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Abstract

This article presents the design of a test bench focused on the control of the legs of a hexapod robot, which allows studying
the characteristics of the robot and obtaining some primary behaviors, whether mechanical, electrical or programming. In
this way, a test bench structure is proposed to validate the control, performance and identification systems according to the
efforts exerted by each of the components of the hexapod and also obtain a detailed view of their performance in structured
environments and unstructured in order to correct its possible limitations so that in its implementation it can have coherence
in response to the tasks that are posed. The results show the development of the test bench in which different types of legs
were implemented which were considered the study of the mathematical model of direct kinematics and the selection of
materials. For this reason, it is obtained that the best leg was the carbon fiber, since it has a very high safety coefficient,
and it is very difficult for a fracture to occur when implementing it in the prototype, it is also chosen for its weight in
comparison to other materials, since its characteristics have a lower structure density and high elasticity, it supports more
axial loads than the other legs, even when subjected to intensive work. Finally, it is validated that the robot's performance
in locomotion actions, basing this validation on the interpretation of the parameters captured by an optical sensor arranged
for this task that generates the monitoring of movements in a controlled environment free of obstacles.
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1. Introduction

Hexapod robots have a great advantage of movement in
irregular terrain because they have a great capacity for
adaptability, however these same conditions produce that the
efforts made by each component are different and that in
unforeseen situations failures that leave inactive or because
serious problems occur in the robot as J. Ruiz says, he also
comments that the legs in the animals fulfill functions of
stability and locomotion, which gives them great adaptability
in the environment [1]. For this reason, the need for the
implementation of a test system for the legs of a hexapod
robot is evidenced, with which the configuration of the most
appropriate legs can be identified when interacting with the
environment for which it was designed. According to O.
Ojeda Test benches are usually platforms specifically
designed for the experimentation of a project in development
[2]; These allow us to rigorously and repeatedly verify
essential characteristics of each project, which makes them
unique for a specific prototype. When making a hexapod
robot, it is important to take into account the design of the
legs, since they must be efficient for the task assigned to the
robot, since depending on the terrain they can improve or
decrease the performance of the prototype. Locomotion with
legs can be a problem of interest to robotics, since the robot
has to be statically and dynamically stable, the degree of
difficulty in getting a hexapod robot to walk depends on the
type of robot that is built. As he says in the article "Design
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and construction of a hexapod robot" there are several
projects of hexapod robots duly documented; However, some
publications stand out for offering solutions to the different
aspects that the problem of walking robots [3]. In addition, if
the robot is required to walk autonomously through rough
terrain overcoming obstacles that can unbalance it, it is
necessary to adapt it with different algorithms that calculate
and choose the best movement of the legs before the possible
solutions, or generate an algorithm that allows it to take the
most appropriate decision according to the dynamics of the
terrain [4]. The maneuverability must be very high when
making a hexapod robot, we must take into account the
possible obstacles to overcome, which often leads to a
compromise solution between size and ability to overcome
obstacles, in the grip of the ground. This makes it necessary
for the robot to have the necessary power so that the traction
system can have an adequate grip on the ground, stability is a
primary requirement, especially if one takes into account the
level differences in the terrain where the robots can get to
operate to perform the test bench it is necessary to have a
dynamic model of the robot. Which allows to evaluate the
behavior of the system and with the implementation of the
obtained equations, it can be done in a simulation software
not only for its physical behavior but also for the simulation
of the image processing required for this dynamic. In this
way, the article is divided as follows: first the selection of
materials that were taken into account to perform the tests will
be described, then the mathematical model of the hexapod
robot's leg is illustrated and finally the methodology that It
was developed for implementation. Finally, the results and
conclusions are raised.
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2. Materials Selection

For the design criterion, the dimensions of the leg were
selected, together with the choice of the parameter of values
of a maximum height that represents what will be in the robot
chassis. For a good selection of materials, you have to take
into account the elasticity theory and the break criteria in
addition to the Von Mises criterion as shown in the following
articles where the tension that is proportional to the distortion
energy in different materials [5] - [7] is analyzed. Specifically,
four different forms of legs have been designed and each of
them has been statically simulated using the finite element
method (FMA or MEF). Each leg has been simulated with
different materials: ABS plastic, Aluminum, Nylon and
Carbon fiber. From these simulations, the safety coefficients
of each leg in the most unfavorable situation have been
extracted, as can be seen in Figure 1, the different legs to be
studied are shown. Dynamic simulations have been
performed (with the leg in motion) in which it is checked in
which cases the most unfavorable situation that can fracture
the leg.

These materials have been chosen to rise due to their
mechanical properties. In the simulation, isotropic materials
have been considered, which refer to an elastic constant that
each of the physically measurable parameters characterizes
the elastic behavior of a deformable solid. Sometimes the
term elastic constant is also used to refer to the stiffness
coefficients of an elastic bar or plate [8] - [10]. You have to
Young's modulus, compressibility module and Poisson's
coefficient. To comply with the transverse elastic modulus
relationship, through equation 1.

_ E
T 2a+v)

(M

Where:
- Eis Young’s module
- G is the transverse elastic module
- Vs the poisson coefficient

Young's module and the transverse module of each chosen
material can be seen in Table 1.

Table 1. Selected design parameters

Materials E(Gpa) G (Gpa)
Nylon 2,9 1,1
ABS 2,3 0,8
Carbon fiber 70 31,8
PVC 2,4 4,1
Aluminum 69 25

However, the failure mechanisms depend on the
microscopic structure of the material and the shape of its
atomic bonds. To predict the failure of materials under static
loads (static load is considered to be one that does not vary in
magnitude or direction in time) and in order to perform the
design of the test bench well, several theories have been
developed for groups of materials, based on in experimental
observations as shown in table 2 [11] - [13].

Table 2. Fault theories
Ductile Material

Fragile Material
Theory of maximum
normal effort

Theory of maximum shear stress

Tresca Theory (MSS) Rankine theory (MNS)
Coulomb Mohr Fragil
Distortion energy theory theory (BCM)

Von Misses Theory (DE)
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Theory of internal friction (Coulomb) —
Mohr Ductil (IFT)

a) b)
©) d)

Fig 1. Leg designs with different materials, a) Aluminum, b) Nylon, c)
ABS and d) Carbon Fiber

At the time of testing the number one legs as shown in
Figure 1, it produces a failure when the absolute maximum
shear stress on the part is equal to or greater than the absolute
maximum shear stress of a specimen subjected to a stress test
at the time that fluence occurs, as shown in Figure 2.

In order to analyze the suitability of the leg shape in
certain areas, a test bench has been built with an elastic band
to simulate the legs in different areas such as: soil (soil), oil
and gravel as shown in the Figure 3. From the results obtained
for each type of terrain, and taking into account the frequency
parameters, the ideal leg for each type of terrain has been
chosen.
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Fig 2. Failure analysis of leg design 1.

Fig 3. Land types a) Earth, b)Oil and c)Gravel
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The finite element method (FEA), is a numerical method
for the solution of engineering problems, today commonly
used for the resolution of problems that involve a high degree
of complexity, of applied mathematics as well as the
mathematical mathematics, since the great Most of the
problems that arise in these areas commonly involve complex
geometries, undistributed loads and determination of material
properties, so it is generally not possible to obtain any
analytical solution directly from mathematical expressions [3]

- [6].

3. Mathematical model

The mathematical analysis begins with the kinematic and
dynamic model of the robot, in this article we present the
dynamic modeling for the implementation in the test bench;
More information on the kinematic model of different
hexapod robots [14] - [34] is found in the following citations,
which have as final formulas the matrix of transformation of
link i for i-1 by implementing Denavit Hartengberg
parameters.

cosf; —sinficosa; sinb;sina; Licosb;
Tt = sinf;  cosbycosa;  —cos6;sina;  Lising; ?)
0 sina; cosa; d;
0 0 0 1

The transformation matrix is calculated from the
following series of transformations, as shown in table 3.

Table 3. Product of calculated matrices
Parameters
Translation (d;) along the axis z;_;
Rotation (6;) around the axis z;_; | T§ox% = T§o%% x T{f,:': " x Tibia
Translation (L;) along the axis x;_;
Rotation («;) around the axis x;_;

Having the kinematics, the finite element method was
defined to perform the simulation of different leg
morphologies, and different materials, to subsequently apply
the criteria for material resistance failure (von Mises, Tresca)
[9] - [11] as shown in table 4, thus establishing a systematic
method for the selection of the optimum leg in a specific
terrain subject to certain loads.

Table 4. Design Factors where yp / N is the safety factor

Tresca Von misses Rankine

o, a
\/az+4rzs% \/02+3125%

9yp

+r2<—=
N

TR
SRS

A dynamic modeling has been obtained in which different
models have been established from greater to less complex.
In addition, the study of the contribution of each type of
internal effort of the leg (flexion, shear, normal) in total
deformation was implemented. These results have been
compared with the results obtained by FEA through statistical
analysis of non-linear regressions and by experimentation
with the test bench. Initially, the kinematics of an individual
leg will be considered considering that the other legs do not
influence its movement. Bearing in mind that sliding is not
considered either in the transverse or longitudinal direction.
This hypothesis, is valid in the ways of march like the
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alternate tripod that is in which this article is going to center.
The finite element method was used as shown in Figure 4.
You can see the module of the constant speed,
corresponding to the section of the link, in which the axis
point describes the joints. The mathematical model allows to
know the characteristics for each of the elements and for the

|
|
i

Nylon

i

Fig 4. Material Analysis
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Fig. 5. Vibration modes according to position

The inverted pendulum model (also called SLIP) was also
implemented to analyze the leg. The Slip model is
implemented for the analysis of the legs of animals such as
cockroaches, spiders, crabs, among others. This model is
shown in Figure 6.

Fig. 6. Kinematic model of the cockroach
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whole of everything, both for the individual leg. If the robot
moves all the legs at the same time and without offset the
dynamic model coincides with that of the individual leg, if the
mode of travel is the alternate tripod, it has been shown that
the discrete line is part of the curve described by the leg
individual, as shown in Figure 5.

Aluminum
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According to the image a spring mass system is obtained,
it is that x is the position, the current system has a mass with
only two forces in the vertical direction: the force exerted by
the spring and the force of the shock absorber. For small
displacements with respect to its natural length, the force
exerted by the spring on the mass is given by:

1.983e+003

9.955e+002

8.142e+000

F = —k(x—10) 3)
Figure 7 shows the plane in 2d which shows the theta

angle and its length against the length of the test bench.

DETALLE A I

ESCALA2:7

268

Fig 7. 2d plane corresponding to the analysis of the leg.
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Thus, Newton's equation for mass M is given by:

M = —k(x —10) — cx 4

After obtaining the mechanical model, the SLIP model
was implemented, it differs during the movement of the
support phase and flight phase as shown in Figure 6. For this,
the flight phase is taken into account: when considering all the
mass concentrated in One point, the equations of the flight
phase, in Cartesian coordinates, are as follows:

{5c'=0
=g

The body will follow a fixed point. Support phase: the teta
variable in the Cartesian coordinates x and y can be
considered as independent variables as shown in Figure 8.

Yhip

Fig. 8. Analysis of the support variables in each of the phases.

4. Methodology

In order to carry out experiments with different shapes and
materials of legs, a test bench has been built with the
characteristics of supporting the mechanisms of a hexapod leg
that has 3 degrees of freedom, this design consists of a
conveyor belt that contains several sensors and an aluminum
bracket where the hexapod leg will be installed. The design of
the test bench can be seen in Figure 9.

To simplify the experiments, the legs whose rotation axis
does not coincide with the center of it have been chosen, so
that they do not resemble both wheels, but legs. Therefore, leg
4 has been selected as shown in Figure 10 and the analysis has
been performed as shown in Table 5.

Fig. 9. Design of the test bench of one leg.

von Mises [N/m#2)
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Fig. 10. Analysis of a leg in carbon fiber

Table 5. Comparison of different types of legs according to load analysis

In accordance with the subjected loads

Model Posed Material Static analysis to which the leg works, a static analysis
study was carried out
It is concluded that the leg tends to
. fracture in the thin parts of the lower
1 Aluminum
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design since it is too weak to support the
weight of the hexapod.
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Nylon

Carbon fiber

).
I

When it comes to leaning, it tends to
fracture in the change of geometry due to
the concentration of efforts.

Due to the type of material and design,
this leg is fluctuated when supporting the
weight of the structure.

Due to its design and carbon fiber
material, the forces exerted are distributed
over the leg area and thus do not tend to
fracture.

5. Results

The analysis of loads in each of the materials by means of the
application of finite elements has allowed the determination
of the safety coefficients for four proposed legs, the carbon
fiber and the aluminum being the materials with the highest
safety coefficients in the set of the four legs. The construction
of a test bench has allowed to generate tests with the different
legs in variable terrain. In Figure 1, the aluminum number leg
is fractured in the lower part since the design is very weak and
thin to support the weight of the hexapod. The second leg of
nylon material tends to fracture in the support due to the
change in geometry due to the concentration of stresses. The
third leg in ABS is influenced at the moment of supporting
the weight of the structure. In this way, the best design is the
leg 4 in fiberglass material since when applying the loads of
the body weight all the forces are distributed over the area of
the leg and thus it does not have to generate any fracture.
However, the most unfavorable situation of the leg is the
change in the geometry of the support since being so thin and
not having the appropriate stress concentrator tends to
fracture. Finally, the graphs of different modes of movement
are obtained in the test bench of the final leg from the
displacement observing the frequency and the number of
series that executed the action. As seen in Figure 11.

As it can be seen, the different ranges are shown in the
graphs where the mechanism should not work since it
produces large deformations when entering resonance, this
type of vibrations should be avoided. As for the values of the
modes in the different positions, it is observed that there is a
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great similarity, this is because the vibration modes take into
account the properties of the material and the geometry not so
much of the position in which find. The deformations that the
structure undergoes in its most critical positions are small
enough to consider that there are errors in the positioning of
the end of the robot (maximum values of 0.025 mm have been
obtained). It is necessary to comment that, the possible slack
that the mechanism may have in its joints is not taken into
account, this slack may have a different behavior between the
actual mechanism and the results obtained. It has been
observed that the structure does not suffer buckling under the
same loading conditions with maximum travel values of
1.0055 mm.

FREQUENCY (Hz)
FREQUENCY (Hz)

§| FREQUENCY (H2)
H

§| FREQUENCY (H2)
H .

FREQUENCY (Hz)
FREQUENCY (H2)

Fig 11. Gait analysis of the hexapod robot’s leg
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