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SUMMARY

The PhD thesis "Development of a legged robotic structure for even and uneven
environments" is the result of a sustained activity of study and research.

This paper deals with the locomotion problem of the legged robotic structures in even and
uneven environments. After a detailed research of the state of the art I have identified and
analyzed many robotic structures from this category. Some were the subject of previous
scientific research and others are available for purchase. Inspiration for all these structures is
clearly the biological world.

Chapter 1: Introduction

In the first chapter was identified as a major problem maintaining the stability of the legged
robotic structure during locomotion. For such a structure to be considered stable it is necessary
that the projection of the center of mass has to be inside the support polygon determined by the
leg tips on the ground at the time. The minimal shape of the support polygon that ensures the
stability of the robot is a triangle (isostatic equilibrium). Legged robots are more stable when
more legs are on the ground on a given time. An immediate effect is a decrease in speed.
Unlike structures with fewer legs, hexapod robots in some conditions remain stable even if the
locomotion stops accidentally.

Legged robots are used especially for uneven terrain. In these environments can be identified
4 fundamental types of obstacles: inclined plane, step, ditch and crest. A separate category of
obstacles is represented by stairs. The complexity of these obstacles in relation with the
fundamental ones is given by an increase number of parameters. The analysis of these types of
obstacles for a legged robot represents a step forward in their integration in service areas.
Locomotion on a stair is a current topic in today’s literature where are made efforts in
development of legged robotics under all aspects.

Also in the first chapter are presented the major advantages and disadvantages of legged
robots in relation with other classes of mobile robots (wheeled or tracks). In the same chapter
are defined the performance criteria imposed for the robot. The most important constraints
imposed to the robot are: maintaining the robot’s body parallel with the ground and maintaining
the maxim height of the robot’s body in relation with the ground or obstacle.

Chapter 2: Modeling of the robotic leg

The fundamental and crucial element for robot performance is the leg. The insect legs are
one of the most studied models for a robotic leg. In the second chapter are studied most of the
aspects of the robotic leg. The chosen model of the leg was a 3 DoF open kinematical chain and
were derived the kinematical (using Denavit — Hartenberg algorithm) and dynamic model
(using Euler — Lagrange method).

Although the servomotors used for joint actuation allow a rotation of 180 degrees the
domain was limited by the mechanical construction of the joint and by limiting the workspace
intersection of adjacent legs.

Chapter 3: Analysis of fundamental types of obstacles

One of the major advantages of the legged structures to those with wheels is in the case of
the locomotion over an uneven terrain, characterized by lack of continuous contact surfaces.
The variety of land surfaces that a legged robot can overcome is extremely vast, but the
obstacles on these surfaces can be classified in four main categories: inclined plane, step, crest
and ditch. In chapter 3, in addition to these four main categories were also introduced two types



of complex obstacles: straight stair and spiral stair, that are more difficult to overcome and
which are also the subject of this paper.

All these types of obstacles are analyzed in this chapter, are defined the specific parameters
and are evaluated their influences on locomotion strategies that were further elaborated.

Chapter 4: Graphical user interface for functional simulation of the hexapod robot

Mathematical modeling and computer aided simulations have become a common practice in
scientific research. These instruments allow the study of the evolution of real systems under
various conditions, also enabling the estimation of complex systems performances, for which
analytical solutions are hard to find. The fourth chapter presents a part of the Matlab
programming language which is used for graphical and behavioral simulation of the hexapod
robot. In this language has been implemented direct kinematic model, inverse kinematic model,
the dynamic model of the hexapod robot’s leg and workspace analyses of a leg. Also, in Matlab
was designed a simulation interface for the hexapod robot using the GUIDE editor. It was made
a detailed description of this editor and of the graphical elements used for creating the entire
simulation platform whose functionality is also described. This interface allows the simulation
of locomotion over obstacles using models which were previously built for the hexapod robot,
the stability analyses in case of failure occurred at leg level and also the robot’s stability
analysis during locomotion with different strategies. The communication between the software
platform and the experimental model of the hexapod robot is made trough the ArduinoMega
2560 development board with microcontroller Atmel — AVR.

Chapter 5: Hardware structure of the hexapod robot

Detailed analysis of graphical behavior simulations of the robot over the types of obstacles
outlined above had an important role in dimensioning the experimental model of the hexapod
robot which has been designed and built. In the fifth chapter are presented in detail the stages
covered and the problems encountered during the construction of this experimental model. A
starting point for the design and construction was the critical analysis of several legged robots
that were on market and we had access to. Of all the models considered only two structures
partially met the criteria of research in this paper. The two candidate commercial robotic
structures were BH3 and A-POD. In the end, the starting point for the design and construction
of a new hexapod robotic structure was the BH3 model, available in the laboratory where I
conducted research. Based on several elements of the BH3 structure there have been designed
first the CAD models of the robot’s feet and body. In the design process of the experimental
model of the hexapod robot were performed three successive versions using various solutions
and constructive materials. This chapter also describes the operation of electric servomotors
fitted to the 18 joints of the robot. Besides mechanical structure and operations, the hexapod
robot also has a leading system which consists of: Arduino Mega2560 development board
based on an Atmel — AVR microcontroller, the control board of the 18 servomotors (SSC-32)
also carried around an Atmel — AVR microcontroller, the power supply for all the servomotors,
a LCD display and six force sensors. In this chapter is also presented the Arduino IDE
programming environment used for programming the development board Arduino Mega2560.

Chapter 6: Control of the robot over the main types of obstacles. Experimental results

In the sixth chapter are described the control of the robot’s locomotion over the four main
types of obstacles and the details of experiments conducted both in graphical simulation as with
the built model of the hexapod robot. At the beginning of the chapter is approached the issue of
approximating the polygonal trajectories using arcs and splines. For the calculus of the points
of the imposed trajectory to a leg’s tip is used the interparc function, which can not be found in
the basic package Matlab, but can be obtained from the official website of the product. Next is
defined and detailed the architecture of the robot’s control system.



Next, it was tested and analyzed how the leg’s tip performs different specific locomotion
trajectories: linear trajectory, plane curvilinear trajectory and space curvilinear trajectory. This
was first tested in the created simulation environment, and later with real experiences of the
built model of the hexapod robot. Lower tracking errors were recorded for plane curvilinear
trajectory. Another analysis conducted on the robotic leg was testing its dynamic model using
SimMechanics, part of Matlab, to determine the forces and moments that the joints servomotors
must develop to preserve the robot stability on the trajectory.

Then was accomplished an analysis of hexapod robot stability under failure occurred in the
legs joints and for the horizontal stepping sequences. In the failure mode was observed the
robot’s behavior when one or more joints break or the command transmitted to them is not
properly performed for various reasons. In the second analysis case was observed how the
robot’s support polygon changes according to the chosen stepping sequence.

After that followed the development and implementation of the locomotion strategies for
each type of basic obstacles. The design of these locomotion strategies had as main constraints
the criteria initially imposed to the research, defined in the first chapter. The first studied
strategy was the locomotion on horizontal plane, the simplest case of robot motion. For the
inclined plane type of obstacle was followed the same strategy as for locomotion on horizontal
plane. The specific element of the designed algorithm is related to the calculus of Z coordinates
of all legs tips so that their position should be correct and should not affect the robot stability
during locomotion. It was then approached the step type obstacle, for which it was also
designed a proper locomotion strategy. Experiments performed with the real hexapod robot
revealed the need to introduce corrections that were not initially identified by performed
graphic simulations. They were mainly due to the function of the legs joints close to the limit
values and finally leading to adjusting the height of the step on which it can make physic
locomotion. For the crest type obstacle was considered the case when its width does not allow
simultaneous positioning of two adjacent pairs of legs. A key difficulty that has been solved is
the one where the legs positioned on the crest are about to step on the ground. For their
locomotion is necessary that the hip joints to be placed above or over the edge of the crest.

For the ditch obstacle type were evolved two locomotion strategies, according to its width.
The first strategy is similar to that on the horizontal plane locomotion and allows the passage of
a ditch of small width. The second strategy allows the robot to cross an almost double wide
ditch. An important note about this strategy is that in certain sequences the middle legs are
placed above the ditch, so there are no longer considered support points for the robot. It
becomes very important the order of the locomotion of the legs so that the robot does not lose
its stability.

Chapter 7: Robot control over complex types of obstacles. Experimental results

In chapter seven of this paper are examined two cases of particular obstacles, with greater
complexity: the straight stair and the spiral stair. The escalation of these obstacles requires
locomotion strategies that contain several stages for adjusting the position of the robot,
including cyclical correction of its height while preserving the body’s horizontality so that the
process could continue regardless of the number of stairs. Furthermore, for the spiral stair type
obstacle it was designed a cyclic shift orientation algorithm of the robot, without which the
climbing would be impossible. The shape of the spiral stair used to simulate locomotion was
obtained from helical curve.

Chapter 8: Conclusions and personal contribution

The last chapter is dedicated to conclusions, personal contribution brought by this paper in
author’s opinion. Also, in special section are advanced some ideas about future work starting
from the present results.



CONCLUSIONS

This paper is part of the development trends of legged mobile robotics. It has been insisted
on developing locomotion strategies and control algorithms for the built hexapod robot.

Chapters 4, 5, 6 and 7 are virtually the results of the efforts made by the author of this
thesis in recent years, with a high degree of originality.

Note that, following the implementation of all the algorithms in the robot’s control system
have appeared differences between the graphical simulation and the experiments with the real
robot. The explanations consist of constructive defects due to mechanical engineering, existing
motions in the kinematical chains, features of transmissions of the numerical controls supplied
by the robot’s control system to the joints and the limited power of the servomotors that were
used.

PERSONAL CONTRIBUTIONS

The main contributions brought by this paper in author opinion divided into chapters are:
o Chapter 2: Modeling of the robotic leg

o Development of the direct kinematical model for the chosen leg structure using
Denavit — Hartenberg algorithm.

o Development of the inverse kinematical model for the leg of the hexapod robot.

o Development of the dynamic model using Euler — Lagrange method

o Workspace analysis of the leg with highlighting its shape and its extreme points

o Chapter 3: Analysis of fundamental types of obstacles

o The study of the four main categories of obstacles (inclined plane, step, crest and
ditch), with highlighting the most important dimensional relations that will become
the bases for developing locomotion strategies.

o The study of particular types of obstacles (straight stair and spiral stair) for
determining the mathematical relations that quantify the locomotion process
specific for the hexapod robot

e Chapter 4: Graphical user interface for functional simulation of the hexapod robot

o A detailed analysis of GUIDE editor with pointing its principal functions and
predefined block that can be used for building a software interface for functional
simulation and control of the robot

o Designed of an interface for functional simulation and control of the robot leg

o Designed of an interface for functional simulation and control of the hexapod robot
for locomotion analysis over the four main types of obstacles (inclined plane, step,
crest and ditch) and also over particular types of obstacles (straight stair and spiral
stair)

o Implementation of the capability for offline testing (through simulation) and online
testing (using the real model) for the leg

e Chapter 5: Hardware structure of the hexapod robot

o Making of CAD model used for design and implementation of the hexapod robot
leg

o Successively more natural foot variants (using different materials and constructive
solutions), their testing and demonstration of specific limitations.

o Realization of several CAD models for hexapod robot body.

o The construction of several physical robot body variants, their testing,
demonstration of specific problems arising and their successive removal.

o Functional analysis, modeling and design graphics for the six leg tips, aiming to
maximize the surface area of contact with the ground in order to improve general
stability and control locomotion.



e Chapter 6: Control of the robot over the main types of obstacles. Experimental results
o Redesigning software server-client providing communication between the PC and
the experimental model of the robot.

o Design and construction of the robot system designed around the Arduino
Mega2560 development board and the control board 18 actuators SSC-32, both
controlled by Atmel AVR-microcontrollers.

o Leg tip control for trajectory tracking of a required linear form, flat and curved
curve in space.

o Development of the locomotion strategy for walking on a horizontal plane and the
associated necessary algorithms for the control system of the robot.

o Development of the locomotion strategy for all the 4 main categories of obstacles
(inclined plane, step, crest and ditch).

o Development of all the algorithms necessary for controlling the hexapod robot
during locomotion over the 4 main types of obstacles.

o Critical analysis of all the solutions obtained by graphical simulation and the results
of experiments carried out with the hexapod robot model over these obstacles.

e Chapter 7: Robot control over complex types of obstacles. Experimental results

o Development of locomotion strategies for overcoming complex obstacles like
straight stair and spiral stair.

o Development of all the algorithms necessary for controlling the hexapod robot for a
normal evolution in the case of these obstacles.

o Critical analysis of all the solutions obtained by graphical simulation and the results
of experiments carried out with the hexapod robot model over these obstacles

FUTURE WORK

In terms of further development opportunities are foreseeable at this time three directions:
e In terms of the experimental model of the hexapod robot would be useful to amend the
soles of the feet attached to design the robot so that stepping on the inclined plane tilted
to be right. This would improve the general stability in all control locomotion strategies.
e For more exact control of desired horizontality of the body, it would be useful to provide
the robot with sensors for the determination of its tilt (accelerometer, inclinometer, IMU-
Inertial Measurement Unit). Attaching a video camera and the development of a system
of management which would include recognition of facilities would permit identification
of the type of obstacle, its dimensions and the adoption of more complex control
locomotion strategies based on those developed thus far. Also, the attachment of sensors
for detection of unanticipated obstacles would increase intelligence level available to the
experimental model of the hexapod robot.
e In terms of graphical simulation interface is considering improving the algorithms
designed for all the obstacles presented, improving communication between the PC and
the experimental model of the robot with new functionalities, behavioral simulation in an
environment with traits and characteristics as real as possible.
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