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ABSTRACT

Due to the advancement in robotics, the legged robots has become a major research area
in military and industrial because of its advance maneuverability and stability. The robots
which are built using the concepts from the mother nature has become the survivors in the
environment. The bio inspired robots are more stable and durable in rough terrains.

The following thesis is based on developing 2 DOF four legged robot and control its motion
using haptics. For the legged robots the most essential part is the gait. The gait allows the
robot to move through the environment without loosing its stability. The localization and
mapping are most important factors for mobile robots.

The leg configuration of the robot is based on the four bar linkage. The motion of the robot is
controlled using the two DC motors with control algorithms. An obstacle detection system is
implemented to avoid the obstacles using limit switches. The haptics controlling algorithm
is implemented with two load cells to control the motion of the robot with given force.

Keywords: Four-legged robot, Watt’s six bar mechanism, Four bar linkage, PID, Ve-
locity and Position control, Haptic Control
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CHAPTER 1

INTRODUCTION

The development of the robotics field has greatly influenced the industry as well as the day today life.
With the advancement in technology, the mobile robots have become a major role in the industry field.
Most of the mobile robots are autonomous and intelligent which can be able to make decisions and
control itself without any human interaction. These robots are capable of surviving in an unknown
environment by avoiding obstacles and path planning. For that the localization and navigation control
should be achieved by itself. Since the robot localization is very important, it has become a popular
research area. This thesis relates to development and control the position and the heading angle of a
four legged walking robot using localization and mapping.

1.1 Overview

In today’s world mobile robots are used for many applications; home applications, industrial and mil-
itary applications, search and rescue missions and space exploration. Therefore these robots should
be able to operate in different environments. Such as uneven surfaces, slippery and muddy surfaces.
To achieve these challenges the robot should be consisted with a competitive mobility mechanism.
The main two mechanisms are wheels and legs. The other mechanism is ”whegs” which is a hybrid
mechanism with the combination of wheels and legs (Ignell et al.,2012).

The easiest method to implement the mobility of a robot and the best way to maximize the energy
efficiency is the wheel. But there will be a tendency to fail this wheel mechanism in natural terrains.
Since the wheeled robot requires a continuous support surfaces, it would be unsuccessful in irregular
terrains. In other hand the legged locomotion achieves a excellent mobility in those natural terrains
since the discrete footholds are used (Tenreiro Machado & Silva,2006). Because of the consistence
of the multiple degree of freedom(dof) the legged robot could be able to obtain the movements with
a less effort when compare with the wheeled mechanism. The location of the center of gravity can
be changed in legged robots by moving the position of legs. It is a huge benefit for the stability of
the robot in terrains (Ignell et al.,2012). But there are some limitations and drawback in this legged
mechanism. this can be used for slow speed applications and the complex control algorithms are used
to control the legs (Tenreiro Machado & Silva,2006). Since the legs are multiple dof there should be
more than a single motor for single leg.

Navigation is the most important requirement for an autonomous mobile robot. For successful navi-
gation of a robot there are four strong factors; perception, the ability to extract useful data form the
sensors; localization, the ability to determine the robot’s position in the current environment; cogni-
tion, able to decide the best way to achieve the goal; and motion control, should be able to control
motor outputs to get the desired trajectory. The localization is the most important factor. There
are two ways to obtain the localization; probabilistic localization and non-probabilistic localization
(Siegwart & Nourbakhsh,2004).
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1.2 Problem Statement

This project is mainly focused on developing a navigational robot with haptics to control its position
and the heading angle. Developing a leg based navigational robot would be an overpriced achieve
because of the leg configuration and complexity control algorithms. Since a single leg is consisted
with multiple degree of freedom, more than a single motor is required for a leg and it would be more
power consuming than wheeled robots.

1.3 Objectives

The primary objective is to develop a mechanism for the 2DOF four-legged robot. The robot should
be able to travel to the given point from the initial point. When the control system considered, the
task cannot be full-filled alone with the position controlling. There should be a position controller as
well as a velocity controller. The next major objective is to implement a mechanism to control the
robot with haptics and for the obstacle detection and avoiding.

1.4 Limitations and Scope

• The obstacle should be tall enough to detect from the sensors.

• The floor should be even and not inclined.

• The speed of the robot will be about 0.3m/s.

• Ability to localize the robot using encoder and compass data.

• Ability to detect and avoid obstacles.

• Ability to control with human interaction.

• Ability to navigate from a known point to given point.
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1.5 Thesis Outline

The outline of the rest of the report is mentioned as follows

In Chapter 2, the past research studies which is related to the walking mechanisms, localization
methods with encoder and IMU odometry and motor control algorithms are discussed.

In Chapter 3, the methodology of implementing the robot platform, the mechanical design, mathe-
matical modelling and the control algorithms are considered.

In Chapter 4, the experimental results from the implemented system are discussed.

Finally, in Chapter 5, the performance of the system from the results and the improvements to be done
are mentioned.
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CHAPTER 2

LITERATURE REVIEW

The main challenges that today’s mobile robots are facing are the locomotion and the navigation.
The locomotion is the way that the robot used to travel from one place to another. The navigation
of the robot is the ability to find its current position in the environment. The various approaches of
locomotion and navigation are discussed in this chapter.

2.1 Locomotion

Figure 2.1:: Classification of robot locomotion

The locomotion of mobile robots can be divided in to three basic categories with referred to the figure
2.1.

• Wheels and crawler tracks

• Legs

• Articulating body

2.1.1 Wheeled and Tracked Robots

The wheels and crawler tracks are limited with the point of view of terrain adaptability. But they
are very effective on even ground and simple and lightweight (Hirose,1991). In addition to that
we don’t need to think about the balance of a wheeled robot because all the wheels always contact
with ground at any time on even terrains. On uneven terrains, for the robots which consist with
more than two wheels can be established the ground contact using a suspension system (Siegwart &
Nourbakhsh,2004).
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2.1.1.1 Autonomous Tracked Mobile Robot

Figure 2.2:: Tracked mobile robot (An et al.,2016)

This tracked mobile robot consists with totally seven wheels and one drive wheel for each side as in
the Figure 2.2. It can be operated in unknown huge indoor and outdoor ares; large halls, buildings
and in urban districts. To operate autonomously some technologies have been used. The path of
the is computed using a path planner algorithm and the navigation system operates with the SLAM
algorithm. The whole system is controlled using a Ubuntu based Robot Operating System (ROS) (An
et al.,2016).

2.1.2 Legged Robots

The mechanism of legged robot has come from the nature. So they are biologically inspired robots.
The Figure 2.3 shows that there are various types of configurations of the leg for different species
in the nature. The leg configuration can be different from mammals to the reptiles and from reptiles
to the insects. The difference of configuration affects to their stability and the safety (Siegwart &
Nourbakhsh,2004).

Figure 2.3:: Leg configurations (Siegwart & Nourbakhsh,2004)

In generally, the minimum degree of freedom of a leg should be two since it should be capable of
moving the body forward or backward by lifting and swinging the leg backward or forward. But
the legs which are commonly found in the nature as well as in the robotics field are three degrees of
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freedom. The third dof gives the ability to obtain the complex maneuvers. There are two possible
types of three dof legs as in the Figure2.4.

Figure 2.4:: Types of three dof legs (Siegwart & Nourbakhsh,2004)

There are various types of legged robots are in the wold. Most of them are;

• Monopod robots

• Biped robots

• Quadruped robots

• Hexapod robots

But the most common configurations are biped, quadruped and hexapod robots.

2.1.2.1 Biped Robots

Biped robots are humanoid robots. Some of these humanoid robots are commercially available from
different manufactures. The ASIMO robot from Honda and QRIO robot from Sony Corporation are
among them.

6



Figure 2.5:: ASIMO humanoid robot (Sakagami et al.,2002)

ASIMO can be successfully operated in indoor environments. It is mainly used to assist the people
in their daily life. ASIMO uses auditory and vision system to navigate through the environment and
for the interaction. Since the control system of this robot is complicated two PCs are used for image
processing and for speech recognition and a processor is used to control the robot. Two cameras
are installed on the head to get a stereo vision. This can be operated in its best performances in the
environments like; offices, hospitals and museums. The height of the robot is about 120cm and the
weight is 50kg (Sakagami et al.,2002).

Figure 2.6:: QRIO humanoid robot (Ishida,2004)

The QRIO which is developed from Sony Corporation is used for entertainment purposes. It consists
with three dof legs using three servo actuators. It can be able to perform dynamic motions while
balancing its whole body. Stereo vision is implemented using two cameras which are place on the top
of the robot to avoid obstacles and observe the environment (Ishida,2004).
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2.1.2.2 Quadruped Robots

Quadruped robots are passively stable when they are standing still because of the four legs. The
challenge is the dynamic stability. Because the position of the center of gravity of the robot should be
changed during the walk (Siegwart & Nourbakhsh,2004). Most of the researches have been carried
out to design quadruped robots with different gaits.

StarlETH is a fully actuated quadruped robot which was designed recently. The each leg consists
with three DOF. The length of the body is about 0.5m and the total weight is about 23kg. The legs are
controlled using the position and torque control algorithms. Using the sensor data from a IMU and
the encoders which are placed in the joints of legs the system estimate the current state of the robot.
The system generates the walking patterns with the condition of the surface. The static walking for
rough terrains and it converts to dynamic gaits in even surfaces (Hutter et al.,2013).

Figure 2.7:: StarlETH robot

The gait is very important for multi-legged robots since the dynamic stability depends on the gait
type. For quadruped robots there are two possible gaits;

• Creep gait

• Trot gait

Creep gait is a static stable gait. Every time only one leg is lifted at a time and remaining three legs
are on the ground by maintaining the stability. The contact points of the legs which are on the ground,
form a triangle shape tripod and always keep the center of gravity of the body inside the triangle to
maintain the stability. As in the figure 2.8, first the left front(LF) leg is lifted, moved forward and
touched the ground. Then left rear(LR) leg leg is lifted, moved forward and touched the ground.
Likewise all the legs are moved sequentially.

The trot gait is different from the creep gait since the walking pattern is different. In this gait the two
diagonal legs are lifted while the remaining two diagonal legs are on the ground. This gait is quicker
than the previous gait because to increase the stability.
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Figure 2.8:: Creep gait (Hutter et al.,2013)

2.1.2.3 Hexapod Robots

The configuration of the hexapod robots has inherited from the insects in the nature.Insects are the
creatures which have the most successful locomotion in the world. Therefore they can be able to
travel through any kind of a terrain. The static stability of hexapod robots is higher than quadruped
robots since the number of the legs are high. Most of the of these robot’s legs are three DOF. But
the point of view capabilities of hexapod robot and the insects, there is a huge gap between them
(Siegwart & Nourbakhsh,2004).

There are many researches based on six-legged(hexapod) robots. The first one is six-legged SLAM
robot. The developed system was a six-legged robot which has the capability of navigating using
visual SLAM. The stereo vision is used for the visual SLAM. Each leg consists with three DOF
which is controlled with permanent magnet DC motors. The main difference of the robot is the
system is implemented on a GPU which enables the parallel processing (Xuehe et al.,2016).

Figure 2.9:: Visual SLAM robot (Xuehe et al.,2016)

The next literature based on a six legged robot in different terrains. Comparing with the wheel loco-
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motion or tracked locomotion the legged locomotion is broadly recognized as superior in its capability
to traverse irregular and difficult terrains with obstacles. The main drawback of legged robot is the
complexity of the control required to achieve an effective walking.

The robot is consisted with six legs and each leg has two degree of freedom which is powered by two
motors: alpha and beta motors. The alpha motor moves the leg around the vertical axis while the beta
motor moves the leg around the horizontal axis. Each motor is provided a forces sensor to measure
the current to each motor. The velocity or position sensors are not provided. The robot is equipped
with two whiskers sensors which is used to detect obstacles.

The controller of this robot is divided in to five main levels.

Figure 2.10:: Robot controller
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The balance layer is used to keep a correct body attitude when the legs are moved away from the stand
up position. This balance level is used to control the five different behaviors to control five different
aspects of the body’s attitude and stance.

Figure 2.11:: Five DOF of the robot (Celaya & Porta,1996)

These five balances allow to drive the body along five of its six dof. The sixth movement can be
introduced when the robot is in the stand-up position (Celaya & Porta,1996).

Figure 2.12:: Sixth DOF of the robot (Celaya & Porta,1996)

The next research is related to controlling multi-layer drives for walking robot which has six legs
with 18 DOF. There is one servo motor for each joint. The walking can be obtained by using the
movements of all six legs. Each leg is consisted with 3 DOF.
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Figure 2.13:: Leg configuration (Celaya & Porta,1996)

The robot legs are based on RRR kinematic scheme as in the Figure 2.13.

Figure 2.14:: Motor configuration (Belter et al.,2008)

A contact sensor is placed in each leg to check whether the leg contacts with the ground. This six
legged robot task control is based on positioning of each leg. The main objective is to move the robot
platform in 3D space using the combination of leg positioning over the time. Synchronization of
motors is important issue for efficient controlling of robot walking (Belter et al.,2008).

There are various types stable gait types for hexapod robots. Most of them are regular periodic
patterns; 3+3 tripod gait, 4+2 quadruped and 5+1 one by one gait.

In the tripod gait, three legs are on the ground to stable the body and push the body forward while the
other three legs are lifted and swung forward. The three legs are selected, two from one side and one
leg from the other side like a tripod (Ding et al.,2010).
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Figure 2.15:: 3+3 tripod gait (Ding et al.,2010)

The 4+2 quadruped gait operates with four legs which are on the ground support and push the body
forward while the other two legs are lifted and swing forward. The sequence is started by lifting the
front two legs and moving forward while the other four legs are on the floor and pushing the body
forward. Likewise it goes from front two legs to rear two legs (Ding et al.,2010).

2.2 Watt’s Six Bar Linkage

The Watt’s six bar linkage which is designed to simulate the walking patterns consists with two four
bar linkages. The shape of the generated path from this linkage depends on the lengths of each link.
The behaviour of the path or in the other hand coupler curve can be represented using a nonlinear
equation. To find each link lengths of this linkage, the coupler curve should be solved. The bottom
fragment of the coupler curve for representing the walking pattern should be a straight line according
the to Figure 2.16. (Mehdigholi & Akbarnejad,2008).

Figure 2.16:: Coupler curve for walking (Mehdigholi & Akbarnejad,2008)

Using the notation in the Figure 2.17, the coupler curve can be formulated as follows.

13



Figure 2.17:: Linkage notation (Mehdigholi & Akbarnejad,2008)

The implementation of the equation of the coupler curve can be started with introducing the vector
equation. Equation 2.1 and Equation 2.2 have been introduced by taking the two components through
out the x and y directions.

To optimize the motion of the leg by using Watt’s six bar mechanism, the researcher had used the
Genetic Algorithm.

x = p+
r sin θ√

p2 + r2 − 2pr cos θ

√
4a2 −

(
p2 + r2 − 2pr cos θ

)
(Equation 2.1)

y =
p− r cos θ√

p2 + r2 − 2pr cos θ

√
4a2 −

(
p2 + r2 − 2pr cos θ

)
(Equation 2.2)

Then the Equation 2.1 and Equation 2.2 can be redesigned as following Equation 2.3 and Equation
2.4.

x = p+
r sin θ

d

√
4a2 − d2 (Equation 2.3)

y =
|p− r cos θ|

d

√
4a2 − d2 (Equation 2.4)

And,

d =
√
p2 + r2 − 2pr cos θ (Equation 2.5)
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For the optimization of this linkage, the constrains should be taken into account. The Equation 2.6,
Equation 2.7 which are mention in the below will be explained the constrains of this linkage.

a, r, p > 0 (Equation 2.6)

4a2 − d2 > 0 (Equation 2.7)

Apart from above two, the two critical points of the coupler curve would occur when the x is at the
minimum and maximum points as in the Figure 2.18. When the end pointer of the linkage is moved
from the point x1 to x2 while the r is rotating counter-clockwise direction, y should be a constant.

Figure 2.18:: Critical points in the linkage

For the optimization procedure there should be a objective function to be optimized. In this scenario
the objective function is given by Equation 2.8 which is a function of a, r and p. The Table 2.1 shows
the initial and optimized values of a, r, p.

objfun(a, r, p) =

n∑
i=1

{(
y(a, r, p, xi)− y(a0, r0, p0, xi)

)2} (Equation 2.8)
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Table 2.1:: Optimized values (Mehdigholi & Akbarnejad,2008)

a r p

Initial Values 25 13 22

Optimized Values 25.5 11.63 20.46

2.3 Control Algorithms

In many motor control applications, the requirement is to control the position of the motor. But most
of the position controlling applications cannot be achieved along with a single position controller. The
velocity should be controlled. Motion profiles are used to control velocity during position control-
ling. This motion profile defines the variation of the velocity from starting point to end point. In this
corresponding paper, four methods of position controlling with velocity profile are discussed. The
PID controller has been used as the testing controller in the work study. Many characteristic com-
ponents can be controlled using the velocity profile; the travelling time, velocity, acceleration and
jerk. The common motion profile is the velocity profile which has a constant acceleration, constant
velocity and constant deceleration. The variation of other characteristics of the motion correspond to
the trapezoidal velocity profile is shown in following Figure 2.19.

Figure 2.19:: Motion profiles (Mälardalen,2009)
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Method 1: Time Based Velocity Control

In this method the motion of the motor is controlled using a single PID velocity controller. The
velocity command varies through out the time such that it will follow the velocity profile. In this PID
controller the position of the motor depends on the integral of the velocity of the motor as shown in
the following equations. Using that the position can be controlled (Mälardalen,2009).

I =

∫
k[v∗(t)− v(t)]dt = k[p∗(t)− p(t)] (Equation 2.9)

S = p∗(t)− p(t) = I

k
(Equation 2.10)

Here the v∗ is the desired velocity and v is the measured velocity.

Method 2: Near End Position Velocity Control

In this method the deceleration section is split in to two cases. The first case is when the position is
far from the target position, the velocity characteristic equation of the velocity can be expressed as
follows. This method is also implemented using a single velocity controller (Mälardalen,2009).

v∗ =
√
2amax(S − Soff ) (Equation 2.11)

amax is the maximum acceleration, S is the remaining distance to the end position and Soff is the
offset distance.

When the position is reached to the destination the velocity will be changed to the following equation

v∗ = kSx (Equation 2.12)

k and x are constants which are based on the setting time and the continuity of the velocity .

Method 3: Incremental Position Control

This method is implemented on a position controller. Since the velocity profile is known, the desired
position at each sample time can be calculated. The control signal will be the difference between the
current position S(t) and the desired position at the next time step S∗(t+ 1) (Mälardalen,2009).
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Method 4: Cascade P-PI Controller

Instead of using a single controller, in this method a PI velocity controller and a P position controller
is considered. The position profile can be derived using the known velocity profile. The inner loop
is consisted with the velocity controller and the outer loop is consisted with the position error with a
gain controller. Using that both position and velocity can be controlled (Mälardalen,2009).
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CHAPTER 3

METHODOLOGY

This relevant chapter embosses the information on the procedure of implementing this research study
by giving a brief introduction of the system, implementation of the mechanical structure, the de-
signing of the electrical and electronic system, mathematical model derivation including forward and
inverse kinematics of the robot and last but not least the control system.

3.1 System Overview

This research study has been carried out to design and develop a four-legged robot platform and
control it’s motion by commanding a destination point or control the motion using haptics. The Figure
3.1 gives the basic idea of the overall system design. Encoders and an IMU sensor are used to control
the motion of the robot platform in terms of controlling the angle of the motors and the heading angle
of the robot platform. In addition to that, a simple obstacle avoiding algorithm is implemented with
limit switches. Two load cells are used to manipulate the robot with haptics control.

Figure 3.1:: Overview of the system design

3.2 Mechanical Design

In this section, the mechanical components and mechanisms are explicated in detail which were
used to develop the mechanical structure. In this mechanical structure of the robot, basically motors,
encoders, sprockets, chains, bearings, brackets, different types of links for legs, a spring loaded mech-
anism with limit switches for obstacle detection and a handle with two load cells to detect the given
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force for haptics control. The following Figure 3.2 elaborates how the all mechanical components are
assembled together to form the robot platform.

Figure 3.2:: Mechanical Structure

The mechanical design will be discussed under the subsections of legs configuration, obstacle avoid-
ing mechanism, haptics controlling mechanism and the final assembly..

3.2.1 The Leg

The leg is the most complex component in this mechanical structure. It was designed using the
Watt’s six bar mechanism which is a combination of two four bar linkages. As shown in the Figure
3.3, the leg is the combination of six different links. All of these link types were fabricated using
Aluminum (Aluminum 1100) 6mm thickness metal sheets. By combining all these six links the leg
can be implemented as in the Figure 3.4.
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Figure 3.3:: Types of links of the leg

The specification of these links are mentioned in the following Table 3.1.

Table 3.1:: Specification of the links

Link Number of nodes Length Thickness

R1L 2 4 cm 6mm

R2L 2 4cm 6cm

R3L 3 18.75cm 6mm

R4L 2 9.25cm 6mm

R5L 2 15.25cm 6mm

R6L 2 18.75cm 6mm
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Figure 3.4:: Assembly of the leg

Since all the links should be performed rotational motion around each other, all the joints must be
revolute joints. Mechanically the revolute joints can easily be obtained using bearings. For the leg
configuration, three types of bearings are used. Namely, KFL08 bearing, 626ZZ and 698ZZ bearing
which are shown in the Figure 3.5.

Figure 3.5:: Bearing types

But there will be a huge drawback when the ball bearing is played the role of the revolute joint. The
internal clearance of ball bearing would be a challenge to overcome for these types of applications.
Since there is a considerable amount of play due to the internal clearance of the bearing, the rotational
axis would be changed over the rotation.
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Figure 3.6:: Bearing clearance

According to the Figure 3.6, two types of bearing internal clearance are mentioned; radial clearance
and axial clearance. These clearances are occurred due to the ability of moving the two bearing rings
relative to each other to the direction of radial and axial. So using a single ball bearing for each
revolute joint cannot be performed a reliable revolute joint with a fixed rotational axis. On the other
hand, the links will not rotate in a fixed plane. The solution is to reduce this internal clearance by
using two bearings connected parallelly together which acts as a single revolute joint. By using this
method as in the Figure 3.7, the play around the rotational axis will be reduced up to some extent.

Figure 3.7:: Reduction of the play of the rotational axis of revolute joints
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A revolute joint of one link is connected to another link using a steel rod. But the rod will be easily
removed if it is not stayed steady with these two revolute joints. It can be achieved by using a circlip,
a custom made washer and a shaft with grooves likewise in the Figure 3.7. The Figure 3.8 and Figure
3.9 show the components and how it was attached together.

Figure 3.8:: Components

Figure 3.9:: Explode view of the assembly

There are standard sizes for circlips and for grooves on the shafts. In this research study 6mm and
8mm circlips were used for shafts which are 6mm and 8mm in diameter. The circlip groove dimen-
sions for 6mm and 8mm diameter shafts are represented in this following Figure 3.10 drawing.
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Figure 3.10:: Dimensions of grooves

3.2.1.1 Four Bar Linkage

The four bar linkage is a mechanism which can be implemented using four links and connected using
four revolute joints. One of the four links is a fixed link. The coupler link is the link which is not
connected to the fixed joint as in the Figure 3.11. The curve that trace from the end point of the
coupler link called the coupler curve. The shape of the coupler curve can be varied by changing the
lengths of the links as demonstrated in Figure 3.12 . Normally the lengths of these links are given as
ratios.

Figure 3.11:: Four bar linkage
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Figure 3.12:: Different types of coupler curves

For walking the foot should be followed a curve like as follows as in Figure 3.13. Designing the
coupler curve with the known lengths of link is more easier than computing the lengths of the links
using a known coupler curve since the curve is nonlinear and hard to solve.

Figure 3.13:: Desired curve

For that curve the required lengths of each link as follows;
r = 1
p = 1.875
a = b = c = 2.3125

The values of this lengths are unitless, it can be converted to a any unit and easily scaled with any
factor.
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3.2.2 The Robot Base

The robot platform is consisted with four mechanical legs. Those four legs are controlled with two
DC motors; two legs from same side are controlled with a single motor.The robot is following a gait
pattern such that one leg is lifted up at a time which is demonstrated in the Robot’s gait section. To
follow that walking pattern, the phase angle difference between two legs from same side should be
90◦ angle. A chain and three sprockets were used to combine the motor with two legs as in the Figure
3.14.

Figure 3.14:: Connection of two legs with the motor

On the robot base plate two DC motors with motor brackets, two encoders with brackets, eight KPL08
bearings with brackets, two chain sets, six sprockets and 12 v battery are placed. The base plate was
fabricated using Aluminum 6 mm thickness sheet by laser cutting and the U shape was formed by
bending. The dimensions of the base plate is shown in the Figure 3.15.
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Figure 3.15:: Base plate

The KPL08 bearing block was used to combine the sprockets with the kinks with the leg. The KPL08
bearing and the bracket are shown in the Figure 3.16 and Figure 3.17.

Figure 3.16:: KPL08 bearing
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Figure 3.17:: Bearing bracket

The bracket which was designed to hold the encoder is implemented as in Figure 3.18

Figure 3.18:: Encoder bracket
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3.2.3 Obstacle Detection mechanism

Obstacle detection and avoiding is very helpful to a mobile robot which is designed to walk through
in an unknown territory. There are various types of mechanisms which are used to detect obstacles.
And various types of sensors are also used for detection. In this research study the obstacle detection
algorithm was implemented with limit switches with a spring loaded mechanism as in the Figure 3.19.

Figure 3.19:: Obstacle detection mechanism

If the limit switch is triggered by hitting a obstacle, the signal will be sent to the controller. To get a
better response from obstacles, six limit switches are placed on the front and the rear buffers.
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3.2.4 Haptics Controlling Mechanism

The main objective of this study is to control the motion of the robot using haptics. In other words,
the system should be able to calculate the direction of the given force and should be moved to that
force applied direction. A rigid stick was designed to apply the force and it was attached on the robot
platform. This rigid stick is consisted with two load cells such a way that it can be able to determine
the magnitude and the direction of the force on the horizontal plane. The Figure 3.20 shows the rigid
aluminum stick with two load cells.

Figure 3.20:: Designed rigid stick to apply force
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3.2.5 Final Assembly

By combining all the mechanical components together the final mechanical assembly of the robot as
in the Figure 3.21. Most of the mechanical parts were fabricated using aluminum and others are from
steel, stainless steel and acrylic. The total weight of the robot is about 24kg.

Figure 3.21:: Final assembly
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3.3 Mathematical model

3.3.1 Leg Configuration

The leg configuration is designed such a way that the four legs can be controlled using two DC
motors. Two legs from the same side are internally connected to a single motor. The leg component
is designed using Watt’s six bar mechanism with straight and parallel motion as below in Figure 3.22.
In this figure the motor is connected to the node 1 and the node 2 and node 6 rotate around the node
1. The node 7 is fixed but it can rotate around itself. Other node are free to move.

Figure 3.22:: The leg configuration

Though the leg configuration is Watt’s six bar it can be further simplified in to four bar linkage. For
this leg Watt’s six bar mechanism is built with the four bar linkage as in Figure 3.23. The desired path
of the leg is generated using the four bar linkage which gives the following coupler curve.
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Figure 3.23:: The desired path from the four bar linkage

The relationship between the position of the output link
(
x, y

)
and the angle of the motor θ can be

found as following Figure 3.24;

Figure 3.24:: Four bar linkage

−→
R1 +

−→
R2 +

−→
R3 +

−→
R4 = 0 (Equation 3.1)

a sin γ + r sin θ − a sinα = 0 (Equation 3.2)
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r cos θ + a cos γ − a cosα− p = 0 (Equation 3.3)

By combining Equation 3.2 and Equation 3.3

r2 + p2 + 2ar sin θ sin γ + 2ar cos θ cos γ − 2r cos θ − 2a cos γ = 0 (Equation 3.4)

x = r cos θ + 2a cos γ (Equation 3.5)

y = r sin θ + 2a sin γ (Equation 3.6)

Substituting from Equation 3.4 to Equation 3.5 and Equation 3.6

x = p+
r sin θ√

p2 + r2 − 2pr cos θ

√
4a2 −

(
p2 + r2 − 2pr cos θ

)
(Equation 3.7)

y =
p− r cos θ√

p2 + r2 − 2pr cos θ

√
4a2 −

(
p2 + r2 − 2pr cos θ

)
(Equation 3.8)

Finally, the coupler curve equation for x direction and y can be derived as in the Equation 3.7 and
Equation 3.8.

After the four bar linkage obtains the desired path, the remaining two links transfer the same path
which generated previously to the end point of the foot as in the Figure 3.25. But in the 3D space the
x and y axes from Figure 3.24 will be changed to y and z axes in 3.25.

Although the configuration of the four legs are same, they are connected such a way that rear two legs
have the mirror image of the front two legs. But the path that these legs follow is same. The position
of the leg along x and y direction with the change of the angle of the input link θ can be expected
as follows using Equation 3.7 and Equation 3.8. Since the front legs are the mirror image of the rear
legs above equations are valid for rear legs. Figure 3.26 shows the configuration of the four legs.
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Figure 3.25:: Path of the leg

The position of the front legs
(
y, z

)
can be defined as in following Equation 3.9 and Equation 3.10;

y = p+
r sin

(
θ + 180o

)√
p2 + r2 − 2pr cos

(
θ + 180o

)√4a2 −
(
p2 + r2 − 2pr cos

(
θ + 180o

))
(Equation 3.9)

z =
p− r cos

(
θ + 180o

)√
p2 + r2 − 2pr cos

(
θ + 180o

)√4a2 −
(
p2 + r2 − 2pr cos

(
θ + 180o

))
(Equation 3.10)

Likewise, the position of the rear legs
(
y, z

)
can be defined as in following Equation 3.11 and

Equation 3.12;

y = p+
r sin θ√

p2 + r2 − 2pr cos θ

√
4a2 −

(
p2 + r2 − 2pr cos θ

)
(Equation 3.11)

z =
p− r cos θ√

p2 + r2 − 2pr cos θ

√
4a2 −

(
p2 + r2 − 2pr cos θ

)
(Equation 3.12)
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Figure 3.26:: Configuration of four legs

Figure 3.27:: The position of the rear legs with the input link angle θ

These two graphs represent the motion of the rear and front legs for a single motor revolution in the
Figure 3.27 and Figure 3.28.
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Figure 3.28:: The position of the front legs with the input link angle θ

3.3.2 Robot Configuration

The motion of the robot body can be represented by using forward and inverse kinematics. From
previous equations, the distances which each leg travels according to the input link angle θ are known.
Using that equations the motion of the robot can be represented as in the following Figure 3.29;

Figure 3.29:: The coordinate system of the robot

θm1 = Right motor angle , θm2 = Left motor angle

y1 = p+
r sin θm1√

p2 + r2 − 2pr cos θm1

√
4a2 −

(
p2 + r2 − 2pr cos θm1

)
(Equation 3.13)
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y2 = p+
r sin

(
θm1 +

3π
2

)√
p2 + r2 − 2pr cos

(
θm1 +

3π
2

)
√
4a2 −

(
p2 + r2 − 2pr cos

(
θm1 +

3π

2

))
(Equation 3.14)

y3 = p+
r sin

(
θm2 + π

)√
p2 + r2 − 2pr cos

(
θm2 + π

)√4a2 −
(
p2 + r2 − 2pr cos

(
θm2 + π

))
(Equation 3.15)

y4 = p+
r sin

(
θm2 +

π
2

)√
p2 + r2 − 2pr cos

(
θm2 +

π
2

)√4a2 −
(
p2 + r2 − 2pr cos

(
θm2 +

π

2

))
(Equation 3.16)

z1 =
p− r cos θm1√

p2 + r2 − 2pr cos θm1

√
4a2 −

(
p2 + r2 − 2pr cos θm1

)
(Equation 3.17)

z2 =
p− r cos

(
θm1 +

3π
2

)√
p2 + r2 − 2pr cos

(
θm1 +

3π
2

)
√
4a2 −

(
p2 + r2 − 2pr cos

(
θm1 +

3π

2

))
(Equation 3.18)

z3 =
p− r cos

(
θm2 + π

)√
p2 + r2 − 2pr cos

(
θm2 + π

)√4a2 −
(
p2 + r2 − 2pr cos

(
θm2 + π

))
(Equation 3.19)

z4 =
p− r cos

(
θm2 +

π
2

)√
p2 + r2 − 2pr cos

(
θm2 +

π
2

)√4a2 −
(
p2 + r2 − 2pr cos

(
θm2 +

π

2

))
(Equation 3.20)

Conversion from leg coordinates to the robot coordinates;

y =
y1 + y2 + y3 + y4

4
(Equation 3.21)

Since the robot motion is along only x direction and it cannot move through omnidirectional

x = 0 (Equation 3.22)

z = 0 (Equation 3.23)
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Robot heading angle;

RH =
1

4

(−y1 − y2 + y3 + y4
w

)
(Equation 3.24)

By using the inverse kinematics the desired motor angle can be calculated for the given distance and
the robot heading angle φ. For that initially, the linear travelled distance and the heading angle can be
written as a function of motor angles as in Equation 3.25.[

y
φ

]
=

[
f1
(
θm1, θm2

)
f2
(
θm1, θm2

)] (Equation 3.25)

f1 =
y1 + y2 + y3 + y4

4
(Equation 3.26)

f2 =
1

4

(−y1 − y2 + y3 + y4
w

)
(Equation 3.27)

[
dy

dφ

]
=

[ ∂f1
∂θm1

∂f1
∂θm2

∂f2
∂θm1

∂f2
∂θm2

] [
dθm1

dθm2

]
(Equation 3.28)

X = Jθm (Equation 3.29)

The forward kinematics with Jacobian matrix can be derived as in the Equation 3.28. Since the
Jacobian matrix is a square matrix, the inverse of the Jacobian can be easily computed as in the
Equation 3.30;

[
dθm1

dθm2

]
=

[ ∂f1
∂θm1

∂f1
∂θm2

∂f2
∂θm1

∂f2
∂θm2

]−1 [
dy
dφ

]
(Equation 3.30)

θm = J−1X (Equation 3.31)
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3.3.3 Global Coordinate System

The global coordinate system can be represented using the robot’s coordinate system. Using this
representation the position of the robot can be visualized in the global coordinate system as in the
Figure 3.30. It can be used to convert given destination point in the global coordinate system to the
robot’s local coordinate system.

Figure 3.30:: The global coordinate system of the robot

From Equation 3.21;

r =
y1 + y2 + y3 + y4

4
(Equation 3.32)

xr = r cos θ (Equation 3.33)

yr = r sin θ (Equation 3.34)

Where the θ is;
θ = tan−1

( yr
xr

)
(Equation 3.35)

3.4 Robot’s Gait

There are two basic gaits for the four legged robot as mention in the literature review; Creep gait and
Trot gait. But the static stability of the creep gait is higher than trot gait since three legs are always
contacted the ground.

The walking sequence is started by lifting up the right front(RF) leg and move. In the mean time other
remaining legs push the body front. Likewise it goes from RF leg to right rear(RR) leg, left front(LF)
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leg and left rear(LR) as demonstrated in the Figure 3.31. One walking sequence is finished with a
single motor revolution. So each leg should be lifted up in a 90o angle difference as in the Table ??.
This sequence is valid for forward and backward motion of the robot.

Figure 3.31:: The gait

Table 3.2:: Input angle setup

Given input angle The angle with respect to θRF

θRR
π
2

θLF π

θLR
3π
2
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3.5 Electrical Design

In this specific section the electrical design and all the specification of electrical and electronic com-
ponents are discussed.

3.5.0.1 Controller

The brain of the system is the controller which can be able to acquire the data from all the sensors,
process the data with in built algorithms and control the motion of the system according to the pro-
cessed data from sensors. The controller should be powerful enough to control the system with the
multiple sensor data inputs. An Arduino Due was used to control this robot platform with the input
data from the encoders, IMU, load cell and limit switches. The major specifications of the controller
is discussed in the following Table 3.3.

Table 3.3:: Specification of the controller

Key Parameter Description

Processor AT91SAM3X8E ARM

Operating voltage 3.3 V

Clock speed 84 MHz

Input voltage 7 - 12 V

Flash memory 512 kB

SRAM 96 kB

Digital I/O pins 54

Digital interrupt pins 54
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3.5.1 Motor

The major issue of this research study was to choose the appropriate motors to control the motion
of the system with the total weight of 24 kg. The dimensions of the motor would be affected to the
dimensions of the robot platform and it is also indirectly connected to the weight of the robot. The
optimal solution is to find a motor which has a high torque with considerably low weight. In the other
hand the torque to weight ratio should be a high value. The motor which was selected to use in this
research study was Zhengke 12V DC motor. Two motors were used in this robot platform. Other
specifications are mention in the following Table 3.4.

Table 3.4:: Motor specification

Key Parameter Description

Input voltage 12 V

Dimensions φ45 × 145 mm

Gear ratio 40:1

Output power 18.2 W

Stall current 5700 mA

Stall torque 3.75 Nm

Speed (No load) 100 rpm
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3.5.2 Motor Driver

The selection of the motor driver should be a critical situation since the driver should fit perfectly to
the motor to acquire the full performance of the motor. The output response from the motor depends
on the motor driver. The motor driver which was used in this research is Cytron 10A DC motor driver.
Two motor drivers were used in this study. The key specifications of this motor driver are illustrated
in the following Table 3.5.

Table 3.5:: Specifications of the motor driver

Key Parameter Description

Supporting motor voltage 5V - 25V

Type Fully NMOS HBridge

Maximum continuous motor current 10A

Peak motor current (10 seconds) 30A

Maximum PWM frequency 20 kHz

Dimension 84.5mm x 62mm
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3.5.3 Encoder

The most important component in controlling system is the encoder. It can be used in application
to calculate the rotational angles, angular velocities and angular accelerations. The output from the
encoder is number of pulses from two or three channels. Omron encoders were used in this study.
The encoder specifications are mentioned in the following Table 3.6.

Table 3.6:: Encoder specifications

Key Parameter Description

Supporting motor voltage 5V - 24V

PPR 1000

Maximum response frequency 100kHz

Phases A, B, Z

Slewing speed 6000 r/min

Shaft loading 30N

3.5.4 IMU

IMU is basically used to get the orientation and the angular velocities with Gyro, Accelerometer and
other sensor modules. For this application the yaw angle of the robot in other words, the heading angle
of the robot should be monitored. For that BNO055 IMU sensor was used and the key parameters of
BNO055 sensor are arranged in the following Table 3.7.

46



Table 3.7:: Key parameters of IMU

Key Parameter Description

Operating voltage 3.3V - 5V

Communication method I2C

Embedded modules
Gyroscope, Accelerometer,

Magnetometer, Temperature sensor

Data updating frequency 100 Hz except for Magnetometer (20Hz)

Outputs

Eular and Quaterion angles,

Angular Accelerations and Velocities,

Magnetometer data and Temperature

Dimension ∼20mm × 26mm

Alone with the Magnetometer data the heading angle can be calculated theoretically. But in practi-
cally, the accuracy of the heading angle will be considerably low and at some instances the stability
will be low alone with Magnetometer. Solution is to get the heading angle form the sensor fused data
from Gyroscope, Accelerometer and Magnetometer. The BNO055 sensor is a smart sensor which
give processed data from all sensor modules embedded inside. All the sensor fusion algorithms are
implemented inside this sensor. For this application Euler angles are used to obtain the heading angle.

3.5.5 Load Cell

Load cell is basically used to measure a force or weight of a rigid body along its perpendicular
direction. For this regarding study strain gauge load cell is used to measure the force along two
perpendicular directions. Two load cells were applied to achieve this task. The key specifications of
the load cell is arranged in the Table 3.8.
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Table 3.8:: Key specifications of Load cell

Key Parameter Description

Operating voltage 5V - 10V

Capacity 5 kg

Accuracy class C2

Input resistance 1000 ± 15 Ω

Outputs resistance 1000 ± 10 Ω

Sensitivity 8.69 N/mV

Wiring
Red: Input(+), Black: Input(-),

Green:Output(+), White: Output(-)

3.5.6 Load Cell Amplifier

Although the operating voltage of the above load cell is 5V∼ 10V, the voltage difference of the strain
gauge on a given force varies in mV range. So this output voltage should be amplified. For amplifi-
cation of the output voltage, HX711 amplifier module was used. The parameters of the amplifier is
mentioned in the Table 3.9

Table 3.9:: Key parameters of HX711 module

Key Parameter Description

Operating voltage 2.7V - 5V

Operating current <1.5 mA

Data updating frequency 80 Hz

Output type Digital (2.7V - 5V)

3.5.7 Limit Switch and Power Modules

Limit switches were used to detect the obstacles by hitting the limit switch on the surface of the
obstacle. And it can be conducted the voltage up to 250V and the maximum current up to 15A. The
battery which is used to power up the whole system, provides 12V 12Ah supply. Since the 12V is
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enough to drive the motors, the motor drivers were connected to the battery directly. But for other
electronic modules the voltage should be stepped down.

For stepping down the voltage LM2596 step-down switching regulator is used. To power up the
Arduino micro controller 9V is used, for the encoders 5V is used and for the other sensors such as
load cell amplifier, IMU and limit switches 3.3V is used. Totally three LM2596 modules are used in
this system. And this module can be able to drive up to 3A current.

Since the operating voltage of the Arduino controller is 3.3V, all the digital input voltages for this
controller should be 3.3V. But for the encoders the minimum operating voltage is 5V. Therefore the
logic level of 5V from the encoder should be converted to 3.3V logic level. A bi-directional logic
level shifter was used to overcome this issue. This level shifter consists with a switching frequency
of 200MHz.

The whole electrical design of the system is represented in the following Figure 3.32.

Figure 3.32:: Electrical design
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3.6 Control Design

The control algorithms which were performed to control the motion of the system is discussed under
this section.

3.6.1 Motion Control

Controlling the motion of the system is based on the position commanding. So the main motion
controller would be position controller. But alone with a position controller the system cannot be
achieved above task by using a this type of platform. The velocity of the system should be controlled.
Therefore in the meantime the position as well as the velocity of the system, both should be controlled
to control the motion of the system.

3.6.1.1 PID Controller

Proportional Derivative Integral controller is simple but very powerful controller, when it comes to a
linear system. Basically this controller can be performed in linear single input single output (SISO)
continuous systems. In this controller there are three main gains; Kp, Ki and Kd which should be
tuned to control the system. The whole controller can be visualized from the following Equation 3.38.

e = Setpoint− ProcessV ariable (Equation 3.36)

ui = ui + ki × e× dt (Equation 3.37)

u = kp × e+ ui +
kd × (e− elast)

dt
(Equation 3.38)

u is the control variable which is the input signal to the motors.

Controlling the position as well as the velocity of the motors cannot be obtained by using a single
PID controller. There should be a dedicated controller for position controlling as well as for velocity
controlling. So these two controllers can be represented using two cascade PID controllers.

First of all, there should be a proper method to command the position and velocity inputs. The only
input to the system from the outside is the distance which the robot should travel from the current
position to the final position. The velocity command to the controller is calculated from the total
distance which the robot should travel using a predefined velocity profile. The velocity profile is
visualized in the Figure 3.33.

In the Figure 3.33, SP is position command which the robot should travel. The velocity profile is
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Figure 3.33:: Velocity profile

formed according to the SP . From the start, when the motor angle θ = 0 to θ = 0.8SP the angular
velocity of the motor ω will be the maximum angular velocity ωm, in this scenario ωm will be 30
rpm. After that from θ = 0.8SP to θ = SP the motor will be decelerated and when θ = SP the
angular velocity of the motor will be zero. If only a position controller is used to control the system,
the angular velocity of the motor would be at the maximum velocity which the motor can be achieved
and it is impossible to cut off the angular velocity from ωm.

Since the system knows the velocity profile, it can be able to give the velocity commands to the
velocity controller from the velocity profile at each time step. From the velocity profile the position
commands for the position controller can be calculate at each time step. The block diagram of the
motion controller is shown in the following Figure 3.34 .
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Figure 3.34:: Block diagram of the controller

3.6.2 Obstacle Detection

Six limit switches were used to detect the obstacles which were place on the front and rear buffer
as discussed in previous sections. In the obstacle detection algorithm, at the first the position of the
obstacle is located using the position of the triggered limit switch(s). The obstacle can be located
from limit switches whether its in front or behind the robot and left side or middle or right side of the
robot. After obstacle is detected the robot path will be changed as in the Figure 3.36. The turning
direction is decided using the location of the obstacle. The following flow chart in Figure 3.35 shows
how the obstacle avoiding algorithm works. The dx is the displacement from the current position to
the goal position along robot’s x axis.
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Figure 3.35:: Block diagram of obstacle avoiding algorithm

In the Figure 3.36 the orange colour path is the initial commanded path and the green colour path
is the path which is designed to avoid the obstacle. The lengths and the turning angles of the path
which is designed to avoid the obstacle is predefined and they are constants. The following figure
elaborates the path configuration when a obstacle appears in front left corner. Each linear length of
the trapezoidal path is 70cm and each turning angle is 45◦.
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Figure 3.36:: Obstacle avoiding path

3.6.3 Haptics Controlling

The basic idea of the motion controlling of the robot using haptics is the changing the of direction
of the robot with the given force on the load cells. Threshold value for this load cells are 3N . If
the given force is exceeded this threshold value, the system identifies as an external force. The force
is applied while it is moving forward. If a force is applied to the +x direction, the platform will
rotate clockwise until the force is removed. If the given force is along −x axis the heading of the
robot will be changed anti-clockwise. If the force is removed the heading of the robot comes to the
initial position. If the force is applied along y axis while it is moving to along the same direction, the
velocity of the robot will be increased. In the other hand if the force is applied along y axis while it
is moving in opposite direction, the robot will stop and move to forced applied direction.

Finally the complete control diagram of the system was implemented as in the following Figure 3.37
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Figure 3.37:: Control block diagram
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CHAPTER 4

RESULTS AND DISCUSSION

As in the previous chapter the information about implementing the mechanical components, electrical
design, electronic components and system controlling algorithms were discussed. In this current
chapter the results from the system which was implemented above chapter is discussed. Results from
the stress and strain analysis and the experimental results from system measurements are discussed.

4.1 Strain and Stress Analysis

A stress and strain analysis for the base plate of the robot had been done using Solid Works 2016
software. The parameters of the stress and strain analysis had been set by assuming the the points
that the legs are connected are fixed positions and the total weight of the components are placed on
the horizontal plate of the base. The results from the stress and strain analysis are visualized in the
Figure 4.1 and Figure 4.2.

Figure 4.1:: Results from Stress analysis
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Figure 4.2:: Results from Strain analysis

For this robot platform the strongest component should be the base plate since all the components are
assembled on this plate. By performing a stress and strain analysis, it can be assured that the selected
parameters of the plate is strong enough to hold the all components. The maximum deformation of
this plate is 4.33× 10−2mm from this simulation. So this deformation can be neglected.

4.2 Experimental Results

Experimental results can be performed by using different motion types. This section is categorized
under froward, backward, turning left and turning right motion. For these four motion, the experi-
ments were carried out individually and record the data to represent the behaviour and performance
of the system.

4.2.1 The Velocity Profile

As in the previous chapter, the motors are controlled using velocity and position controllers. The
velocity profile which is used to control the angular velocity of the motors. Normally the maximum
velocity that can be achieved is 30rpm. The plotted velocity profile which is implemented by the
system throughout the time is visualized in the Figure 4.3
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Figure 4.3:: Velocity profile of the motors

4.2.2 Forward Motion

The results representation of the forward motion experiment had been carried out under the position
and angular velocity of each motor, heading angle and the angular velocity along the rotational axis
of the system and last not least the linear velocity and the position of the system while the system is
going forward.

For this experiment the commanded position was 60cm from the initial position. After the position
was commanded the system calculates two motor angles to achieve this goal position. In this case
two motor angles were 792◦ each. The results from the rotated angles of two motors were shown in
the following Figure 4.4 and Figure 4.5.

Figure 4.4:: Left motor position for forward motion
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Figure 4.5:: Right motor position for forward motion

The experimental results of the angular velocities of each left and right motors can be represented as
in following Figure 4.6 and Figure 4.7. The maximum angular velocity for each motor had been set
as 30rpm.

Figure 4.6:: Left motor velocity for forward motion
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Figure 4.7:: Right motor velocity for forward motion

For the linear motion; forward and backward, theoretically the heading of the robot should not be
changed. But in practically the heading will be changed in linear motion because of the motion of the
legs. The change of the heading of the robot according to the IMU data in forward motion is shown
in the Figure 4.8.

Figure 4.8:: The heading of the robot in forward motion

Since the heading is changed with the forward motion the angular velocity of the robot along the
rotational axis was considered. According to the Figure 4.9, a nonzero angular velocity is represented
due to the change of the heading angle.

60



Figure 4.9:: The angular velocity of the heading in forward motion

Finally the linear velocity of the robot platform can be calculated using the forward kinematics since
the angular velocity of the motors are known. The following Figure 4.10 shows the behaviour of the
linear velocity of the platform. And the Figure4.10 shows the position of the robot platform with
respect to the time.

Figure 4.10:: The linear velocity of the robot in forward motion

The performance of the system in terms of motor position and velocities, heading angle and velocity
can be represented with the mean and the standard deviation as in the 4.1.
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Table 4.1:: Performance of the system in forward motion

Parameter Mean Standard Deviation

Left motor position (◦) 792.81 0.0752

Right motor position (◦) 792.72 0.0752

Left motor velocity (rpm) 38.242 6.321

Right motor velocity (rpm) 37.075 6.75

Robot heading (◦) -0.217 1.048

Heading velocity (rad/s) -0.029 4.833

4.2.3 Backward Motion

The experimental results for backward motion also had been carried out under the position and angu-
lar velocity representation of each motor, heading angle and angular velocity of the heading and the
linear velocities and the position of the system.

For the backward motion experiment, the commanded position is -60cm from the initial position.
Two motors were commanded −792◦ each. The results from the motor position with respect to time
can be represented in Figure 4.11 and 4.12.

Figure 4.11:: Left motor position for backward motion
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Figure 4.12:: Right motor position for backward motion

The results representation of the angular velocity of two motor in backward motion have been shown
in the Figure 4.13 and Figure 4.14. The maximum commanded velocity of each motor was −30rpm.

Figure 4.13:: Left motor velocity for backward motion
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Figure 4.14:: Right motor velocity for backward motion

For the linear backward motion the heading of the robot platform was concerned to analysis the
performance of the linear motion. The Figure 4.15 shows the robot’s heading in the backward linear
motion.

Figure 4.15:: The heading of the robot in backward motion

By considering the angular velocity of the robot along the yaw axis during the backward motion,
represents the following plotted graph in Figure 4.16.
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Figure 4.16:: The angular velocity of the heading in backward motion

At last the the performance of the whole system can be elaborated using position and linear velocity
of the robot platform. From the position data of the robot platform can be shown the performance of
achieving the goal position. The Figure 4.17 shows the variation of velocity of the system.

Figure 4.17:: The linear velocity of the robot in backward motion

The system performance can be represented in terms of mean and standard deviation of each matter
which was discussed above. The following 4.2 is represented the mean and standard deviation of
above data.
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Table 4.2:: Performance of the system in forward motion

Parameter Mean Standard Deviation

Left motor position (◦) -792.09 0.331

Right motor position (◦) -792.18 0.356

Left motor velocity (rpm) -36.92 6.243

Right motor velocity (rpm) -37.67 6.869

Robot heading (◦) -1.344 1.096

Heading velocity (rad/s) 0.096 3.346

4.2.4 Rotational Motion

For rotational motion, the rotation about 45◦ clockwise around the yaw axis was considered. The
yaw angle is measured using the IMU sensor. Theoretically, the rotation should be occurred around
the center axis of the robot. The results show the change of the heading, angular velocity and motor
velocities for each rotation.

For the clockwise rotation, the variation of the heading is shown in the Figure 4.18 when the 45◦ was
commanded.

Figure 4.18:: The heading of the robot for the 45◦ clockwise rotation

By acquiring the angular velocity data of rotational motion for 45◦ in clockwise direction along the
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yaw axis through out the time from the IMU and represented in a form of a graph in following Figure
4.19.

Figure 4.19:: The angular velocity of the heading for the 45◦ clockwise rotation

For this type of motion, the behaviour of the entire system had been performed with the change of the
robot heading and the angular velocity of the heading as in the above figures. The behaviour of the
motors can be observed in terms of angular velocities of the motors as in the following Figure 4.20
and Figure 4.21. The commanded maximum angular velocity of the left is 30rpm and for the right
motor is −30rpm

Figure 4.20:: The angular velocity of the left motor for the 45◦ clockwise rotation
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Figure 4.21:: The angular velocity of the right motor for the 45◦ clockwise

The total performances of the system can be observed by referring the mean and the standard deviation
of each observation as in the 4.3.

Table 4.3:: Performance of the system for 45◦ clockwise rotation

Parameter Mean Standard Deviation

Left motor velocity (rpm) 28.86 5.608

Right motor velocity (rpm) -25.314 4.679

Robot heading (◦) 44.998 0.0407

4.2.5 Series of Motion Commands

The last experiment had been carried out by giving a series of commands and the behavior of the
system was observed. For this experiment the system was commanded for moving forward 60cm and
turning left for 40◦ and then moving forward by 60cm. For the whole procedure the position of the
two motors are visualized in the Figure 4.22 and Figure 4.23. The commanded parameters of this
particular motion is listed in the following 4.4
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Table 4.4:: Particular command for each parameter

Parameter Command

Robot Platform
Move forward

60cm

Turn anti-clockwise

40◦

Move forward

60cm

Left motor position (◦) 792.75 72.9 865.38

Right motor position (◦) 792.66 1512.18 2304.39

Heading (◦) 0 40 40

Figure 4.22:: The position of the left motor for the given command series
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Figure 4.23:: The position the of right motor for the given command series

And the variation of the robot heading through out the command series can be represented as in the
Figure 4.24. The desired heading of the robot should be 0◦ to 40◦ from start position to end position.
But there are some deviations form the desired results.

Figure 4.24:: The heading of robot platform for the given command series

According to the above experimental results the give position command can be achieved by using this
robot platform. The performance of turning clockwise and anti-clockwise can also be archived but
the motion of rotation will not be smooth as wheeled robots by referring to angular velocity data of
the system. The heading of the platform should be remaining constant. But in real the situation the
heading will be changed ±2◦ by referring the heading data.
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CHAPTER 5

CONCLUSION AND RECOMMENDATION

5.1 Conclusion

The development of the technology has affected to every field including the robotics field. With
this development of the robotics field new robot platforms are designed and implemented. That is
the potential of the robotics. This field doesn’t have a future without innovative ideas. That’s the
reason why the most researches focus on implementing new robot platforms to survive in the natural
environment.

Most of the implemented robot’s locomotion are based on the natural environment. The science has
been proven that the locomotion of natural animals, birds and reptiles are the best locomotion types to
survive in the environment. These days the robots are manufactured to use in indoor as well as outdoor
environments. For the outdoor robots, the conventional wheeled platforms are not preferred. The legs
are the most stable locomotion type to travel through terrains. Though the leg robot platforms stable,
the complexity of the implementation of the platform will be higher than the conventional wheeled
platforms as well as the controlling algorithms are also complex.

This research study is carried out to implement a legged robot platform with minimum degree of
freedom; 2 DoF with two DC motors. The leg configuration is based on four bar linkage as mentioned
in previous chapters. The inverse and forward kinematics are implemented to identify the relationship
in between the motor positions with the system positions. The PID controller is used to control the
motion of the motors. Two separate PID controllers are implemented to control the position and
angular velocity of each two motors.

The performance of the controller has been tested in four different methods; forward motion, back-
ward motion, rotational motion and by giving a series of motion commands. As in the results, though
the position controller performs as expected, the experimental results from the velocity controller
fluctuates around the give velocity command. The reason is the load on the motor varies with the
rotational motion. In this walking mechanism, two placed can be considered; the lifting up and down
position of the leg. Between these two positions the load on the motor will vary.

The PID controller can be implemented and performed well in linear systems. But in these types of
systems, there may be some non-linearity components. By implementing a non-linear controller is
the best way to overcome this issue. The improvements to be done to this system is discussed in the
recommendation section.
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5.2 Recommendations

In the previous section the technical and mechanical challenges which were faced during the imple-
mentation of the robot have been mentioned. In the current section, the future improvements for these
issues will be discussed.

In the implementation of the robot platform the main issue was the internal clearance of the ball
bearings. Because of this clearance a considerable play occurred along the ration axis of the bearing.
By using high performance high grade bearings this issue can be overcome. And using an alloy which
is lighter and stronger than Aluminum the weight of the platform can be reduced.

By considering the sensors which are used in this system, a LiDAR scanner can be used to optimize
the obstacle avoiding mechanism rather than using limit switches. So the system has the ability to
avoid the obstacle without hitting. For the haptics control mechanism can be optimized by using high
accuracy load cell and the system can be developed such that the linear velocity of the system can be
changed with the applied amount of force.

At last not least, the control algorithm of the motors can be upgraded with a robust controller rather
than using PID controller due to the non-linearity of the system. The system performance will be
better than the current results.
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