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Abstract

The necessity to utilize the usage of the robot cannot be denied since there are a lot of natural
disasters occur around the world, the robot can reach places where humans cannot reach. Hexapod
robotic is one of the robots utilized in this case due to its balance and versatility at some stage in the
movement on any kind of floor. In this project the explanation of using software and hardware Arduino
microcontroller is used to control of such a hexapod. The output signal from Arduino for controlling
leg's joint angular position such as a pulse called Pulse Width Modulation (PWM). Also Arduino
programmed to create the sequence of motion for six legs. The second part of project is about
controlling hexapod to avoid hitches and tracking the wall by using PID controller. Tuning of the PID
processes based on Biogeography Based Optimization(BBO) need to keep the connection between PC
and hexapod, because the BBO was written by Matlab. The experimental results using BBO to
optimize the PID controller parameters of hexapod robot show the efficiency of this technique in the
adaptation of controller.

Keywords: Kinematics, PID controller, BBO algorithm, The wall tracking.
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1. Introduction

Robot field is a comparatively new area in modernism technology (Mark et.al.,
2004). The most suitable choice for the mobile Robots according to the terrain is
unsuitable and over highly fracture is legged robots(Uluc, 2002). The leg, which
consists of number of degrees of freedom, should be able to carry portion of weight of
the robot, and should be able of rising and dropping the robot(Roland and Illah,
2004). Definition of the hexapod robot has six legs with the mechanical structure
design, way of movement and the motion of the legs and walking of hexapod robot
inspired by insects and ants or other bugs(Ying et.al., 2012).

Movement with legs is a suitable state for motion on baggy-tough-irregular
lands. Control of the legged can supply effective orders, where used isolated footholds
in this robots which lacks in tracked and wheeled systems. The robot can be walked to
a required direction, for instance in forward direction, despite to the differences in the
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type of lands. The most beneficial of robot with legs is small harm or not effect to the
land. It contains complex concept for kinematics and dynamics of the leg and also
large number of actuators should control them to maintain the continuity and
coordination of movement; so, controlling of this kind of locomotion is very hard in
compare to another locomotion systems(Mustafa, 2006).

2. Modelling of Hexapod Robot

The movement of legged robot verities by means of verity of normal terrain and
it gives a set of hard troubles (leg position, hitches avoidance, division of the load and
balance) which must focus in the field of both in mechanical creation of motors and in
improvement of controller (Krzysztof et.al., 2008). Every leg in hexapod has three
successive parts. The first link coxa is attached to the frame, the second link femur is
attached to the coxa and the third link tibia is attached to the femur, every via a
servomotor moved the joint that is giving each leg three Degree Of Freedom(DOF).
Total degree of freedom for hexapod robot is 18-DOF as shown in figure(1).
Figure(2) shows legs number and joints tagging. Also joints rotation axis are shown
where joint2 and joint3 rotation axes are perpendicular to the screen (comes out of
screen). The green arrows indicate that coxa, femur and tibia rotate around their
respective rotation axes.

Leg6 Legl

Leg5 Log2

Leg4 Leg3

Joint3

Joint2 Jointl

Figure (2) Hexapod top view and rotation axes
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The center of hexapod is at (0, 0, h) where h is the perpendicular height of the
center of hexapod from the ground. These coordinates change during the robot
locomotion.The z-axis pointing up, the x-axis pointing right and the y-axis pointing
forward. Modelling of the hexapod which includes kinds, first is front kinematic and
second is opposite kinematic , beneath will talk in information for each kind of
kinematic:

2.1. Forward kinematics for One Leg of hexapod robot

The forward kinematics trouble explains the relation between the robot joints
and the location and direction for the end effector of the foot (Mohammad,
2013).There are three joints in each leg named according to site where symbolized by
(6, 65, 6,) rotational type as shown in figure(3). it should utilize "Denavit Hartenberg
convention"for one leg kinematics because hexapod consists of symmetrical body
with six similar feet (Umar, 2012).

Foothold

Z; Y,

Figure (3) Kinematic model of one leg

The lengths of the hexapod’s leg are: coxa link ( L.= 29mm) , femur link(L¢=
85mm) , tibia link (L; = 125 mm).

The main homogenous transformation matrix (A;)that relate link i-1 with link i
is given by Eq.(1) and it can be used to find the homogeneous transformation matrix
for each link. Parameters acquired through the application of the D-H procedure are
offered in Table (1) (Umar, 2012).

Where;
0; (Joint offset) is edge between X;_;and X; along Z;_,
a; (Link length) is distance between Z;_;and Z; along X;
d; (Link offset) is distance between X;_;and X; along Z;_,
oc;(Link twist) is edge between Z;_; and Z; along X;
i= number of links
Table (1) Denavit Hartenberg parameters of the robot hexapod

I o 0; a; d;
0 0 0 0 0
1 90 0, 1. 0
2 0 Or l¢ 0
3 0 0; l; 0
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cosB; —sinB;cos «; sinB;sin «; a;cos6;
A = sin®; cosBjcos ; —cos®;sin «; a;sin6; 1)
0 sin &; COS &; d;
0 0 0 1

The refer on of the matrix that represent the total transformation of the position
and orientation for the end of the foot expressed in base coordinates is shown in

Eq.(2).
TY = A2 X A§ x AL (2)
Considering Fig.(3) and by using Eq. (2) the coordinates of the leg tip are:

Y¢| = |sin 0, (L. + Lcos B¢, + L¢cos 6y) 3)

Xt] cos 0.(L. + Lycos O¢, + L¢cos 0¢)
Zy L¢sin O¢, ¢ + L¢sin B¢

For getting the location the end of the foot with respect to hexapod movement
centroid, it must be taken to consideration the body rotations in 3D-space. Body
rotations (Roll-Pitch-Yaw) shows by Eq. (4).

Roll = Sigma(o) = Bady Rotation about X — axis, Ry &
Yaw = Gamma(y) = Bady Rotation about Z — axis, R,
Pith = Phi(@) = Bady Rotation aboutY — axis,Ry g

Ft =Ry XRyg X Ry, (4)
Fty T,sin® + T, cos @ cosy — T, cos @ siny
Fty| = | Te(cososiny — cosysin@sino) + Ty(cosycosc + sinysin@sinc) — T, sin@sinc | (5)
[th Ty(sinysino — cosy cososin @) + Ty(cosysino + cososinysin@) + T, cos@ coso
2.2. Inverse kinematics

The opposite kinematics troubles are conversely the forward kinematics trouble,
which wills finding the joint variables values from a wanted location and direction for
the end effector of the foot [Mohammad, 2013].The total homogenous transformation
formula is needed for a leg in 3D-space given by Eq.(2) as in Eq.’s(6) & (7).
inv(A2) x TY = A x Al (6)
inv(A$) x inv(A2) x T = Al (7

1

1

1

r r 2 1 P,

Where; T =2 22 2.V

0 0 0 1
Solving (6) then Compare r5, values in both sides, you can find 6. angle as in
Eq. (8).
0. = tan™* (P, Py) (8)

Solving Eq.(7), you can find 6; angle as in Eg. (9) and also obtaining 6, angle as
in Eq. (10)(Umar, 2012).
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cos O = tan"1(P,, D) + ((\/DZ + P, — GZ),G> 9

2 2 2 2
Where; D = PycosB.—L.+P,sinf. and G= & +sz::: )
0, = tan‘l((PZ cos 0¢ — sin ¢ X D), (cos 6¢ X D—L¢ + P, sin ef)) (10)
3. Leg constraints

The size of the parts coxa, femur and tibia are not flexible for the hexapod.
Because of this each leg will not reach longer than these parts combined. Practically,
this will create a sphere with a certain radius around the coxa rotation center that is
accessible space for the leg for every height this means, there will be two circles
around the coxa rotation point representing the outer and inner bound for the legs to
be able to positioned in. Figure (4) refers to a graphical representation of the
constraints.So, a calculation of rl and r2 radius are needed to find the restricted
space While taking body-coxa joint angle (6.) as the border to draw circles.

Figure (4) Each leg has its owﬁ restricted space where it is allowed to move
in. Itis restricted by an inner (rl1) and outer (r2) boundary.

As is seen in figure (4), the areas of possible leg positions are overlapped. This
will introduce another problem because legs might bump into each other. A way of
reducing these risks the legs have an additional constraint by limit the body-coxa
angle to (6,=+12) (Dan and Sebastian, 2015).

4. PID Controller

More control algorithm that used to control the robot is a proportional-integral-
derivative (PID) controller, PID use three factors (Kp, Ki, Kd) to determine what
controller to do for the robot. PID controller is continuous time mathematically as
shown in Eq. (11) (Visioli, 2001):

t

de(t)

dt
0

In this paper, the distance from the side wall is controlled by using PID

controller. The error results from the different between desired and output signal
minimized or removed depends on the three parameters, as seen in figure (5).

u(®) = K, e(t) + K; f e(H)dt + Ky (11)
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Target Robot position

distance PID Motor motor —>
controller controller

Measured distance .
Ultrasonic

sensor

Figure (5) Close loop system of wall following

Figure (5) showed all system for the wall tracking hexapod. Desired distance is
input signal to the system. Two ultrasonic sensors (USs) is used in side of hexapod to
supply the feedback signal (measured value) by reading amount of distance from wall.
The error will be calculated and treated during limited maximum and minimum angle
of turning for body-coxa joint's motor in leg2 and leg5.

5. Biogeography Based Optimization(BBO)

Biogeography based optimization (BBO) is an evolutionary algorithm that
depended on the notion of biogeography of the isle and that explains the factors that
lead to the type's richness of secluded natural societies (Devin and Robert,
1999).Transmigration divided in two essentially processes immigration and
emigration. They are influenced by different factors for example the isle extent , the
remoteness between the isle and the neighbor and Habitat Suitability
Index (HSI).Where HSI includes different factors for example plants, rainfall,
weather etc. These factors favor the presence of types in a habitat. High HSI is
habitats contain many of types, so will be having few rate of immigration and rise rate
of emigration. Similarly, Low HSI is habitats contain little number of types. In BBO
used this concept for carrying out migration, where they begin to establish a great
number of nominee solutions to a particular problem. HSI associated with each
solution represent as a homeland and every solution or homeland is a set of Suitability
Index Variables (S1Vs). SIVs marked the appropriateness of the homeland to which it
belongs .when "HSI" is high the homeland represent as perfect solution and when HSI
is low the habitat represent as bad solution. Relationship of all concepts (number of
types, immigration rate and emigration rate) gives as a figure (6) (Arora et.al., 2012).

A
I < immigration
A
E oo mmmmeme s
emigration
2 u
: s
SO Smax
Figure (6) the relation for (number of types, immigration rate and emigration
rate)
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| : the max. immigration rate.
E : the max. emigration rate.
S, : the balance number of types
Smax : the max. number of types .
A Is the immigration rate and p is emigration rate. For the line migration rates
of figure (6), you can get Eq.’s as seen in (12)&(13).
i =ES/Smax (12)

r=1(1- j) (13)

In order to model the concepts of BBO in detail, The island contains S types.
The probability P varied from time t to (t + At) as shown in Eq. (14): (Arora et.al.,
2012)
l:)s (t + At) = Ps(t)(]- - )\sAt) + Ps—l(t))\s—lAt + l:’s+1(t) |J-s+1At (14)
6. hexapod robot Walk and wall tracking :

The method for walking and wall following of hexapod robot are explained in
this section :
6.1. Tripod gait analysis

To execute gait, each leg will have a stand phase and a swing phase. It must be
the work of the swing phase by the leg away from the earth and move forward then
come down to earth in the new site. The condition for a swing phase is that has a
beginning point and an ending point on the earth (See Figure (7) - A and C positions).
once you determine the end point in the program the robot leg will not guarantee
moving away from the earth, so the purpose was not achieved. Therefore they
developed intermediate point placed to solve this problem (See Figure (7) - B
position). It is better to make swing phase synchronously with the time of the stance
phase. The legs on group 2 in stance phase must stay on the ground by moved
backward respect to body-coxa joint and in turn, will push the body forward
(Shalutha, 2014).

1
: X
--------- R 2
) :
T
1
:
Y |
v

Figure (7) Positions of swing phase for one leg. Swing phase starts at A,

The intermediate position is B (off the ground) and ends at leg being landed at
position C.

Make hexapod robot walks entirely, every time you deal with three legs as
group when first group finished path(swing phase), exchanged to second group of legs
according to way of walking . The legs of hexapod are divided to: the first group
consisting of 2,4,6 legs, and second group consisting of 1,3,5 legs. To allow the
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hexapod to turn, by decreasing/increasing step length, one side will move

slower/faster and thus allow for turning.

For each of the joints in a leg there are four different state target positions which
make the hexapod walk forward. These positions are listed in table (2).

Table (2) Target joint angles for the leg

[72]

Phase Joint 1 Joint 2 Joint 3
Swing phase-START -12 -20 -20
Swing phase- END 12 -20 -20
Stance phase — START 12 -20 -20
Stance phase — END -12 -20 -20

6.2. Wall tracking for six-legged robot
The purpose of the robot controller is to maintain specific distance from the

wall. Here, the angle (8,.;;) between the robot orientation and the wall orientation is
calculated. Based on figure(8)(Paul et.al., 2011).
(15)

X = DFr — DBr
Owa = atan ((LFr+LBr)) (16)
This gives an angle which tells the hexapod robot which way it is moving, so:

Owan = eturning
The tracking error is calculated as:
e(t) =Yrer —y
Where; DFr: distance between right front sensor and wall

DBr: distance between right back sensor and wall
LFr: distance between center of right front sensor and center of robot
LBr: distance between center of right back sensor and center of robot
yref: distance between reference path and wall
y: distance between oscillation path and wall

(17)

1
2
1
N1 ¢ DiT
— | 1
Wall — S
distance 1
ultrasonic /
sensors \1‘
! I
/1
| X DBr
1
1
1
]

Figure (8) Connection between robot position and wall
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7. Experimental Results
7.1. Results of walking strategy

The first implemented controller was a hard-coded locomotion pattern that
allowed for walking straight. The result of the operation of the servomotor in body-
coxa joint experimentally illustrate in the drawing (9) for two cycles. The job of leg
explains as angular position ,start with body-coxa joint's motor for legs (1,3,5) is
moving by -12 to+12 degree from 90 (reference angle) to gives transfer phase for
jointlfrom 78 to 102 degree at rising time in figure and it is moving by +12 to -
12degree from 90(reference angle) to gives stance phase for jointlfrom 102 to 78
degree at dropping time. Vice versa for legs(2,4,6) because it depend on direction of
each motor to push robot toward forward direction.

Start: 00:00:00  E

Sekia ==
(Z00M ~10

UIEW ALL |
ZOOMED i

Figure (9) output signal for body-coxa joint's motor, sample time t= 8ms and
delay time T=100ms.

As soon as the groupl starts the swing phase, the group2 starts the stance phase
as shown in figure(10) for making robot more flexible and continuous during motion.
The time for one step of the hexapod robot equal to 4.6 sec. Also you can find the
maximum and the minimum speed of the hexapod as ds/dt that equal to 0.01 to 0.016
m/s, where s1=4.662 cm and $2=7.518 cm.

= Ar200m 18  far BY

Figure (10) output signals for two body-coxa joint's motors for groupl &group 2,
sample time t= 8ms and delay time T=100ms.
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The motor in femur-tibia joint is the same angular position of coxa-femur joint's
motor. Figure (11) shows the transfer phase and stance phase operation for joint 2 &3
with respect to joint 1.we can see the longest time for leg trajectory is equal tol6ms, it
is the best value for preventing overshoot ,so the leg moves smoothly.

Figure (11) output signals for body-coxa joint's motor at leg6 is B and coxa-
femur joint's motor at leg6 is A, sample time t= 8ms and delay time T=100ms

The complete forward tripod motion for hexapod shown in figure(12), it show
that each 3legs in group work together. The cycle begin with femur and tibia link up
then during delay time the coxa link start to operation then femur and tibia are go
down and return the coxa link to initial position at last. It represent theoretical of
motion for robot where the experimental results are identical to theoretical
programing

forward tripod motion 1 cycle

L s s B I ) O S I I B B B
femur2
tibia 2
"o B coxa 2
femur 4
== tibia 4
| 4
0 100 - coxa
Y femur 6
2
@ = tibia 6
-
coxa 6
% 0~ -
femur 1
E
o) tiia 1
§ coxa 1
80 B femur 3
= tibia 3
— c0Xa 3
70 4 femur 5
tibia 5
= coxa5
e e I o e e I

0 0.050.10.150.20.250.30.350.40.450.50.550.6 0.650.70.750.80.850.90.95 1 1.051.11.1561.21.251.31.351.41.451.51.551.61.651.71.751.81.851.91.95 2
time

Figure (12) Walk of hexapod
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The difference between turn (right or left) and forward motion in body-coxa
joint's motors direction only.

7.2. PID controller results

Experimentaly, in this project the limits of the value of X is considered from{-
3cm to 3cm} for finding the amount of 8yrming as output from PID controller .

If X=0 the hexapod moved forward where robot parallel to wall,when X>0 the
hexapod turn right by changes the angle of the body-coxa joint motor for leg 2. But
when X<0 the hexapod turn left by changes the angle of the body-coxa joint motor
for leg 5. The important conditions for moving hexapod forward are wall ultrasonic
sensors DFr&DBr > 30 cm or DFr&DBr < 40cm. The distance < 30cm is neglected
to cancel the effect of legs and also the distance > 40cm for removing another
objects effect. After several testes the best values for Kp, Ki, Kd by manual method is

shown in figure (13).

input signal
T T T M T T T T ! T T T

T T ’T

shape of path L

‘ —o X‘node

distance(cm)

\1/
sl 1 | 1 | | L 1 1 L 1

1 | | 1 | 1 1 1 1 1 1 | 1 1 1 1 >,
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

time(sec)

output S|gnal

time(sec.)
Figure (13) input and output signal to PID ,kp = 7, Ki=2,kd=1,time=30 sec
You can understand the results of manual way by grasping ideal values for the
amount of rotation angle for each value of X. If X=1to 1.9 cm takes the 6y,pning= 7
to 13 degree, for X=2 to 2.9 cm takes the 8;yning= 14 to 20 degree and for X=3 to
3.9 cm takes the 6,,ning= 21 t0 26 degree as a best value. The X values represented
by the input signal are offset by the 6,,ningVvalues in the output signal.the positive
part represents the right direction of the robot and the negative part represents the left
direction of the robot.The response and the accuracy of the robot are better and error

is less compared with other values of the PID parameters .This method is more
difficult, it needs more experimental test and changes parameters values.

theta turning(deg.)

s
T
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7.3. PID parameters result from BBO
The PID parameters are given from BBO algorithm ,when tuning Kp after 55
iteration the value is equal to7 , as shown in figure (14).

Kp

5
Iteration

Figure (14) BBO's performance in the proof of best Kp=7
And when tuning Ki, you can find after 46 iteration the value is equal tol.5 as
shown in figure (15).

30
Iteration

Figure (15) BBO's performance in the proof of best Ki= 1.5
Finally, when tuning Kd,you can find after 22 iteration the value is equal to 0.75
as shown in figure (16).

Kd

Iteration

Figure (16) BBO's performance in the proof of best Kd= 0.75
After used the results of BBO algorithm for tuning PID parameters you can find
the input and output signal in figure (17) .
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input signal
3 T N T T T AT [, AN SR N, AN T T T
/ \ al —o X node —— shap of path‘
/ \ /1 ‘ ‘ T
/| [ L]
\\ /1) / ‘\ ““ “\ | \ /7‘
\ \ | | | | \ /

\ \ ‘ | | \ /
\ /o) / | | | /
\ b | | | i
| f A |
V] VAN L
\ [ IR |
| | | | ]
T T T
| iy I
| |/ \/
\ /

distance(cm)
1

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

time(sec.)

output signal
307 T T T T T T

T T T T T T T T T T T T T T T T
——ideal —— experimental
» /\7\/\ /\ /\/\
. _
0 \‘7 \v/

-20

o
T

theta turning(deg.)

-30
1 13 14 15 16
time(sec.)

Figure (17) output and input signal to PID ,kp=7,Ki=1.5,kd=0.75,time=30 sec

Figure(17) appears tuning PID parameters with BBO is effective and excellent
for finding optimize value and don't need several change as we do in manual
experiment, it automatically find perfect values after running it.

8. Conclusions

This paper highlights on the development of a controller of the robot. This work
was needed extensive knowledge of many sciences in engineering because of the wide
domain in robotics field. The following points can be understand from the outcomes
acquired in this job:

1. The hexapod robot designed from 6 legs and each leg consists of 3 DOF to permit
for best locomotion and extraordinary extent of motion. To make the robot moves
independently, the (ultrasonic sensors) is used to detect and lack of collision the
robot with wall and avoid hitches.

2. The best way for walking hexapod robot on even lands is the tripod motion, and
the designs achieved this goal.

3. This job has succeeded in used BBO algorithm for path planning of the wall
following. The results give in the ability of tuning the PID control parameters with
used BBO algorithm .So hexapod robot can followed the wall with optimize values
for parameters which they get from BBO.
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