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A Novel Navigation Algorithm for Hexagonal Hexapod Robot
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Abstract: Problem statement: Wheeled robots are not very well suited for natitcgaover uneven
terrains. Hexapod robots have some advantageswhezled robots when negotiating and navigating
on rugged terrainApproach: Different gaits of hexapods can be developed féfledint kinds of
locomotion and obstacle avoidan&esults: In this research a novel algorithm has been deeeldor
hexapod robots navigatiol@onclusion: Implementation of the developed algorithm on adpex
prototype showed desirable performance in ternstaifle navigation with simultaneous gait transition
over different terrains.
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INTRODUCTION uneven terrains. However, all gaits were urbanized
based on rectangular base model with a limited trobo

esign. Some researches have been done on hexagonal

exapod robots (Baudoin and Alexandre, 1995;

anaka and Matoba, 1991; Techn, 2008; Bartholet,

983). A hexapod robot with hexagonal architecture

has advantages in turning gait (Preumetral., 1991)

Qut the rotation of a robot is based on crab gdiich

Is unstable in navigating over rugged terrain. his t

paper, we have presented gait analysis of a heshgon

more attention compared to other robots because nexapOd robqt for navigating on even as well as on
easily achieves static stability during walking.n%o uneven terrains. In Qrder_to havigate on complex
researchers (Todd, 1985); believed that the use dfrrains, a novel algorithm is developed basedhen t
hexapod robots would provide a more robust platforrﬁga't transition.

fqr applications, since it can support more W_eitj]m MATERIALSAND METHODS

bipeds or quadrupeds. Examples of application of

hexapod robots include the walking manipulatorExperimental setup:

(Schraftet al., 2000); inspection and construction robots,Body configuration: A hexapod robot is a perfunctory
rosy | and Il (IEEE and Fraunhofer, 2008); andmedium that walks on six legs. Since a robot can be
aquarobot for underwater operation (Akizospbal., statically secure on three or more legs, a hexapbadt
1997). The gait control problem of a hexapod is arhas a great deal of suppleness in how it can miéve.
extensively studied subject. (McGhee and Iswandhipnly few legs become disabled, the robot may béll
1979); has established many basic terminologies foable to walk. Furthermore, all legs are needed for
gait analysis. Bessonov and Umnov (1973) developedtability; other legs are free to reach new foot
hexapod motion in straight lines and Song and Valdr placements or manipulate a payload. Hexapod robots
(1989) made a survey on gait study. Yang and Kinpbtain more speed than quadruped ones with aatgtic
(1998) have mathematically proved that a faultreod  stable gait in the navigation (Gonzalezal., 2007).
gait with sensible stride length for a hexapod tatem  However, the robot's static stability margin is not
made stable navigation on even terrain. Later gwdtf optimum when using gaits, for instance, five-leg
tolerant gait was developed (Yang and Kim, 1999) fo support patterns.
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Legged robots are preferred over the Wheeleﬁ
counterpart for their advantages in navigating aadyg
terrain. During the past few decades, many legge
robots have been built in the laboratory. Depending
design, they have had a number of legs ranging om
to 8. Methods of control depend on the geometry a
well as the number of legs attached to a robotixA s
legged robot, or hexapod, for example, seems tacatt
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In this research a hexapod with regular hexagondleg configuration: Legs have been designed taking
base with a circular body configuration that lotike a  into consideration the weight of the robot alonghwis
spider as shown in Fig. 1 is chosen to try to iaseethe  subsystems as well as the weight of the legs. Sfilde
speed, albeit at the cost of slightly jeopardizitgy leg configurations are typical for walking robots.is
stability. The six legs are attached to the bodgath  known that a spider-like leg configuration is thesn
corner of the hexagon. Such a hexapod is able tefficient one from the energy point of view and it
navigate in rugged terrain. It contains requiredrequires joint torques (Seyfardéhal., 2007). However,
subsystems, such as an onboard computer, eledroniét is not very efficient in terms of stability. Emgy
and drivers, a PIC Micro controller, LCD and bater efficiency being a very important factor for outdoo

The maximum moveable area (shadow) and thenobile robots, spider-like leg configuration is sba
actual moveable area (rectangular) of each leg arfor accomplishing its job with both stability andexgy
shown in Fig. 2. Each leg has a moveable areaan thefficiency. Three servomotors are used in eachakg
form of an annulus of radiug4. The actual moveable shown in Fig. 4. The servomotors at joints 2 arate3
area is determined in such a way that there are nable to rotate about two horizontal axes. Howetles,
collations in between the lags. Figure 3 shows thehird one used at joint | is able of rotate aboweetical
hexapod robot model. One of the legs is set as axis only.
reference and the other legs are numbered
counterclockwise starting from the reference leg, a
shown in Fig. 3.

The size of the moveable area (McGhee and
Iswandhi, 1979), P and Q withand ki, is shown in
the Fig. 2 and 5:

1 e = (Toin 7 Q) + G PY 1)

Fig. 3: Hexapod model
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Fig. 4: Leg configuration
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Fig. 2: Relationship between the reachable area and
annulus Fig. 5: Leg reachable area
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Gait design: Stride length: The maximum stride length for a
Tripod gait for even terrain: The tripod gait is the hexagonal model is equaliq,,, .

best-known hexapod gait. A tripod consists of tlat
back legs on one side and the middle leg on th(?1
opposite side. For each tripod, the legs are lifted
lowered and moved forwards and backwards in unison.
During walking mode, a hexapod uses its 2 tripods
unlike a bi-pad stepping from one foot to the otilee %, > P?

weight is simply shifted alternately from one tipto  — (v +Q) + @GPy > P 2)
the other. Since 3 legs are on the ground at aimt pb 25 3 P2

time, this gait is both “statically” and “dynamital = (i *Q > GP)

stable. The movement scheme is easily visualized by

examining Fig. 6; the numbers adjacent to the lags We assume Y is the distance between the hexapod
the body diagram correspond to time points on thgdy and moveable area:

graph. The leg coordination of walking spiders appe

to be quite regular too and is described by theadled

tripod gait (Ahmedkt al., 2009). Urin =Y

mac>P achieve a greater stride length for a
exagonal hexapod robot.
From Eq. 1:

Wave gait for even terrains: In the wave gait, all legs
on one side are moved forward in succession, istarti
with the rear most leg. This is then repeated an th
other side. Since only 1 leg is ever lifted atraetj with
the other 5 being down, the robot is always inghly+
stable posture. One conjecture is that the wave gai L€tfmin= 0, from Eq. 2:
cannot be sped up too much. The wave gait pattern i
chosen in this system because it provides the marim +Q)> £p)
stability margin for uneven terrain. The control

: . . ) = Q>0.886P (3)
algorithm is used for the control action of wavetga
locomotion with an angular position input (Inagakid ~ = >0.886
Kobayashi, 1994). The foot is commanded to move
forward a constant length at each integral timeriral
as showing in Fig. 7.

If rmin= 0, Y = 0, then the kinematic structure of
the hexapod is located outside of the body.

If rin<0, Y<0, then the kinematic structure of the
hexapod is located below the body.

Equation 3 proves that the hexagonal model has a

great stride length.
(0 @

L1 | Turning ability: Based on turning centre, a hexapod
robot can be turned in any direction (Zhaegal.,
1991). The centroid of the body is the turning meits
declared in this study. The legs’ footholds arethe
centroid of the moveable area after turning whish i
considered a maximum turning of the hexapod in
every step. The turning step is shown in Fig. &hwit
angle @. The hexapod position vector of the cethtroi

L3 l

Fig. 6: Stepping patterns of swing movements

(65 T . R )]
should be O (Q G), and the origin of the position

ro 1 [ vector of the joint of each leg and the body shdagd
2 [ BO; (BOy, BO,) (where i= 1, 2, 3, 4, 5, 6).
23 [
L1 L Scenarios of hexapod: Figure 9 shows the state
L2 i1 [ diagram of random scenarios of the hexapod roldos T
L3 IR [ 1 state diagram is constructed from the state taibeve

in the Table 1. In the state diagram all statetuiting
Fig. 7: Stepping patterns of swing movements fovava the actions to be executed and the actions perfbbye
gait(Ahmedet al., 2009) it are shown.
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Table 1: State table for random scenarios

State Event Actions Comment Caused by  Will effect
A. Active 1. Turn on Boot up Hexapod is turning on 2-10
2. Boot up Activity Allow various activities 1 3-8
3. Forward movement Walk forward Hexapod will inep walk forward 2 11,12
4. Backward movement Walk backward If obstacie sont, hexapod will 12
begin to walk backward
5. Right rotation Rotating in right side If obdiais left side, hexapod will 12
turn by 90° angle in right direction
6. Left rotation Rotating in left side  If obstads right side, hexapod will 12
turn by 90° angle in left direction
7. Sensor2 press Button on No ditch obstacle 11
8. Sensor2 not press Button off Ditch obstadlméb 12
9. Sensorl press Button on Hill obstacle found 12
10. Sensorl not press Button off No obstacle 11
B. Even terrain 11. Tripod gait Fast movement Hexhyill walk or rotate very fast 7,10 3
until it gets an obstacle
C. Uneven terrain 12. Wave gait Slow movement Hedlapill walk or rotate at a snail's 8,9 3,4,5,6
pace for t sec.
13. Stop and wave backward  No surface Hexapddwalk backward and rotate 8 4,5,6
14. Stop and wave forward Surface available Hedapill walk forward slowly 7,8 3,12
with 1" ditch

BO; (BOx, BOy)

Fig. 8: Turning step for hexapod model
Steps of algorithm:
1. Idle mode

2. Call turn_on procedure
3. Activedate:

Sensor_1 (on/off)
Sensor_2 (on/off)

a. Move_forward
b. Move_backward
c. Turn_left

d. Turn_right

e.

f.
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g. T_gait
h. W_gait
i. Timer_on
4. Uneven terrain state:
a. Timer_on
b. W_gait
c. Move_forward
d. move_backward
e. Turn_left
f.  Turn_right
5. Eventerrain state:
a. T_gait

b. Move forward

Gait transition methods: Gaits are meant to be run
indefinitely; transitions are finite behaviors theatitch
between gaits. In order to generate automated lusefu
transitions, it is important to understand the
fundamental properties of gaits as well as theiblst
configuration.

Gait transition: A gait transition method is realized by
stepping on the spot which shows high stability
(Adachi et al., 1998). A robot stops on the spot and a
leg moves to the position of new gait stepwise,cihi
takes 4 cycles to complete the gait transition tfor
quadruped robots. In this study, a new method is
derived for hexapod gait transition. The gait tiaos

in between tripod gait to wave gait and wave gait t
tripod gait begins at the triangular position to
pentagonal position, called Triangular Pentagonal
Exchange point (TPE) and vise versa (PTE) respagtiv

In this method, the robot stops to move at TPE tpaial
switches legs for gait transition with any stateéhef legs.
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Fig. 9: State diagram for random scenarios

Tripod gait Step 1 Step 2
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Fig. 10: Gait transition from tripod to wave gadgtse 1

Tripod zait Step 1 Step 2
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Fig. 11: Gait transition from tripod to wave gadgtse 2

Typical gait transition method: There are different
ways of gait transition according to the state atte
leg. In our method the gait transition starts & TPE

point and every transition considers two casesedas
One of the swing legs of the current gait will beeothe

front leg as a first swing leg in the new gait @s€ 2:

The rear leg will be the first leg. There are tweps in

each case during every gait transition. The leguses
indicated as Step 1 is the leg arrangement whegdhe
transition starts and in Step 2, the swing legptated

on the new gait position. Figure10 shows positibthe

legs in a particular posture.

Transition from tripod gait to wave gait: The
transition from tripod gait to wave gait is implemted

Wave gait Step 1 Step 2

4% a% o

Fig. 12: Gait transition from wave to tripod gadtse 1

Case 1. In Fig. 10, leg E is the first leg to contact the
ground during gait transition out of the swing legsD
and E. In Step 1, the robot is in the TPE point el
leg E moves to the supporting position of the nexit. g
In Step 2, the legs A, B, D, F and E keep theiblsta
position and the leg C becomes the swing leg. is th
state the robot keeps the position for 1/6 T afterport
phase begins (T is the period of one cycle); (Tayam
and Ma, 2002).

Case 2: In Fig. 11, leg F becomes first leg from swing
legs B, C and F during gait transition. In the Stephe
robot is in the TPE point. The swing legs B, C mbtwe

the supporting position of the new gait and the Feg
becomes the swing leg and moves to the new gait
position while the robot is in the same positiohef F,

B, A, C and E keep a grounded contact and D becomes
the swing leg. Thus the legs are consecutively
following wave gait order as B, A, C and E for sgin
and the robot is in this same position for 1/6 T.

Transition from wave gait to tripod gait: The
transition from wave gait to tripod gait is implemted
using PTE point.

The method of gait transition is described in the
following steps:

Casel: If the leg A, E or D is the swing leg then A, E
and D become first swing legs for the new tripod.ga
In Fig. 12, leg E is considered as a swing leg avev
gait. In Step 1, the robot is at the TPE point tredlegs

B, C and F move to the supporting position of tee/n
gait. In this posture the legs A, E and D keeprthei
positions in contact to the ground and the leg€ Bnd

F become the swing legs in Step 2. Therefore thetro
keeps this position for 3/6 T.

Case2: If the leg B, C or F is the swing leg then B, C

using TPE point. The method of gait transition isand F become first swing legs for the new tripoit. gia

described in the following steps.

Fig. 13, leg B is considered as a swing leg inevgait.
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Wave gait Step 2
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Fig. 13: Gait transition from wave to tripod gadtse 2

where {B, C}J (Lt2-1)
Step 2-
stable_condition (L-1)
and swing_leg (L-5)
where {B, A, C, E, F}J (L-1) and {D} U (L-5)
wave_gait (L)

Waveto tripod gait transition:

While (Ns) do

In the Step 1, the robot is at the TPE point arel th
swing legs B, C and F move to the supporting pmsiti
of the new gait. In the next step the legs A, D &d

become swing legs and move to the new gait position

and the robot keeps the stable position in the Qtep

Therefore the legs follow tripod gait with leg sbém
and the robot keeps the same position for 3/6 T.

Transition method algorithm:
Steps of algorithm:

I niti
L«

alization
{A,B,C,D, E, F}

Ltl«< {A, D, E}

Lt2
Lwl

Lw2
Os
Ns

—{B,C, F}

—{A|D|E}

—{B|C|F}
Obstacle state
Non obstacle state

Active mode
Tripod gait
Tripod to wave gait transition:

While (Os) do

Case_1:
If (swing_leg (Lt1)) then
Step 1-
ground_contact (Lt1-1)
where {A, D} (Lt1-1)
Step 2-
stable_condition (L-1)
and swing_leg (L-5)
where {A, B, D, F, E}
wave_gait (L)
End if

Case_2:
If (swing_leg (Lt2)) then
Step 1-
ground_contact (Lt2-1)

(L-1) and {C} U (L-5)
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e Case_1:
If (swing_leg (Lw1)) then
consider {E} (Lw1)
Step 1-
swing_leg (Lt1-1)
where {A, D} U (Lt1-1)
Step 2-
stable_condition (Lt1)
and swing_leg (Lt2)
tripod_gait (Lt1, Lt2)
End if
e Case_2:
If (swing_leg (Lw2)) then
consider {B} (Lw2)
Step 1-
swing_leg (Lt2-1)
where {C, F}L! (Lt2-1)
Step 2-
stable_condition (Lt2) and
swing_leg (Lt1)
tripod_gait (Lt1, Lt2)
End if

RESULTS

We have implemented the developed algorithm to
the hexapod robot. The robot has been tested and
observed in the indoor environment. There are a
number of scenarios from this observation; terrain
negotiation & navigation with appropriate gait aymit
transition to switch between different terrains. this
section the results are discussed that addresses
hexapod’s stable navigation for both even and umeve
terrains.

The experiment shows hexapod uses tripod gait to
navigate on the even terrain and wave gait to rzdeig
over uneven terrain. Figure 14 shows the complete
tested environment: the hexapod robot walks on the
floor with some hill-type obstacles and navigatagte
table with a ditch-type obstacle.
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) o ) Fig. 16: Hexapod executing the sleep mode
Fig. 14: Hexapod navigation over flat terrains and

tables

Fig. 17: Hexapod executing the gait transitioret, leg
Fig. 15: Hexapod gait transition on the table hits an obstacle

The two gaits involved in a transition from aneve Performance tests show satisfactory results oereifit
terrain to an uneven terrain differ in many wayst n terrains without any human intervention, as seethén
only in gait parameters, but also in how they iater Photos included in Fig. 17.
with the surface. The tripod gait is a faster daitan The robot manages its leg motions and performs
even terrain navigation. Transition can be desdribg Simple transitions automatically whenever requirted,
switching legs from one gait to another which iswh  turn or change direction. Furthermore, press ofittoh
in Fig. 15. In Fig. 15 the hexapod tests out ahditith ~ €xecutes reset transitions between unfamiliar itesra
tripod gait locomotion and then it makes a gaitOne such transition is that when the robot is pickp

transition to wave gait locomotion in order to take from the ground contact. In such case it goes ¢esl
turn in an appropriate direction. mode automatically as shown in the Fig. 16.

DISCUSSION CONCLUSION

The transition used to switch between walking and A novel navigation algorithm is developed for a
negotiating terrains was implemented by developedexagonal hexapod robot that uses optimal gait for
algorithm, and a reactive system was implemented folocomotion. This algorithm generates near maximal
semi-autonomous operation. The result of thisstroke tripod gait for walking on regular terraifihe
transition, shown in Fig. 17, shows that the frteft  problem of optimal gait generation for a six legged
leg negotiates the obstacle (A mirror image of thiswalking machine, the hexapod, is addressed in this
transition exists when the right leg hits the oblea  research. Limits on minimum stability margin,
Rotation towards the right is performed on a 90jlean maximum foot force, foot motion and collision beame
step. Since the robot changes gait of locomotioilewh adjacent legs are considered for generating the Hae
it negotiates an uneven terrain, motions of the lag  algorithm can be used with minor modifications, for
changed to the wave gait from the tripod gait dyitile  generating a regular gait like wave gait for watkion
transition. Upon reaching an uneven terrain theotrob inclined planes as well as steps. We have also
launches the correct transition depending on tlie ledeveloped a method to perform obstacle avoidande an
(right or left) negotiating the obstacle. A simple terrain negotiation in static uncertain environméengt
reactive system detects the hill or ditch throupk t using different gait of locomotion with gait tratish
push-button sensors attached to the fromb legs. between tripod gait and wave gait.
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