation operation using
the two separation methods.

Initially, the change curve of SR and seedling quantity with the two separation meth-
ods indicated no significant difference because sufficient seedlings in the separation con-
tainer could completely cover the probe of the monitoring device. In addition, the two
separation methods generated the same subdivision air stream.

Then, when the seedling volume in the separation container decreased from 70% to
30%, the seedlings to be separated gathered into clusters or distributed at intervals, owing
to the action of the subdivided air stream. When no seedlings were monitored by the sen-
sors above the jet hole, the SR without feedback monitoring separation was 20% lower
than before due to ineffective operation. However, the separation method with feedback
monitoring does not perform jet operation when there is no seedling above the jet hole,
which not only guarantees the operation of the subdivided air stream but also maintains
the continuity of the separation process, so the SR was not reduced.

During the process of reducing seedling volume in the separating container from 30%
to 0% by the separating system, the SR of the separating method with and without feed-
back monitoring was reduced by 54% and 13%, respectively, and the error bandwidth of
seedling quantity at this stage was wider than before, indicating that the stability of seed-
ling quantity change in the separation chamber was poor at this time. Moreover, the error
band of seedling quantity without the feedback separation method was wider than that
with the feedback separation method, indicating that the separation process of the former
was more unstable at this time (Figure 9). The trend line of the SR revealed that the sepa-
ration method with feedback was smoother and more efficient than the separation method
without feedback (Figure 10). On the one hand, the number of invalid operations without
feedback monitoring sensing increased with the decrease in seedlings in the separation
container, particularly when three seedlings remained in the separation container, and the
SR decreased to the lowest value of 0.4. Although the feedback monitoring separation
method has fewer invalid operations, feedback monitoring separation requires waiting
for the seedlings to fall to the bottom of the separation container to trigger the photosen-
sitive sensor, thus increasing the waiting time for the seedlings to fall during the overall
operation. On the other hand, the gas pressure of the separating system used in this study
did not decrease with the decrease in seedling volume, which caused the seedlings to
reach the picking belt very quickly, and the seedlings was not easily pick up by the picking
belt. This is a problem that requires attention in future equipment design.

In summary, the average SR with and without feedback monitoring of the controlled
subdivision air stream separation system was 2.44 plants/s and 1.42 plants/s, the separa-
tion productivity was 8784 plants/h and 5113 plants/h, and the CV was 0.12% and 0.33%,
respectively.

Figure 11 shows the number of subdivided air stream operations (Figure 11a) and
damage rate (Figure 11b) in a separation operation of two separation methods for separa-
tion systems with and without feedback monitoring. The separation mode without feed-
back monitoring could only be operated according to the fixed program, which made the
seedlings undergo more invalid operations in the separation container. Thus, the damage
rates of the subdivided air stream separation system with and without feedback monitor-
ing were 2% and 6%, respectively, and the number of subdivided air stream operations
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was 138 and 73, respectively. The wilting degree of seedlings separated without feedback
monitoring was more obvious than that separated with feedback monitoring.

Quantity of seedling (plant)

0 10 20 30 40 50 60 70
Separating time (s)

Figure 9. Variation curve of seedling quantity with time. The width of the green and blue bands
represents the error band of the number of seedlings in the separation container over time.
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Figure 11. Response surfaces of two factors for the effective blowing rate: (a) Number of subdivided
air stream operations. (b) Damage rate.

In our previous research, the productivity of separating collected seedlings by sub-
dividing air streams method was 17,100 plant/h [4]. However, the separation productivity
of the separation system with the feedback monitoring device in this study was only 8784
plants/h. On the one hand, the picking capacity of the picking belt cannot meet the pro-
duction efficiency of the subdivided air streams; on the other hand, the sensor of the feed-
back monitoring device was installed at the bottom of the separation chamber, which can-
not monitor the status of the seedlings in the separation chamber in real time. Although
the separation system used in this study can further improve the productivity, it has been
able to satisfy the current productivity needs of the grafting and cutting machine [6,7].
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4. Conclusions

In this study, a photosensitive sensor was proposed to identify tomato seedlings in a
separation room. Through communication with the programmable controller, it can effec-
tively realize the accurate separation of subdivided air stream into tomato seedlings and
solve the problem of low separation efficiency and easy damage to seedlings when there
are few seedlings in the separation room. When the light intensity was 40 lux and the
windward area of the seedlings was 3367-3484 mm?, the effective seedling blowing rate
of the subdivided air stream on seedlings was 96.8%, and the influence of sensor diameter
on recognition accuracy was not significant. The main reasons for the low effective seed-
ling blowing rate are as follows: 1. Large tomato seedlings can easily transmit light when
the light intensity is high. Thus, although the seedlings blocked the sensor, they did not
cause sensor action. 2. When the light intensity is low, the seedling can easily produce a
shadow on the sensor, resulting in the sensor not being covered by the seedling but mov-
ing. 3. When the adjacent sensors simultaneously detected the seedlings, the subdivided
air stream could not send the seedlings to the pickup belt. 4. The air stream in the separa-
tion room caused the tomato seedlings to shake, resulting in sensor instability. Under the
conditions of a separation pressure of 0.5 MPa, nozzle operation time of 0.5 s, and seedling
thickness of 90 mm, the separation productivity of subdivision air stream with feedback
monitoring sensor was 8784 plants/h, and the CV was 0.12%. Compared with the separa-
tion method without feedback monitoring, the productivity was increased by 30%, the
damage rate was reduced by 4%, and the operation times of air stream was reduced by
47%.
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