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Abstract

The legs movement of a walking robot has been widely studied to solve mobility problems on such robots. These studies mainly analyze the
movement performed by certain animals like mammals, insects, or reptiles, that later will be mimicked by mechanical systems. In the present
work, a kinematic analysis of a single leg of a hexapod robot is introduced and the trajectory generation is implemented. To evaluate the leg
movement performance, a simulator was developed in order to analyze the trajectory.
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1. Introduction

Walking robots have been studied in the last three decades in order to reproduce the natural abilities presented in some
animals and insects.

Nevertheless, locomotion, in these applications [1] is especially challenging in irregular terrains [2][3]. Legged locomotion
allows movement coordination of the mechanism to navigate safely across varied terrain [4]. In such cases it is intended that this
type of machines can be independent and autonomous, in other words, do not require human intervention or reduce some
restrictions [5].

The animals are naturally adapted to different types of surfaces and with the goal of developing a similar mechanism,
scientific communities have been inspired in some natural elements present in animals [6][7][8][9][10][11] trying to imitate to
some extent in mechanical design, control, navigation and so on [12].
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These investigations have generated interest about the use of legs or wheels for robot movement. The principal difference
between them is that the use of legs is better for motion and adaptation to irregular terrains than wheels which have a limited
movement in this type of environments [13][14]. Therefore, understanding of the behaviour of animal locomotion is of main
concern for the research community.

One of the main challenges in the development of robots is the locomotion system design, which involves the interaction of
structures composed of prismatic or rotational joints which emulates the motion functions existing in nature, allowing adapting
to uneven terrain [15]. It also needs to deal with problems like the mechanical complexity existing in legs, the mechanism
stability, power consumption, synchronization of the links in each of the robots joints and the control of number of degrees of
freedom that is requiring. In case of a quadruped robot with three degrees of freedom per leg it is required to synchronize twelve
degrees of freedom and for a hexapod robot eighteen angles in total.

The legs location regarding the displacement surface is important in the robot’s stability, the same way as the observation of
the center of gravity, owing to that if these do not have a proper synchronization and do not provide the necessary support to the
system base, it will lose balance and will fall or its movements will be inefficient causing perhaps a greater energy consumption
[16]. This synchronization will depend of the mobility control of the legs for its displacement, because if the robot moves within
the established limits, collisions between the links will be avoided and therefore the system will not be affected [17]. The length
and design of the legs is essential in robot locomotion, because the trajectory that is implemented in each of the articulation
depend on them.

If we have the trajectory that allows a smooth movement, we will not see the robot stability affected by a hard movement and
we can determine the progress of the movement in a given time. Also, if the robot moves within the established limits, the
collision risk is avoided and the system will be safe.

The old tradition to solve the problems mentioned above and to test the hypotheses, a prototype has been developed, with the
disadvantage of loss of time and resources. The currently progress in programming and graphical environments, allows the
development of tools such as simulators, which provide a validation of the physical system for trajectory selection to get a
successful behavior, as well as the control algorithms developed [18][19][20].

2. Leg configuration in walking robots.

Because a robot can have two, four, six or eight extremities, the classification of walking robots is carried out regarding its
legs number [21]. Another classification takes into account the arrangement or disposal or fixation points respect to the body, as
well as the orientation to the base.

The leg configuration is inspired primarily on animal gait, such as reptiles, which have legs and bodies planned to move over
swamps and muddy terrains [22]. In contrast, mammals have the body above the legs, less support in the base, lower power
consumption to support the body but need best stability than other types of animals [23].

The orientation of the legs respect to the body of the walking robot can be done with one of the three configurations: frontal,
sagittal and circular (Fig. 1), the first two are characteristic of some animals. In the frontal configuration the directions are
perpendicular to the advancement of the legs position, unlike the sagittal, which moves parallel to the robot legs, while in the
circular arrangement, where the legs are positioned radially to the body of the system allowing the mechanism to move in any
direction [24].
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Fig. 1. (a) Front disposal; (b) Sagittal disposal; (c) Circular disposal.

In each of one the above classifications different types of joins points with respect the body of the mechanism can be present:
some of these configurations are the mammalian, reptilian and arachnid type.

In the mammalian configuration (Fig. 2) the legs below the body and can position the knees in different positions, depending
on the application it requires.
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Fig. 2. (a) Knees outwards; (b) Knees with the same orientation; (c) Knees inwards.

The principal characteristic of the Reptilian type (Fig. 3(a)) is that the legs are placed on both ends of the protruding body
and knees to the side of the base. On the other hand in the spider-like configuration (Fig. 3 (b)), is characterized in which their
extremities are situated on both sides, sticking the knees at the top of the spider’s body [10].

Fig. 3. (a) Reptile configuration; (b) Spider configuration.

3. Leg characteristics.

The legs characteristics depend on of the factors related to the application in which the robot is required, the terrain form, the
legs work space, the required energy for the movement, the weight that can support, are to be valued in order to define the
physical design and end of these extremities.

In order to obtain maximum leg work space with a minimal structure, there are two types of geometrical arrangements that
are used for its design [25]. In this case, we consider three degrees of freedom, one for each foot and two types of geometry.

The configuration of type one (Fig. 4 (a)) is characterized by its first axis which is parallel to the vertical axis of the robot’s
body, while the second and third axis are parallel to the transverse plane of the base. This configuration has been used in
investigations such as the robot "LittleDog" [26].

In the type two configuration (Fig. 4 (b)) the second and third axes are parallel with each other and perpendicular to the first
axis of this configuration, an example is the robot Silo4 [27].

Fig. 4. (a) Geometric arrangement type one; (b) Geometric arrangement type two.

In order to have a minimal structure leverage, the work space and the momentum for the body movement is performed by one
leg, while the movements of other joints are shorts [28][29]. The used design is based on the geometric arrangement of type two
(Fig. 5), which has three degrees of freedom. The first angle 01 is rotated 180° about its axis, perpendicular to the axes of 62 and
03; the latter are rotated 90° and 180° respectively with their axes parallel to each other.
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Fig. 5. (a) Leg disposition; (b) Leg build in OpenGL.

Having established the leg geometrical parameters, the coordination of its three degrees of freedom (Fig. 5 (b)) is crucial to
generate locomotion. In such cases, it is needed to describe in mathematical form the relationship between the join variables,
position and orientation of the leg [30]. To determinate the kinematic in this case is a good solution because considering the
movement without regard of the functions that produce them, also involves the relationship between the joint variable space and
the workspace where the robot will move the leg of the hexapod robot.

In the particular case of the foot shown in Fig. 5(b), it will be described by defining four magnitudes that are associated with
each joint. One of the magnitudes is the joint variable and the remaining three parameters are fixed. These parameters will
define a Denavit-Hartenberg representation, which involves the link between rotation and translation of the adjacent links [25].
This representation implies a composite transformation by four elementary transformations, with which the general form for
each joint will be obtained (1).

cos 6, —sin 6, 0 a,,
Sy sing, cosear,, cos6 cosq,, —sing,, -—sing, d,
! sing, sing, , cos@sina,, —cosa,, cosq,d, (1)
0 0 0 1

Determining the transformation parameters of each link will serve to determine the composite transformation which relates
the link variables ql, q2 and q3. With these calculations, the position and Cartesian orientation (p) of the last joint (2) can be
estimated. The part that makes the contact with the floor is the last joint, where ¢ is a non lineal set of functions [30].

p=p(q)=TT.." ' T="T 2)

Based on it, the kinematics of the leg of a hexapod robot was determined, which has three rotational joints (Fig. 7(a)). Table 1
shows the Denavit-Hartenberg (D-H) parameters that describe the joins leg: length, (ai-1), degree of rotation (ai-1), in case of
the prismatic joins this variable is the displacement (ai), the angle (i) of each of this links of the robot.

Table 1. D-H parameters of the hexapod robot leg.

ioa, a, d; 0,
1Ll 0° o 0
2 2 18 o 0O,
3013 90° o 0

9

The transformation matrices of the three links can be described as:
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The result obtained from the transformation matrix is presented on equation (6), and it is used to determine the position from
the link that touches the ground to the robot’s body.

cosf, cos @, cos@; —sinf, sinb,sin6; 0 (L cosb,)+ (L, cos0, cosb,)

op _ sin @, sin#, sin@;) cosf, cos@,cos@;, 0 (L, sinb,)+(L,sind, sinb,) (6)
’ 0 0 1 0
0 0 0 1

The equation (6) is the direct kinematics of the robot, and it is used to determine the position and orientation of the fixing
point of the leg.

4. Path generation of the leg.

The leg’s movement is determined by two factors: the extremity workspace with its movement paths and the joint geometry.
The trajectory generation is based in the kinematics of the leg and can change depending on the terrain, or specific applications
[17]. The trajectory shape characterizes it, example of this are the parabolic trajectories and triangular trajectories (Fig. 6) [28].
A parabolic trajectory can be simulated as a parabolic shot and observe the X-Y projection [28].

Y

Fig. 6. (a) Parabolic path; (b) Triangular path.

Equation (7) describes a parabolic trajectory type and with this equation a starting position of the leg of the hexapod is
constructed.

6 =dy—Ay(cosé&—1)
0, =dp— AB(cos E—1) )
0, =dy—Ay(cosé—1)
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Where dy, df, dy is giving by the angles 01, 62, 03 respectively, the variable Ay defines the length of the step that has the leg
of hexapod robot and the variables AP, Ay, defines the height of the step. The fixing point presents a function in the time;
therefore another factor that is required is the mobility angle (&) for the robot [17].

The behavior of this triangular trajectory is described by the equation (8), where the constant k1 is the variable of slope at the
end of step [17].

6, =dy—Ay(cos& —1)
0, = df — AP(cos & — )et's ®)
0, =dy — Ay(cos & —1)e'
5. Simulator.
The tools obtained in the research fields such as programming and simulation provide a solid framework to validate and
corroborate physic systems, the stability degree in some mechanisms and reducing the construction of prototypes [31]. Based on

it, this work develops a model and simulation of a robotic leg. Fig. 7 illustrates the process and technologies implemented in a
leg model and simulation.

Geometric i Trajectory
- CAD DESIgn o m - m - m -

Fig. 7. Block diagram of the simulator design

Geometric configuration: A key feature in robot simulations is determining the accurate selection of link or joint to walk.
The configuration used in this robot is shown in Fig. 5(b). Then a mechanic design implemented in CAD tools will be done.

CAD Design: The 3D design software provides a straightforward and semiautomatic way to generate and ensemble
mechanic elements. It shall determine the movement range of each piece; moreover a complete preview of the full model would
be shown. Finally this tool can export the generated model to a wide range of platforms, in this work the authors choose the
extension .wrl to be integrated with OpenGL.

VRML 2.0: The VRML 2.0 of each mechanic piece contains a set of points that holds its geometric definition. The VRML
cannot be directly integrated in OpenGL, the VRML files must be processed by a C++ interpreter which transforms the code
into header C++ files or .h extension files, later on, the integration with OpenGL can be performed.

Open GL: The program, made in OpenGL, use the header files of each mechanic piece, for further works a hexapod robot
will be developed by instancing the pre-existed leg models. The developed application provides a user interaction interface by
using a keyboard which allows manipulating each angle independently.

The Fig. 7 shows the results of the kinematics and trajectory calculus solved in Matlab. Then, these results will be exported
and integrated into an OpenGL simulation.

6. Results.

Considering the equations previously presented, and considering & from 0 to m, the values of the variables that let us calculate
the trajectory and behavior of a single leg from a hexapod robot are described (9).

Ay =10 dy =345
ApB =15 dp=4 )
Ay=10 dy =310

In Fig. 8, the trajectory of the angle 01 is shown, which corresponds to the first link. It can be appreciated that the movement
that reaches is soft and without variations that affect the equilibrium of the robot.
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Fig. 8. (a) Angle 01 trajectory.

The plot in of the angle 02 in the first link and the angle 03 in the second link present a similar soft behavior that allows

stability in the trajectory (Fig. 9).

"Second Angle" "Third Angle"

. N . el ”\\

0 0.5 1 1.5 2 25 3 3.5 0] 0.5 1 15 2

Fig. 9. (a) Angle 02 trajectory; (b) Angle 03 trajectory.
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Figure 10 shows the result of implementing degrees 01, 62, 63 (Fig. 9, 10) of the leg respectively, for generating the same

path as well as the result of the implementation in a simulation carried out in OpenGL.

"3D Leg Trajectory”

Fig. 10. (a) Trajectory generation of a set 01, 62, 63. ; (b) Simulation based on OpenGL.
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7. Conclusions and future work.

The trajectory generation is a fundamental step in the kinematic and dynamic study of a hexapod robot, as well as the
development of the fix or free locomotion of the robot. Here, if there is an inadequate relationship of the angles 01, 62 and 03,
and considering the geometric arrangement of the legs, we could not achieve the correct system’s movement, and consequently
the robot stability could be affected, due to the fact that it doesn’t exist a relationship in the angles of the leg, because if every
angle have values which are not proper and performing the tripod movement, then the robot could fall down.

The leg simulation was developed in C++ with OpenGL libraries, and it is an approach of the trajectory movement of the
robot’s leg in a real mechanism. As a future work, a simulator of the whole hexapod robot will be developed, including some
algorithms that allow analyzing different stability parameters, locomotion, trajectory planning and some artificial intelligence
algorithms like neural networks for the development of movements similar to the animals.
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