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1. Introduction

Abstract

In this study, a legged and wheeled robot model was proposed for cleaning the glass of
greenhouses. The robot has four wheels and four legs, each with three degrees of freedom
(DOF). The design, kinematic analysis and simulation of the robot was carried out. Glass
greenhouses are created by placing glass sheets on T-shaped iron bars arranged in parallel at
certain intervals. The robot performs the glass cleaning task by performing two different
movements on greenhouse roof. As a first movement, the robot moves like a train moving on
the rail on iron bars with wheels, cleaning the glass as it travels. After cleaning the glasses
placed between two iron bars along a column, as second movement, the robot passes the next
column using legs. These two movements continue until the entire roof of the greenhouse is
cleaned. Kinematic analysis of this robot, which is designed with mechanical properties that
can make these movements, has been made. Walking simulation of the robot was carried out
according to the kinematic analysis. The simulation results showed that this proposed robot
can be used to clean glass on the greenhouse roof.

robot, which has two arms, each with two degrees of
freedom (DOF), also has a sensor that detects tomatoes.

The use of robots is increasing day by day in parallel
with the technological developments in robot
components such as sensors, electric motors and
controllers. This increase has led to the need for robots
to be categorized into some of their features. The
classification of robots can made according to many
criteria such as whether they move or not, where they are
used, drive systems and the structures of their arms or
legs. [1-7]. These classifications can be further
reproduced according to different characteristics.
Studies on all these classifications can be found in the
literature [8-9]. These studies can be on both design and
control according to the usage areas of the robots [10].
Deng et al. [11] have proposed several methods for
hexapod robots to overcome object handling problems
by using one or both legs as an arm when walking on
other legs. Robots are also an important part of
agricultural activities such as fertilizing and spraying as
well as planting and harvesting [12-14]. Ling et al. [15]
developed a mobile robot to tomato harvesting. This

It is also possible to find studies for general cleaning
[16] and cleaning glass in buildings [17]. Sun et al. [18]
designed a climbing robot to clean glasses for high rise
buildings. Their robot has suction cups to stick on the
glass and it moves with a translation mechanism.
Antonelli et al. [19] carryout an experimental study on
cleaning robot to clean dust on solar photovoltaic panels
in solar plants. Li et al. [20] explored different
greenhouse cleaning machines. Also, they analyzed the
current state of development and prospects of
greenhouse cleaning equipment and made some
suggestions. Seemuang [21] study on cleaning
mechanism to clean roof of plastic sheeting greenhouse.

According to the literature searches, no study has
been found on a robot that performs the task of cleaning
the glass of greenhouses. Therefore, in this study, a four-
legged and four-wheeled mobile robot that cleans the
glass of greenhouse roofs was designed, kinematic
analysis was performed and simulation was carried out.
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This study consists of the following sections. In the
following section, the structural features of the
greenhouses were examined and the reason for this
study was explained. Next, a solid model of a greenhouse
was created and associated with the designed robot and
the physical properties of the robot were determined in
accordance with the field of use and purpose and a solid
model was created. Besides, mathematical equations
were obtained by performing kinematic analysis
according to this model. In the third section, the robot's
walking simulation was performed and its applicability
in a real environment was evaluated. In the fourth
section, the study was concluded.

2. Method
2.1. Problem overview

Glass greenhouses are structures that can take
sunlight well, where air conditioning can be done very
well. Although these greenhouses differ according to the
region, they are closed areas where fruits and mostly
vegetables are grown in cold weather conditions. As it is
known, it is an important issue that the glass of these
greenhouses, which has a structure that permits sunlight,
which is one of the most basic needs of plants although
some plants may decrease their yields if exposed to
intense sunlight to be transparent in order to pass this
light sufficiently, especially in winter. Although it is
partially cleaned due to the rain during the year, the
cleaning of these glasses, whose transparency decreases
over time due to various reasons, is also important due
to the reasons mentioned above.

Glass greenhouses are formed by placing certain sizes
of glass layers on grids of iron bars (T shape). These glass
sheets are generally 550x600 and 500x550 mm in size.
Fig. 1 shows a general glass greenhouse subject to this
study.

Figure 1. Glass greenhouse structure

2.2. Cleaning strategy

The designed robot has four legs and four wheels.
While the wheels enable the robot to move on two fixed
iron bars, similar to the movement of the train on the
rails, the four legs enable the robot to pass on the other
two iron bars. The direction of movement of the robot
with wheels and the direction of movement with legs can
be seen in Fig. 2.

Figure 2. Motion directions of the robot on greenhouse
roof

The glass is cleaned with the rotating brush on the
robot body and the water coming from the water hose
connected externally to the robot. After one column is
completely cleaned by the movement of the wheels, the
robot moves to the other column by its legs. Both legs and
wheels are driven by electric motors. In addition to these,
since the brushing system is operated by an electric
motor, the electrical energy needed by the robot will be
quite high. Thus, this energy is not provided by a battery,
but by a cable connected to the electricity grid.

The angle of inclination of the iron bars forming the
roof of greenhouses is usually between 20 and 30
degrees in practice. The section view of the greenhouse
solid model created by selecting this angle as
approximately 30 degrees is given in Fig. 3. Although this
angle is a variable that affects the motion of the robot,
this study does not include dynamic analysis involving
the motion of the robot.

Figure 3. Solid model the greenhouse section and the
robot on roof

The serial manipulators that make up the structure of
the robot designed within the scope of this study are the
mechanisms used in both any legged robot and industrial
robot arms. The fields of use can be diversified by adding
the required equipment according to the purpose and
place of use [22-26].

Each limb of serial manipulators is connected one
after the other. These connections are made with rotary,
spherical or prismatic joints. The robot designed in this
study has serial manipulators and rotational joints are
used in these manipulators. The most common example
of the use of serial manipulators is industrial robot arms.
In these robot arms, the limbs connected to each other by
joints, the limb in the base frame and the limb farthest
from the base frame and the end actuator is always the
same task. Thus, the kinematic chain of the manipulator
is formed from the base frame to the end effector fame.
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In robots where serial manipulators are used, kinematic
analysis of the manipulator should be performed in order
to define the robot's motion mathematically. The
complexity of this kinematic equation increases as the
degree of freedom of the manipulator increases and the
rotation axes of the successive joints differ. Kinematic
analysis is carried out in two ways: forward kinematics,
where the positions of the manipulator’s limbs can be
determined according to the angle value of the joints and
the dimensions of the limbs, and inverse kinematics,

where the required joint angles for the desired position
and orientation of the limbs are determined. The position
relation between the limbs of manipulators that can
move in three axes can be established by writing in
matrix form using the coordinate axis sets assigned to the
joints, while this relationship can be established more
simply in planar manipulators moving in two axes.
Equation 1 is the forward kinematic equation of a 3-DOF
planar manipulator.

P, =1, cos(6,) + 1, cos(6, + 63) + I3 cos(6, + 6, + 03) 1
P, = Iy sin(6) + L, sin(6; + 6,) + Ly sin(8; + 6, + 65) (1)

Here, 6, is the angle between the reference axis of the
first limb of the serial manipulator, 8, is the angle
between the the second limb and the axis of first limb and
05 is the angle between the third limb and the axis of
second limb. Similarly, l;, I, and [l; are the lengths of the
first, second and third limb of the manipulator,
respectively. Besides, P, and P, are the coordinates of the
manipulator's endpoint. In the following section,
kinematic analysis of a four-legged robot, each consisting
of 3-DOF planar manipulators, is performed.

2.3.Mechanical design

This proposed four-legged robot basically consists of
four serial manipulators with 3-DOF. These legs serve to
carry the robot body to the iron bar on one side. In
addition, it has four wheels driven by an electric motor
that move the robot body on iron bars as seen in Fig. 2
and Fig. 3. The roller brush placed under the body of the
robot cleans the glass while moving in the same column
with the robot wheels. The water required in this
cleaning process is provided by the water hose
connected to the robot body. Similarly, the electrical
energy needed by the robot is transmitted to the robot
with the power cable. The motor drivers, power supply
and control unit required for the electric motors which
are in leg joints, drive the wheels and rotating the brush
are in the chamber on the robot as seen in Fig. 4.

Front legs Controller unit

Roller brush

Wheels

Power cable
Water hose

Figure 4. Components of the cleaning robot

In order to obtain the kinematic equations of the
robot, the physical description of the robot body is made

in Fig. 5. Since the other two legs of the robot are the
same as these two legs, it is not shown in this figure.

0,
Front left leg

0,
© Rear left leg

...........

Figure 5. The cleaning robot structure

Here, d is the distance between the two wheels and
also represents the distance between the two iron bars.
h,, is the diameter of the wheel and [, is the distance
between the axes of rotation of the first joints of the front
and rear legs. l;, [, and [; are length of leg limbs. 6, is
the angle between the reference axis of the first limb of
the serial manipulator, 8, is the angle between the the
second limb and the axis of first limb and 6, ; is the angle
between the third limb and the axis of second limb for
front legs. 8,4, 8,, and 6,5 represent the same variables
for the rear legs. Although the installation of greenhouses
is made to certain standards, the dimensions of the robot
body and legs should be adjustable in accordance with
the greenhouse structure in general.

2.4.Kinematic analysis

In this study, the base frame and the end effector
frame change places at every step of the robot. Thus, two
different kinematic chains are used to obtain the
kinematic equation of the robot [27]. Fig. 6 shows the
robot kinematic configuration and axes defined for
kinematic analysis.

Here, G-axis set fixed to the body center of gravity can
move freely in space with the body. The transformation
matrix defining the configuration of the G axis set
according to the axis set G which is located at any point
in the robot's motion trajectory is given in equations 2-5.
Here, T;,-qns is translational vector of these two axis sets.
The rotation matrix R,.,,, denotes the orientation of the

G axis set with respect to the axis set G. And the
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orientation is defined by the roll-pitch-yaw angular equation 6. Here, LF, RF, LR and RR represent the left
representation. front, right front, left rear and right rear legs respectively.
T . T d
cos (5) 0 sm(;) -3
0 1 0 0
(l';)TLF: 2 T lp (63)
—sin(;) 0 cos(3)
— o 0 o0 1
‘_HV NS cos@ 0 sin) %]
gt 0 1 0 0
groe=| O . (6b)
| —Sln(z) 0 cos (E) 5
(G) 0 0 0 1
Figure 6. Placement of axis sets on the robot [ cos (— E) 0 sin(— g) %
0 1 0 0
o= —sin(=3) 0 -y b (6c)
Terans = [%6 Y6 2¢] (2) 2 cos ( 2) 2
0 0 0 1 -
cos (pitch) —sin(pitch) 0
R, = [sin (pitch)  cos(pitch) Ol (3a) [ cos (— g) 0 sin(— g) — % ]
O 0 1 GTRR - 0 1 0 0 (6d)
0 . T T lp
cos (yaw) sin(yaw) 0 —sin(— ;) 0 cos(— 5) Y
R, = 0 1 Ol (3b) L 0 0 0 1
—sin(yaw) cos (yaw) 0
1 0 0 With a similar approach, the configurations of the axis
R, = |0 cos(roll) - sin(roll)] (30) set placed at the other joints of the legs can be expressed
0 sin(roll) cos(roll) as in equation 7. Finally, the transformation matrices
describing the configuration of the axes placed at the end
R.py =Ry *R, * R, (4) points of the robot legs with respect to the G axis set can
be found as in equation 8. Subsequently, the
R R TT transformation matrices describing the configuration of
G _ Dy trans ) K . c
Te = [0 s 1 ] (5) the leg endpoints with respect to the 0 inertial axes set
[1x3] can be found as in equation 9. Thus, forward kinematic
Subsequently, the configurations of the leg fixed axis equations of the robot were obtained.

sets according to the G axis set can be expressed as in

[cos (01,) —sin (6;1) 0 [cos (011)]
or -|Sin (641) cos(6y1) O Ilysin(644) (7a)
0 0 1 0
0 0 0 1.
[cos (0;;) —sin(6;3) 0 [l,cos (013)]
17 - [sin (612) cos(812) 0 Iysin(643) (7b)
0 0 1 0
0 0 0 11
[cos (A;3) —sin(6;3) 0 I3cos (0:3)]
27 - [ Sin (643) cos(6y3) O I3sin(0;3) (76)
0 0 1 0
0 0 0 11
r=0ririr (8)

P, =1, cos(011) + 1, cos(011 + 0;5) + I3 cos(011 + 015 + 013) )
OPy = ll Sin(@ll) + lz Sin(911 + 612) + l3 Sin(611 + 612 + 913)
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The answer to the inverse kinematic analysis
problem, which seeks an answer to the question of what
leg joint angles should be for a desired leg end point
position (°P, °P,) defined in the leg fixed axes set, is as
in equation 9. Here, an inverse kinematic analysis has
been carried out so that the last lims of legs can hold the
rails comfortably, so that the orientation of the last limb
oflegs always points towards the ground. For this reason,

3m . .
> value has been determined as a reference in the

calculation of 8,3. Calculation of all three joint angles of
the legs is obtained as in equation 10.

cos (013) = (B (P, + 13)2 - 1L,>)/20,1, (10a)
sin (613)= /(1 — (cos (613))%) (10b)
6,1 = atan2(P, + 13), P,) — atan2(ky, k) (10¢)

Here, k; = l; + I, cos (043) and k, = [, sin (6;3)

0,1, = atan2(sin(6,3),cos(6;3)) (10d)
3r
013 = TEE 011 — 012 (10e)

Here, the values for 8,4, 6,, and 6,5 calculated for the
left front leg, and these values are the same for the right
front leg. For the rear legs, the variables 6,,, 8,, and 6,5
are used, and in the calculation of these angles, since the
structures of all legs are the same, the same inverse
kinematic equations are used. However, in stage 2, the
calculation of the angles of the joints of the hind legs is
different with the calculation of the front legs. Because
during this movement, the kinematic chain of the front
legs and the rear legs are opposite [28]. In other words,
in both leg groups, the calculation is made with the base
axis set and the end axis set displaced.

The approach used to the walking strategy is
discussed in the next section.

3. Results

3.1.Motion planning

In this section, motion planning of the robot is
explained. The robot performs two basic movements on
the greenhouse roof. The first is its movement with
wheels on the iron bars while cleaning, which is
relatively simple. During this movement, the robot
moves forward or backward only along the iron bars
with the help of wheels sitting on iron bars. In the other
movement, the robot uses the legs it has to move to the
other column after cleaning the column it is in.

The second movement, which is relatively complex, is
planned in stages. It is desired that the orientation of the
robot body does not change during the movement,
because a simple but safe trajectory must be followed in
order not to damage the additional components mounted
on the robot for cleaning and to prevent the greenhouse
glass from being damaged. In the rest of the section, the
stages of movement planning for column change are
explained in more detail. First of all, the legs end waiting

idle in a predetermined position should be fixed to the
iron bars in order to carry the body during column
change. For this, as a first stage, the legs (front legs) in the
direction of the new column that the robot will pass
through must be fixed to the next iron bar in the direction
of movement. Also, at this stage, the other legs (rear legs)
should be fixed to the iron bars where the robot is located
in order to prepare the task of moving the robot body
from wheels to legs.

In the second stage, when the task of moving the robot
body passes to the legs, the legs must lift the robot body
without changing its orientation and move it to the next
column. In the final stage, the legs should return to their
original position so that they do not interfere with work
during the cleaning task. The kinematic equations of
these stages and the determined trajectories are given
below.

Stage 1

At this stage, the trajectory that the legs should follow
is determined as shown in the figure. Since the trajectory
definition is made according to the 0 axis set fixed to the
first joint of the legs, the inverse kinematic solutions
obtained in equation 10 is used at this stage. As stated in
the previous section, an inverse kinematic analysis has
been made so that the orientation of the last limb (I3) of
the leg along the trajectory is always pointing downward
so that the last limbs can be fixed to the bars. In Figure 7
the trajectories of the leg end points in the first and third
stages are given. Here, 0 is located at any point in the
trajectory of motion of the end point of the last limb of
the legs.

(0] | , . (dl/2)

hol2 1y y

o, [21/1_.x

Figure 7. Legs end point trajectory of the robot

This trajectory consists of the movement of the leg
joints in ny steps. The position of the leg end point for
each stage is calculated with equation 11. Where n, is
the number of steps (n=1.....n4). 6Px* and 6P; are
desired position of legs end points.

0p:(n) = °Pu(ng) — (n* (d — 1,/2)/ ng
(11)

O () = °P,(ng) — (n * hy,/2)/ ng
Here, after the robot legs complete their movement in
the y-axis, it starts its movement in the x-axis.

Stage 2

At this stage, the trajectory that the robot's body
should follow is shown as in Figure 8. The trajectory
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definition is made on the G axis set fixed to the body, so
that the spatial position of the robot body does not need
to be followed continuously. With this approach,
kinematic calculations can be made without the need to
know the spatial position of the robot during column
change and a general control approach can be obtained.
Here, the most important points are that the trajectory
that the trunk should follow must be defined on the G
axis set, the leg ends are fixed on the rails and the
orientation of the body along the trajectory is fixed.

With this approach, the question of how the leg joints
should change in order for the trunk to follow the desired
trajectory should be answered while the positions of the
leg end are fixed in space with respect to the G axis set.
For this, first the positions of the leg ends should be
determined according to the G axis set, then the inverse
kinematic calculations should be made by calculating the
positions in the G axis set moved to any point on the
trajectory.

r=dj2
6] 1)

The mathematical equivalents of these expressions
are given in equations 12-18. An example of the location
of the leg end points is shown for the left front leg (LF),
and a similar calculation is made for the other legs. With
Equation 12, the location of the leg end point with respect
to the G axis set is found.

Figure 8. Body trajectory of the robot

GTLF = GTHF « 9T (12)

éPx* and GP; are desired position of robot body along
the trajectory in Equation 13.

OP; = (d/2) * (1 = cos(n *pi/ng) (13a)
Gpy = (d/2) * sin(n * pi/ng) (13b)
Since there is no movement in z direction;
“pr=0 (13¢)
And the planar trajectory;

Tirans = [GPX* GP; GPZ*] (14)

Thus, homogeneous transformation matrix in constant
orientation is

G _ [1[3)(3] th;‘ans] (15)

O[1X3] 1

Since the body is rigid;
%TLF — ((fv’)TLF (16)

In Equations 17-18, the location of the leg end point
with respect to the G axis set is found.

OTLF = [gTLF]_l " [GTG]_l x GTLF (17)

Op:(n) = IT'F(1,4)
(18)
0pr(n) = ITHF(2,4)

Stage 3

At this stage, the inverse kinematic solutions obtained
in equation 10 is used again. Since there are similar
movements as in seen Figure 7, the approach in Stage 1
was followed in the action planning of this stage.

P;(m) = °Pe(ng) + (n* (d — 1,/2)/ ng
~ R (19)
Py(n) = °B,(ng) + (n* hy/2)/ g

3.2. Walking simulation of the robot

The robot has two different movements on the
greenhouse. One of these movements is carried out by
four wheels on the robot body, which are driven by
electric motors, on iron bars. This movement of the robot
on the iron bars is realized only with the back-and-forth
command given by the user. For this reason, this
movement has not been simulated. Moving to the next
column is a more important move. Which is the reason
for the robot proposed in this study. This movement
takes place with four legs. The results obtained from the
simulation of this four-legged robot are given in this
section. The physical properties of the robot used in the
simulation are given in Table 1. These values can be
changed for greenhouses with different dimensions.

Table 1. Cleaning robot specifications used in the
simulation

Dimensions [mm]
Parameter d hy by I l, I3 ng

Value 550 200 50 400 400 100 20

The walking motion that the robot performs with four
legs can be shown in three parts. When the robot moves
on the rails with wheels, the four legs of the robot are in
a position determined as the starting position as seen in
Figure 9. First, the robot is fixed in a certain orientation
of end limb on the iron bar in the next column by
extending its two legs in the direction it should go. In the
meantime, the two legs, which are opposite to the
direction of movement of the robot, are fixed with a
certain orientation to the iron bars on which the wheels
closest to it are located.
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Figure 9. Starting position limbs of robot legs
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Figure 10. Stages of legs in first motion

After that, the robot's body is ready to move to the
next column. The simulation images regarding this
movement are given in Figure 10 in several steps.

The second movement is to move the robot body. In
this walking movement, the two legs in the direction of
the robot body move both by lifting and pulling the body
of the robot, while the other two legs lift and push the
body. These two movements occur synchronously
without changing the angle of the robot body in any way.
In the simulation, a trajectory is determined such that the
robot body follows a half circle with a radius of 275 mm
as seen in Fig. 8. In this walking action, the symmetry of
the movement of the first two legs mentioned above is
carried out by the other two legs.

Kinematically, these two groups of legs can be

expressed as if the last limb and the first limb were
replaced. The representation of this walking motion in
eight states is given in Fig. 11 and Fig. 12.
The stages for this movement can be seen in Fig. 13. After
the three stages of the robot's walking take place, the
robot begins to move on the iron bars in the column it is
located, by means of wheels, in order to clean the glass in
the column where it is located.

4. Conclusion

In this study, a four-legged robot was designed and
simulated for cleaning glass on the roof of greenhouses.
The simulation study performed according to the
mathematical model obtained showed that this proposed
robot model can be used theoretically. This study, which
focuses on the movement of the robot walking on the iron
bars in order to pass to next column, also includes the
movement of the robot with its wheels on the iron bars.
However, since this movement is relatively simple and it
is foreseen that it will be performed with the user
command, it has not been emphasized much.

Four basic products have been found in the literature
on robots and mechanisms designed or produced for
glass cleaning. The first of these is the mechanisms that
work with the principle of elevator on the building
surface, developed for cleaning the glazed surfaces of
high-rise buildings and the glazed parts of the windows.

The second is four-legged robots that can walk on
vertical surfaces with the vacuum structure at their feet.
The movement of these robots takes place by moving
only one foot at each stage of walking. Using this walking
strategy, the robot can move on this vertical surface
without falling. Third, in which there is no walking
motion, a rail structure is placed on the roof of the
greenhouses, on which the washing mechanism can
move with its wheels. The washing mechanism moves
linearly on the rail on the roof of the greenhouse by
performing the washing process towards the other end
of the greenhouse. To clean the glass of another roof of
the same greenhouse or the glass of the roof of another
greenhouse, the rail structure and the washing
mechanism must be reinstalled. Or, for this task, as many
of these mechanisms as necessary should be installed for
each roof and each greenhouse. The last one is robots
developed for easier cleaning of dust on photovoltaic
panels in solar power plants. These robots perform the
cleaning task by moving on a fixed rail. Rail structure
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installation is required in order to be used in a different
solar power plant.

However, the robot proposed in this study can be
used to clean glass on the roof of the greenhouse without
any preliminary preparation. This robot can move
between the grids in parallel with the determined
walking strategy. For the cleaning task, by using the grids
as a rail structure, it can move from the beginning to the
end of the grid thanks to its wheels. The robot completes
its task with these two basic movements. It has been
designed with the motion strategy, which is a mixture of

' 1000
3000 2500 2000 1500
X (mm)

(3)

2000

1500
3
1000 £
s00 >
0
s000 2500 2000 1500 1000 - :
X (mm)

(4)

Figure 11. Walking states of robot for move body to
next column (a)

robots and mechanisms mentioned above, presented in
the literature. It has been seen by the carried-out design,
analysis and simulation that this robot can be used for
cleaning the glasses of greenhouse roofs.

This proposed robot can be improved by performing
both dynamic analysis and mechanical optimizations. In
addition, it can be understood that it can be a final
product by conducting tests in real environments with an
experimental study.

Y (mm)

Y (mm)

(8)

Figure 12. Walking states of robot for move body to next
column (b)
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Figure 13. Motion stages of legs in last motion to arrive
starting position
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