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Abstract

BH3-R hexapod robot has six legs for walking with a round body. The
mechanical structure of hexapod robot like insect so that it has three main gaits:
wave gait, ripple gait, and tripod gait. The main problem of hexapod robot is to get
the best static stable during its walking. In the proposed approach, the static stability
analysis using Genetic Algorithm (GA) is implemented experimentally for three gaits.
The result has been get the stable best coordinates of hexapod legs tips (Xi, Vi, Zj)
and the stable best coordinates of the center body coordinates of hexapod legs tips
(X, Yci) according to the best static stability. In proposed work, stability margin
analysis is used as fitness function in Genetic Algorithm (GA) for each gait. The
results of stability margins are evaluated and the hexapod robot walking according to
new stable coordinates of legs tips. Practically the velocities of the wave gait is
lowest gait while, the ripple is more velocity than wave but the tripod gait is fastest
gait. The error of real path planning of BH3-R hexapod robot is small in all three
gaits. The equations of Pulse Width Modulation (PWM) for three joints angles in each
leg are proposed experimentally for BH3-R hexapod robot.

Keywords: Hexapod Robot, Wave Gait, Ripple Gait, Tripod Gait, Static Stability,

Fitness Function, Pulse Width Modulation.

* University of Technology

2016 (i 24-23 paadiall pde Gualdl) (palal) jaiall pilly [ dralad) ) guaial) 44l 189



Firas A. Raheem Ph.D (Asst.Prof.) Hind Z. Khaleel (Asst. lecturer) Ahmad Raoof(Asst. lecturer) Mohammed Noree(Asst. lecturer)*

1- Introduction

Hexapod robot is one of the walking robots having six legs where the legs are
consist of multiple servo joints. The design of hexapod robot like insect so that it has
three main gaits: Wave gait, Ripple gait, and Tripod gait [1]. The fastest gait is called
tripod gait, the sequence of tripod gait is three legs stay on the ground, while the
other legs in the air, in addition, ripple gait (tetrapod) is the medium speed, the
sequence in this gait contains the four legs are stay on the ground while two legs are
swing in the air and the third type of gait is called wave gait, its slowest gait because
the sequence contains one leg swings in the air while five legs stay on the ground [2,
3]. The gait of hexapod robot is called statically stable gait if the vertical projection of
the center of mass of the body on to a horizontal plane is within the support area [4].
An intelligent algorithm using Genetic Algorithm (GA) used for hexapod robot like in
[5] a hexapod simulated robot has been walked in an approximate straight line using
GA, but the efficiency of the gait was poor and the stability is satisfied.

The static stability analysis for three gaits (tripod, ripple and wave) of hexapod
robot has been explained by divided each gait into sequences. For example, in tripod
gait the hexapod has two sequences; the first sequence events when lifting three odd
legs and the other even legs are down. The second sequence events when lifting
three even legs and the other odd legs are down. In each sequence there is one
triangle of hexapod robot projection and the stability margin is computed by modified
classical stability margin approach as:

smy = min (Hl ) HZ) H3) (1)

Where, (Hi) is the vertical line from the center point of the robot’s body to the
middle of the base for each triangle. The modeling of hexapod robot has been
analyzed, where the modeling is included kinematics and its inverse kinematics,
besides that, the constraints workspaces for six hexapod robot legs are calculated

[6].

In this paper, GA algorithm is implemented on real hexapod robot
experimentally. The procedure of this algorithm is explained in details as in proposed
flowchart below:
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2- Hexapod Robot Static Stability Analysis using Genetic Algorithm
Experimentally

The GA algorithm is implemented on BH3-R hexapod robot experimentally.
The BH3-R robot's round body symmetry makes this a very unique hexapod walker.
The three DOF (degree of freedom) leg design provides the flexibility required to walk
in any direction. The robot uses 18 HS-485 servos for the legs [7]. The specifications
of BH3-R hexapod robot are in [8].

After evaluation the constraint workspace of each leg [6], the coordinates of
hexapod legs tips (X, Vi, z) and the center body coordinates of hexapod legs tips (Xgi,
Yci) have been entered as inputs to GA algorithm.

The output of the GA algorithm are the new coordinates of hexapod legs tips
(xi, Vi, zi) and the center body coordinates of hexapod legs tips (X, Yci) (better results
of new stable populations have been obtained) and the minimum stability margins for
every gait.

= The initial populations of GA are the coordinates of each leg’s tip (x;, yi) and the
coordinates of body center (Xgsci, Ysci), While the (z) is constant (the motion of
hexapod robot on the flat plane). Chromosomes (individuals) represent the
solutions for optimization problem. In the proposed work, better results of new
stable populations have been obtained. These results are considered as initial
coordinate (x;, y;) for walking of the hexapod robot. The size of chromosomes is
taken according to the sequences of each gait as described in introduction for
example. The first sequence in tripod gait when lifting legs (1,3, and 5) where legs
(2,4, and 6) on the ground has been calculated with body center coordinates as
the formula below: chromosome = [X. V. X3 V2 X¢ Vo X4 Val

» Fitness Function: The objective function of GA is selected for our proposed
method as minimization of the cost function (stability margins), as in Equation(1)
In this proposed approach of GA, the best stability margin has been obtained,
while range stability margins values have been obtained in the modified classical
stability margin approach. The stability margin (sm) was selected according to the
each sequence of each gait. The minimum fitness stability margin is squared value
(fitness function=sm?) in order to get the high values of stability margin (sm) [9],
while in our proposed work, the minimum fithess stability margin is (fitness
function=sm) and all values are high without need to square the stability margin
(sm).
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= Crossover operation: Crossover operator is applied to produce a better offsprings
(children) and The crossover probability is 0.8

= Mutation Operation: The output string from crossover is subjected to mutation
process. The adaptive feasible mutation method is used. In this method the
populations are generated randomly.

= Then chosen the one smooth gait from three gaits in order to move the BH3-R
hexapod robot, the new stable coordinates of legs tips are generated from GA
approach.

= The final new stable coordinates of legs tips for BH3-R hexapod robot are
converted to the joint angles using inverse kinematics.

= Control on hexapod motors: practically, these angles are converted to the Pulse
Width Modulation (PWM) (t;) where, j=1...3 for every link. The motor command
has a bipolar-range (+/-) to drive the robot link with positive or negative changing
steps. The change in the joint angle is converted into the motor command signal
(t;) which is sent to the joint motor of the corresponding hexapod robot link to

move it. These outputs (t;) for every link is derived from three angles (6,, 6;,03) in

one leg and there are three different angles based on joint direction as in the
following Equations:

1, = 9.25 0, + 1500 ()
1, = —2.833 0, + 1500 (3)
T; = —6.666 05 + 1500 )

Where, 7, belongs to the coxa joint in two directions (CW and CCW) respectively. 1,
Belongs to the femur joint in two directions (up and down) respectively. t; belongs to
the tibia joint in posture case.

3- Implementation of Hexapod Path Planning System

The aim of the experimental part of this work is to get the stable path
planning for hexapod robot based on three types of gaits (tripod, ripple and wave). In
this regard during the experiment, the proposed method is to find stable path
planning using GA and getting better coordinates and best stability margins
compared with the classical method described in chapter three for each sequence in
each gait. These coordinates have been converted into angles using inverse
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kinematic, where these angles are converted into Pulse Width Modulation (PWM)
and transmitted to each servo motor which attached to the link of leg.

The main concept of the experimental work is depends on computing and
converting the stable angles of leg’s tips into the PWMs, then the PWMs are feed
using Maestro application to drive the servo motors of hexapod. The Mini-Maestro
controller consists of a compiler which is used to write sequences of three gaits. The
Mini-Maestro connected to PC via serial port to transfer the data (sequences) from
Maestro application to the electronic card. The microcontroller has a memory which is
used to contain the program compiled by Maestro program. In addition, the Mini-
Maestro consists of servo motor driver which is used to drive the motor by computing
and then feeding the PWM to each servo, as shown in Figure (1).

Software Laptop Mini-Meastro 24 BH3-R hexapod robot

Maestro = %

Figure (1): Full experimental work of BH3-R hexapod robot

The all hardware of BH3-R hexapod robot is shown in Figure (2)

Figure (2): BH3-R hexapod robot of proposed method

4- Hexapod Real Motion
The real motion of all sequences of three gaits is shown in the following
figures below:

2016 Gl 24-23 pamadiall jde (ualdl) alal) jaliall ailby [ dasladl ) guaiall 418 193



Firas A. Raheem Ph.D (Asst.Prof.) Hind Z. Khaleel (Asst. lecturer) Ahmad Raoof(Asst. lecturer) Mohammed Noree(Asst. lecturer)*

Figure (4): Results of the practical real BH3-R hexapod robot sequences for ripple gait
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Figure (5): Results of practical real BH3-R hexapod robot sequences for tripod gait

5- Hexapod Path Planning and Stability Margins

The hexapod robot starts walking from the start point of the body center (0, 0)
cm to the goal point of the body center (100, 0) cm as an example goal point in real
experiment. The results of path planning. For (412) iterations the (X¢) (point of the
body center in x-axis), where (ex = 3.8667 cm) for the ripple gait. After (748)
iterations, the error is (ex = 4.7200 cm) for the wave gait. For the tripod gait the error
is (ex = 2.0000 cm) in (140) iterations (Xc). All coordinates of hexapod legs for coxa,
femur and tibia are converted by inverse kinematics into the angles (6, 6;, and 6;3).

The results of coxa angles (8;;) are ranged between (-20°, 20%). The coxa
angle is responsible for the movement of the leg either forward (ccw) or backward
(cw) movement as shown in Figures (6, 9 and 12).

Besides that, the results of femur (8;,) are between (0°, 45°) that is responsible
for the movement of the leg either up or down as shown in Figures (7, 10 and 13).
The results of tibia (6;3) is between (73°, 91°) that is responsible for the movement of
the leg either up or down as shown in Figures (8, 11 and 14).

The stability margins: the results of best stability margins values in all
sequences for each gait of hexapod robot are:

a. In tripod gait, there are two sequences, sm; equals to (3.9356) and sm, equals
to (5.1304).

b. In ripple gait, there are four sequences, sm; (6.2614), sm, (13.1925), sm;
(8.4736), and smy (12.5673).

c. In wave gait, there six sequences, sm; (6.6121) and sm, (13.9895), smj
(7.5258), sm, (5.4661), sms equals to (12.6927), and smg (6.883).
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Figure (6): Coxa angles (6,) of leg tip for six legs hexapod robot of the ripple gait
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Figure (7): Femur angles (6,) of leg tip for six legs hexapod robot of the ripple gait
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Figure (8): Tibia angles (05) of leg tip for six legs hexapod robot of the ripple gait
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Figure (9): Coxa angles (6,) of leg tip for six legs hexapod robot of the wave gait
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Figure (10): Femur angles (6,) of leg tip for six legs hexapod robot of the wave gait
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Figure (11): Tibia angles (65) of leg tip for six legs hexapod robot of the

wave gait
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Figure (12): Coxa angles (0,) of leg tip for six legs hexapod robot of the tripod
gait
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Figure (13): Femur angles (6,) of leg tip for six legs hexapod robot of the tripod gait
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Figure (14): Tibia angles (65) of leg tip for six legs hexapod robot of the tripod gait

Practically the velocities are: wave = 0.416 cm/sec., ripple = 0.7246
cm/sec. and tripod = 0.833 cm/sec.

6-  Conclusions

The Real hexapod BH3-R robot has used in this paper. A proposed intelligent
method which is (GA) has been applied to find the best static stability using stability
margin during each sequence in each gait. Positions of leg’s tips are represented in
(X, Vi, zi), the results show that these values are within constraints workspace. i.e. (x-
axis begin with zero and it is increased till the body center reaches to the goal point
of path planning. The y-axis is within constraint workspace, z-axis is ranged (0 cm -
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8 cm) according to the swing and stance phases. These values are measured from
the leg’s tips and converted into the angles.

Angles (joints) of hexapod legs are: coxa angles are ranged (-20° -20°), while
the femur angles (0° - 45°), and tibia angle ranged (73°-91°). These values are
converted into the PWMs by programming in Maestro applications.

Position errors of path planning begins from start point (0, 0 cm) to the
goal point (100, 0 cm) equals to (2 cm) for tripod gait (3.8667 cm) for ripple gait and
(4.72 cm) for wave gait. According to the iterations (412 for ripple, 748 for wave,
140 for tripod) and the steps of walking are different velocities that the tripod gait is
more velocity than ripple and ripple is more velocity than wave. Practically the
velocities are: wave = 0.416 cm/sec., ripple = 0.7246 cm/sec. and tripod = 0.833
cm/sec. The equations of PWM for three joints in each leg are proposed for BH3-R
hexapod robot.

References

[1] B. Jakimovski, “Biologically Inspired Approaches for Locomotion, Anomaly
Detection and Reconfiguration for Walking Robots”, Cognitive Systems
Monographs, Springer, Vol. 14, 2011.

[2] Stefano Nolfi and Dario Floreano, “Evolutionary Robotics”, Massachusetts
Institute of Technology, 2000.

[3] Cynthia Ferrell, “A Comparison of Three Insect Inspired Locomotion”, Citeseer,
1995.

[4] Freyr Hardarson, “Stability Analysis and Synthesis of Statically Balanced
Walking for Quarduped Robots”, PH. D. Thesis, Royal Institue of Technology,
Stockholm, Sweden, 2002.

[5] J. Currie, M. Beckerleg, J. Collins, “Software Evolution of A Hexapod Robot
Walking”, The 15™ IEEE International conference on Mechatronics and Machine
Vision in Practice (M2VIP08), pp. 1823-1830, 20-23 June, 2008.

[6] Firas A. Raheem and Hind Z. Khaleel, “Static Stability Analysis of Hexagonal
Hexapod Robot For The Perodic Gaits”, IICCCE, Vol. 14, No. 3, 2014.

[7] SH-1, “HS-485HD Standard Servo”, General Specification, 2007.

[8] http://www.lynxmotion.com/driver.aspx?Topic=specs08, Accessed on 11-2-
2014.

[9] Filipp Seljanko, “Hexapod Walking Robot Gait Generation using Genetic-
Gravitational Hybrid Algorithm”, The 15" |EEE International Conference on
Advanced Robotics, Tallinn University of Technology Tallinn, Estonia, Vol. 3, pp.
253-258, 20-23 June, 2011.

2016 (i 24-23 paadiall pde Gualdl) (palal) jaiall pilly [ dralad) ) guaial) 44l 205



Firas A. Raheem Ph.D (Asst.Prof.) Hind Z. Khaleel (Asst. lecturer) Ahmad Raoof(Asst. lecturer) Mohammed Noree(Asst. lecturer)*

b A ) 6300 (el Jard) g BUSLaal) Al il 00 4 silanSrld AT Ay ) L) Jola

*508 Laaa aa *hgyy Mal o *JAA A e *a ) (@500 a0

3 Sl Al JGgd) SN (5 i1a pmd g oiall Ja ) Al Al Cigigy 9 3glwst BH3-R

Lo ) UEal) agul il A8 jag zoail) A a dagall ASja rlSpn EBG A AN B jdal) dndy Cigg)
A A Jalas A hal) A8kl b 4SS U AG0 4l 8 Jad) o Jganl) b Cigagy dsilusgl!
Juadl o J gand) Aagill cuilsy S ja DA Llee LAT a3 dua (GA) Al 4aa ) g3 aladindy A3
Xci, ) 5290 253asel) anat B jEiue clflaa) Jd) g (Xi, Vi, Z) g2 AgbaSgd Ja ¥ B iual) cilfilaay)
slaas daladiiad a3 AGEN 4,0 8000 Jalad ial) Jaadl B 450 40 8 Jadl e falaie) (yg
LlaaY) s djad Gigrgs dgbuselly Walua o8 cl) iy mild AS s J9 (GA) Al 4l sall
1S a G o 9 (A gl Laie ASon B (A Bagal) A5 g pm olb Les a3 Byaal) § jiiend)
Gl all BB ga Cigrgy dgbush BH3-R O i) jluall Uadll ASja £ pu) & 3 gml il AS a o<1 A gall
1gesa BH3-RJ! Llas 4l 81 a8 (glu JS Jualia Ll g3 A3 (PWM) glauadl Jatad g cslaa 3

=Y YS!

g ) i3l el

206 2016 (i 24-23 panadiall jde (ualdl) alal) paigall gildy [ Axalad) ) guaial) 44l



