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ABSTRACT

To eliminate the serious threat of weeds to farmland crops, this study proposes a laser weeding robot
based on a novel 3UPS-RPU parallel mechanism (PM). The robot uses laser thermal effects to eliminate
weeds in crop rows. The novel 3UPS-RPU PM is composed of three UPS-type active legs and one RPU-
type active leg. Approaches for solving the inverse kinematics, inverse/forward velocities, inverse/forward
accelerations, active forces, and constrained forces of this PM are derived and unified for other PMs with
linear active legs. The kinematic curves demonstrate that the input of active legs 1 and 3 are consistent,
while the moving platform moves according to a line-type translational movement which is the unique
characteristic of the proposed PM. The active legs move according to a non-linear motion law, while the
moving platform of the PM moves according to a line-type patterns, which is a common characteristic. The
kinematic curves show that this PM has steady movement with no sudden changes or breakpoints which
satisfies the stability requirements for the laser in the robot. Theoretical formulas and results provide a
basis for the optimization of the structure design, control, dynamic performance analysis, manufacturing,
and applications of the 3UPS-RPU PM.
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INTRODUCTION

Farmland weeds grow and spread easily thus compete for different resources, such as moisture,
nutrients, sunlight and space, that crops need to grow. Weeds also become sources of infection through
pathogenic bacteria, which seriously affect the normal growth of crops, resulting in the decrease in yield
and quality.

Chemical weed control has always been used in traditional agricultural production and has been
proven to have harmful side-effects (Martins et al., 2016; Nath et al., 2016; Datsch Silveira et al., 2016).
(Datsch Silveira et al., 2016) evaluated the mutagenic effects of two herbicides, namely, Clorimurom
Nortox® and Imazaquim Ultra Nortox®, which are widely used on soybean crops in Brazil. Allium cepa
assay was used as the test system. The two herbicides caused mutagenic damages in the Allium cepa
cells, which implied the need for careful handling of these products to minimize the risk of human and
environmental contamination. Ecotoxic effects of commonly used herbicides i.e. glyphosate, atrazine,
metribuzin and alachlor were evaluated on the biological and demographic parameters of Zygogramma
bicolorata Pallister on parthenium in laboratory by Hasan (Hasan et al., 2016) Based on the present study,
none of the tested herbicide can be classified as safe to Zygogramma bicolorata, while glyphosate was
found to be least toxic. Therefore, this weeding process not only affects the growth of crops but also
pollutes the soil, resulting in herbicide wastes—a serious threat to the health of farmland workers.
Furthermore, the safety of agricultural products is also affect by the drug residue.
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Mechanical weed control was developed to replace its chemical counterpart, which utilizes standard
tools, such as field hoes to weed. (Cordill et al., 2011) proposed a mechanical weed control machine
containing a sensing arrangement, control algorithm and dual mechanical end effectors was successfully
developed and tested. The overall functionality of the machine was proven, but the percentage of fatally
damaged plants was 8.8% in the absence of weeds and reaching 23.7% in heavy weed infested areas with
hundreds of weeds per m?. (Pérez-Ruiz et al., 2012) described a fully automatic intra-row mechanical weed
knife path control system for transplanted row crops. A real-time kinematics global positioning system
(GPS) was used to automatically detect crop planting positions and to control the path of a pair of intra-row
weed knives travelling between crop plants along row centerline. (Pérez-Ruiz et al., 2014) also described
the development and in-field assessment of an automatic intra-row, hoe-based weeding co-robot system
with real-time pneumatic hoe actuation based on an accurate odometry sensing technique. In this work,
mechanical weed control was achieved by a co-robot actuator that automatically positioned a pair of
miniature hoes into the intra-row zone between crop plants.

However, mechanical damage to crop seedlings can be easily inflicted because of the restriction of
the movement precision of mechanical weeding devices. The soils turned over by mechanical weeding
device tend to bury the seedlings. Moreover, weed seeds may be spared from mechanical weeding, which
may lead to their re-germination.

Currently, concerning about the impact of eco-agriculture from western countries, a growing number
of consumers demand natural food with little to no chemicals because of the eco-agricultural effect from
Western countries. Automated, non-chemical, intra-row weed control techniques for crop production
systems have become a necessary challenge for industrialized countries. To satisfy the needs of the
market, new methodologies need to be developed to produce satisfactory outcomes without damaging the
environment. Therefore, this research presents a laser weeding robot that does not rely on chemical
resources.

In recent years, PMs have been extensively studied and applied because of their high durability,
lower manufacturing cost, simple structure, large bearing capacity and easy to control, etc (Ganesh et al.,
2015; Li et al., 2016; Yang et al., 2016). Various PMs have been used in fields such as walking legs,
parallel machine tools, rehabilitation robots, industrial robots, heavy-duty forging manipulators, etc (Jiang et
al., 2016; Lin et al., 2016; Song et al., 2016) . Generally, PMs with four degree of freedom (4-DoF) have
attracted significant attentions because they are simpler in structure, easier manufacture, cheaper, and
more sustainable than PMs with 6-DoF (Dong et al., 2016; He et al., 2015) . To create some novel 4-DoF
PMs and investigate their kinematic characteristics have great significances in current industrial
manufacturing and other fields.

However, up to now, no study have been found existed on 3UPS-RPU PM with two rotations and two
translations and this is the first time that PMs will be used in laser weeding robot. This research focuses on
the kinematics and statics analysis of the proposed PM and proposes a unified method for solving the
kinematics and statics of PMs with linear active legs because a 3-UPS-RPU PM is the basis for the laser
weeding robot. In addition, this paper provides a theoretical basis for its optimum structural design, control,
manufacturing, and different applications.

MATERIAL AND METHODS
Description of the Laser Weeding Robot

The laser weeding robot uses laser thermal effects to eliminate weeds in crop rows. The main robot
components are the frame, a 3UPS-RPU 4-DoF PM, a laser, a control system, batteries, and two vision

systems, as illustrated in Figure 1.
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Fig. 1 - Scheme of the laser weeding robot
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The 3UPS-RPU PM is held over the frame and trailed by a conventional tractor. The first vision
system is placed in the front of the tractor to detect weeds in real time and send their coordinates to the
control system while the robot is in motion. A secondary vision camera is used to improve robot precision
and it is placed close to the laser. Its mission is to correct inertial perturbations by relocating every
individual weeds detected by the first vision system.

The 3UPS-RPU PM is composed of a moving platform, a fixed base, three UPS-type (U represents
universal joint, P represents prismatic joint, S represents spherical joint) active legs and one RPU-type (R
represents revolute joint) active leg with the linear actuators, see Figure 2. Since each of the active legs
with the linear actuator only bears the axial force that along its own axis, it has a larger capacity of load
bearing and is simple in structure.

Moving platform .-

Spherical joint -~ _‘

-

\\ RPU-type imb
Al
: \

!

! | Prismatic ]IOiI"It}

Universal joint .

Fixed base -~
Fig. 2 - The 3UPS-RPU parallel mechanism Fig. 3 - Schematic model of 3UPS-RPU PM

In the 3UPS-RPU PM, the number of independent common constraints is A= 0; the order of
mechanism is d = 6 - A = 6; the number of links is n =10 including one moving platform, four cylinders, four
piston-rods and one fixed base; the number of joints is g = 12, including three universal joints, four prismatic
joints, four spherical joints and one revolute joint; the DoFs of the joints are fp = fz = 1 for prismatic or
revolute joint, fy= 2 for universal joint, fs = 3 for spherical joint; the number of redundant constraints is v = 0;
the redundancy DoFs is ¢ = 0. Based on the revised Kutzbach-Grubler equation (Huang et al., 1997), the
DoF of the 3UPS-RPU PM is calculated as

9
M=d(n-g-1)+>f+v - =6x(10-12-1)+(2x3+4x1+3x3+2x1+1x1)=4 (1)
i=1

Thus, the 3UPS-RPU PM has four DoFs with two translational DoFs and two rotational DoFs.

In the laser weeding robot illustrated in Figurel, the Y axis of the coordinate system P-XYZ is
along the advance direction of the robot, Z axis is perpendicular to the frame, while X axis is confirmed
by the right-hand rule. The 3UPS-RPU 4-DoF PM can achieve movements along the Y and Z axes
directions and rotations around the X and Y axes. Among them, the movement along the Y axis is used
to compensate for the positional change of the weeds so that the laser beams of the robot will remain
stationary to the weeds. The movement along the Z axis allows the robot to work in the field with
different crop heights, greatly improving the working space. With its simple structure, the laser weeding
robot can be used in different height or line spacing crops without the risk of burying seedlings and
damaging crops.

Analysis of 3UPS-RPU PM

The coordinate system O-XYZ is fixed at the centre of the fixed base at O, and o-xyz is fixed at the
centre of the moving platform at o, as illustrated in Figure 3. A;(i=1, 2...4) are equally distributed around a
circle with a radius of r, on the fixed base. B; (i=1, 2...4) are uniformly distributed around a circle with a
radius of r, on the moving platform. At the initial time, the coordinate systems O-XYZ and o-xyz are parallel,
and Z-axis is coincident with z-axis.

Before analyzing the inverse kinematics of the 3UPS-RPU PM, the position of A;(i =1, 2...4) in O-
XYZ, B; (i =1, 2...4) in 0-xyz, and B; (i=1, 2...4) in O-XYZ must be determined, and they can be expressed
as:

Aix Bix o BiX o Ix mx nx
A = AY ’ Bi = Biy ’ Bi = BiY ’ Ro = Iy my ny ’
AZ Biz Biz Iz m, n,
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, B®=R°B,+o0 (i=1,2...4) 2)

Where o =X, Y, Z, ]T is the position vector of 0-xyz in O-XYZ, matrix R is a rotation transformation

matrix from o-xyz to O-XYZ and it's formed by two Euler rotations of (x y;), hamely, a rotation of a about x-
axis, followed by a rotation of B about y;-axis, where y; is formed by y rotating about x by a. Let A be one of

(o, B) and set cA= cosA, sA= sinA, thus, R? is derived as follows:

cB 0 sPB
RO =| sosp ca -socp
—cosp sa cocP

Each active leg, I; (i = 1, 2...4) can be expressed as:
l, =BC-A (3)

Thus, the formula for solving I; (i=1, 2...4) are derived as:

2
I =[B- A
= X2+ (—rc0+1, +Y, ) + (1,50 +Z, )’
2
1 =[B9- A,
=(r.cB+X, —r ) +(r.sasp +Y ) +(-r.cosp+Z )
oo Af = PN S P (reesB )y
ly = |Bs _A3|
= X2+ (r,co +Y, =1, ) +(r,s0 +2, )’
If = |Bf— A4|2
=(-r,cB+ X, + ra)2 +(—r,sasp +Y, )2 +(r,casp +Z, )2
The unit vector n; of |; (i =1, 2...4) can be derived as:
| 1 BiX _'Aﬁx
nizl_':l_ By — Ay (5)
: : Biz _AiZ
Let V and v; be the velocities of the moving platform at o and B;, respectively, written as:
V VX (,JX
V :{ } , V=V, |, 0=, |, v, =v+0xn (=1, 2...4) (6)
W 6x1

Where v and w are the velocity and angular velocity of o-xyz at o, r; (i=1, 2...4) are the vectors
from point o to B;. Through Equation (6), the velocities along the active legs |; (i = 1, 2...4) are derived
as follows:

Vi =vien = (v xr)-n =npv+(nxn ) (=1, 2...4) (7)
v, n(rxn,)
v, n, (r,xn )T v
IS R ®)
I n; (r;xny) g,
Y nl (r4xn4 ) 4x6

The force situation of the 3UPS+RPU PM is shown in Figure 4. Constrained force Fy, which is
applied on the moving platform, is in parallel to the revolute joint R of the RPU limb.
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The restriction moment My, applied on the moving platform, is parallel to the z-axis. Let ns be the
unit vector of revolute joint R, and ng be the unit vector of z-axis.

Fig. 4 - The force situation of the 3UPS + RPU PM

Since constrained force Fy and restriction moment My don’t do any work during the movement of
moving platform, there must be:

n o (r,xng) 0
Fynev+(r,xFyng)-w=0, (Myng)-w=0 :{05 4nT ° V=1, 9)
1x3 6 296
By combining Equations (8) and (9), the formula for solving the inverse/forward velocities and
the Jacobian matrix G are derived as follows:

v, v,
v, v,
VeV, v=ct.|"
VI VI
4 4
0 0
_0 - _0 .
- . A
n, (rxn,)
T T
n, (r,xn,)
T T
n' (r.xn
=G=| ° (s 3)T (10)
n, (r,xn,)
T T
ng (r,xny)
T
_01x3 N _lex6

Let A be the acceleration of the moving platform at 0. Let a and € be a linear acceleration and an
angular acceleration of moving platform at o, respectively.
They can be expressed as follows:

a
a X X
Az{} a=|a, |, e€=|¢g (112)
e
6x1 az sz

Suppose there are two vectors n, z and a skew-symmetric matrix h .There must be the following
relevant Equations (Huang et al., 1997):

r]x Z>< 0 _nz r])’
n=/n, |, ¢=|¢ |, A=ln, 0 -n, |, nxZ=AC, /" =-A (12)
r]z Zz _r]y nX 0
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By differentiating the first four rows of Equation (10) with respect to time, four accelerations a,

along the i ™ active leg are expressed as follows:

a, =[n (rxn) [A+VTHV (=1, 2..4) (13)

E,o —F, _
Where H, :1 e _in [”.T (rxn, )T}r 035 93i3
LT =1 Joxs L L, 05 i1y 6x6

By differentiating the fifth row of Equation (10) with respect to time, we obtain:

Opg =[Nl (ryxng) |A+VT HV (14)

Where H, :[ 83*3 ?3% }
Tl lls

3x3 6x6

By differentiating the sixth row of Equation (10) with respect to time, we obtain:

O6 =[045 Ng JA+VT HeV (15)
T
0 0 cB 0o o 0 -cacl -socP
Where, H, :{ 03*3 Jm} ,J,=|| sosp ca O -|cB sosp -cosP
B3 Yo Jexe —casf sa 1 0 0 0

Combining Equations (13) with (14) and (15), an inverse acceleration a;,, a forward acceleration
A, and a Hessian matrix H are derived as follows:

a,=GA+V'HV, A=G*(a,~V'HV) (16)
T T
Where a,=[a,a a a 00| and H=[H, H, H H, H, H]".

Active/Constraint Forces and Torque

The 3UPS-RPU PM is an ideal constrained system when the gravity and friction of all the links are
ignored, and its workload can be simplified as a wrench (F, M) applied on the moving platform at o, where F
is the central force and M is the central torque. (Fyx, Fy, Fz, My, My, M) are the components of (F, M) and
they are balanced by four active forces F;(i=1, 2...4), one constrained force Fy, and one restriction moment
My, each of F; is applied on and along the active legs |; (i=1,2...4).

Based on the principle of virtual work, and Equation (10), the formula for solving the
active/constrained force and torque are derived as follows:

(R T [ Ve FT
F2 [P) FZ
FT FT
Bl Vel T w0, |B] .6+7| 20
F4 VrA T F4 T
Fy 0 F
My | | 0 | | My |
T
FZ
F | | Fl 1| F
S| § |- 7]y an
FU
_MU_

Where, —(GT )_l is defined as a force Jacobian matrix.
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RESULTS
Results Analysis and Discussion

In the 3UPS-RPU PM, when given pose parameters of moving platform with respect to time, the
length, velocity, acceleration of four active legs can be calculated. Set r, = 400 mm, r, = 300 mm, and the
original distance between two platforms is H = 600 mm. Two cases are employed in analysis of the PM.

In case one, the moving platform is presumed to move according to a line-type translational
movement, that is,

t (18)
t

Based on the relevant analytics of Equations (4), (10) and (16), the lengths, velocities and
accelerations of the four active legs that over time are obtained through the Matlab software, and are
presented in Figures 5(a), 5(b), and 5(c), respectively.

According to the results and data shown in Figure 5(a), the lengths of the four active legs are initially
the same. As time goes by, the lengths of active leg 4 becomes the longest while active leg 2 becomes the
shortest. According to the results and data shown in Figure 5(b), the velocity of active leg 4 is at a
maximum while active leg 2 is constant at a minimum. According to the results and data shown in Figure
5(c), the acceleration of active leg 2 is at the maximum while active leg 4 is constantly at the minimum, but
the values are greater than zero. The lengths, velocities, and accelerations of active legs 1 and 3 are
always consistent with each other, and their values are between that of active legs 2 and 4, that is, the input
of active legs 1 and 3 are always consistent. The results and data shown in Figure 5(a), 5(b), and 5(c) are
consistent with the actual movement and in accordance with the geometric characteristics of PMs. The
velocity and acceleration of the four active legs are changing all the time. Therefore, the movements of the
PM are non-linear.

Case two is the presumption that the moving platform of the mechanism moves according to a line-
type rotational movement, that is,

a =(1/90) =t
B =(1/90)*t
X, =0 (19)
Z,=0

Based on the relevant analytics of Equations (4), (10) and (16), the lengths, velocities and
accelerations of the four active legs over time are obtained through the Matlab software, which are
presented in Figures 5(d), 5(e), 5(f).

According to the results and data shown in Figure 5(d), the lengths of the four active legs are initially
the same. As time goes by, the lengths of active legs 1 and 2 become shorter while those of active legs 3
and 4 become longer. According to the results and data shown in Figure 5(e), the velocities of active legs 1
and 2 gradually increase while those of active legs 3 and 4 continually decrease. According to the results
and data shown in Figure 5(f), the accelerations of active legs 1 and 2 are always greater than zero, while
those of active legs 3 and 4 are always less than zero. Moreover, the slopes of active legs 2 and 4 are
larger than those of active legs 1 and 3. The results and data shown in Figures 5(d), 5(e), and 5(f) are
consistent with the actual movement and in accordance with geometric characteristics of PMs. The
velocities and accelerations of the four active legs shift at all times. Therefore, their movements are also
non-linear two.

As a result, the moving platform of the PM moves according to line-type patterns, but all active legs
move according to the non-linear motion law and all the PMs have the same Characteristics.

The kinematic diagrams show that the PM movement is steady and its displacement, velocity, and
acceleration curves exhibit no sudden changes or breakpoints, illustrating the correctness of this PM, and
satisfying the stability requirements for the laser in the robot.

Theoretical formulas and results provide a basis for the optimization of the structure design, control,
dynamic performance analysis, manufacturing, and applications of the 3UPS-RPU PM.
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Fig. 5 - Kinematic analysis of active legs
CONCLUSIONS

With the increase in the demand for green vegetables and make up the inadequacies of Chemical
and mechanical weeding, a more efficient method of weeding has become a necessity. This research
demonstrated a laser weeding robot based on a novel 3UPS-RPU PM, which utilizes laser thermal effects
to eliminate weeds in crop rows. This research focus on kinematics and statics analysis of the 3UPS-RPU
PM as it is basis of the weeding robot. The conclusions are shown as follows:

(1) The approaches for solving the inverse/forward velocities and accelerations of the 3UPS-RPU PM
were derived and unified for other PMs with linear active legs. The velocity Jacobian matrix and Hessian
matrix derived can be used to analyze the kinematic singularity of PMs.

(2) The curves of the lengths, velocities, and accelerations of the four active legs showed that the
movement of active legs 1 and 3 were consistent with each other, while the moving platform moved
according to a line-type translational movement, which is a unique characteristic of the proposed PM. All
active legs moved according to the non-linear motion law, while the moving platform of the PM moved
according to a line-type pattern, which is a common characteristic of PMs. These results are used for the
control system of the robot. The stability of the kinematic curves show that the PM satisfies the stability
requirements for the laser in the robot. Thus, the weeding quality can be improved greatly.
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(3) A simple approach for solving the active constrained forces of the 3UPS-RPU PM was derived

based on the principle of virtual work, and this approach can be used on other PMs.

In addition, this paper provides a theoretical basis for the optimum structural design, control,

manufacturing, and different applications of the robot. Future work should combine theoretical analysis with
field experiments.
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