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Development of 3-DOF lifting platform for hilly orchards
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Abstract: Jn order to improve the mechanization degree of operations such as picking, pruning, and bagging in hilly orchards,
and solve the problems of insufficient operating capabilities and low operating range of current orchard lifting machinery in
complex terrains, a 3-DOF lifting platform for hilly orchards was developed. The main structure and operating parameters
such as operating height, operating radius, and operating range wete determined by the geometric parameters of fruit trees and
thearetical analysis. To evaluate the performance of the platform, experiments of the prototype including operating
parameters experiment, operating effect on fiuit trees experiment, leveling experiment and tilting stability experiment were
carried out. The experimental results indicated that lifting, rotating and leveling actions were smooth at low spced, the
maximum operating height was 1.2 m, and at a maximum operating radius of 1.42 m, the lifting device could rotate 360° with
an operating range of 3.6 m*.  In addition, the leveling error was less than 0.4°, which is negligible and the leveling device can
be considered to have a relatively high accuracy. The maximum tilting angle when the platform was at any parked position,
equipped with different loads and at various operating heights, was 19.3° to 30°, which were consistent with the design
requirements. The maximum tilting angle could also adapt to slope conditions of 5° to 20° in hilly orchards. The proposed
3-DOF lifting platform for hilly orchards has a better tilting stability performance compared to contemporary machinery. This
study can provide reference for futire design of lifting machinery in hilly orchards based on the characteristics of terrain and
fruit tree planting. '
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1 Imtroduction

Mechanization of orchard activities is not only
tmportant for the development of the fruit industry, but is
also an important part of agricultural production
mechanization (Chang et al., 2013; Hong et al., 2010). In
recent years, with the rapid development of the orchard
industry, more large-scale and standardized orchards are
built in China. These orchards have certain requirements
on the shape of fruit trees, and have a larger row spacing

and plant spacing. This promotes the use of adaptable
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multi-functional orchard management machinery, and
provides a push for orchard mechanized operations at the
same time (Wang et al, 2013; Li et al, 2012). This
mechanization also increases the efficiency in traditional
orchard production processes such as picking, pruning,
bagging, etc. which were mostly carried out using ladders,
stepping on stools and other modes of artificial climbing
operation, which were not only labor intensive, but also
had greater security risks.

Because of proper planning, flatess, and
maneuverability of machinery in orchards in European
and American couniries were better, which resulted in the
earlier adoption of orchard lifting platforms in these
countries. This also led lifting platforms to mainly use the
wheel travel mechanism, which were suitable for

operating in plain terrain (Liu et al., 2015). British Genie
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developed Grl2, Grl5 and Gr20 models of electric wheel
type lifting platform and Seymour developed Windegger
picking devices wheel lifting platform (Tang et al., 2006);
American Nelson developed tree squirrel pruning and
picking tower for orchards; Australia Crendon developed
lifting platform for picking the mango and avocado;
Shikoku  Agricultural

developed crawler chassis self walking type picking

Japan Experiment  Station
vehicle (Wang et al., 2014), In recent years, many
research institutions and companies have also developed
a few lifting platforms for orchards in China. Xinjiang
Institute of Mechanization developed a multi-functional
orchard machine (Lin et al., 2009); Beijing Agricultural
Machinery Test and Accreditation Station developed a
small multi-function remote control power platform
(Wang, 2011); Hebei Agricultural University developed a
crawler multifunctional orchard operating platform (Sun,
2012; Wang, 2013); Shandong Agricultural University
developed a hanging operating platform for hilly orchards
(Wang, 2013); Hunan Agricultural University developed
a lifting platform in citrus orchards (Liu, 2013), ete.
Although these. current machineries make the lifting
operation possible, most of them do not have the ability
1o work in Hilly orchards, and canmot adapt to the rugged
terrain conditions. The scissor structure that was mainly
used in these machineries could only lift in the vertical
direction. In addition, limited by the size of the worktable,
the operating range in the horizontal plane was generally
small, usually between 0.64 m” and 1.5 m’. As a result,
these lifting platforms had to move frequently to change
the operating position for some fruit trees with larger
crown. This not only made the operation tedious, but also
increased the risk on hilly lands.

Considering the structure, working principle, and
problems associated with the current lifiing platforms
used in orchards, this study developed a 3-DOF lifting
platform for hilly orchards to realize operations under
complex terrain conditions and improve the overall

production efficiency.
2 Design requirements and structural principle

2.1 Design requirements

Barring a few exceptions, a large scale and centralized

planting pattern when adopted in hilly orchards, has
certain requirements on row spacing, plant spacing and
fruit tree shape. Thus, the orchard lifting platform
should be adapted to the planting environment of the
hilly land and the orchard management practices, and
in line with the operating requirements of picking,
pruning, bagging, etc. which are stated as follows.
The operating height and operating radius should be
adapted to the height and crown of different fruit
trees, and at the same time have a larger operating range.
The manned worktable should have sufficient carrying
capacity to transfer fiuits, branches, leaves, etc.
conveniently. In addition, the lifting platform should be
usable on sloping fields with slope angle ranging from 5°
to 20° with the manned worktable being horizontally
leveled.
2.2  Main structure

The proposed 3-DOF lifting platform mainly
consists of manned worktable, lifting device, power
device, walking device and leveling device, as is shown
in Figure 1. The hifting device i mainly composed of a
folding-arm, slewing bearing, lifting hydraulic cylinder,
hydraulic pump station and an electromagnetic valve
group. The leveling device consists of leveling cylinder
and leveling turbo-worm. The walking device adopts an
agricultural crawler chassis, which has the advantages of
compact structure, large ground connect area, small
turning radius, and the ability to cross a ditch ridge
(Zhang et al., 2014; Zhao et al., 2014; Cao et al., 2007).
The parameters of the lifting platform are summarized in

Table 1.

YI

5

1. Manned worktable 2. Lifting device 3. Power device 4. Walking device
3. Leveling device

Figure 1 Diagram of 3-DOF lifting platform for hilly orchards
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Table I Parameters of 3-DOF lifting platform for hilly

orchards

Parameters Value
Dimensions (LxWxH), mm 2730%1500x1900
Dimensions of manned worltable

X 1000x1000

(LXWxH), mm 500= 100
Weight, kg 15315
Maximum load, kg 150
Power, kW 16.2
Angle of rotating, © 360
Angle of leveling, © +25

2.3 Working principle

When the lifting platform is moving in an orchard, the
driver can control the joystick to realize forward,
backward, and tuming movements using different gears.
The operator standing on the manned worktable can also
reach a proper operating position by controlling the lifting
device to lift and rotate. Additionally, the manned
worktable can be leveled by the leveling device based on
a bubble level (LJD13060C) when the ground is uneven.

The leveling principle: taking into account, the effect
. of different operating heights and different operating radii
on the manned worktable level, the leveling cylinder and
the leveling turbo-worm are put into operation o level the
worktable through movements in all four directions.

As is shown in Figure 2, coordinate systems oxyz,
oz, and ouxpypzz are set up on the basis of the
horizontal ground, the lifting platform and the manned
worktable, respectively. When the lifting platform is
parked at any location with an angle " to the slope,
which in turn has an angle ¢ and «’ with the x axis and v
axis, respectively, the lifting device makes a rotational

angle e, with the lower-arm and upper-arm having angles

Figure 2 Schematic diagram of the leveling principle

¢ and &; in the horizontal direction post lifting. The
operating position of the manned worktable is can be
determined by the angles a, o/, a", @, &, and &,. Under the
coordinate system osx;)27, the manned worktable has dip
angle § and v in the horizontal and vertical direction,
respectively. The operator can control the leveling device
to level at different operating positions using a bubble

level instatled on the control box.
3 Design of key parts

3.1 Lifting device design
3.1.1 Determination of operating height and radius

Figure 3 shows the relationship between the operation
parameters of the lifting platform and the pgeometric
parameters of fruit trees, from where the operating height
and radius were determined using row spacing (2s), tree
height (H), and tree crown (d). Where in this figure, # is
the operating height, m; R is the operation radius, m; H is
the tree height, m; Hj is the trunk height, m; 4 is the
diameter of tree crown, m; s is half of row spacing, m; /;
is the height from the ground without Hﬂi]ig, m; /i;is the
average operating height of operator, m; 51 is lifting angle
of lower-arm, (°); &, is lifting angle of upper-arm, (%); ;
i1s the length of 1ower-arm, mm; I, is the 1ength of
upper-arm, mny; £ is the length of mounting distance on
the middle-arm between lower-arm and upper-arm in the
horizontal direction, mm; / is the length of leveling
device, mm; and /s is the length of manned worktable,
500 mm.

Figure 3 Schematic diagram of the lifting operation

The operating height and radius need to satisfy
Equations (1) and (2), respectively:
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h=H—h M
R=5-05d (2)
Accurate data of geometric parameters of fruit trees
were collected by visiting orchards in hilly areas in
Jiangxi Province and summarizing the results of previous
studies (Qiu et al., 2012; Liu et al., 2014; Ding et al.,
2013; Zhou at al., 2015; Qiu et al,, 2016). It could be
summarized that row spacing varied from 4 m to 6 m,
plant spacing varied from 2 m to 4 m, tree height varied
from 3 m to 3.8 m, tree crown varied from 1.5 m to 3 m,
trunk varied from 0.4 m to 1 m, and the angle of slope
varied from 5° to 20°. It had been known that k; was
0.9 m and 4, was 1.7 m. Substituting these values n
Equations (1) and (2) and solving them shows that the
operating height and radius should be from 0.4 m to
1.2 m and from 1.3 m to 1.5 m, respectively. Therefore,
the effective operating height and radius of lifting
platform were chosen as 1.2 m (maximum value) and
1.4 m (average value).
3.1.2 Lifting mechanism
The lifting mechanism was developed as a
folding-arm system with the advantages being a larger
range and more operational flexibility compared to other
lifting forms such as the scissors mechanism (Miao et al.,
2013). As is shown in Figure 4, both ends of the
upper-arm  cylinder and lower-arm  cylinder were
comnected with the middle-arm and upper-arm, base and
lower-arm, respectively. The upper-arm linkage and
lower-arm linkage ensured that the manned worktable
was always parallel with the base, which was fixed on the
slewing bearing. In addition, the base was also connected

to the solenoid valve group and the central swivel joint.

1. Upper-arm 2. Upper-arm linkage 3. Upper-arm cylinder 4. Middle-arm
5. Lower-arm 6. Lower-arm linkage 7. Lower-amm cylinder 8. Slewing
bearing 9. Central swivel joint 10. Basc 11. Rotating hydraulic moter
12. Solenoid valve group

Figure 4 Structural schematic of the lifting device

As per the geometric relationship in the lifting
mechanism (Figure 3), the operating height and radins
satisty the following equations:

h=1sing +1,sind, (3)
R=1l,cos8, + L+, +, — [ cosb, 4

Considering the mounting space and based on the
design values of operating height (1.2 m) and radius
(1.4 m), /; was set to 590 mm, /, was set to 900 mm, /
was set to 80 mm, and /; was set to 320 mm.
Subsequently, the mounting distances and cylinder
displacement of lower-arm cylinder and upper-arm
cylinder were set to 380 mm and 160 mm, 510 mm and
230 mm, respectively and at the same time, the maximum
@ and &, were 47° and 62°, respectively.

3.2 Manned worktable and leveling device design

As is shown in Figure 5, one side of the guardrails of
the manned worktable could be opened for operator to get
in conveniently through a bolt. The worktable had enough
space for some portable tools and was connected to the
upper-arm through the leveling device. The operating box
with buttons for lifting, rotating, and leveling was fixed

on the front of the worktable.

3—\ 4

1. Manned worktable 2. Guardrail 3. Bolt 4. Operating box 5. Control
box 6. Leveling hydraulic motor 7. Connection plate of left and right leveling
8. Leveling turbo-worm 9. Connection plate of front and back leveling
10. Leveling cylinder

Figure 5 Structural schematic of the manned worltable

The leveling turbo-worm was driven by the leveling
hydraulic motor which could theoretically rotate the
manned worktable by 360°, and satisfied the design
parameters for left and right leveling operations (£25°).
On the other hand, when the leveling cylinder telescoped,
the manned worktable could rotate around the hinge point

between itself and the leveling device to realize front and
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back leveling operations. The relationship between
leveling angle and displacement of the leveling cylinder
18 shown in Figure 6 when the manned worltable is
leveled to the front, where o is the leveling angle, (°);
A(A4y) 1s the hinge point between manned worktable and
leveling device; B(Bg) is the hinge point of leveling
cylinder; Cy(C) is the hinge points of leveling cylinder;
Dy (D) is the points of intersection of 4(4q) and Cy(C) in
the horizontal and vertical direction, respectively; a is the
horizontal distance, mm; b is the vertical distance, mm;
c is the horizontal distance of 4(4) and B(By); Iy is the
mounting distance of leveling cylinder, mmy; and Al is the

displacement of leveling cylinder, mm.

Figure 6 Schematic diagram of relationship between leveling

angle and displacement of leveling cylinder

The relationship can be expressed by the following

equation as per geometric positions:

2 2_[2

Ltay) -1,

)

Al = \/Xz +Y* —2XY cos(arccos

where,X2=a2+b2, and V' =p"+c%

Considering the design requirements of the leveling
range, the values of a, b, ¢, and I, were set to 430 mm,
180 mm, 35 mm, and 4635 mm, respeétively. When o, was
25°, substituting the values in Equation (5) and solving it,
gave Al=7]1 mm. Meanwhile, it was known that the
displacement of the leveling cylinder should be greater
than 2Al, and it was chosen to be 150 mm.

3.3 Operating range

Taking info account the operating characteristics of

the 3-DOF lifting platform, the operating range could be
divided into two parts, one was the vertical operating
range because of the lifting operation, and another was
the horizontal operating range because of the rotating
operation. The schematic diagram of the lifting track in
the vertical direction shows the operating range of the
manned worktable through lifting, and boundaries of the
track can be obtained by the graphical method (Wang et
al., 2011; Feng et al., 2010), as is shown in Figure 7,
where O is the supporting point of the lifting device; 04;
is the base; 4;B; is the lower-arm; B;C; is the middle-arm;
DyE; is the upper-arm; E:Fj is the leveling device; FiG; is
the mounting distance of worktable and leveling device in
the vertical direction, m; GjH; and G;'H;’ are the worktable
bottom, and j=1, 2, 3.

s | ===
i I

| Manned |
£> =worktable}

Figure 7 Schematic dizgram of lifting track in the vertical

direction

When the lifting device was in operation, the manned
worktable had three special positions which formed
three tracks based on the substitute points of the
worktable bottom. When the upper-arm (D,E;) was
lifted by 8, G1H H,'Gy’ was the operating track of the
worktable; when lower-arm (4,B;) was lifted by 56,/8
and upper-arm (D.F3) by 6, G.HH,'G,' was the
operating track; when lower-arm (43B;) and upper-arm
(D1E3) were lifted by 8, and &, respectively, GyH:H3'Gy'!
was the operating track. Obviously, track G; Hi, G Gy,
G1'Gy', Gi'Hy', Hi'Hs, and H,H, were the boundaries of
the operating ranges in the vertical plane. The maximum
opcrating height were at points Gy and ', and the
maximum and minimum operating radius were at points

Hy and G'. When the lifting device was rotating by @ at
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any operating height, the track could form a torus, which
was the operating range of the worktable in the horizontal
plane.

Setting the point 4; as the origin, the right direction
of the lifting platform as the x axis, the forward direction
as the y axis, and the upward direction from the ground as
the z axis, the coordinate system Ajxyz was built. Then,
the track Gy Hy, G G, GV'GY, G3'Hy', Hy'Hs, and Ha.H,
in the space coordinate system could be expressed by the

following equations:

Track GiH, (&, =0°, 8, =0°, 0°<wm<360°):

Xy =L L —L 4+,
x=(L+L-L+1, +;;)cosm 6)

y=( 4L+, -+, )sine

z=lpe —lg

Track GGy’ (6, =0° 0°< 6, £62° 0°<@w<360°):

N+ +L-L =1V + (e~ +1. )Y =1
N+ =L +1, -1 +1 cos6,

x=(,+1{, -1 +1,cos6,)cosw (7
y=0,+1,—1 +1,c088,)sinm

z=l =l +1, 506,

where, /; 18 0.59 m; L is 0.9 m; I3 is 0.08 m; /4 1s 0.32 m;
{515 0.5 m; Iy is from 0 mto 0.5 m; Ipcis 0.25 m; and fpg
is 0.02 m. Substituting the values and solving the
Equations (6) and (7):

Track GiH, (6, =0°, 8, =0°, 0°<w<360")

x* )" =071+
x=(0T1+lg)eose oy <o5m (8)
y=(0.71+1,,)sinw

z=0.23

Track G:G1' (6, =0°, 0°< ¢, <62°, 0°<w=<360° )

(5 + 77 +0.19) + (2 —0.23)* =0.81

Jx'+ 3y =-0.19+09cosd,
x={(—0.19+09cos &, )cos @ {9)
¥ ={=0.19+09cosf,)sinw
z=0.23+0.9sin6,

Similarly, track Gi'Gs’, Gy'Hs', Hy'Hs, HsH) could be
expressed as:
Track G 'G5 (0°< 8, <47°, 6, =62°, 0°<@<360°):

(Jx* + 97 —0.82) + (2 —-1.02)* = 0.35

x* +y° =0.82-0.59cos 4,
x=(0.82-0.59cos# )cos @ (10)
y=1(0.82-0.59¢cosd,)sinw
z=1.02+0.59sin6,

Track Go'Hs' (6, =47°, 6, =62°, 0°< @< 360°):

N2 Y =042+,
x=(042+1I;, )cosw

y=(042+1, )sinw
z=143

01, <05m  (11)

Track Hy'H; (6, =47°, 0° <4, £62° 0°<w <360°)

(Yx' +y" —0.5) +(z-0.66)" =0.81

VX +3' =05+09cos8,
x=(0.5+0.9cosd,)cosw (12}
y=(0.5+0.9¢c0s8, )sinw

z=0.66+0.9sn6,

Track HyH, (0° <6, <47°, 8, =0°, 0°< w<360°):

(5 + 5 ~1.8) +(z-0.23)* =035
VX +3" =1.8-0.59cos6,

x=(1.8-0.59cos6,)cos w (13)
¥=(1.8-0.59cosf)sinw
z=023+0.5%sind

The lifting operation range around the fruit trees on
both sides of the vertical plane is shown in Figure 8a, and
its value is set as S. The operating range for the rotating
operation at maximum radius is set as ', as is shown in
Figure 8b.

8 and S can be calculated from the Equations (14)
and (15):

S= SGlGi'Hl'Hl + SG,'G3 Hy'H' + SHlHI Hy'Hy
=11 'sin@,  +IJ'sin} -+ (14
0 . Comn - + &,
a1 ', 'sin—i”ﬂsmg'—m‘”‘-sm lmax 2
2 2 2
8" = AR e = (R =15 )'] (15)

where, I, is equal to the length of lower-arm, m; 5’ is
equal to the length of upper-arm, m; Gime is the
maximum lifting angle of lower-arm, (°); amax 18 the
maximum lifting angle of upper-arm, (°); and Ry is the

maximnm operating radius, m.
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Figure 8 Schematic diagram of operating range of the manned
worktable
Substituting the values in Equations (14) and (15) and
solving them yields an operating range for lifting and
rotating of about 1.9 m* and 3.6 m’. Compared to other
machines, this lifting platform, thus, has a larger
operating range.
3.4 Hydraaulic system design
The hydraulic system was powered by the engine
which was connected to the gear pump through the belt
transmission. A clutch was fixed to the gear pump to
switch the power transmission on and off. As is shown in
Figure 9, the gear pump supplied oil to every hydraulic
clement. A two position four-way solenoid directional
valve was always open and set to control the gear pump
unloading. As the hydraulic system only comprised three
kinds of action - lifting, rotating, and leveling and no
other special actions, double action hydraulic cylinder
and double action quantitative hydraulic motor were
selected. The work flow was adjusted by one-way throttle
valve. When lifting platform was operational in the

orchards, the system needed to start and stop frequently to
change the operating posttion of the manned worktable;
however, in order to keep the stability of the operation,
hydraulic locks were adopted on the branches of the
lifting cylinders to realize static locking.

S —
e = !
He=n 43,1, |
2 ]

i. Tank 2. Filter 3. Gear pump 4. Piloted relief valve 5. Two position
four-way solenoid directional valve 6, 11, 16, 20, 24. Three position four-way
solenoid directional valve 7, 8, 12, 13, 17, 18, 21, 22, 25, 26. Throttle valve
9,14. Hydraulic lock 10,15. Lifting cylinder 19. Rotating hydraulic motor
23. Leveling hydraulic motor  27. Leveling cylinder

Figure & Schematic diagram of the hydraulic system

Considering the type of equipment V(V\/ang et al,
2016), the maximum working pressure was set tb 16 MPa.
The outer diameter and inner diameter of the leveling
cylinder were selected as 50 mm and 35 mm as per the
requirements of 1.25 times the maximum load. The
rotating speed of lifting device and leveling turbo-worm
needed to be slower for the operator to work comfortably;
henée, they were set from 0.5 r/min to 1 +/min. In addition,
the working parameters of other elements and different

component selections are shown in Table 2.

Table 2 Model of hydraulic and drive components

Project Model
Lower-arm cylinder 50X 352160
Upper-arm cylinder 50%35x230
Leveling cylinder 50x35%150
Leveling turbo-worm SE3
Slewing bearing SE12
Rotating hydraulic motor BM1-160-H
Leveling hydraulic motor HMM-50
Gear pump CBT-E304
Hydraulic lock YS6-03A
Solenoid relief valve DBW-10B-2B2
Solenoid directional valve DSG-02-3C2

4 Materials _and methods

4.1 Experimental conditions

In accordance with the design parameters of a 3-DOF
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lifting platform, the prototype was developed as is shown
in Figure 10. It has been known that the rated speed of the
engine is 2200 r/min, and the lifting platform is able to
work in the middie throttle. Experiments including
operating parameters experiment, operating effect on fruit
trees experiment, leveling and tilting stability experiment
were carried out to analyze the performance of the 3-DOF
hifting platform for hilly orchards. The experiments were
conducted in October and November 2016 on the field of

College of Engineering, Nanjing Agricultural University.

Figure 10 Prototype of 3-DOF lifting platform for hilly orchards

4.2 Experimental methods
4.2.1

Operating parameters experiment used parameters

Operating parameters experiment

such as the speed of lifting operation, rotating operation,
and leveling operation, and test of maximum operating
height and radius. This can be referenced from the
“Scissors elevating platforms - Testing method” (JB/T
9229.3-1999).
422 Operating effect on fruit trees experiment

Three fruit trees with different growth parameters
(tree height, trunk height, and tree crown) were selected,
and marked 1, 2, and 3. The canopies were divided into
three vertical layers, which were marked as a, b, and c,
and every layer was divided into ay, by, and ¢ (5=1, 2, 3,
4, 5). A total of 16 markers within the top point (7) of the
tree were set as experimental positions (Figure 11), and
label papers were pasted on the leaves at the
corresponding positions. The position of the parked
lifting platform was 2 m or 2.5 m away from the fruit
tree.

The experimental points were marked with Y (Yes) or

N (No) depending on whether the operator could reach

them or not without any tools when lifting and rotating as

is shown in Figure 12.

N

H | ' FTi
| =

§ ]

Figure 11  Schematic diagram of experiment of the operating

range

Figure 12 Field experiment in progress

4.2.3 Leveling experiment

When the 3-DOF lifting platform was parked on the
slope, different operating positions of the manned
worktable resulted in different tilt angles and directions.
As a result, there were different leveling actions including
front, back, left and right. A tilting table was used to
simulate different angles of slopes where the lifting
platform was parked on and was fixed by safety rope. The
operating height was 0.8 m and the tilt angles of the
tilting table were 6° and 18°. The lifting device was
rotated counterclockwise to 0°, 0°-90°, 90°, 90°-180°,
180°, 180°-270°, 270°, 270°-360°. Thus, the manned
worktable was leveled using the bubble level in X and ¥
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direction. The error in the leveling operation could be
measured by a digital inclinometer. In addition, the right
hand side of the manned worktable was set as the positive
direction of the X axis and the front as the positive
direction of the ¥ axis.
4.2.4 Tilting stability experiment

The titing stability was one of the most important
features of the 3-DOF lifting platform, because different
parking positions with different operating heights,
different operating radii and different foads resulted in
different tilting angles, and could make working on the
lifting platform safe or unsafe on a slope. The tilting
stability performance was characterized by the maximum
tilting angle that could be measured. Using the
“Tri-wheel vehicles and low-speed goods vehicles-Test
method of maximum stable side-inclination” (GB/T
19133-2015), the operating environment was simulated
with the following parameters: 8 parking positions with
0°, 45°, 90°, 135°  180°, 225°, 270°, and 315° between
the forward direction and the slope direction; 4 operating
heights of 0 m, 0.4 m, 0.8 m, and 1.2 m; and 4 loadings of
0 kg, 50 kg, 100 kg, and 150 kg. Due to the manned
worktable along the slope being always the most easily
tilting position no matter where the lifting platform was
parked, the experiment positions were set as is shown in
Figure 13. The maximum angle of tilting test table is 30°,
the length of table is 4 m, the width is 5 m, and the
start-stop mode is the electric control.

e g

/
25°
35¢ /
1807 Tilting test table ,/

Figure 13 Schematic diagram of experimental positions

5 Results and discussion

5.1 Operating parameters

The experimental results are shown in Tables 3 and 4.
Lifting, rotating and leveling had lower operating speeds
which satisfied the design requirements, and the lifting
speed was less than 0.4 m/s. Meanwhile, operating with
full load always led to slower speeds. The maximum
operating height was 1.2 m, and the height from the
ground was 2.1 m at the same time. When the operating
height was above 0.62 m, the lifting device could rotate
360° with a maximum radius of 1.42 m, for which the
operating range was about 3.6 m”. However, at operating
height of less than 0.62 m, it could only rotate 180°

because of space limitations.

Table3 Speed of kifting, rotating and leveling

Lifting, m-s™

Falling, m-s™ Rotating, rmin’ Leveling, rad-s”
Lead, kg -
Upper-arm Lower-arm Upper-arm Lower-arm Left Right Front Back Left Right
0 0.065 (063 0.085 0.056 0.58 0.58 0.071 0.065 0.074 067
150 0.056 0.056 .068 C.067 0.57 0.36 0.055 0.052 0.069 0.065
Table 4 Parameters of operating height and radius
Rotating in 360°
Project Maximum operating height/m Maxinumn height from the ground/m —
Maximum operating radius, m Operating height, m
Parameters 1.2 VA 142 0.62

5.2 Operating effect on fruit trees

Growth parameters of fruit trees selected are shown in
Table 5. Due to the shape of the fruit trees being
approximately ellipsoidal, the layer » had a larger crown

than layer a and ¢. The markers by, bs, ¢; and ¢s were the

most difficult positions for the operator to reach. In
addition, the lifting platform could only move in a small
range to adjust the boundaries of the crown. The layer ¢
had a lower distance from the ground, so other operator

could stand on the ground to finish the operations for
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markers ¢; and cs. When the distance from the Iifiing
platform to the fruit trees was 2 m, the operating effect

was better than when the distance was 2.5 m. Overall, the

operating range could almost cover entire canopies. Thus,
the 3-DOF lifting platform had a good operating effect on

fruit trees when the distance between them was 2 m.

Table 5 Operating effect on fruit trees

No. Growth parameters Distance, Operating effect

Tree height, m  Truwk height, m  Tree crown, m m T a a a3 a4 a b B by by bs o oo o3 o1 Cs
2 Y Y Y Y Y Y ¥ ¥ ¥ ¥ N N Y ¥ ¥ N

1 324 0.62 23
2.5 Y N ¥ ¥ ¥ N N Y ¥ Y N N ¥ ¥ Y N
2 Y Y Y Y Y Y N Y Y Y N N Y Y Y N

2 3.35 0.65 2.8
2.5 N N Y Y ¥ N N Y Y ¥ N N Y Y Y N
2 Y Y Y Y Y Y Y Y Y Y N Y Y Y Y Y

3 3.46 0.72 2.7
2.5 Y N Y ¥ Y N N ¥ Y ¥ N N Y Y Y N

5.3 Teveling error

It can be seen from Table 6 that different rotating
positions of the manned worktable had different leveling
actions. Irrespective of the angle of slope being 6° or 18°,

the leveling errors for the leveling actions were all less

and the proposed 3-DOF lifting platform has a better
tilting stability and can adapt to slope conditions of 5° to
20° in hilly orchards.

Table 6 Leveling error

Rotating Dip angles, (°}  Leveling error, (%)

Angle of positions Leveling
s : : o : : o B .
than 0.4°, which 1s negligible. Thus, using a leveling slope, () © actions oo wovie Yaxis Y axis
cylinder and leveling turbo-worm to keep the manned 0 Front 0 6 - 0.2
worktable horizontal according to the bubble level can be 090  Right,Front -32 57 02 0.1
considered to have a relatively high accuracy. 90 Right Fromt 73 14 04 01
. . 90-180  Right,Back -19 46 0.1 02
5.4 Maximum tilting angle 6 £
N | | bl d hat th 180 Back 0 6 - 03
The experimental results in Table 7 indicate that t
P cntal Tesuis © 180-270  Left, Back 4. 43 04 03
maximum tilting angle decreased with an increase in load, 270 LefFromt 76 13 03 02
for the same parked position and operating height. 270-360  Lef,Front 1.6  -21 .02 02
Moreover, the maximum tilting angle decreased and then 0 Front o -18 - 0.3
. . . . . : 0-90  Right Front -135 142 02 0.3
increased with an increase in operating height. The angles B, o
. . . . 90 Right, Front -186 2.7 03 0.1
of different parked positions, for different operating ,
90-180  Right,Back 115 123 02 02
- - [+] (o] 18
heights and different loads were from 19.3° to 30°, but 150 Back 0 s B 02
some of the experimental angles were above 30° which 180-270  Left,Back 107 148 0.1 0.3
were out of the measured range of the tilting table. Thus, 7 Left, Front 188 13 0.3 0.1
. : . . - 125 -4 2 0.4
the experiment results satisfied the design requirements, 270-360  Left, Front b
Table 7 Maximum tilting angle experimental value
Maxinnum tilting angle of different loads at various operating heights, (*)
Parking
Pasition. [ 0kg 50kg 100 kg 150 kg
Om 04m O08m 12m O0m 04m O08m IZ2Zm 0m 04m 08m 12m 0m 04dm 08m 1Zm
0 >30  »30 292 »30 =30 274 257 261 274 239 226 237 261 204 183 214
45 =30 =30 =30 »30  >30  »30 278 281  >30 263 241 252 267 231 228 233
50 >30 20 »30 >30 295 2901 282 285 288 274 249 256 278 253 238 245
135 * =30 30 >30 * =30 »30 >30 * >0 30 =30 * 288 272 281
130 * * =30 >30 * * »30 =30 * * »30 30 * * 284 298
225 * 30 »30 230 * 278 263 268 * 265 253 257 * 252 239 246
270 " >30 294 30 * 211 257 262 * 249 241 243 * 225 207 219
315 =30 »30 =30 ¥30 30 >30 292 >0 =30 >30 254 261 276 245 212 221

Note: * means the position where the manned worktable can not rezch.
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6 Conclusions

A 3-DOF lifting platform was developed to improve
the level of mechanization of processes such as picking,
pruning, and bagging in hilly orchards and to solve the
problem of lack of equipment for such processes. The
lifting device which was one of the most important parts,
was developed using a folding-arm mechanism. In
addition, a leveling device was designed to keep the
mamned worktable horizontal on different terrains. The
structural parameters and operating parameters were
determined based on design requirements and the
geometric parameters of fruit trees that were collected by
visiting orchards on  Thilly lands. Subsequently,
experiments were carried out to evaluate the performance
of the proposed lifting platform.

The experimental results indicated that the operations
of lifting, rotating and leveling were slow and smooth, the
maximum operating height was 1.2 m, the lifting device
could rotate 360° at a maximum operating radius of
1.42 m when operating height was above 0.62 m, and as a
result, the operating range was about 3.6 m” at the same
time, It was also confirmed that operator standing on the
manned worktable could reach almost any position on the
fruit trees. Compared to other current mechanical devices,
the proposed 3-DOF lifting platform has the advantages
of having a larger operating range, more operational
flexibility and being more efficient when parked.

Furthermore, the error in any leveling action was less
than 0.4°, which is negligible and the leveling device can
thus be considered to have a relatively high accuracy. The
maximum tilting angle at different parked positions,
different operating heights and different loads was from
19.3° to 30°, which was as per the design requirements
and could be adapted to slope conditions with an angle
ranging from 5° to 20° in hilly orchards. The proposed
3-DOF lifting platform for hilly orchards, thus, had a
better filting stability performance compared to current
machinery.
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