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ABSTRACT

We present in this paper an original investigatmm a
walker hexapod robot for which we define a locoomti
strategy considering the walk appearance charazésti

by the succession in time of the synchronized swant
legs putting down and raising. The legs movements'
synchronization is determined by the temporal phase
displacement between the instants of legs puttownd

for which we define, for each one, the ratio betwts
duration passed spent on the ground and on the
duration devoted to the replacement overhead phase.
For the appearance implementation, we take into
consideration the space distribution of legs ends
trajectories, the one with regard to the other, amith
regard to the gravity centre of the platform whialays

a determining role on the locomotion stability. A
simulation is made to illustrate the proposed agmio
results.

Keywords: hexapod robot, walking robot, trajectories
generation, robot cinematic modelization, robot
locomotion, robot walking simulation

1. INTRODUCTION

Papers When you want to pull robot’s legs, we must
provide high level orders to indicate in which diien
and how fast it should move. This is called task-
oriented instructions. These high level instruction
come from a supervisory system, which can be
represented by a module loaded on the machine anby
operator who directs the robot remotely. As appeder
the robot can be autonomous or tele - operatede Onc
the machine is aware of the orders that have been
assigned, it must generate instructions for walking
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working gait. To this end, it has a locomotion mieglu
responsible for selecting the speed to travel ehtle
parameters and calculate the corresponding inginsct
to be sent to the legs actuators engines.

The walking gaits generation can be open or closed
loop. It depends on the sensory capabilities of tin®t.
In open-loop locomotion, it is necessary to know at
least the status of the actuators (typically, pasiand
speed). These are associated proprioceptive setimsars
provide such information. On the contrary, during a
closed -loop locomotion, the command may consider
certain information reflecting the robot's intefaos
with its environment. (Mahfoudi and al. 2003), (May
1998).
The strategy of locomotion defines the nature @& th
walking working gait and its implementation. A
walking working gait is characterized by the time
sequence of events to putting down and raising. legs
The timing of these events differs according tokivey
pattern. To define the synchronization mode, weéndef
the temporal phase shifts between times to put down
different legs. Furthermore, it must be determirfed
each leg the ratio of time spent on the ground thed
time devoted to the replacement of air phase. Tings,
definition of a walking working gait requires cooitiof
these parameters. However, during the implememtatio
of the gait, other parameters are taken into adcoun
These depend on the structure of the robot. They
concern the spatial distribution of trajectories thé
ends of the legs relative to each other and froe th
gravity center of the platform. The position of \gta
center with respect to the trajectories of legsypla
decisive role for locomotion stability. The definit of
a walking motion reference is important for designa
walking robot and the study of control laws. Thisgs
are often written to follow the imposed trajectsrie



For one leg of a walking robot, the generation of a
walking motion is to calculate the instructions
reference: position, velocity and acceleration,clitare
a function of time and ensure the passage of tbedb
the leg by an imposed trajectory, defined by motle o
travel of the robot. (Hugel, 1999), (Randal, 1999)

As the robot moves in the operational space, the
generation of movement of the leg is describechia t
space, this implies the use of reverse geometribade
(Khalil et al., 1999), (Paul, 1981) to transformclea
point of this trajectory in corresponding articular
coordinates.

The principle of the generation of motion in
operational space is shown in Figure 1 (the expisnien
f and d designate respectively the initial, finalda
desired position).
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Figure 1: Generation of motion in the operational
space
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2. THE WALKING OF HEXAPOD

The type of walking seen in some insects is the
alternated tripod where we observe at every moment,
legs alternate in transfer and support phase, shibge
threes (Ridderstrém, 2003) (Pfeiffer et al., 1995)

The hexapod walks using three legs at once, so a
complete cycle consists of two phases (Figurer2jhé
first phase, the robot is supported by legs (1@ 3n
and the platform moves over a distange he legs (4,5
and 6) move into the air on a cycloidal path testw
times {and t.

During the second phase, the cycle of phase "1" is
repeated except that it is the legs (4, 5, anch&) are
carrier and legs (1, 2 and 3) are in the air. PHase
occurs between timegand § (Figure 2).

! ! AN
—» —» —»
7 o l
t,=0 t; =0+t t,=T/2
AN ! e Legs carrier:
" " eLegs on air
o 7 T cycle
t2: T/2+t t3:T DeriOC

Figure 2: Composition of the hexapod motion
during a cycle
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2.1. Study ofleg motion

During the walking, a step motion of the leg is éon
in two phases:

- Support Phase: the leg is in contact with the
ground, it must bear the
body and propel the robot forward,;

- Transfer Phase: the leg is lifted and moved in
the air passing from one
step to the next.
2.1.1.Trajectory of lifted legs

The motion of a lifted leg affects the platforms in
unstable manner. The choice of a trajectory ofitethe
air must take into account the desired charackesigbr
the lift and pose moments, i.e. flexibility of nati and
minimizing collisions with the ground, carrying out
circuits through imposed time by the executed gait,
adapting to changes in ground elevation.

A trajectory that respects these conditions is ta
cycloid (Villard, 1993), (Quinn et al., 2003). A dwpid
is the trajectory in a plane of a point of a ciralhich
rolls without slipping on a line on this plane &®wn in
Figure 3. Thus, for our case and as defined eaalier
cycloid is the trajectory of the lifted leg in tladsolute
reference. Equations of x and z coordinates of the
cycloid as a function of the rolling angieare:

oml*= a(5-sin3)
z = al1- cosd) @)
Z\
A
M 2a
a
y >
o) 2m X

Figure 3: Leg Trajectory in a cycloid form

3. Procedure for generating hexapod motion

To apply the changes to relative motions between th
center of gravity of the robot body and feet legs,
define the following parameters (Mahfoudi et alargh
and May 2006) as shown in Figure 4:

- Ly, I, 13, @, b: geometric parameters of respectively

the leg and the platform

- Ry: Landmark linked to the center of gravity. Its

location is calculated with respect to the benclimar

base R using the homogeneous transformation



-)\0 : displacement Value of center of gravity for a
sample of walking

-P= [ P.P ,P3]T : Vector coordinates of the leg foot
with respect to the reference R

-PP= [PF; PP, ,PF;]T : Vector coordinates of the foot of
the leg with respect to the benchmaigk R

- PRy starting point of the cycloid with respect to the
reference R.

- PR, end point of the cycloid, with respect to the
reference R.

- Aoo: stride of the cycloid measured in the same plane
of the cycloid

- N: a period of gait cycle

- S: a simple index that splits the interval n

Gravity

3, i
Cycloid

Figure 4: Generation Scheme of a walking leg
3.1. Approach of the platform motion generation

To generate a walking step of the hexapod, we
must ensure coordination of the motion of the Hegg
with the one of the center of gravity of the roboty.
The procedure is as follows:

- Define the geometric parameters of the leg ard th
platform: L, I,and &, (length of leg components), a, b
(half-width and half length of the platform,

respectively)

Initialize a location of the legs with respect be tcenter

of gravity of the platform

P,=[0l,+a-h]
P,=[-b-l,-a-h1]

P.=[b,-a-hl @
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Foa = [01_|2 - a’_h’l]T
P, =|b,l, +a-h1]
Pos = [_b’lz + a'_hvl]T

3.1.1 Equation of motion of the platform center of
gravity.

We determine the equation of motion of the cenfer o
gravity of the robot (of origin § in the reference R by
the following parameters X, Y, 43, h, 6, d and a.
This is actually the homogeneous transformatfor

that permits to locate Rwith respect to R. we define:

-X=f() : wheref(t)is a function of time

-Y =g (xX): The vertical axis of center of gravityay
be a function of time and X

- Z = h: height of center of gravity. It can bedikor
variable with time, X and Y

-8, = arctgy) : Rotation around the axis z0

- d=,/x*+y* : Distance covered by the center of
gravity
-B= arctg(y/x): Angle of overall rotation around the
z axis of the reference
- a: angle of rotation around the axigof the
platform. It can be fixed or variable

with respect to time

3.1.2. Motion of carrying legs

During the tand t; moments the platform receives a
combined motion of a rotatiofy; — 8-, around the g
axis and a translation of the center of graviy

Assuming that the carrying legs are (1, 2 and 8 tihe
points of suppor, :[P P. .]T will push back with

Lj 7 2j" 3]
respect to the center of gravity (Figures 5, 6).

Coieoi - eoi—1) - Sin(eoi - 60\—1) 00
ROt(eDi _ 90‘71) — Sm(emo_ eOi—l) Coiemo_ eOi—l) (])- g
0 0 01
(2)
)‘o :\/(Xi _Xi—l)Z +(Yi _Y\—l)z (3)

The corresponding homogeneous translation matrix is

1 0 0 —-A,
010 O

TrangA,) = 001 o (4)
000 1



The new coordinates of carrying legs (1, 2, anavi#)
respect to the center of gravity are:

P, =Rot(@, —6,.)TrangA, PO, (i=1,2,3) (5)

3.1.3. The motion of legs in the air phase

The legs (4, 5, and 6) are in the air phase. Tlaeh e
carry a cycloid that has parameters, PP PR,; and
Aoo(j) defining respectively the starting , the ergland
the stride of each leg. These parameters are asdcll
in advance.

For legs that carry motion on the air phase along a
cycloid, we must calculate the intermediate points
belonging to the cycloid. This calculation is masigh
respect to the R reference as follows (Figuresb&n

- Calculation of the takeoff point of the leg :

cos3, -sinB, 0 O
sinf, cos3, O O

Rot(B,) = 0 ° 0 ° 10 (6)
0 0 01

COiBo - eoo) _Sin(Bo - e00) 00
_ Sin(Bo_eoo) COE(Bo_eoo) 00
ROt(Bo - e00) - 0 0 1 0
0 0 0 1
(1)

100 d,

010 O
Trangd,) = 8
gd,) 001 0 (8)

0 00 1

100 h,

010 O
TrangA,) = 9
$Ao) 001 0 9)

0 00 1

The initial positions of the feet coordinates ajd€4, 5,
and 6) with respect to R are:

PR, = Rot{3,JTrang(hy)Trans(d,) Rot(3, - 6P,
(10)
- Calculation of the landing point of the leg:

Although we are at the starting point, one expéets
predict the landing point of the leg to determihe t
equation of the cycloid that must follow the fodttbe
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leg. For this, we assume that we are at the ppitwe
then obtain PRthe same way as gP
PR, = RO'(IBnlz)Trans(hnlz)Trans(dnlz)RO‘(ﬂnlz - 80n/2)P0j
j=(4,5,6) (12)

Trajectory of
gravity cente

Leg ()
al final

Leg (j) at
initial
l2

Figure 5 : Carrying leg

- Calculation of travelled distanceshy (j) by the feet
of legs:

Aoo@ = (PR~ PR, + (PR~ PR, f

12)
Ay (®) = \/(PFr)15x_ PF())SX)Z + (PF%Sy_ PF())Sy)Z
(13)
(8)
Ao (6) = \/(Paex_ PF()JGX)Z + (Paey_ F’Fcz')ey)2
(14)

- Calculation of intermediate points (i) constituting
the cycloid: )

To find the equation of the cycloid corresponding t
our case, we introduce the following parameters:

R0
21

cy

1 n
=—, t=s—-—, T=n 15
4 > > (15)

2n _4n

gt

With

&,. radius of the circle



t . time variable of transfer
T : period of a walking step

phase

A limitation of this choice is the trajectoheight
2a,, which is related to the travelled distance. Tcaobt
a usable path, we propose a cycloid corrected time.
Using a factor k, we can choose the height of the
trajectory. The equation of the cycloid in the #hv

plane for each leg "j" is:

= Aw() ﬂ[t - sin[ﬂ[tj
2 | n n

Z,(i) = k)\‘m(j){l—co{mtj}
21 n

Y,()=0

X, (i)

(16)

k < 1: correction factor of the height of the cycloid
varies from 0 to n/2

The foot velocity at the ideal moment for both leg
lifting and setting down is equal to zero. The dgenf
setting down and lifting can then occur without
collision or serious interruption of motion of theg.

The speed components expressidhsind Z are:

X, (i) = 2)\‘;]0(]){1 —005(4: tj}
a7)

X0, —k‘;‘;(J)sin(‘:{tj
Y,(t) =0
yO\\ AYO X
; 5 s Trajectory of
aravity cener
Leg(j) a
final state
I V| 4 %o
b |
Y Aoo
el : Po; cycloid
"Ro/ ini Ro
PR,
Leg (j)at
initial state
Bo
\Bn X

Figure 6 : Leg in air phase
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Like any motion must be referenced to the reference
base R, then the equation of the cycloid in this
benchmark is given by:

X,(0) , o

XPP(i):(XPPn_XPFb))\ (J) PRy

X0,y

NG e (18

YPP(i) = (YPPn - YPR))

Zoo(1) =Z,(1)

Its speed in R is given by:

X, (i)
()
X, (i)
NG T

X o) = (X ooy = X o)

YPP(i) = (YPPn - YPR)) (19)

Z,,(i) =2, (i)

Finally, we must rewrite all vectors PP= (4, 5, and 6)
in the benchmark

P, =Trang-h,)Transt-d )Rot(- B, - 8, JRot(-B, PP
(20)

- Calculation of new initial positions:

At the end of each calculation step we must rdset t
new positions of the feet of the legs with resgedhe
benchmark Ras follows:

o> R
Transition from phase “one" to phase
corresponding to i = n/ 2 in the gait cycle

i=(@1,2....6)
"two

We separate the two phases of a walking step $o tha
the transfer phase begins when ends one of theodupp
This separation is achieved through the divisiorihef
interval n into two halves and using a test vagabl
which is compared with the value n/ 2

We then define the motion performed during each
phase. When s exceeds the value n/2, starts tlmdsec
phase which consists to swap the legs (1,2,3)in air
phase while (4,5,6) will be carriers. Finally thalking
cycle ends when s reaches the value of n.

- Calculation of articular coordinates

we use the geometric inverse method (GIM) to
calculate the articular coordinatés; , 6,; and 6;; and
for j = (1,2, .. 6) as a function of operational
coordinates BPof legs feet with respect to the
reference R. Finally, we draw at each step caliculat
the corresponding configuration of the hexapod.



3.2. Simulation of hexapod motions

To implement this procedure a set of subroutines
linked by a main program was programmed with
Matlab software to generate walking gaits for hexhap
A graphical representation of the hexapod is thus
possible.

The following figures show the movement of the
hexapod during a cycle.

Figure 7 shows a leg tip simulation for a watki
cycle

Figure 7: Simulation of a walking step

Figure 8 shows in the operational space and in
degree unit the profile of the three suitable attc
coordinates and also the desired coordinates oéitlde
of the leg (in cm). Figure 9 shows the hexapod mgvi
in a straight line on a horizontal plane

Articular coordinates

40

20

0

-20

60

40

20

[

Figure 8: Pattern Evolution of articular and
operational coordinates

Figure 9 shows the hexapod walking in accordantle wi
a trajectory of equation Y = 3X and making 80
cycles (for not to clutter up the diagram, we have
represented 1 cycle of 15. Figures 10 and 11 reptes
the detailed movement of the hexapod for a walk
cycle.We have imposed to the platform of the herago
sinusoidal trajectory in a vertical plane that reeets
with the horizontal plane according to the equatfon

3X.
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j /fve;jecto/ry of the'hexapdde
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80
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Figure 10: The hexapod walking following a sinusoidal
vertical trajectory during a cycle

Figure 11: Top view of the hexapod motion

Figures 12 and 13 show respectively the articular
coordinates and articular velocities. The hexaped i
walking on a straight line of equation Y = 3X, an
horizontal plane for two cycles.

Figures 14 show the operational coordinates oftithge

of legs expressed in the benchmark associatedeto th
platform. The hexapod is walking on a straight lofe
equation Y = 3X on a horizontal plane for two cycle



5. Conclusion

tral w N TR oIV A las- TACF AFTAF T
015~ - | 12 N i ) . . . . . .
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R AT Y 2RIV I P O Y quite general walking generator. The trajectory
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0 510150 51015 0 510150 510150 510150 510 15 generator uses the alternating tripod gait. Thé&fqula
0 0 0 0 0 0 . . .
o VEE LY VENE ALY L ALY L AL can move following any time of law, but accordimg t
"l LY /O { N /O e | /AL S | L | AL | B the constraint of attainable field legs carrierbud the
oos Y- “Wpos Y- “lbosk Y- “Wposk - Y posk Y- ol - Y robot simulates walking on flat field following
e U S trajectories with a quite large radius of curvatufae
16 16F 16 16— —, —1.6F = - —H16F — - — . . . .
! ! ! trajectory generator conceived in such manner gemmi
es,,. | | | . . .
o8 =r ‘ 8 AT ; TR ; AN read back at any time values of the articular cimates,
1o M M ol N W NN Ll ML NGl N Nl N velocities and accelerations, all the center ofvitya
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15 . . .
emps:is] - kinematic of the platform, as well as coordinatéshe
Figure 13: Articular velocities of the six legs of the tips of the legs with their corresponding veloati@nd
hexapod accelerations in the workshop benchmark.
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Figure 14: Operational tips Coordinates of the
hexapod six legs
4. Experimentation

Therefore, a First experimentation was conducted

on

our experimental walking machine figure (15). Our [1]
experimental hexapod uses two hardware cards. The

First one, based on a Microchip 2 micro-controiker
dedicated for low level motors control.
second one, which is a PC104 card urr@at time OS,
is dedicated for computed torque control and risaé t
force distribution computing. Finally, a PC is used

trajectory planning and real time monitoring.

Figure 15: Experimental hexapod

While the
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(3]
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