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Abstract: In this paper, a gait transition method has proposed that allows a group of multi-agent
hexapod robot to switch from one gait to another gait with stable condition, during different terrain
navigation. Typical gaits of locomotion are analyzed for hexapod robot. Hexapod robots frequently
operate various gaits to locomote over a variety of surfaces. To enable locomotion in a changing
surface, hexapod must be able to stably change between gaits while continuing to locomote. A
comparative study, based on different gaits for different surface locomotion, concludes that the
hexapod robot use two types gait for complex surfaces with concurrent gait transition during
navigation. Finally, a gait transition algorithm is developed for hexapod robots in multi-agent
application.
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INTRODUCTION

The hexapod robots have best possible ground negotiation technique because these robots can navigate on
different surfaces. But, one of the most important problems is to keep the robot in stable condition. Mainly,
it is difficult to keep the stability of robots while robots change their gaits from one to another to turn and
step aside. The gait change without considering the gait transmission causes the robot to lose balance and liable
to be damaged. As a result the stance of the robots becomes rickety, while the robot changes the gait
instantaneously.

Hexapod robot uses the track motion for navigation (Kimura et al., 1998). There are some approaches to
the problem of generating motions for hexapod robots were proposed (Advani et al., 2002); first approach is
to design a rapid system whose developing behavior resembles a desired motion. While it is possible to
predetermine stability within such a system, it is difficult to design the emergent behavior, and these systems
often lack common perception. Secondly, opposite approach is to plan the individual motions for the legs and
feet of a robot, while ensuring stability of the resulting overall motion. Hexapod locomotion necessarily
involved with complex constraints relating to surface contact. One popular alternative is to take an abstracted
view of hexapod locomotion by simply specifying the gaits a robot may use. A method to robot control can
then be taken; locomotion by switching through a sequence of gaits. The safe transition between gaits is the
primary focus of this paper. More specifically, a method has developed that address how gait transitions can
be used to combine behaviors to produce safe and capable locomotion over different terrain.

Researchers have been trying to manufacture robots that can be able to perform real motion since first
robots were developed. Biologists reverse-engineered the neuronal bases of locomotion (Wilson, 1966; Cruse,
1990); while their applied counterparts created robots that used networks of simple reflexes and coordination
schemes to locomotion (Brooks et al.,1989; Espenschied et al., 1993). These policies result in networks of
simple computational elements from which gait like behaviors emerge. There is no concept of “changing
between gaits”, as all motions are produced by the reactive policies. The opposite approach has been deliberate
and careful planning of every footfall a robot makes (Wettergreen et al., 1990; Chestnutt et al., 2005). It
requires very accurate sensor information of the constraints related to locomotion which are difficult to achieve
on a mobile platform. With high-level behaviors, these methods have generally been unsuccessful on small,
fast, and possibly dynamic mobile robots. An alternative approach is to explicitly store individual gaits each
designed for a specific purpose. In the absence of sensor information, intuitive feed forward motion patterns
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can be rapidly developed and are often quite successful at various tasks (Altedorfer et al., 2004). 
Gait analysis commonly involves the measurement of the movement of the body in space and the forces

involved in producing these movements. Many researchers studied on the gait analysis of legged walking robot
(Shih et al., 1993). Gait analysis is useful for several types of locomotion on different surfaces, to avoid
placing legs on rough area, there are several gaits proposed (Ozguner et al., 1984; Pal et al., 1991; McGhee
et al., 1979); such as adapting gaits, FTL gaits, graph search method, free gaits. In the flat surface hexapod
may be able to walk and run but for hazardous surface it may only be able to walk slowly. Self-stabilizing
characteristics for both walking and running gaits were used in leg locomotion (Iida et al., 2008). For better
locomotion on the surfaces, typical gaits are analyzed, such as tripod gait, ripple gait, wave gait etc
(Technologies, 2003). The gait generator parameter can be tuned while robot change surfaces (Joel et al.,
2004). With a large set of possible gaits, the challenging task becomes understanding how to transition between
them, while still adhering to the basic principals of legged locomotion. 

The main focus in this paper is to develop stable gait transition locomotion for hexapod robots. The focus
is to have stable navigation over a challenging surface.

In Section II, we will discuss typical gaits and leg trajectory for locomotion followed by details of the
algorithm developed and gait transition method in section III. Finally we present results in section IV and
conclusion in section V.

MATERIALS AND METHODS

Gaits for Hexapod Robots:
Summary of Typical Gaits:

A gait is a particular way or manner of moving on foot that produces locomotion through a sequence of
foot contacts with the ground. The robot drives the legs by using ground contact. Wave gait and metachronal
wave gait are known as static gait. Ripple gait, tripod gait, tetra pod gait are well known as dynamic gait. In
this research, we employ wave gait and tripod gait as the typical gaits of a hexapod robot because those gaits
have high stability to walk over complex surfaces (e.g. rocky, ditch, uneven etc.). 

Wave Gait:
In the Wave Gait, all legs on one side are moved forward in succession, starting with the rear most leg.

This is then repeated on the other side. Since only 1 leg is ever lifted at a time, the other 5 legs being down,
the animal is always in a highly-stable posture. One conjecture is that the wave gait cannot be speeded up very
much. Wave gaits are a group of gaits in which a wave motion of foot falls and foot lifting’s on either side
of the body move from the rear to the front, one after another with constant intervals, and in which the
laterally opposing legs differ in phase exactly half of a leg cycle. Each wave gait is characterized by a forward
wave of stepping actions from the back to the front on each side of the body. The wave gait pattern is chosen
in this system because it provides the maximum stability margin for uneven terrain navigation. The control
algorithm is used for the control action of wave gait locomotion with an angular position input and torque
command output (Katsuhiko et al., 1994). The foot is commanded to move forward a constant length as
viewed from the main body at each integration time interval. The numbers adjacent to the legs in the body
diagram correspond to time points for the wave gait is shown in the Fig. 1.

Fig. 1: Stepping patterns of swing movements for wave gait (Technologies, 2003)
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Tripod Gait:
The Tripod Gait is the best-known hexapod gait. A tripod consists of the front-back legs on one side and

the middle leg on the opposite side. For each tripod, the legs are lifted, lowered, and moved forwards and
backwards in unison. During walking, a hexapod uses its 2 tripods not unlike a bi-pad stepping from one foot
to the other the weight is simply shifted alternately from one tripod to the other. Since 3 legs are on the
ground at all times, this gait is both "statically" and "dynamically" stable. The movement scheme is easily
visualized by examining the fig. 2; the numbers adjacent to the legs in the body diagram correspond to time
points on the graph. The leg coordination of walking hexapod appears to be quite regular too, and is described
by the so called tripod gait. In the tripod gait three legs, front and rear leg of one side and the middle leg of
the other side, perform their swing movements at the same time.

Fig. 2: Stepping patterns of swing movements (Technologies, 2003)

The tripod gait appears when the animals walk fast and the load is small. The occurrence of this gait may
indicate that leg movement is controlled by a hierarchical superior system which determines the temporal
sequence of the movements of the different legs (Billah et al., 2009).

Leg Trajectory in Typical Gait:
In the hexapod trajectory, each leg joint hunting range is [-45 , 45 ] and the elevation limits is [-45 , 135

]. Six legs divide into two groups (the front & hind leg one side and the middle leg another side of the body).
One group support the body to go forward (support phase) and the other group jiggles for the preparations of
next step support process. The trajectory of legs in each gait is shown in fig. 3. In this figure, the travel range
is marked by rectangles, the starting position in support leg is marked by black squares, and the white squares
are the starting position of the swing leg. The posture that each leg is resting on the central point of the travel
range is called a standard posture.

From the reference T. Toyama (Kimura et al., 1998), T is the period of one cycle. The trajectory of front,
middle and rear legs of one side in each tripod gait is considered in the centre of travel range, i.e. the standard
posture after 3/6 T has passed from starting time in which these three legs are on the starting position of
support phase. And the trajectory of the other side’s front, middle and rear legs are in tripod gait are arranged
to be the standard posture after 3/6 T has passed from the starting time. Other three legs on the opposite side
are on the starting position of support phase. 

In the wave gait, each leg takes standard posture after 5/6 T has passed from the starting time in which
the legs were in support phase. If the robot turns clockwise (rotation), the five legs of the trajectory are in the
starting position of support phase and the first left leg is in swing phase. As a result, each leg can be located
in the standard posture 1/6 T after the support phase begins.
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Fig. 3: Moving range of the gaits

Gait Transition Methods:
Gait transition is a motion pattern that is naturally acyclic (spiral arrangement), from phase angle and robot

configuration one gait and ending at a phase angle and configuration from another gait. Whereas gaits are
meant to be run indefinitely, transitions are finite behaviors that switch between gaits. In order to generate
automated useful transitions, it is important to understand the fundamental properties of gaits, such as their
stable situation.

Gait Transition:
A gait transition method with high stability realized by stepping on the spot; a robot stops on the spot and

a leg moves to the position of new gait stepwise, which took 4 cycles to complete the gait transition for the 
quadruped walking robots. In this paper, a new method is derived for hexapod gait transition; the gait transition
in between tripod gait to wave gait and wave gait to tripod gait begins at the position of the triangular position
to pentagonal position is called Triangular Pentagonal  Exchange point (TPE) and vise versa. In this method,
the robot stops to move at TPE point and change legs for gait transition with any leg arrangements.

Typical Gait Transition Method:
There are different ways of gait transition procedure according to the state of each leg. The develop

method is that the gait transition starts at the TPE point and every transition contains two cases; case 1: the
swing leg (s) at the start point of gait transition will become the front leg as a first swing leg in the new gait
or case 2: the rear leg will be the first leg. There are two steps in each case during every gait transition. Here,
the leg posture indicated as step1 is the leg arrangement when the gait transition starts and in the step 2, the
swing leg is located on the new gait position. Here A, B, C, D, E, F is the leg position in a particular posture.

Transition from Tripod Gait to Wave Gait:
In this paper, the transition from tripod gait to wave gait was implemented using TPE (Triangular

Pentagonal Exchange) point. In the following steps we describe the method of gait transition.
Case 1: In the fig.  4, from the swing legs A, D and E, E becomes first leg for ground contact during

gait transition. In the step 1, the robot is in the TPE point and the leg E moves to the supporting position of
the new gait. The legs A, B, D, F and E keep their stable position, and the leg C becomes the swing leg in
the Step 2. In this state the robot keeps the position for 1/6 T.
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Fig. 4: Gait transition from tripod to wave gait case 1

Case 2: From the fig. 5, leg F becomes first leg from swing legs B, C and F during gait transition. In the
Step 1, the robot is in the TPE point. The swing legs B, C move to the supporting position of the new gait
and the leg F becomes swing leg and move to the new gait position with the robot is the same position. Then
F, B, A, C and E keep ground contact and D becomes swing leg. Thus the legs are consecutively following
wave gait order as B, A, C, and E for swing and the robot is in the same position for 1/6 T.

Fig. 5: Gait transition from tripod to wave gait case 2

Transition from Wave Gait to Tripod Gait:
Here, the transition from wave gait to tripod gait was implemented using TPE (Triangular Pentagonal

Exchange) point. In the following steps we describe the method of gait transition.
Case 1: If the leg A or E or D is the swing leg then A, E and D become first swing legs for the new

tripod gait. In the fig. 6, leg E is considered as a swing leg in wave gait. In the Step 1, the robot is in the
TPE point and the legs B, C and F move to the supporting position of the new gait. In this posture the legs
A, E and D keep their position with ground contact, and the legs B, C and F become the swing legs in Step
2. Therefore the robot keeps the position for 3/6 T.

Fig. 6: Gait transition from wave to tripod gait case 1

Case 2: If the leg B or C or F is the swing leg then B, C and F become first swing legs for the new
tripod gait. In the fig. 7, leg B is considered as a swing leg in wave gait. In the Step 1, the robot is in the
TPE point and the swing legs B, C and F move to the supporting position of the new gait. Then the legs A,
D and E become swing legs and move to the new gait position and the robot keeps the stable position in the
Step 2. Therefore the legs are following tripod gait with leg stepping and the robot keeps the same position
for 3/6 T.
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Fig. 7: Gait transition from wave to tripod gait case 2

Transition Method Algorithm:
Steps of Algorithm:
1 INITIALIZATION

L {A, B, C, D, E, F}
Lt1 {A, D, E}
Lt2 {B, C, F}
Lw1 {A | D | E}
Lw2 {B | C | F}
Os Obstacle State
Ns Non Obstacle State

2. Active mode
3. Tripod gait
4. Tripod to Wave gait Transition:    

While (Os) Do

(a). case_1:
If (swing_leg (Lt1)) then 
Step 1-
         ground_contact (Lt1-1)

where {A, D}  (Lt1-1)
Step 2-
           stable_condition (L-1) 
                  & swing_leg (L-5)

where {A, B, D, F, E}  (L-1) and {C}  (L-5)
                                                              wave_gait (L)
End if

(b). case_2:
If (swing_leg (Lt2)) then 
Step 1-
         ground_contact (Lt2-1)

where {B, C}  (Lt2-1)
Step 2-
                                                           stable_condition (L-1) 
                  & swing_leg (L-5)

where {B, A, C, E, F}  (L-1) and {D}  (L-5)
wave_gait (L)

5. WAVE to TRIPOD gait Transition:     

While (Ns) Do
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(a). case_1:
If (swing_leg (Lw1)) then
consider {E}  (Lw1)
Step 1-
                   swing_leg (Lt1-1)
           where {A, D}  (Lt1-1)

Step 2-
          stable_condition (Lt1)  
                  & swing_leg (Lt2)
tripod_gait (Lt1, Lt2)
End if

(b). case_2:
If (swing_leg (Lw2)) then
consider {B}  (Lw2)
Step 1-

swing_leg (Lt2-1)
where {C, F}  (Lt2-1)

Step 2-
stable_condition (Lt2) &
                           swing_leg (Lt1)
tripod_gait (Lt1, Lt2)
End if

RESULTS AND DISCUSSION

The transition used to switch between walking and negotiating terrain was mostly designed by algorithm,
and a reactive system was implemented for semi-autonomous operation. The result of this transition, shown
in Fig. 8; shows that the front left leg negotiate the obstacle (A mirror image of this transition exists when
the right leg hits the obstacle). Rotation towards right is performed on 90° angle from this position. As the
tripod gait progresses at a constant speed, relative speeds of the two gaits are adjusted autonomously. Since
the robot changes gait of locomotion while negotiates uneven terrain, motions of the legs are changed to the
wave gait and subtracted from the tripod gait during the transition. Upon reaching uneven terrain, the robot
launches the correct transition depending on the leg (right or left) negotiating the obstacle. A simple reactive
system detects the hill and ditch through the push-button sensors attached to the front two legs. Performance
tests show satisfactory results on different terrain without any human intervention, as seen in the photos
included in Fig. 8.

Fig. 8: Hexapod executing the gait transition 1, left leg hits an obstacle
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Conclusion:
A method has been developed to perform gait transition for a hexapod robot. The novelty of the developed

method consists of the explicit consideration of stability for the hexapod, to make gait transition between
typical gaits. In this research, the tripod gait and wave gait are utilized as the typical gaits. It is concluded that
the combination of two gait-transition methods make it possible to realize a stable automated gait-transition. 
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