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Development of a high-productivity grafting robot for Solanaceae
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Abstract: Grafting is a green, environmentally friendly, and sustainable way to prevent soil-borne diseases. Although
artificial grafting is the main grafting approach used for grafting production, it has some problems which are low productivity,
unstable operating quality and labor-intensive. Hence, some countries have been engaged in the development of grafting
robots for the past two decades; however, the productivity of these grafting robots has no advantage when compared to artificial
grafting. This study aims to develop a high-productivity grafting robot (HPR) for Solanaceae. To improve grafting
productivity, this paper adopted plug trays to feed crown-removed rootstocks automatically and carried out multi-plant
simultaneous grafting to improve grafting productivity and extensibility. Manipulators were employed to take out rootstocks,
increase the distance between them, and transfer them to transfer cups for the simultaneous multi-plant grafting. At the same
time, negative pressure mechanisms were designed for speeding up the auxiliary feeding of root-removed scions. Although
the HPR was designed in a two-operator mode, a one-operator mode can also be implemented by adjusting the control program.
Tests were conducted by varying the artificial feeding speed to analyze the performance of the grafting robot. The results
showed that the productivity of the robot in the two-operator mode was 2250 plants/h, and 1542 plants/h in one-operator mode;
comparing the artificial feeding productivity with auto grafting productivity, it was found that the capacity of the grafting robot
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was higher than the feeding speed of the one-operator mode but lower than that of the two-operator mode.
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1 Introduction

Horticultural vegetable production commonly faces successive
cropping obstacles caused by soil-borne diseases. These problems
become more obvious at large-scale production levels. Grafting
of vegetable seedlings can solve issues related to successive
cropping obstacles without environmental pollution!'! and result
in higher yields when compared to non-grafted plants™*); hence,
seedling grafting is a widely used approach. Large-scale
production involves millions of grafted seedlings. Currently,
artificial grafting is the most widely used approach, but it is limited
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Development of a high-productivity grafting robot for

by its low efficiency!™.  Further, seedling grafting is a
labor-intensive process and accounts for more than 40% of the total
cost of seedling production in Chinal”l. Robot-aided grafting can
simplify the grafting operation and improve productivity; hence,
mechanized grafting is being studied for seedling production. For
this purpose, highly efficient and low-cost grafting robots are
needed.

Research on grafting robots first began in Japan in the
1980s® 1. Subsequently, many countries joined in related
research, such as Koreal'>!3!, Chinal® *'7), Holland!'®!"), Italy[zo’m,
and Spaint?.
semi-auto grafting robot developed, and its production mode was
later simulated by a number of grafting robots. Operators feed the
seedlings to grippers directly and need to hold the seedlings before
the grippers close, which hinders the multi-feeding of seedlings;

The Japanese GR-800 was the first commercial

moreover, the control system cannot close the grippers until it
receives the signal sent by the operator, which causes serious time
delays. The productivities of those grafting robotst®'%%-%
approximately 450 to 800 plants/h. Yanmar, a Japanese company,
developed an auto-grafting robot AG1000, which had a capacity of
1200 plants/h, but it was hindered by its inability to adapt to
different seedlings. Especially for scions, seedling enterprises
could not meet the strict requirements stipulated by the robot!'®.
The ISO Corporation of Netherlands developed a grafting robot
(ISO1200) that auto fed rootstocks with plug trays and artificially
fed root-removed scions on a turntable mechanism, achieving a
productivity of 1050 plants/h™"®). It is hard to graft more than one

were
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plant at once, because the grafting actuator works at the tangent
point of the turntable. Italy proposed an ensemble-grafting robot,
which classified rootstocks and scions into different slots using a
computer visual system before grafting. Its productivity was
determined by the number of modules applied, and this robot is
suitable for small- to medium-sized farms®*!. Research on the
key technologies of grafting robots were also reported, such as
outward-feature properties measurement of seedlings®®'), grafting

healing state detection®>*), and seedlings
[34,35]

quality or
classification

In China, the average productivity of a professional grafting
worker can reach approximately 500 plants/hi*®); therefore, if the
per capita productivity of a grafting robot is less than 1000 plants/h,
it will hardly be recognized by the market. To solve this problem
of low efficiency, this study analyzed the factors leading to low per
capita grafting productivity. These factors include the operating
cycle, the number of plants grafted in one operating cycle, and the
number of operators. Based on our observations, a new
high-productivity grafting robot (HPR) is proposed. This grafting
robot adopts rigid foam plug trays to feed crown-removed
rootstocks automatically and carries out simultaneous multi-plant
grafting and negative pressure-based auxiliary feeding of
root-removed scions. Its operation mode was designed, and tests
were conducted to analyze the performance of the robot with
respect to artificial feeding speed.

2 Design of the high-productivity grafting robot

2.1 Solanaceae grafting processes

Figure 1 depicts the artificial grafting process for Solanaceae,
which includes a scion cut root (Figure la), a cut crown of a
rootstock (Figure 1b), the rootstock and scion joined at the cut
surfaces (Figure 1c), and the rootstock and scion fixed together to
form a complete plant™ (Figures 1d and le). To simulate the
artificial grafting process, a grafting robot should complete the
processes described above.

f;ﬁq\ d

Ty

a. Cutting scion, b. Cutting stock, c. Joining, d. Fixing, e. Grafted seedling
Figure 1 Schematic of Solanaceae grafting
Productivity is an important parameter indicating the speed of
a grafting robot; it has been used for evaluating the performance of
grafting robots under the condition of the grafting success rate
more than 90%!"%].
compare the grafting capacities of grafting robots and artificial
operations as it does not take into account the number of operators.

However, productivity is insufficient to

To combine productivity and the number of operators, this
investigation proposes a parameter: the per capita productivity of
grafting robots given as

P¢ = (3600/T¢)Ne/n )
where, P, is the per capita productivity of grafting robots,
plants/(h-person); T, is the operating time of the grafting robot per

one operating cycle, s; N¢ is the number of plants grafted in one
operating cycle; n is the number of operators.

According to the above analysis, per capita productivity is
related to three factors: the operating cycle (T.), number of grafted
plants in one operating cycle (N;), and number of operators (n).

2.2 Approaches to enhance grafting productivity

To solve the problem of low per capita productivity caused by
the mechanism layout and operation mode, after combining the
grafting processes used for Solanaceae, this study proposes the
following improvement measures for grafting robots designed with
two operators for feeding scions.

1) Adopt simultaneous multi-plant grafting

An effective way to improve productivity is to increase the
number of plants grafted in one operating cycle, so that the number
of grafting units will be increased. To simplify the driving system,
all the grafting actuator components are designed to follow the
same reciprocating linear motion. Thus, all the grafting actuator
components can be driven by one linear power source (Figures 2
and 3).

Grafting actuator

Scion feeding $ Scion feeding

mechanism I ¢ % mechanism I Transferring
e f— mechanism
<> — l/
00 0 0 0O 0O 0 0 0 0 0 0 0 0 0 0O 0 O
A—/ “—
Cutter Conveyor
[e]elelslele] 000000 ~hanis
[s]elelelele] 000000 mechanism
Q00000 . 000000
000000 Clipper 000000
¢ feeding $
Q00000 000000
Q00000 000000
Q00000 Q00000
Q00000 000000

Replanting mechanism Stock auto-feeding mechanism

Figure 2 Schematic of the high-productivity grafting robot

Grafting

Figure 3  Schematic of the simultaneous multi-plant grafting
mechanism

This study uses a plug tray of 6 row x 12 columns cells to seed
the rootstocks. For grafting in order, row or column numbers
should be divided exactly by the number of manipulators, therefore
the number of grafting units is designed as three. The number of
grafting actuators could be increased to six, twelve, or more once
the technology is fully developed in the future.

2) Apply a stock feeding manipulator, replanting manipulator,
and transporting cups to realize parallel operation

Parallel operation can shorten the operating cycle of a grafting
robot. To design the layout of the robot, the morphological
characteristics of the seedlings should be considered. An analysis
of rootstocks and scions (Figure 4) indicates that rootstocks are
present in the lower parts of plants, with single stems and
individual differences being small at the joining part; the scion is
the upper part of the plant with different branch distributions and
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varying stem diameter. Therefore, rootstocks are suitable for
automatic feeding, while scions need artificial feeding to adjust
their posture.

b. Crown-removed Solanum torvum
for rootstocks

a. Tomato seedlings for scions

Figure 4 Seedlings of Solanaceae for grafting robot use

Picking out rootstocks could increase the spacing between
seedlings, which is beneficial for realizing a parallel operation and
simultaneous multi-plant grafting.  Accordingly, this study
The stock

feeding manipulator picks out rootstocks in a row, increases the

proposes the following strategies (Figures 2 and 3).

spacing between them, and transfers them to transporting cups; the
cups transfer these rootstocks to grafting positions to implement
simultaneous multi-plant grafting. After grafting, transporting
cups transfer the grafted seedlings to the replanted positions, after
which the replanting manipulator picks up the grafted seedlings,
reduces the spacing between them, and replants them in the plug
tray in rows.

However, the matrix is easily dispersed during the
transportation of traditional plug tray seedlings, which affects auto
replanting and injures the roots of rootstocks®’**). To solve this
problem, this paper used a non-woven cloth to wrap the matrices
(Figure 4b). These matrices, which are shaped into cylinders, are
loaded in the plug tray and seeds are sown. Furthermore,
blow-molded plug trays are easily deformable, which affects the
alignment accuracy when conveying plug trays. Therefore, to
reduce the failure rate of auto operation, in this study, this paper
adopted rigid foam trays to load the cylinder matrices.

3) Design negative pressure mechanisms for auxiliary artificial
feeding of root-removed scions

There are two modes for the artificial feeding of seedlings. In
the first mode, grafting robots auto-close the grippers, while
operators follow the speed of the grafting robot; this mode needs
robots to reserve enough time to adapt to the feeding speed of the
operators; otherwise, some operators may not be able to follow the
robot’s speed and thus fail to feed scions to the gripper before it
closes. Furthermore, operators passively follow the speed of the
robot, which causes nervousness and fatigue. In the second mode,
operators send signals to control the gripper after the complete
feeding of seedlings. In this case, operators dictate the feeding
rhythm and thus the feeding job becomes more flexible. However,
there exists a time delay in this mode, which causes a decrease in
productivity. The two modes described here use grippers to
receive seedlings. When simultaneous multi-plant grafting is
implemented, the first mode needs to close several grippers
automatically, which is difficult to optimize as the time interval of
sequential closure for feeding differs from operator to operator and
the complexity involved in gripper driving. The second mode
needs operators to feed seedlings and close the grippers
continuously and rapidly, which is a challenging job and may lead
to a serious time delay accumulation.

This study proposes a strategy based on negative pressure
application during the auxiliary artificial feeding of scions. As
shown in Figures 2 and 5, there are two sets of negative pressure

feeding mechanisms for scions. Each set is composed of a
chamber, pairs of suction seats (one up and one down), a lateral
driving cylinder, an air tube, and a negative pressure pump. The
numbers of pairs of suction seats are equal to the number of plants
grafted simultaneously, which are three. The negative pressure
pump forms negative pressure in the chamber and the three pairs of
suction seats generate enough adsorption force. The scions are
caught when operators send them just near the pairs of suction seats;
in this way, operators can feed the three scions faster. Compared
with models above, this methodology advantages of shorter feeding
time, bigger adaptive of scions’ diameters variety, and lesser
damages to scions.

Seedling
Chamber

== Pairs of suction seats

Negative
pressure

Negative Scion feeding Scion feeding
pressure position 11 position 1
Figure 5 Schematic of negative pressure feeding mechanisms for

scions

2.3 Operating principle of the high-productivity grafting
robot
2.3.1 Overall Structure

Based on the strategies described above, an HPR was designed
and manufactured. The HPR includes eight components — a tray
conveying mechanism, a stock feeding mechanism, a transferring
cup mechanism, a negative pressure feeding mechanism for scions
(NPFM), grafting actuator mechanism, cutting mechanism, clipper
feeding mechanism, and replanting mechanism (Figure 6).

1. Tray conveying mechanism 2. Stock feeding mechanism 3. Transferring
cup mechanism 4. Negative pressure feeding mechanism for scions 5. Grafting
actuator mechanism 6. Cutting mechanism 7. Clipper feeding mechanism
8. Replanting mechanism 9. Direction of negative pressure

Note: the cutting mechanism 6 is beneath the clipper feeding mechanism 7.

Figure 6 Schematic of the HPR

The tray conveying mechanism is used for transporting plug
trays in which crown-removed rootstocks and grafted seedlings are
loaded. The stock feeding mechanism is used for picking
rootstocks in a row (six plants) from the plug tray and conveying
them to transfer cups. The transferring cup mechanism is used to
transport rootstocks to the grafting position and grafted seedlings to
the replanting position. The NPFM is used for receiving scions
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and transferring them to the grafting actuator. The grafting
actuator mechanism includes three scion grippers and three
rootstock grippers; scion grippers are used for picking scions and
conveying them to the grafting position, while rootstock grippers
are used to hold rootstocks at the grafting position. The grafting
actuator mechanism is used to keep the rootstocks and scions in
contact in parallel before cutting and later joining their cut surfaces.
The cutting mechanism is used for cutting scions and rootstocks at
the same position at the same time. The clipper feeding
mechanism is used for sending clippers to fix the scions and
rootstocks. The replanting mechanism is used for simultaneously
conveying the six grafted seedlings to the plug tray.

2.3.2  Operating processes

The HPR has nine working positions: tray feeding position,
stock picking position, stock transferring position, scion feeding
position, scion picking position, grafting position, replanting
position, cache position, and tray exporting position. Details of
the operating processes are described below.

1) A rigid foam plug tray with crown-removed rootstocks is
placed at the tray feeding position (Figure 8a) and an empty rigid
foam plug tray is placed at the tray cache position. The robot is
started and the tray conveying mechanism transports the rigid foam
plug tray with crown-removed rootstocks to the stock picking
position and the empty tray to the tray exporting position and
locates them (track of trays: Al — A2; A3 — A4, Figure 7).

----- = B: Track of stocks
——— D:Track of knives
—===—== F:Track of grafted seedlings

—=-— A:Track of plug trays
—-=— C:Track of scions
——— E:Track of clippers
Figure 7 Grafting track schematic of the operating parameters in
an HPR

2) Simultaneously, the stock feeding mechanism picks six
rootstocks (Figure 8b), transports them to the stock transferring
position, increases the distance between rootstocks, and places
them in transfer cups (Figure 8c). The transferring cup
mechanism conveys these rootstocks to the grafting position
(Figure 8d; track of stocks: Bl - B2 — B3 — B4 — B5 — B6,
Figure 7).

3) Operators feed three scions to the NPFMs (Figure 8e).
One NPFM transfers the scions to the scion picking position after
which the grafting actuator mechanism takes the scions (Figure 8f)
and conveys them to the grafting position (track of scions: C1 —
C2 — C3 — (4, Figure 7).

4) The grafting actuator mechanism picks up rootstocks, which
makes the rootstocks and scions come into contact with each other
in a parallel manner (Figure 8g). Cutters then rise up and move to
cut the scions and rootstocks at the same position at once (Figure
8h; track of cutters D1 — D2 — D3, Figure 7). The grafting
actuator mechanism joins the cut surfaces of rootstocks and scions
and the clipper feeding mechanism releases three clippers to fix
them (Figure 8i; track of clippers E1 — E2, Figure 7).

5) The transferring cup mechanism conveys the next three
rootstocks to the grafting position and the remaining two NPFMs
transfer the scions to the grafting actuator mechanism, which takes
over the scions (Figure 8f) and conveys them to the grafting
Subsequently, step (4) is repeated.

position.

d. Transferring stocks to the grafting
position

f. Transferring scions to grafting
actuator

Chipper I'eg'ing

mechanism

k. Replanting grafted seedlings 1. Exporting grafted seedlings

Figure 8 Grafting processes of the HPR

6) In step (6), steps (2) to (5) are repeated. When a new row
of rootstocks comes to the grafting position, grafted seedlings are
conveyed to the replanting position (Figure 8j). The replanting
mechanism picks up the grafted seedlings, reduces the distance
between them, and takes them back to the plug tray (Figure 8k;
track of grafted seedlings: F1 — F2 — F3 — F4— F5 — F6,
Figure 7). For picking rootstocks before replanting grafted
seedlings, the tray conveying mechanism conveys the empty plug
tray from the stock picking position to the cache position and a new
tray of rootstocks to the stock picking position. When the pre
plug tray at the tray exporting position is filled with grafted
seedlings and exported (Figure 81), the tray conveying mechanism
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conveys the empty plug tray from the cache position to the
exporting position (track of trays: Al — A2 — A3 — A4, Figure
7).

A one-operator mode can also be implemented by changing the
control program; here, the operator uses only one NPFM to feed
scions. At the same artificial feeding speed, depending on the
reach of the robot, the two-operator mode can be twice as fast as
the one-operator mode.

2.3.3 Timing schedule of the working components

Structural and control system details of the HPR were
described in Sections 2.3.1 to 2.3.2. In this section, the operating
sequence of HPR links is described. The operation links include
five components: the conveying plug trays (CPT), feeding
rootstocks (FR), artificial feeding of scions (AFS), grafting scions
and rootstocks (GSR), and replanting grafted seedlings (RGS).
Details of the two-operator mode’s time schedule are shown in
Figure 9. In order to focus on the grafting process, the time
schedule of Figure 9 is drawn at the beginning of GSR, when the
CPT and FR have already been executed for a period. The time
required for CPT is far less than that for FR; therefore, the CPT
time schedule was ignored.

To calculate the productivity of the two-operator mode, the
operating cycle was analyzed. The FR link and RGS link both

deal six plants in one operating cycle, the GSR link just dealing
three plants. Combining Figure 7 & Figure 9, for the five
operation links act almost in parallel, there is the following
relationship:

T=max {Ta, T, 2Tcpe, Tr, Ts} 2)
where, T is the operating time of HPR per one operating cycle; Ta
is the time for CPT (column 1 of Figure 9) and corresponding
tracks Al to A4 (Figure 7); Tg is the time for FR (column 1 of
Figure 9) and corresponding tracks B1 to B6 (Figure 7); Tcpg is the
time for GSR (column 1 of Figure 9) and corresponding tracks C1
to C4, D1 to D3, and E1 and E2 (Figure 7); T is the time for RGS
(column 1 of Figure 9) and corresponding tracks F1 to F6 (Figure
7); Ts is the AFS time (column lof Figure 9).

Here, the GSR link includes transferring scions, cutting
scions and rootstocks, joining scions and rootstocks, and feeding
clippers to fixed scions and rootstocks. This is the most complex
process; hence, its time consumption is obviously the longest as
follows:

T=2Tcpe =2t (3)

Reasonable planning of the time schedule of the GSR link is
the key to improving HPR productivity.  Therefore, when
designing the operating cycle of the HPR, this research ignored the
CPT, FR, AFS, and RGS links.

Processes Tracks (fig 7) Time schedules
Conveying plug i
trays Hj ' Conveying plug trays Al~-Ad
‘le\t_\lnb stocks B4-B1-B4

Feeding rootstocks '»“"ﬂ

' Rl.lt.ablnk stocks
'

(FR)

1ng cups
Artificial feeding of | i Optmlur | feeding scions
scions  (AFS)

+ Operator 11 feeding scions

: zf’ }Ma”fx’z”
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Figure 9 Time-sequence diagram of the two-operator mode of an HPR

3 Operational experiments on the HPR

To verify whether the speed of artificial feeding of scions
meets the HPR’s operating speed, and achieve reasonable
productivity and successful grafting, tests were conducted at
extreme artificial feeding speeds and the grafting performance of
the HPR was evaluated.

3.1 Materials and methods
3.1.1 Tests at extreme artificial feeding speeds

In this test, extreme feeding speeds for operators with different

feeding skills (S) were employed; operators fed three scions to
three pairs of suction seats of NPFM successively in given time (Tg)
and circularly repeating the above operation. The success rate of
artificial feeding of scions was evaluated when operators stably fed
scions to pairs of suction seats; the considered factors were feeding
skill (S) and time given for feeding (Tg).

The test was based on the operating processes of the HPR.
Scion tracking was executed as C1-C2-C3 and ended at C3 (Figure
7). While a NPFM was transferring scions to the grafting actuator
mechanism, the operator was preparing scions for the next feeding
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cycle; this period was noted as t,. The time period during which
the operator fed three scions to three pairs of suction seats was

noted as t,.  Tests were carried out under the condition Tg = t; + 1,

=45s,5s5,65,7s,8s,9s,and 10 s. Combining Section 2.3.3,
there are:

b=t @

ta=t-1,=Ts ©)

Te=Ts+t=t:=T (6)

where, t; represents the time taken by the NPFM to transfer scions
to the grafting actuator mechanism (corresponding to GSR in
column 1 of Figure 9); ts — t; represents the time taken by operator
II to feed the scions (corresponding to AFS in column 1 in Figure
9); Ts is the AFS time.

The value of t, could be calculated from Table 1 as 1.3 s; hence,
t,=2.7s,3.7s,475s,575s,67s,7.7s,and 8.7s. The feeding
skill levels of operators were usually characterized as skillful,
general, and unskillful. ~ Skillful operators were usually trained for
more than 30 h, general operators were trained for just a few hours,
and unskillful operators only knew the process of feeding

seedlings®”.

Table 1 HPR time consumption while grafting scions and

rootstocks
Link Serial processes Tracks Time/s

Scion cylinder going out Cl-C2 0.32

Actuator going forward C3-C2 0.16

Actuator grasping scions C2 0.28

Actuator going back C2-C3 0.16

Scion cylinder going back C2-C1 0.36

Actuator going forward C3-C4 0.24

Grafting scions Actuator grasping stocks C4 0.12
and rootstocks Cutter cylinder II going out D2-D3 0.12
(GSR) Waiting D3 0.16
Cutter cylinder I going back ~ D3-D2 0.12

Joining scions & stocks C4 1.12

Clipper cylinder going out E1-E2 0.6

Waiting E2 0.6

Clipper cylinder going back E2-El 0.2

Resetting actuator C4-C3 0.24

The main dimensions of a NPFM are shown in Figure 10.
Scions used for the test were “Zhefen 202 tomato seedlings, with
an average diameter of (2.7 £ 0.2) mm and crown width of (57.2 +
3) mm. The negative pressure pump operated at a power of
1.5 kW and its capacity was —200 Mbar. Depending on their
feeding skill level, three groups of operators were selected. Each
group included 3 people and each operator fed 300 scions
continuously under every possible combination of factors. The
details of each group are as follows: unskillful No.1, male, 30 years
old; unskillful No.2, male, 25 years old; unskillful No.3, male, 23
years old; general No.1, male, 27 years old; general No.2, male, 23
years old; general No.3, male, 22 years old; skillful No.1, male, 27
years old; skillful No.2, male, 27 years old; skillful No.3, male, 25
years old. Experiments were then conducted, and the results were
recorded.

3.1.2  Analysis of the grafting performance of the HPR prototype

Using the reasonable time defined in Section 3.2.1 for the
artificial feeding of scions, the grafting speed of the one-operator
mode was set at 1542 plants/h, while that of the two-operator mode
was 2250 plants/h. The scions used were the same as those in

Section 3.1.1. The rootstocks were “Solanum torvum”, with an
average diameter of (2.840.3) mm. The cylinder matrix, which
was wrapped in a nonwoven cloth, was 30 mm in diameter and
50 mm high. The rootstocks were pre-cut to a height of about
65 mm using electric pruning scissors (Figure 12a). The
dimensions of the rigid foam plug tray were 540 x 280 x 30 mm
3 with 6x12 cells (Figure 12b). The clippers for fixing grafted
seedlings adopted integrated rubber material (Figures 12¢ and 12d).
A total of 360 scions and rootstocks were selected for both the
one-operator and two-operator modes (Figure 11).
3.2 Results and discussion
3.2.1  Analysis of extreme artificial feeding speeds

Table 2 shows the test results obtained at various extreme
artificial feeding speeds. The standard data is shown in Figure 13.

] ] ]
<—— [E0 =0 EIEE}EI
i___Fr i___F I |
EE—— ICE)
| L] ]
‘ \l/ ‘ R15 1.5

a. Front view

[ s [
[ ] e m— E—

#21 | 95.2 _L 95.2

b. Top view. All dimensions are in mm.
Figure 10 Main dimensions of the negative pressure feeding
mechanism for scions

X

b. One-operator mode
Prototype of the high-productivity grafting robot

Figure 11
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Figure 12 Operating components of the high-productivity
grafting robot

c. Integrated rubber clippers for grafting

Table 2 Results of extreme artificial feeding speed analysis
for different feeding skill levels

Given  Serial Success rate/%

time/s  number  {jpqififul

Mean General Mean Skillful Mean

No.1 47.67 60.33 72.00

4 No.2 29.00 39.33  68.00 59.67 7133 72.67
No.3 41.33 50.67 74.67
No.1 74.33 86.00 99.00

5 No.2 58.67 66.67  87.67 83.67 90.00  95.00
No.3 67.00 77.33 96.00
No.1 86.33 95.33 100

6 No.2 72.67 80.89  94.00  92.00 100 100
No.3 83.67 86.67 100
No.1 100 100 100

7 No.2 100 100 100 100 100 100
No.3 100 100 100
No.1 100 100 100

8 No.2 100 100 100 100 100 100
No.3 100 100 100
No.1 100 100 100

9 No.2 100 100 100 100 100 100
No.3 100 100 100
No.1 100 100 100

10 No.2 100 100 100 100 100 100
No.3 100 100 100

== Unskillful No.1
—— General No.1

== Unskillful No.2 == Unskillful No.3
—— General No.2 —— General No.3

=== Skillful No.1 == Skillful No.2 - Skillful No.3
=+ Per capita productivity
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Note: The purpose of this figure is to show the change in the success rate at
different productivity (or operation speed), and then determine a reasonable
operating speed.
Figure 13 Trends of feeding success rate at extreme artificial
feeding speeds

When the given time for artificial feeding (Tg) was in the range
of 4 to 6 s, the operator feeding skill level had a significant effect
on the success rate. From the average data, skillful operators were
approximately 10% more successful than general operators.
However, the difference was much higher between skillful
operators and unskillful operators, which varied between 12% and
20%. When Tg was 6 s, the success rate of skillful operators
reached 100%, corresponding to a capacity of 1800 plants/h in the
one-operator mode. When the Tg was 7 s, even general and
unskillful operators could achieve a 100% success rate with a
productivity of 1542 plants/h; it could be observed that the capacity
of skillful operators was about 258 plants higher when compared to
the capacity of operators of other skill levels. However, such a
high capacity required extremely skilled operators. Hence, Tg=7 s
is a reasonable estimate and grafting speed in the one-operator
mode could be set at 1542 plants/h, while that in the two-operator
mode might be 3084 plants/h.

When Tg = 7 s, operators needed approximately 5.7 s to feed
three scions, which means an average of 1.9 s per seedling. The
artificial feeding time of Helper Robotech (in GR800 mode) and
1S01200 found as 2.5-5.0 s by analyzing the operating video!'>'®!.
Upon comparison, it was found that the artificial feeding time of
HPR was at least 1.24 times shorter than that of Helper Robotech
and ISO1200, which was the cost of just one seedling. If
continuously feeding seedlings, an HPR operator can feed with one
hand while holding seedlings with the other hand using the
auxiliary NPFM. However, feeding in Helper Robotech and
ISO1200 requires both hands to keep the seedlings straight, which
causes a delay in preparing seedlings. In such situations, the
advantage of negative pressure auxiliary feeding becomes
prominent. Further, negative pressure auxiliary feeding could also
reduce the feeding speed difference between skillful and unskillful
operators. Previously, it was reported that a negative pressure
mechanism for the auxiliary feeding of rootstocks helped skillful
operators in increasing their feeding speed by 16.7%5%,

3.2.2 Grafting performance analysis

Table 3 shows results corresponding to the HPR grafting
performance. The HPR exhibited a success rate of 90.8% in the
one-operator mode and 93.6% in the two-operator mode, which
indicates that both modes reached the standard of 90%. Although
the scion feeding speed was 1542 plants/h in the one-operator mode
and 1125 plants/h in the two-operator mode (at Tg=7 s), there were
no significant differences in the scion feeding success rate.

Each of the operation links was analyzed under the two modes.
It was found that most of the mistakes occurred in the clippers
feeding link as it required a high operational accuracy; clipper
transportation experienced many complex delivering processes.
The clippers needed a vibrating disk for separation, pneumatic
grippers for opening, a biaxial cylinder to send them to the grafting
position, and pneumatic grippers to release them once again.
Further, the clipping link was also affected by the cutting of
rootstocks and scions.  After the clipping link, the highest number
of mistakes occurred in the replanting link. The reason is that the
shaking of the replanting link is much stronger; the failure
performances led by the unfavorable factors of other links appeared
in this link. Because failures of the first four links have an
influence on the clipping link and replanting link, the total failure
number equals the clipping failure number plus the replanting
failure number minus the interactive failure number.

Compared with the existing grafting robots, the HPR exhibited
a higher per capita productivity and total productivity. This is
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attributed to the use of techniques such as cylinder matrices
wrapped in a nonwoven cloth, crown-removed rootstocks fed by a
rigid foam plug tray, rootstocks fed in rows, rootstocks transferred
by cups, negative pressure auxiliary operators feeding
root-removed scions, simultaneous grafting of three plants,
automatic replanting, and exporting grafted seedlings using rigid
foam plug trays. Further, the grafting actuator mechanism
followed a reciprocating linear motion when joining scions and
rootstocks, owing to which the HPR grafting mode can potentially
be expanded.

Table 3 Analysis of the grafting performance of the HPR

Unsuccessful ~ General

Operating Grafting Test seedlings Operating .
mode speed grafted/plants links operating success
/plants-h number/plants  rate/%
Delivering 3
stocks
Delivering 5
scions
1 Operator 1542 360 Cutting 5 90.8
Joining 5
Clipping 15
Replanting 18
Delivering 5
stocks
Delivering 1
scions
2 Operators 2250 360 Cutting 3 93.6
Joining 3
Clipping 10
Replanting 14

The productivity of the two-operator mode of the HPR is
related to its mechanical grafting speed. A faster grafting speed
results in higher productivity. However, the speed of the robot
could not be increased beyond the artificial feeding speed, which is
limited to 3084 plants/h. According to sections 2.3.3, the GRS
link took 4.8 s. Compared to the similar link of ISO1200, in
which the link of grafting scions and rootstocks ran about 3.4 s,
there is still scope for institutional optimization in the HPR. If the
Tcpe of HPR is also optimized to 3.4 s, the grafting speed might
reach approximately 3177 plants/h, which productivity could be
increased by 42.2%. Meanwhile, mechanical grafting speed can
be increased by increasing the number of simultaneously grafted
seedlings. If the numbers of seedlings increase to the six in one
GRS link, depending on the modulus of the 6 x 12 rigid foam plug
tray, productivity could be increased by 100%, even when the
grafting time was 4.8 s. The growth rate obtained by increasing
the number of simultaneously grafted seedlings was higher than
that obtained by mechanism optimization. Both these methods
were optimized to exceed the artificial extreme feeding speed of
3084 plants/h. In such a scenario, productivity could be further
improved by increasing the number of operators or developing an
automatic feeding mechanism with flexibility and high tolerance
ability.

4 Conclusions

A high-productivity grafting robot for Solanaceae is described
in this study. High productivity was achieved through the
following methods: using cylinder matrices wrapped in nonwoven
cloth; feeding crown-removed rootstocks in a rigid foam plug tray;
feeding rootstocks in rows; transferring rootstocks by cups; using

negative pressure auxiliary mechanisms to feed root-removed
scions; simultaneously grafting three plants; automatic replanting;
and exporting grafted seedlings using a rigid foam plug tray. For
tomato seedlings grafted on a 6 x 12 cell rigid foam plug tray
containing “Solanum torvum” rootstocks, the two-operator mode
resulted in a productivity of 2250 plants/h with a 93.6% success
rate, while the one-operator mode resulted in a productivity of
1542 plants/h with a 90.8% success rate.

As there are significant differences between individual scions,
artificial feeding is required. This investigation proposes a
negative pressure adsorption method to feed scions. Compared to
the traditional artificial feeding method, the HPR exhibits simpler
alignment and higher adaptability to differences in scions. Owing
to these advantages, the feeding speed can be increased by a factor
of at least 1.24, and as working time increases, the advantages
become more prominent. When the given time for artificial
feeding equaled 7 s, its success rate reached nearly 100% and the
per capita productivity reached 1542 plants/h. Comparing the
artificial feeding productivity with auto grafting productivity, it
was found that the capacity of the grafting robot was higher than
the feeding speed of the one-operator mode, but lower than that of
the two-operator mode. Therefore, in the two-operator mode of
the grafting robot, there is scope for optimization with respect to
the mechanism and working form.

Improving the productivity of the grafting robot is limited by
the extreme speed of artificial feeding of scions. To overcome
this limitation, the number of operators may be increased or an
automatic feeding mechanism with flexibility and high tolerance
ability may be developed.
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