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Abstract²This paper proposes a novel dynamic gait of 

locomotion for hexapedal robots which enables them to crawl 

forward, backward, and rotate using a single actuator. The gait 

exploits the compliance difference between the two sides of the 

tripods, to generate clockwise or counter clockwise rotation by 

controlling the acceleration of the robot. The direction of 

turning depends on the configuration of the legs -tripod left of 

right- and the direction of the acceleration. Alternating 

acceleration in successive steps allows for continuous rotation 

in the desired direction. An analysis of the locomotion is 

presented as a function of the mechanical properties of the 

robot and the contact with the surface. A numerical simulation 

was performed for various conditions of locomotion. The 

results of the simulation and analysis were compared and found 

to be in excellent match.  
 

I. INTRODUCTION 

Much of the interest in insect-like locomotion has been 

motivated by the need for low cost, small, fast, and robust 

robots capable of crawling on a variety of rough terrains. 

This will enable them to reach remote areas inaccessible for 

humans or wheeled vehicles, for inspection, reconnaissance 

or search and rescue.  

Several research groups invested considerable effort in 

investigating hexapedal robots producing numerous designs, 

some of which are capable of running at more than ten body 

lengths per second such as Mini-Whegs �[10], Dyna-

RoACH �[5], DASH �[1] and iSprawl �[8]. Phasing between 

the legs can be achieved using controllers �[10] �[8], or 

mechanically �[5] �[1]. Various steering mechanisms were 

also suggested; RHex �[15] and OctoRoACH �[11] rely on 

differential velocity drive, Sprawlita �[2] and iSprawl �[8] �[9] 

actively change their leg kinematics, and OctoRoACH �[11] 

can be steered using a dynamic tail.  

Schmitt and Holmes �[12] �[13] and Kukillaya and 

Holmes �[7] investigated the dynamic model of cockroaches. 

They limited their analysis to plane dynamics and modeled 

the legs as two rigid links connected to each other and to the 

main body through an active torsional spring. Stability of the 

locomotion �[4] together with the response to quick 

perturbations �[3] were also considered. The influence of 

compliant contact (foot and/or surface) on crawling was 

investigated by Zarrouk et al. �[16]�[17] who studied the 

locomotion of worm robots and formulated the locomotion 

efficiency as a function of the compliance, coefficient of 

friction (COF), and external forces.  

Inspired by cockroach locomotion and the influence of 

compliance on the velocity of the robot, this paper shall 
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present a new gait which enables operating a robot in a plane 

using a single actuator/motor. The gait control exploits the 

disparity in stiffness between the two sides of the tripod (the 

stiffness of two legs versus one leg), which together with 

inertial forces induced by acceleration, generate different 

progress of the two sides of the robot. Controlled successive 

tilting, together with proper phasing in consecutive steps, 

produces yaw rotation in a desired direction.  

Towards this goal, we first formulate a static and dynamic 

model of the robot. The model is used to obtain a 

preliminary estimate of the motion, as a function of the robot 

properties and actuation parameters, and to perform a 

numerical simulation.  

To validate our analysis, we developed a numerical 

simulation based on realistic parameters obtained from 

previous work �[5] �[1]. The simulation allows us to first 

validate our results and second, to find optimum parameters 

for robot design and optimum control parameter for good 

stability and performance. 

 

II. SYSTEM DEFINITION 

A.  General description of the robot model 

We consider a hexapedal robot consisting of a main body 

and six actuated flexible legs which rotate around their hips 

providing thrust (see Figure 1). Similarly to insects, the 

robot runs with an alternating tripod gait consisting of a left 

tripod (LT, legs 1,4,5) and a right tripod (RT, legs 2,3,6). A 

step begins when a tripod contacts the surface and ends 

when it disengages, marking the beginning of the next step. 

A cycle is comprised of two successive steps LT and RT.  

 

Figure 1 The Hexapod robot. LT is comprised of legs 1,4,5 and RT is made 
of legs 2,3,6.  

We assume that the robot has a rigid body with a mass m and 

inertia moment I and that the dynamic model of the robot is 

restricted to the horizontal plane. The mass of the legs 
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As the robot is in equilibrium, the total sum of forces and 

moments is zero.  
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Solving Eqs. (16) and (17) gives the yaw rotation angle as 

linear function of /)  

 C FGT G �  (18) 

the maximum acceleration value that the robot is can achieve 

is limited by the COF 
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The maximum possible rotation relative to the COF during a 

cycle, comprised of two steps, is  
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E. Radius of Rotation for small deformation 

Alternatively, the turning angle, radius of rotation and center 

of rotation can be calculated as a function of the motion of 

any two points of the body of the robot. For simplicity, we 

choose the left and right hips of the center legs (3,4) and that 

the weight is divided equally between the two sides. In an 

RT configuration, the maximum friction force acting on a 

single right leg is mÂgÂ µ  /4 and on the left leg is mÂgÂ µ  /2. 

We denote by ûxl and ûxr, respectively, the motion of the 

left and right sides during a step. Their values can be 

approximated as 
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The plus is for LT deceleration and minus for RT 

acceleration. Alternatively 
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Where û� is the rotation angle and R is the radius of rotation 

(see Figure 6). Similarly 
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Subtracting Eq. (23) from Eq. (24), we obtain an explicit 

value of � 
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Inserting (25) into (24) yields the radius of curvature R 
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Inserting (21) and (22) we obtain 
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We note that this approximation is correct for small 

deformations only and that the radius of rotation is larger 

during deceleration than it is during acceleration 

 

 

Figure 6. The rotation angle and radius of curvature. 

 

IV. NUMERICAL SIMULATION AND COMPARISON 

TO ANALYSIS 

A numerical simulation for the dynamic model of the 

robot, as per equations (6)-(9), was developed. The purpose 

of the simulation is first to validate the analytical predictions 

of steering, second to evaluate the actual velocity and radius 

of curvatures by using realistic parameters of previous robot 

designs �[1]�[11], and third to find optimum parameters for 

tuning. Unless otherwise stated, the values of the simulation 

parameters are:  

m=0.03kg,    

kl=10N/m, kr=0.004Nm,  

Lr=0.1m, L0=0.02m, w=0.04m,  

µ=0.5,  

�=0.5, �=1/3 and .step ���.  

The selected values of � and � satisfy T1=T2  (11).   

 

A. Turning counter clockwise and then clockwise  

Figure 7 presents the trajectory of the robot rotating at an 

actuation frequency of 6Hz. The robot first completes a 

counterclockwise (accelerate at RT and decelerate at LT) 

circle and then makes a clockwise (decelerate at RT and 

accelerate at LT) circle.  

Figure 8 and 9 present the linear and angular velocities of 

the robot turning counter clockwise at 6Hz. The robot 

reaches a stable gait after two cycles. The linear velocity 

varies between 0.07m/s and 0.31m/s, with an average of 

0.2m/s, compared to the nominal velocity of 0.48m/s as per 

Eq. (4). The angular velocity alternates between 0 and 0.7 



  

rad/s but has typically two phases, the first (and larger) is 

due to acceleration and the second due to deceleration. At an 

average rotation rate of 0.35rad/s, the robot can perform a 

"U turn" in roughly 9 seconds. The maximum angular 

velocity as per equation (20) is 0.52rad/s and the minimum 

radius of rotation estimated using linear model (20) and (27) 

is, respectively, 0.19m and 0.31m compared to 0.61m 

obtained from the simulation. The difference is due to the 

non-linear model of the robot, sliding, and to the fact that the 

simulated robot was unable to achieve full rotational speed, 

especially during the deceleration (see figure 9). 

 

Figure 7. Trajectory of the robot turning at 6Hz and a zoom to 3 cycles. 

 

Figure 8. Linear velocity of the robot running at 6Hz.  

 

Figure 9. Angular velocity of the robot running at 6Hz. The different peaks 

are due to the acceleration and deceleration of the motor. 

B. Minimum friction requirements  

The COF depends on the contact materials of the tips of 

the legs and the surface. Its value typically varies between 

0.2 and 0.3 for rigid-rigid contacts to beyond 1 for flexible 

materials such as rubber. Figure 10 presents the radius of 

rotation as function of the COF for three different 

frequencies. As the maximum acceleration and deceleration 

of the robot are proportional to the COF, see Eq. (19), the 

robot is capable of turning at low COF but the radius is 

larger. The radius decreases as function of the COF but little 

change is noticed beyond µ=0.6, as the amount of slip 

becomes very small. The radii were virtually the same for    

µ =1 and µ =10. 

 

Figure 10. The radius of rotation as function of COF.  

C. Gait control  

The robot is controlled through the actuation frequency and 

the duty cycle. Figure 11 presents the radius of curvature as 

function of the actuation frequency for three different COF, 

0.2, 0.5 and 1. The radius of curvature increases almost 

linearly in the range between 6Hz and 15Hz. Below 6Hz, the 

radius increases and becomes infinite at 4.05Hz (roughly 

half of the natural frequency of the robot) and turns in the 

opposite direction for lower frequencies.  

 

Figure 11. Radius of rotation as function of the frequency of locomotion.  

The radius as function of the duty cycle � is presented in 

Figure 12. The minimum radius is obtained at 0.35 which 

yields to 1 2T T| . Its value remains almost unchanged 

between 0.3 and 0.7 but increases exponentially beyond this 

interval. 

 

D. Stability of locomotion 

The robot's actuation consists of acceleration and 

deceleration at each cycle. The frequency of the introduced 

perturbation is twice the actuation frequency. Therefore, one 

should avoid actuating the robot at one half of its natural 

frequency, which, for the selected parameters, is roughly 7.8 

Hz. At the critical frequency (4.05Hz), the robot may 



  

become unstable and will not turn. Beyond 4.05Hz, the 

locomotion is stable and reaches its best performance at 

roughly 6Hz. Below the critical frequency, the robot may 

turn opposite to the desired direction as it may oscillate a 

multiple of time during a single step.  

The input energy of the robot is dissipated by two means, 

sliding of the legs over the surface and dissipation of elastic 

energy of the linear and torsional springs during the 

disengagement of the legs from the surface. For high COF, 

little or no sliding occurs and stability is reduced. An 

increase of the torsional spring's stiffness reduces the yaw 

rotation of the robot as the robot becomes less sensitive to 

tilting. However, an increase in the stiffness of the linear 

springs, together with high COF, causes the robot to oscillate 

sideways at high rate and become unstable.  

 
Figure 12. Radius of curvature as function of � 

 

V. CONCLUSIONS 

The research, described in the present manuscript, focused 

on a novel gait of actuation for hexapods which allows 

crawling forward, backward and turning using a single 

actuator. The gait exploits the stiffness difference between 

the two sides of the tripod to cause tilting by accelerating or 

decelerating the motion of the legs. Successive tilting in the 

same orientation causes continuous rotation of the robot in 

the desired direction.  

The robot is modeled as a rigid body with massless but 

compliant legs. We used the Coulomb contact to simulate 

the interaction between the tips of the legs and surface. A 

static analysis and dynamic analyses of the robot are 

presented in section III. The static analysis allows us to 

obtain a preliminary estimate of the amount of rotation the 

robot will make during a cycle as a function of the 

compliance of the legs, the mass and the COF.  

To validate our expectations, a numerical simulation was 

performed based on realistic robot parameters. The 

performance was investigated as function of the actuation 

frequency, COF and duty cycle. Best performance is 

achieved slightly above the critical frequency together with 

equal periods for low and high velocities. At the critical 

frequency, the robot does not rotate and below critical 

frequency, the motion becomes chaotic and the robot may 

turn either direction. The robot is capable of rotating with a 

COF as low as 0.2 but its performance improves as the COF 

increases up to 0.6. Beyond that, little change is noticed.  
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