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Abstract. In agriculture, one of the future solutions to eliminate the negative effect on the
environment of the classical machineries is to use mobile robots. Small groups of mobile
robots will interact with each other in order to inspect, to process or to harvest crops. These
robots will have to work in a changing environment, in terms of terrain or road surfaces, the
light of the ambient, animals, etc., aspects that will pose challenges for mobile robots. To
facilitate the use of robots in agriculture, they must have a simple construction, be
extremely reliable, flexible and, last but not least, cheap. These aspects have as effect new
challenges for robot manufacturers to find technical solutions to meet the mentioned
requirements. In this paper, a conceptual design and modeling of a mobile manipulator with
hybrid locomotion, which may be used in agriculture for applications, such as tilling,
seeding, weeding, etc, will be discussed.
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1. Introduction

One of the future solutions to eliminate the negative effect on the environment of
classic agricultural machines is the use of mobile robots in agriculture. These
robots will have to operate in a constantly changing environment (terrain, roads,
ambient lighting, biological objects, etc.). To enable robotics to enter the
agricultural sector, the robots must have a simple construction, be highly reliable,
flexible and, last but not least, cheap.

Despite the advantages (among them, minimizing pollution, maximizing
production, replacing human labor with robots, etc.), there are also significant
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challenges: the complexity of the agricultural environment (complex and variable
environments, diverse terrains, obstacles, fluctuating weather conditions); precise
navigation and localization (agricultural robots must move precisely in the field
and locate themselves correctly); delicate handling of crops (agricultural crops can
be delicate and sensitive to improper handling); interaction with the natural
environment (agricultural robots must interact effectively and safely with the
natural environment, including plants, soil and animals); costs and profitability
(implementing agricultural robots can be expensive).

The purpose of this paper is to present a laboratory concept for a mobile
manipulator with hybrid locomotion that could be, on a large scale, used for some
agricultural applications (plant inspection, weeding, their chemical treatment or
soil loosening, etc.).

The paper is organized as follows: first some agricultural robots, by application
category, are presented; then the locomotion systems used for these robots are
discused; section 4 presents the design of a proposed agricultural robot with hybrid
locomotion and its mathematical modeling; conclusions are given in section 5.

2. Agricultural robots, by application category

According to a study done by Oliveira, L.F.P. et al., 2021 [1], most agricultural
robots are encountered in weeding or grape picking applications (Fig. 1).
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Fig. 1. Agricultural robot by application category [1].
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The different agricultural activities that can be performed by robots can be grouped
into the following application categories [1]: land preparation before planting (Fig.
2); sowing/planting (Fig. 3); plant treatment (Fig. 4); harvesting (Fig. 5);
production estimation and phenotyping (Fig. 6).
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Fig. 2. Examples of robots used in agriculture to prepare the land before planting [1]:
a) the César robot [2]; b) the Greenbot robot [3]; ¢) the AgBot robot [4].

(©
Fig. 3. Examples of robots used in agriculture for sowing and planting [1]:
a) the Lumai-5 robot [5]; b) the Di-Wheel robot [6]; ¢) Sowing robot 1 [7].

Fig. 4. Examples of robots used in agriculture for plant treatment [1]:
a) Oz [8]; b) Dino [9]; c) Ted [10]; d) VITIROBOT [11]; e) Tertill [12]; f) K-Weedbot [13].

(@ ~(b) | | ©
Fig. 5. Examples of robots used in agriculture for harvesting [1]:
a) Agrobot E-Series [14]; b) VVegebot [15]; ¢) Noroon [16].
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©
Fig. 6. Examples of robots used in agriculture for production estimation and phenotyping [1]: a)
Shrimp [17]; b) VINBOT [18]; ¢) VineRobot [19].
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3. Locomotion systems used for agricultural robots

The types of locomotion systems found in agricultural robots from the
documentation studied by the authors (Oliveira, L.F.P. et al., 2021) are summarized
in Fig. 7, where the notations are as following: 4WD — robots with 4 driven wheels;
4WS - robots with 4 driven and stearable wheels; UAV — unmanned flying robots;
2WD - robots with 2 driven wheels; 8WD — robots with 8 driven wheels; 3WD —
robots with 3 driven wheels. As can be seen, most mobile platforms with
agricultural applications are using wheeled locomotion, 4WD type.
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Fig. 7. Locomotion systems for robots used in agriculture [1].

However, wheeled systems are heavily affected by local terrain features such as
rocks and branches. In addition, the constant locomotion of these robots throughout
the farm results in a high rate of soil compaction. As for UAV systems, improving
their flight time can increase their use in agricultural environments. Another
alternative for locomotion in unstructured environments is the use of legged robots
(these robots have discontinuous contact, they can adjust your posture according to
the slope of the terrain, allowing them to navigate rough and hard-to-reach
environments). Although they reduce damage to the ground, the legs of
conventional walking robots have a small contact area, creating a large pressure on
the foot placement region. To prevent robot legs from digging into soft soils and
getting stuck, legged robots need to have specially designed foot-to-ground contact
areas to reduce pressure.
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An alternative to this solution is the use of mobile platforms with hybrid
locomotion (wheels and legs). The wheel increases the contact area and allows the
vehicle to move at a higher speed when the robot moves outside the work area, for
transfer from one greenhouse to another or from one agricultural field to another.

4. Proposed robot design
4.1. Robot specifications and requirements

The type of locomotion of the mobile platform will be chosen taking into account
the following criteria: the mobile platform should harm the environment as little as
possible; it should be able to move faster during the change of agricultural
land/greenhouse; the robot should allow omnidirectional movement; it must move
efficiently over terrain (wheels or tracks are less efficient than legs on soft or
vegetated terrain); the legs allow more precise positioning of the platform
compared to the wheels, sliding less. Based on the previous criteria, the mobile
platform will have hybrid locomotion (legs with wheels at their extremities). To
simplify the control, the manipulator will have a Cartesian coordinates structure.

4.2. Leg —wheel module design
4.1.1. Structural synthesis of the leg mechanism

The following can be used as starting points for the design of the leg mechanism:
the leg structure must be represented by a simple and reliable mechanism; low
energy consumption during the stationary mobile platform (while the manipulator
performs a certain operation); if possible, in this phase, some leg actuators should
not be actuated; the leg must have a minimum number of actuators; as far as
possible, the leg should be perpendicular to the ground surface. Among the
possible mechanisms, the following mechanisms can be considered: planar Scotch-
Yoke mechanism; planar cam mechanism. Both mechanisms could provide the
criteria mentioned above, but due to its simpler manufacturing solution, the first
mechanism will be adopted.

4.1.2. Leg mechanism kinematics

Typically, a full leg of a walking robot must have three degrees of freedom. For the
mobile platform that is to be designed, a leg mechanism with two degrees of
freedom is proposed (Fig. 8). Using only two actuators per leg, the trajectory of its
extremity in the support phase will be an arc (as consequence, the robot slides a
little while walking). But, the main advantage of this kinematics is a minimal
resisting torque on the motor in the B joint when the leg is on the ground. In order
to simplify the mathematical modeling, B, C and D joints will be eliminated, and

the rotational kinematic parameter of the B joint, &,, will be replaced by a



352 Doroftei I. and all / Design and kinematic modelling of a mobile manipulator-...

translational kinematic parameter, in the E joint (Fig. 8.c), parameter that satisfies
the relation:
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Fig. 8. Kinematics of the spatial leg mechanism: a) working space of the F leg tip; b) trajectory of the
leg tip during support phase [20]; c) simplified kinematics of the leg mechanism.

4.1.3. Kinematics of the leg — wheel module mechanism

Mobile robots working on natural terrain must have high maneuverability. Legged
vehicles have the ability to adapt better to unstructured terrain, while wheeled
platforms can move faster on flat surface. Based on these aspects, hybrid
locomotion mobile robots have been designed. One of the possible solutions for
such a robot is to use wheels at the end of the leg (Fig. 9). Using this leg solution,
the mobile robot can go over the obstacles in a farmland/greenhouse and move
faster when it changes farmland/greenhouse.

When the mobile platform moves as a legged vehicle, the wheel will not rotate /
steer. This wheel will become active when the mobile robot moves as a wheeled
one. To detect the contact with the ground, the F prismatic passive joint is used,
which allows the closing of an electrical contact between the links 4 and 5. When
this contact closes, the actuator of B joint will stop, stopping, in this way, lowering
that leg. This allows the robot to maintain its body in a horizontal position when
traveling over rough terrain. Returning to the initial position of the link 5 (opening
the electrical contact), when the leg rises or loses contact with the ground, is
ensured by the helical spring. To correct the lateral displacement of the robot body
due using only two actuators per each leg mechanism, when moving the mobile
robot using the legs (moving like a walking machine), the wheels at their extremity
will be used, in order to correct the trajectory of the I leg tip during the support
phase (dashed red line in Fig. 9.b).
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Fig. 9. Spatial mechanism of the leg-wheel module [20], [21]: a) leg-wheel mechanism in neutral

position; b) leg-wheel mechanism with the wheel oriented with g; =90°, to correct the trajectory of
leg tip I; c) simplified kinematics of the leg - wheel mechanism.

Under these conditions, when the mobile manipulator moves like a walking
machine, the legs can be considered as having three degrees of mobility (three
actuators). In Fig. 9.b, it is considered that the wheel 7 will touch the ground in the
Extreme Position Anterior (AEP) of the support phase, when @, =-0,,., and

leaves the ground in the Extreme Rear Position of the support phase, when
6, =6 max - TO correct the circular path colored in blue, the wheel will have to

rotate using a variable rotation angle, &;, which depends on the value of 4, :

180°
-l

O =——-(h+ly+15)-[1-COS(Or s — 1) ] @)

where: r, is the radius of the wheel; |;, |5, Isare the lengths of the link 1, 2 and 3.

It should be noted that the angular position parameters ¢, and &, are positive

when the leg rotates clockwise around the axis of the A joint, and negative when
the leg rotates counterclockwise. For the reasons mentioned above, the leg - wheel
mechanism with simplified kinematics, represented in Fig. 9.c, will be used for
mathematical modeling.
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4.3. Robot design and kinematics

Starting from the leg - wheel mechanism shown in Fig. 9 and the considerations
discussed earlier in this paragraph, the overall kinematics of a mobile manipulator
for agricultural applications was proposed (Fig. 10). As seen in this figure, a
Cartesian coordinate manipulator (Gantry type), the kinematic chain using the J-J',
K, L joints, is mounted on a hybrid locomotion mobile robot.

i

Fig. 10. Kinematics of the proposed mobile manripulator with hybrid locomotion [20], [21].

Due to the use of hybrid locomotion, this mobile manipulator is able to move faster
on flat terrain and to instantly change the direction, when acting as a wheeled
mobile platform (with 4 or 6 wheels on the ground), or to climb over obstacles and
to adapt on unstructured terrain when acting as a mobile platform with legs. The
legs also have the role of active suspension. For mathematical modeling, the
mobile platform with the simplified leg kinematics (shown in Fig. 9.c) will be used.
Based on the kinematics shown in Fig. 10, the 3D CAD model of the hybrid
locomotion mobile robot was designed, and a prototype was realized (Fig. 11).
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Fig. 11. Constructive solution of the mobile manipulator [20]: a) 3D CAD design; b) real prototype.

4.4, Possible scenarios of the wheeled locomotion

In its movement using the wheels, the mobile platform can describe a series of
trajectories, which will be described in the following.

We consider first the general case of moving the robot along a curved trajectory,
with Ry radius (Fig. 12). To avoid sliding, there must be an instantaneous center

of rotation, I, and the next condition must be respected:
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Fig. 12. Mobile robot moving on a curved trajectory with Ry radius.
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where: R; (i=1K 6) are the radii of the trajectories described by the six wheels;
v; denote the peripheral velocities of the wheels; vg is the speed of the robot
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geometrical center. The peripheral velocities of the wheels are calculated using the
relation:
Vi=w;-r, 1=1K6, 4

where the angular velocities of the six wheels were denoted by «;, and the radii of
the wheels by r,. Theoretically, all the six wheels have the same radius, r, =r.

Different values of the wheels radii can occur when the pressure in the tires is not
the same, or when the tires have different wear. In the mathematical modeling,
these aspects will be neglected. It follows that, for an imposed speed of the robot,
Vg, and a radius Ry of its path, the angular velocities of the wheels will be:

:VR'Rri '
Vi -Rg

(®)

If the angular velocities of the wheels are imposed, the linear velocity of the robot
will be

@; -1 -RR
VR=—"—, (6)
Rri
and its angular velocity can be determined with the relation
w; - 1;
Qp ==t (7)
Rri
The angle between two successive positions of the robot, for a time At, will be:
T
AO=Qp At=21T0 At (8)

ri
In order for the axes of the six wheels to meet at the same point (the instantaneous

center of rotation), it is necessary that the legs 1, 5, 2 and 6 are oriented with the
angles o =—a5 and a, =—qg in relation to the vertical axes passing through the

joint (see Fig. 9):

|ey| :arcsinK;JﬂaQ =arcsin(R;], 9)

Rii+h+l+ls 5 +h+l+ls5

L . L
=|ag|=arcsin
er—(|1+|3+|5)} < {Rr6—(|1+|3+|5)

where L is the longitudinal distance between two adjacent legs.

We now consider that the robot pivots around a vertical axis passing through its
geometric center (Fig. 13). In this case also there must be an instantaneous center
of rotation and the condition (9) must be satisfied. The following relationships are
valid for this type of robot movement:

|| = arcsin{

} . (10)
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Fig. 13. The wheeled platform pivoting around a vertical axis passing through its geometric center.
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QR = ! ! y (12)
Rri

Ri = Rr5 =R, = Rr6; Rr3 =Ry, (13)

. L
|e| =|ers| =|a| =| g | = arcsin oo (14)
n—(h+l3+l5)

We assume now that the robot moves along a straight path, in the direction of its
longitudinal axis (Fig. 14). All the wheels are, in this case, parallel, the orientation
angles of the legs or of the wheels having zero value.

s ==

Fig. 14. The wheeled platform moves along a straight path along its longitudinal axis.

The equations that can be written for this type of robot movement are as following:



358 Doroftei I. and all / Design and kinematic modelling of a mobile manipulator-...

Rp =Ryj =0} Qg =—%-=0, (15)

Rr
AXg =Vg -At=V,-At=a; -1; - At; 1=1K 6, (16)
A= -At="T At=0. (18)

rl
We will now assume that the robot still moves along a straight trajectory, but in a
direction different from its longitudinal axis (Fig. 15). In this case also all the
wheels are parallel, but their orientation angles are no longer zero. For the
orientation of the wheels (with the same angle) the driving motors of the G; joints

are used (see Fig. 9).
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Fig. 15. The wheeled mobile platform translates in a direction different from its longitudinal axis.

The equations (15) and (18) are still valid for this type of robot movement. Also
next equations can be written:

AXg =Vg -At-cosf=V; -At-cosf=a; -1;-At-cos f; i=1K 6, (19)

Ayg =Vg -At-sinf=v;-At-sinff=a, -1, -At-sin g3, i=1K 6, (20)

4.5. Kinematics of the walking platform

In this paragraph, the forward and inverse kinematics problems of the leg
mechanisms will be written, considering the mobile robot as a whole and the
manipulator mounted on its body (Fig. 10). Two different cases will be considered
for each leg. For the first case, we will consider that the body of the robot is fixed
and the leg tip is free (the case of the transfer phase), and for the second case, we
consider that the leg tip is fixed, and the movement will be performed by the body
of the robot (the case of the support phase). We consider now the mechanism of the
leg 1, for the situation in which the body of the robot is fixed (Fig. 16).

Solving the forward kinematics problem, we will get
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Fig. 16. The mechanism of the leg 1, mounted on the robot body, in case the robot body is fixed.
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where %x , vy, , %z are the coordinates of the I, leg tip according to the

origin Oy of the frame attached to the geometric center of the mobile robot body,
and the inverse kinematics problem leads to

—(ORZ|1 +I4+I6+r2)

I

L—ORXIl ORy,l—I/2

h+l+ls L +13+15

(22)

6, =atan2 and 6, =arccos
1
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We will now consider that the tip 1, of the leg 1 is fixed, and we will determine the
displacement of the Oy geometric center of the mobile robot according to 1, (the
case of the support phase), Fig. 17.

Elastic

spring\
AI{E\

]

24

Fig. 17. The kinematic chain of the leg 1 and the maniBuIator, for the case when the leg tip is fixed.
Solving the forward kinematics problem, we will get
hxg, ==1/2-cos) —L-sing —(h+l3+I5)
"yo, =1/2:sing, —L-cos6, , (32)
“2, =—(dg, +1s—Aly +lg 1) =—(Ip-CO80,, +1y—Aly +1g +1, )

where "xo , "y, , "z are the coordinates of the Op robot center according

to the I, leg tip, and the inverse kinematics problem leads to

6, = B +arccos LORZ , with g =atan2 2 L - (33)
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—('120R +I4—AI4+I6+r2)

I

6, =arccos (34)

Imposing the coordinates of the characteristic point P of the end manipulator
effector, according to the geometric center of the robot body,

ORXP :a+d9

Oy, =dg , (35)

o) _
Rzp =—lg—lg —ho—djg

the kinematic position parameters of the prismatic joints of this manipulator can
also be determined,

dSZORyP’ dgzoRXP—a, le :—(ORZP—IS—IQ—Ilo)- (36)

5. Conclusions

One of the posible future solutions to eliminate the negative effect on the
environment of the classical machineries is to use mobile robots for agricultural
applications. For doing that, small groups of mobile robots have to work together
and to interact with each other in order to inspect, to process or to harvest crops.
These robots will have to work in a changing environment, in terms of terrain or
road surfaces, the light of the ambient, animals, etc., aspects that will pose
challenges for mobile robots. To facilitate the use of robots in agriculture, they
must have a simple construction, be extremely reliable, flexible and, last but not
least, cheap. These aspects have as effect new challenges for robot manufacturers
to find technical solutions to meet the mentioned requirements. In this paper, a
conceptual design and modeling of a mobile manipulator with hybrid locomotion,
which may be used in agriculture for applications, such as tilling, seeding,
weeding, etc, has beeen discussed. First, the agricultural applications, with
examples, of mobile robots have been presented. Then, the locomotion systems
used for these robots have been discussed. Based on some defined specifications
and requirements, an agricultural robot with hybrid locomotion has been designed
and realized. Then, the mathematical modeling of the robot, for the case of moving
as a wheeled platform or as a walking machine was presented.
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