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Abstract: The rejection rate of tree stock in a forestry nursery can be as high as 35%. This is attributed
to plant physiology, poorly trained seasonal workers and unsophisticated equipment. It is estimated
that approximately 5% of seedling rejection in the pilot nursery (approximately 220,000 per year) is
due to poorly dibbled holes. These holes are typically dibbled using a spiked wheel, which produces
crooked and imprecise holes. The poor-quality holes cause bends in the stems, resulting in rejection.
This article presents a tractor-drawn mechatronic dibbling machine that can produce precise vertical
holes of a specified depth, spacing and diameter. Both hole quality and dibbling efficiency are
greatly improved. The machine was tested at a nursery and produced 98% of the holes at the desired
angle and 94% at the desired depth. The unwanted stem bends were eliminated with a subsequent
reduction in rejects. Furthermore, it was found that worker productivity increased, as they did not
have to spend time setting seedlings vertically.

Keywords: dibbling; radiata pine; nursery automation; agricultural machinery

1. Introduction

Productivity in agriculture has improved greatly over the years. The most significant
developments in agriculture occurred during the 20th century with the introduction of the
tractor. The Henry Ford and Son Corporation started mass production of Fordson tractors
in 1917, made possible by their assembly-line techniques. A multitude of implements
pulled and powered by tractors are developed to mechanize crop production in different
steps, from tillage to harvesting [1]. Productivity has been increased further by the blending
of sensors with machinery in many agricultural operations.

Despite this progress, many ‘in field” operations remain highly labour-intensive, with
labour contributing approximately 40% of operational costs in horticultural operations [2].
There is an increasing amount of research on introducing automation into the field and
applying it at the point of harvesting; however, there is not yet a commercial solution for
most crops. The continuing reliance on seasonal labour for most ‘in field” tasks has many
associated issues and needs to be addressed. Issues with seasonal labour include high
costs and poor health and safety. These workers are usually undertrained; hence, the staff
turnover rate is high, and the reliability of the staff is poor. In fact, it is difficult to secure
the number of required staff. As a result, the efficiency and accuracy of quality control
are pootr.

The introduction of automation in the assembly line in factories greatly reduced the
reliance on manual labour, improved efficiency and revolutionized the manufacturing
industry. Although automation requires more costly equipment and highly trained staff,
this cost is generally offset or overcome by the fewer staff required [3]. Automation
works well in a factory environment, for example, in automobile production, where the
tasks required are repetitive, parts are in fixed locations and have known sizes and the
environment is controlled. It has taken some time for ‘smart’ machinery to transition from
conventional factories into the agricultural environment due to the additional challenges
associated with this type of environment, including:

Machines 2022, 10, 790. https:/ /doi.org/10.3390 /machines10090790

https:/ /www.mdpi.com/journal/machines


https://doi.org/10.3390/machines10090790
https://doi.org/10.3390/machines10090790
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0002-7570-1261
https://orcid.org/0000-0002-5509-3684
https://doi.org/10.3390/machines10090790
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines10090790?type=check_update&version=1

Machines 2022, 10, 790

20f17

1. Difficulties handling organic produce where there is significant variation in size and

shape of objects, as well as their location.

Produce is delicate, highly sensitive to pressure and easily damaged.

3. Dealing with an outdoor environment, for example, the weather, variable lighting
conditions, dust and dirt.

4. Required portability of equipment and distances over harsh terrain.

N

Forestry nurseries rely heavily on manual labour for many tasks, including taking
and setting cuttings and lifting and grading tree stock. Managed forestry plantations are
relatively juvenile in New Zealand. Land in New Zealand was mostly covered with native
forests when European settlement began in the mid-nineteenth century; however, by 1913,
rapid native deforestation was becoming unsustainable, threatening many native species
with extinction. Since then, restrictions on harvesting native forests and conservation efforts
have increased, prompting mass plantings of exotic species. In 2019, 99.7% of all lumber
harvested was from plantation forests [4].

As such, forestry has grown to be a significant industry in New Zealand. It contributes
approximately 1.6% of New Zealand’s GDP and directly employs approximately 25,000
people. Wood products are New Zealand’s third largest export earner, and commercial
forestry covers approximately 6.4% of New Zealand’s land area. Furthermore, 45% of all
lumber was exported in 2015 for a value of 4.8 billion NZD, the largest market being China,
followed by Australia [4].

Radiata pine is by far the most widely grown species, constituting approximately
90% of New Zealand'’s plantation forests. The next most popular species is Douglas fir at
approximately 6%. The remaining forests are planted with eucalypts, cypress and other
exotic species. It is estimated that commercial New Zealand forestry nurseries sold over
88 million seedlings in 2019, which equates to approximately 48,000 planted hectares [5].

New forests are propagated from cuttings or seedlings grown in a nursery, collectively
known as tree stock. Seedlings are grown from seeds sown directly into the nursery beds,
while cuttings are propagated from cuttings taken from mother plants. Tree stock is raised
in nurseries, usually for one year, to ensure a healthy product and maximise the survival
potential when planted out in the forest. A small portion of tree stock is raised in containers
in greenhouses, but the vast majority is bare-root stock that is planted directly in prepared
nursery beds, as pictured in Figure 1.
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Figure 1. Typical beds with Radiata pine seedlings at a forestry nursery in New Zealand.

Beds are raised slightly and spaced to allow room for tractor wheels. When first formed,
they are approximately 150 mm high, but this varies over time due to the compaction and
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erosion of soil. Tree stock is densely packed in both directions: Trees are planted in eight
rows at an inter-row spacing of 125 mm, and spaced at 70-120 mm along the length of the
beds (intra-row spacing). Details of the layout of a nursery bed are pictured in Figure 2.

bed length

Inter-row spacing
125 mm

Intra-row spacing
70-120 mm

1200 mm bed width

" @ " a ® a \ ° ° o o ° ° © 3 °

\O - 100 mm hole depth

—

Figure 2. A layout of nursery beds.

The process for raising both cuttings and seedlings starts differently, but once planted,
subsequent processing is the same. Seedlings are sown directly into the nursery beds in
spring [6] with a tractor-drawn drum seeder. Alternatively, cuttings approximately 100 mm
in length are taken from mother plants in early to mid-winter [6] and set into precise holes
in the nursery beds.

The process of forming holes in the nursery beds is called dibbling. In peak season,
up to 120,000 seedlings will be planted per day, which each requires a straight vertical
hole of a certain depth and spacing, depending on the seedling type. Holes for planting
radiata pine cuttings are approximately 10 mm in diameter and 40 mm deep. One method
used for dibbling is to manually punch the holes in the planting beds. Figure 3 (left) shows
the punching tool, which is operated manually by two operators. There is extensive staff
turnover, and because of this, workers are often undertrained. This can lead to inconsistency
in dibbling in terms of the hole depth and spacing, as shown in Figure 3 (right). This method
is also very slow.

@ (b)

Figure 3. Manual dibbling process. (a) Dibbling manually; (b) Manually dibbled holes.

Dibbling has been mechanized with basic implements to improve efficiency. The
idea of using a rotating punch planter has been introduced for lettuce [7] and corn [8].
Tractor-drawn spiked wheels are typically favoured over manual labour for dibbling holes
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as they are much faster and less labour is required. A machine consisting of a set of spiked
wheels is shown in Figure 4.

Figure 4. A tractor-pulled dibbler with a set of spiked wheels.

However, the tractor-pulled dibbling machine is inadequate with respect to producing
holes of acceptable quality. As the spiked wheels roll along the ground, holes are punched
into the bed. The primary problem with this method is variation in the depth of the holes,
non-round holes due to tearing and disruptions to the pesticide layer, as shown in Figure 5
(left). This is due to the motion of the wheels, which are pulled by the tractor as illustrated
in Figure 5 (right). The trajectory of the pins forms a ‘torn” hole with a tearing shape instead
of a circular shape. The non-round holes lead to cuttings being planted non-perpendicular
to the ground. This causes bends in the stem as they grow and results in rejection.

Direction of spiked wheel movement

ZI'earin.g of

the hole

(b)

Figure 5. Holes produced by a spiked wheel. (a) Hole appearance; (b) A non-round hole.

Dibbling is often used for seed planting and is often combined with an integrated seed-
dropping mechanism. Typical applications include lettuce sowing [9-11], maize, redgram
and cotton [12,13]. Performance increases have been achieved through mechanization of
the process when compared to manual methods. For instance, an improvement in lettuce
emergence with a pneumatic dibbler and seeder was observed when compared to a coulter
drill [11]. Faster dibbling speeds have been shown, along with improved reliability of plant
stands [10].

Besides purely mechanical devices such as spiked wheels, more advanced devices
have been used. For example, a precision plug tray seeder driven pneumatically for
sowing capsicum and tomato seeds has also been built [14,15]. The capacity of the seeder,
depending on the tray size used, ranges between 38,000 and 60,000 cells/hr. Furthermore, a
dibbler with four pneumatic cylinder heads was developed using a microprocessor control
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that offers greater opportunity for varying hole spacing to suit a range of crops [16]. It
was found that 96% of the hole spacing for potatoes and 98% for onions were within the
required £10% specification. The flexibility and controllability highlight the advantages of
using computer technology compared to purely mechanical systems [17].

Poorly dibbled holes often lead to tree stock with bent stems that are then rejected
by the forestry industry. Dibbling has become a major problem that has resulted in an
estimated 5% rejection rate of harvested seedlings (approximately 220,000 per year for a
typical nursery), based on nursery statistics. This causes a significant revenue loss. An
investigation of the dibbling process identified the following problems:

Existing human dibbling methods are slow and unreliable.

Current machine methods produce low-quality holes that lead to improperly planted seedlings.
Lack of flexibility of existing methods with regard to hole size and spacing.

Current methods compact the soil hindering root growth, so hole drilling is preferred.
Currently, dibbling must be performed on the day of planting due to the deterioration
of the bed surface.

G LN

As a result, dibbling is considered one of the major causes of inconsistent quality. In
order to reduce cost and raise productivity, a smart mechanized process is required to
dibble the holes for the cuttings in the field. Over 2 million high-precision holes need to be
drilled per season, and they must be vertical. Achieving this in a dynamic environment
while the tractor is moving is far more challenging when compared to typical applications
where trays are dibbled in controlled greenhouse environments. This article describes
the development and evaluation of a mechatronic dibbler to drill high-precision holes for
planting cuttings outdoors in a forestry nursery.

2. The Dibbler

A dibbler is developed based on pneumatics, which is configurable to varying depths,
spacing and diameters for different tree types [18]. The major components of the dibbler
are shown in Figure 6.

Air compressor

Sub-frame (with the
/dihhling mechanism)
Caster wheel
assembly

Base frame

Encoder Roller.

Figure 6. The dibbler components.

It consists of a base frame with hitch points, which can be attached to a tractor. The
track width of the dibbler is 1800 mm to match the spacing of the nursery beds, and it is
approximately 2000 m long. A roller is installed in the front of the frame to level the machine
relative to the nursery bed. This ensures consistent hole depths across the width of the bed.
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The rear axle has a central pivot to allow the roller to sit flat on the surface of the bed. An
encoder is attached to the roller so that the distance travelled by the machine, and hence,
the velocity can be measured. The roller also slightly compresses the soil before dibbling
to ensure the flatness of the bed, and therefore improve the consistency of the depth of
the holes. The pressure from the roller depends upon its diameter. A large-diameter roller
implies greater mass, so higher pressure acts on the soil. However, the pressure can be high
even with a smaller roller since its contact area is comparatively smaller.

Figure 7 shows a free-body diagram of the roller. The dibbler body is greyed out to
show how its force F acts on the roller.

N\ | 9/Bed surface before
1 compacticn

| & f

N ! |Bed surface after

compaction m-g | | T,E;

Figure 7. Free body diagram of the roller.
The pressure p from the roller on the bed surface can be approximated as

F+m-
p= 8 1)

/(8) - (¢
where F is the force acting on the roller due to the dibbler body;

m is the mass of the roller which is a function of roller diameter d;

g is the gravitational acceleration;

b is the roller length;

h is the soil compaction such that r >> h.

The roller mass m depends upon the internal structure of the roller. It is obtained
by experimentally measuring the roller mass m with various diameters d as plotted in
Figure 8a. Figure 8b plots the pressure p acting on the bed surface against the roller
diameter d. It can be seen that the pressure tends to be constant as the diameter exceeds a
specific value. The roller diameter can be determined based on the balance between the

roller mass and pressure so that a light enough roller is used to exert a small and steady
pressure on the bed surface.
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Figure 8. Plots of roller mass and pressure vs. roller diameter. (a) Roller mass m vs. roller diameter d;

(b) pressure p vs. roller diameter d.

A scraper is equipped to clear the excess soil off the roller. This prevents soil build-up
on the roller, which would increase the roller diameter, and thereby affect the distance
and speed calculations. The dibbler is towed by the tractor and passively follows the path
taken by the tractor using two rear caster wheel assemblies. The dibbling sequences are
controlled by an Allen-Bradley Micro830 [19,20] Programmable Logic Controller (PLC),
which is mounted in a waterproof enclosure on the sub-frame.

The dibbling mechanism is fixed on a sub-frame with the pivoted axle at the centre
of the base frame so that it allows the mechanism to self-level across the bed width. An
air compressor is attached to the rear part of the base frame, which provides compressed
air to drive the dibbling mechanism pneumatically. Positioning the compressor in this
way means more weight is transferred to the rear wheels, rather than the roller, to prevent
overcompression of the bed. Figure 9 depicts the details of the dibbling mechanism.

Linear guides
and bearings

“Step back”
cylinder

Hydraulic
motor

Dibbling

Two rows of 8 drills cylinder

Figure 9. The dibbling mechanism (part of the base frame is hidden for clarity).

Drilling is preferable to dibble a hole than punching, as punching compresses the soil
and inhibits root growth. Two rows are dibbled simultaneously to allow a realistic dibbling
speed. The dibbling mechanism consists of two rows of eight drills. Each row is driven by
a hydraulic motor, using a chain drive system to distribute power to adjacent drills within
the same row. The rotational speed of the motor is controlled by a flow controller.
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The drilling action is actuated by two pneumatic dibbling cylinders (one for each row),
which yields the vertical up and down motion. The dibbling action is started when the
machine has travelled the correct distance, which is determined by the encoder attached
to the roller. To control the depth of dibbling, a plunger is attached to each dibbling row,
which senses when the drilling assembly reaches the required depth. The plunger can
be raised and lowered to adjust the dibbling depth. This provides partial cylinder stroke
and minimises air consumption. The drilling rows are connected by a threaded rod. The
operator winds a handle to adjust the distance between rows. A potentiometer is used to
measure the distance between the rows.

The dibbler is towed continuously at a fixed speed by the tractor. A controlled step-
back motion is needed to ensure the dibbling bits are not moving relative to the ground
while dibbling. Without this step-back motion, the dibbling bits would be dragged through
the soil, causing an elongated hole similar in shape to the spiked wheel. The step-back
cylinder has speed control and is connected to the dibbling mechanism, which slides on a
pair of linear guides and bearings installed on the top of the sub-frame. The step-back speed
is synchronized to the instantaneous forward speed of the tractor; however, it operates in
the opposite direction to ensure no relative movement between the dibbling bits and the
ground during dibbling.

The dibbling process is event-based, which can be summarised as follows:

1.  Count pulses from the encoder, and once the dibbler has moved the desired spacing,
turn on dibbling cylinders.
2. Supply compressed air flow to:

i.  Step-back cylinder based on the speed of the dibbler so that the speeds are always

opposite in direction and equal in magnitude. Continuously update this.

ii.  Dibbling cylinders to drive the drills to the required depth, and then retract them

to the bed surface.
3. Return the dibbling and step-back cylinders to their home position.
4. Repeat steps 1 to 4.

A dibbling cycle performed by the dibbler pulled by a tractor moving at a velocity v is
depicted in Figure 10. The drill is at its home position at the beginning of the cycle (f = 0),
which is at a clearance of ¢ above the bed surface. The drill is on the bed surface at time #;
and a hole of depth & is drilled with feed rate vy at time #;. The drill is retracted to the bed
surface at time t3.

=0 t=t1 =tz =tz t=ts

athome at home

d nosition acain

L [ | | Fg
BEd == | ==
surface ! 5 E

> o

7 |

Figure 10. A dibbling cycle.

Within this period (t = 0 to t = t3), the step-back cylinder extends with velocity v so that
the drills driven by the dibbling cylinders are operated vertically. Then all the cylinders are
retracted to their home positions at time t4 so that the dibbling cycle starts again at the next
row with the intra-row distance d.

Time ¢y, t, t3 and t4 are given by

b= @)
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tr = 3)
of
c+2h
3= 4)
vf
2(c+h
t4 = g (5)
of

[

Time t4 is termed as the dibbling cycle time.

Hence, the stroke velocities of the dibbling cylinders v
(relative to the cylinders) are expressed as

s
stroke

q —0vf, 0<t<ty
Ustroke — v ty <t <t
b Sty

'US = !
3
stroke 7 3 v,

4—t3

0<t<t3
t3<t<ty

d
stroke

and step-back cylinder

(6)

@)

There are three pneumatic cylinders in the dibbler: Two dibbling cylinders for the
vertical motion of the drills to dibble the hole and one for the step back movement. The
strokes of dibbling cylinder s;;pp1ing and step-back cylinder sgte;pack are

Sdibbling = €+ h

Sstep—back = v-t3

®)
©)

The flow of compressed air into the dibbling cylinder is controlled by a solenoid-spring
valve. The step-back cylinder needs to have speed control as its function is to cancel the
forward motion of the tractor. The flow of compressed air is determined by an electronic
flow control valve. The pneumatic schematic of the dibbler is illustrated in Figure 11.

Pressure Gauge

Receiver

/ \
Compressor | —

1

l Petrol Motor
A
. » AN

— el !/I

Electronic Flow Control Valve

Solenoid-Spring Valve

Dibbling cylinder 11

1o

=l

Step Back Cylinder

Dibbling cylinder |
-

| —
oL |

__-r""-u.
—
&.2>

<

Figure 11. The pneumatic schematic of the dibbler.
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The following is the basic sequence the electronics follows when there is power
supplied to the system. The cycle repeats itself at a rate of thousands of hertz.

1.  Read inputs—these are sensor signals including cylinder piston position switches,
encoder pulse count, and potentiometer value for intra-row spacing.
2. Execute the following:

a.  Update timers/counters/speed, etc., based on inputs.

b.  Check for an error condition, if any.

c.  Determine dibbling mode including error, idle, down stroke, upstroke, and
return stroke.

d. Check if anything needs to be performed (i.e., update outputs—solenoid posi-
tion, step back speed, error lights).

3. Write outputs—send signals to valves or error lights as determined by the code.

Programming was performed in the Connected Components Workbench (CCW) soft-
ware suite (Rockwell Automation 2020b). Coding was written in Structured Text format,
and the program can be downloaded to the PLC using a USB cable. The PLC I/O is shown
in Figure 12.

Flow Control Vialve
Analog Output

High Speed Input

Rotary Encoder [~
l . L~

H Extended Retracted
a1 |
H I—l ] ]

Analog Input L —Ii | |

| ]
Potentiometer H e Step Back Cylinder

(Spacing)

Wy

Solenoid-Spring

Valve
Y
YYYYYY LA J ; |
Inputs v Dibbling cylinder |
| —]
PLC " —
[] \ Retracted
Outputs
— \
Extended
.-':>
Y ' <
FeTet Y -~
REDE
itatus Lights
)
Solenaid-Spring Dibbling cylinder 11
Vahve Il |;‘ Y
[ :l:l: ', Retracted
. Extended
H -

Figure 12. The PLC I/O.
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3. Field Test and Evaluation

The dibbler is tested on site in Tokoroa, New Zealand (Supplementary Materials). The
nursery mainly produces radiata pine seedlings and cuttings. The nursery experiences
a high rejection rate due to poorly dibbled holes. The dibbler is pulled behind the Kub-
ota MX9540 tractor at a constant creep speed of approximately 0.42 km/h as shown in
Figure 13a. At this speed, 120,000 holes for radiata pine are dibbled in just over 2% hours
(approximately 165 min) at a hole spacing of 77 mm. This is a rate of approximately 12 holes
dibbled per second. The dimensions of the hole are 10 mm in diameter and 40 mm in depth.
The dibbled bed is shown in Figure 13b.

(a) (b)

Figure 13. Dibbler field tests. (a) The dibbler and the tractor. (b) Planting bed with holes dibbled.

The dibbler operation is as follows:

Check the hole depth and spacing. Adjust these hole parameters if necessary.
Attach the dibbler to the tractor using the hitch.

Lift the dibbler and transport to the bed.

Lower the hitch so that the dibbler rests on the bed.

Start the air compressor and turn on power to the dibbler.

Drive the tractor along the bed to perform the automatic dibbling cycle:

SR

a.  The roller wheel sets the bed height and the encoder spins. Once the desired
spacing is achieved, turn on dibbling cylinders. Supply air flow to the step-back
cylinder based on the dibbler (tractor) speed.

b.  Wait until the dibbling cylinders extend to the end of the stroke to perform the
dibbling.

c.  Wait until the dibbling cylinders and the step-back cylinder retract.

d.  The dibbler will be suspended if it is in error. Errors include the dibbler moving
too fast, time out, and step back at end of stroke. Push the button to reset.

e.  Wait until the dibbler has moved the desired distance then start the dibbling
cycle again.

7.  Atthe end of the row, turn off the dibbler. Raise the hitch and move to the next bed.

To compare the hole quality dibbled by the dibbler and the spiked wheel, a simple
measuring system is built that comprises a rod 10mm in diameter, a protractor for mea-
suring hole angle and a ruler for measuring hole depth as shown in Figure 14. The scales
of the measuring system can be read to 1 mm and +0.5°. The rod inserted into a hole
dibbled by a spiked wheel is shown in Figure 14a while Figure 14b shows the rod inside a
hole dibbled by the dibbler. The elongated hole caused by tearing of the spike as it rotates
results in a large angle, well in excess of the 3° maximum angle preferred by the nursery.
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Figure 14. Comparing the hole depth and angle of (a) a hole dibbled by a spiked wheel and (b) a hole
dibbled by the dibbler.

The measuring system is also used to determine the consistency of the depth and
angle of a sample of 100 holes.

4. Results and Discussion

The dibbling cycle time t4 can be expressed as

= 2c +2h (10)
vy
=22 a1
The dibbler has two rows of drills, hence
d
U= T th (12)

This implies that the tractor velocity v is dependent upon the dibbling feed rate vy (or
the stroke speed of the dibbling cylinder). Let L be the length of the bed, while the number

of rows n is
L

n= {EJ +1 13)

where | | is the floor function.
The total time T to complete n rows of holes in a bed is

L d
T—({ﬂJ—Fl)Z; (14)
Rearranging the terms yields
B L 2(c+h)
T— QEJ +1> . (15)
Under the condition that
cKh (16)

which implies the dibbled holes are deep or the clearance is very small compared to the
hole depth. Furthermore,
d<L (17)
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The total time to complete the task is approximated as
h-L
T=—-— 18
io; (18)
or s
h " h
T=2—=) — (19)
L=

which is the total time of dibbling 21 rows of holes.

Therefore, the total time T is dependent upon the clearance s and stroke velocity v¢
of the dibbling cylinder. The effect of clearance c is small if it is small compared to the
hole depth I (c << h). However, if the stroke velocity v ¢ is fast, then the total time T can be
greatly reduced.

The field test values and the experimental values of the tractor velocity v and total
time to complete the task are listed in Table 1.

Table 1. Comparison between experimental and calculated values.

Experimental Value Calculated Value
Tractor velocity v 0.42 km/h (0.11667 m/s) 0.114 m/s
Time to complete the task T 165 min 168.75 min

The results of the 100 sample holes are shown in Figure 15. The dotted box indicates
the range of desired measurements as determined by the nursery, i.e., a depth of 40 &+ 5 mm
and an angle of 0 + 3°. The average hole depth was 39.7 mm with an angle of 1.3° and
standard deviations of 3.3 mm and 1.1°, respectively. In the trial of 100 holes, the dibbler
achieved 94% of holes within the +5 mm tolerance. Moreover, 98 % of holes are within the
desired angle of £3°.
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Figure 15. Depth of hole vs. angle from vertical.

The basic requirement as set by the nursery is that the holes for radiata pine are
40 mm + 5 mm deep and +3° angle from vertical. Although many of the measurements
had the same value due to the lack of resolution of the measurement method, the vast ma-
jority of the holes are within these ranges. This is a good result considering the non-perfect
surface of the planting bed. It is very difficult for an automated machine to compensate
for all 16 drilling points without having independent assemblies for each dibbling bit. The
accuracy of the depths of the holes is attributed to the design of the dibbler. The roller
successfully aligned the dibbler across the width of the bed. Additionally, the roller slightly
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compacted the soil to smooth out minor unevenness on the surface. Slight inaccuracies in
the angle in the holes can be attributed to the dibbler not being perfectly level relative to
the length of the bed. The caster wheels run in tracks adjacent to the raised nursery bed,
which are not consistent in depth. This changes over time due to erosion and compaction of
the surface due to multiple passes of the tractor. It is difficult to passively account for this
without some form of an active levelling system. Furthermore, it is found that the uneven
surface of the planting bed will undoubtedly cause the dibbler to have varying hole depths
and angles as the depth sensors are located in only one place on the bed whereas there are
16 holes each in different places. It is highly unlikely that the level of the bed would be the
same at all 16 points. By observation, it is estimated that the £5 mm hole depth can be
attributed to the uneven surface.

Figure 16a shows five cuttings in holes made by the spiked wheel dibbler. It can be
seen that the ‘torn” hole causes non-vertical seedlings. These then have to be manually set
to the vertical position otherwise the plants will be rejected during harvesting. It can also
be seen that the surface of the planting bed is very disturbed due to the tearing effect of the
spikes. Figure 16b shows another five cuttings placed in holes made by the dibbler. It can
be seen that all the cuttings are vertical and of even height. It is clear that the spiked wheel
produces very poor-quality holes.

(@) (b)

Figure 16. Cuttings placed in the dibbled holes. (a) Holes dibbled by the spiked wheel. (b) Holes
dibbled by the dibbler.

The nursery managers decided that all holes produced by the dibbler, including those
outside their original specification, are suitable for planting, as shown in Figure 17. It can
be seen that the holes shown in Figure 17a are evenly distributed on the bed after dibbling
and the workers are inserting the cuttings into the holes for production as pictured in
Figure 17b.

(a) (b)

Figure 17. Outcomes of the dibbler field test. (a) Holes dibbled by the dibbler. (b) Inserting the
cuttings into the holes.

The quality of the holes created by the spiked wheel is predetermined and limited by
the geometry of the wheel and the pins. Figure 18 shows the path taken by the pins as the
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spiked wheel rotates and the holes are dibbled. It is clear that this method will result in an
elongated hole, which is much larger than the 10 mm diameter desired.

A 28

Figure 18. Path taken by the pins in the spiked wheel during a dibbling cycle. Entry position (D, full

depth position ) and exit position (3.

Through geometry, the length of the groove created by the spiked wheel can be
determined. The distance between the entry point of the pin relating to position 1 and the
contact point of the wheel on the ground is given by x, as pictured in Figure 19.

Figure 19. Geometry of spiked wheel at position 1.

x = /p2+2pR+1? (20)

where p is the length of the pin, R is the radius of the wheel and r is the radius of the pin.
In the time taken to reach position 2, the wheel had moved forward by Rf. The pins
entry and exit paths are symmetrical. Therefore, the length of the groove, I, is given by

x is given by

=2(x+r—R0) (21)

Figure 20 shows how the length of the groove changes with the wheel radius. The
spiked wheel used by the nursery is approximately 500 mm in diameter, therefore the
groove length for this situation will be approximately 30 mm long, instead of the de-
sired 10 mm diameter hole. The best case that can be achieved with the spiked wheel
design, without impractically increasing the size of the wheel, would be a groove length of
approximately 20 mm.



Machines 2022, 10, 790

16 of 17

60

50

40

30

20

Groove length (mm)

10

0 500 1000 1500
Wheel radius (mm)

Figure 20. Plot of groove length vs. wheel radius for a 40 mm long, 10 mm diameter pin.

Although the dibbler outperforms the spiked wheel in terms of precision, it is slower
in operation, therefore additional labour and equipment costs will be incurred with the
dibbler. The dibbler takes approximately 2 h longer than the spiked wheel to produce
120,000 holes. For 2.2 million holes per annum, this equates to an additional annual expense
of approximately 4800 NZD, assuming labour of 30 NZD per hour and tractor expenses of
100 NZD per hour. However, the dibbler becomes cost-effective assuming that it can reduce
the number of rejected trees. Trees retail for approximately 0.65 NZD each, a potential
saving of 143,000 NZD considering the estimated rejection of 220,000 trees per annum.

5. Conclusions

A piece of agricultural machinery for dibbling holes in a forestry nursery was de-
veloped. It was built based on pneumatics and mechatronics. The dibbler was tested
in a nursery with good performance. The dibbled holes can be configurable to varying
depths, spacing and diameters for different tree types as required by the nursery. The
machine is fully commissioned and has been used successfully for eight seasons, dibbling
approximately 20 million holes during this period.

As holes dibbled are now of higher quality, the rejection rate of trees is expected to
drop significantly. Additionally, the productivity of the workers setting the cuttings and
seedlings in the holes has increased as the holes are better formed and easier to work with.
The time to set the trees is estimated to have been reduced by approximately one-third. As
a result, the dibbler has benefited the nursery in three main ways:

1.  Improved yields due to the lower rejection rate.
2. Cost savings.
3. Estimated increase in productivity while setting trees of 30%.
The dibbler highlighted the potential for increased productivity by introducing more
advanced equipment into the nursery.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/machines10090790/s1, Video S1: Dibbler field test.
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