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This paper analyzes the in-plane locomotion of a minimally actuated dynamic hexapedal
robot with continuously sliding feet. We formulate the fore-aft velocity of the robot as a
function of the length of the legs, step angle, actuation frequency and the incline of the
surface and compare this model to a nearly-flat experimental robot. The results are in
good agreement with the model which shows that the progress of the robot is
substantially reduced over slopes. The cost of transport of the robot is lower than other
robots of its size.

1. Introduction

The interest in multi-legged crawling robots has been motivated by the
demand for high-speed robust mechanisms capable of crawling over slippery
and rough surfaces for a variety of applications ranging from reconnaissance to
search and rescue. But slipping of the legs in the fore-aft and lateral directions
has not been thoroughly examined. Many examples of miniature crawling
robots, some of which are capable of running at more than ten body lengths per
second can be found in the literature, such as Mini-Whegs [10], DASH [3],
iSprawl [9], and STAR [15]. Multiple studies used the spring loaded inverted
pendulum model (SLIP) of robot behavior in two dimensions [2]. Horizontal In-
plane models which neglect vertical oscillation but are useful for steering and
yaw stability were investigated by Schmit and Holmes [11] and Kukillaya and
Holmes [8] who studied the dynamic locomotion model of cockroaches, in
which they assume that the legs fully stick to the surface. They developed the
lateral leg spring model (LLS) in which the robot is modeled as a rigid body
with massless compliant legs, and limited their analysis to in-plane dynamics.
Recently, Zarrouk & Fearing suggested the sliding spring leg (SSL) model to
describe in-plane locomotion where the legs are sliding (throughout the contact



with the surface) along the fore-aft direction and sideways [14]. In this work,
we present experimental results of the SSL model for running over horizontal
surfaces and up inclines and compare it to the mathematical model.

Figure 1. The experimental robot fitted with rigid legs. Its length is 120 mm and
weighs 45 grams.

2. Robot model

In a traditional approach where sticking contact exists, it is possible to determine
the robot motion by simply integrating the motor rotation and leg deformation to
directly determine the position of the robot. However, this becomes impossible
when the legs are sliding, as the relative velocity of the sliding legs relative to
the ground is unknown.

2.1 The robot

The robot has a rigid body and six legs. Each side of the robot has 3 legs driven
by a single motor where each leg is in 60° phase offset from the neighboring leg.
Steering is achieved by differential velocity between the two sides. The yaw rate
of the robot is measured using an onboard MEMS gyro and the velocity of the
motors is estimated from back electromotive force (EMF). The length of the
robot, including its legs is 160 mm and its total weight is 45 grams. A worm
gear with a transmission ratio of 48:1 is used between the motor and the legs to
ensure high torque output and relatively steady velocity.



2.2 Simplified model

Similarly to insects, the robot model 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. The body of the robot is rigid with a mass m and inertia
moment / relative to the center of mass (COM), which is assumed to be the
geometrical center of the body. Assuming the robot runs in a straight line, the
instantaneous velocity of the legs, rotating around their hips is

Figure 2. The Hexapod robot. LT is comprised of legs 1,4,5 and RT is made of
legs 2,3,6.
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where V| is the vector velocity of the tips of the legs, V is the velocity of the
robot, @ is the angular velocity of the legs and Ly is the vector direction of the
legs. The explicit values of the velocity of the legs in direction e; and e, are
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Where ¢, is the touchdown angle. The velocity Vi, is independent of the
velocity of the robot, where its sign depends on « = ¢, —at¢ and on whether the
leg is on the left or right side of the body. The thrust force of the robot is the
sum of the components of the friction forces in the e, direction.
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When the robot is climbing a surface inclined by A relative to the horizontal
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plane, the total normal force to the surface is m gcos(/l) . If we assume that all

the legs have a constant relative phase and are infinitely rigid, Eq. (3) becomes
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Using Newton’s second law we can formulate the acceleration as a function of
the velocity in the following ordinary differential equations (ODE)

F, (V) +F, ©)
m

V: Thrust
Eq. (6) describes the velocity of the robot as a function of time. When the robot is
climbing up a slope, the external force is due to its weight. In such case, Eq. (6)
becomes
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Figure 3. Advance ratio as a function of the slope divided by the COF for
different step angles a.



Solving Eq. 7, it is possible to determine the advance ratio (defined as the ratio
of the robot COM speed relative to the leg speed) as illustrated in figure 3. The
advance ratio depends both on the step angle and on the slope. The robot cannot
advance up a slope which is larger than its coefficient of friction.

3. Experiments

Our experimental setup consists of a hexapod robot which is similar to
STAR [15], but with fixed sprawl angle. The position of the robot is measured
using a Vicon multi camera tracking system. Our Vicon set up has 12 cameras
which allow for sub-millimeter accuracy at 120Hz sampling rate.

3.1. Measuring the leg to surface coefficient of friction

During the experiments, the robot was run at roughly one third of its
maximum speed. The contact angle between the plane of the legs and the surface
is 7° (sprawl 83°) which allows for almost in-plane dynamics. As the angle
between the legs and the surface is 7° only, the actual step angle of the robot was
between 120° and 150°. The COF of the surface was measured by placing a
cubical 3D printed part (same material as the legs) over the surface and
changing the inclination until sliding is detected. Fifteen measurements were
made to determine the COF of the surfaces. The friction angle, i.e. the angle of
the slope over which sliding occurs, varied between 15 to 20 degrees on the
wood and 15 to 25 degrees on the acrylic. Figure 4 shows that during
locomotion on a horizontal surface, the legs slide mainly sideways.
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Figure 4. Footstep of a left leg of the robot in steady state running over a
horizontal surface.



3.2.  Climbing over a slope

Robot experiments were performed on plywood and acrylic. In each of the
trials, the robot was run over a different slope. The slope was adjusted starting
from a horizontal surface up to the stall angle of the robot. The velocity of the
legs, as measured from the back EMF, was close to the input velocity. The
difference, which was mainly due to the steering control (i.e. the robot slows
down one side or another to keep going straight), was less than 5%. As a result,
the different trials had practically the same actuation frequency. The advance
ratios for the runs on wood and acrylic at zero incline are respectively 0.78 and
0.74, compared to 0.8 from the simulation, which is within the expected
experimental error. Figure 5 presents the normalized advance ratio of the robot,
defined as the ratio of the steady state velocity for a specific incline divided by
the velocity for zero incline. The experiments are compared to our expected
results from the simulation at a 150° step angle oy, The velocity of the robot
decreased almost linearly as a function of the slope as expected from the
dynamics model. The experimental results with rigid legs are presented in the
top two plots of Figure 18. Comparing those results to our analysis and
simulation, we see a similar behavior where the velocity seems to be decreasing
nearly as a linear function of the running surface incline slope.
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Figure 5. Normalized advance ratio of the robot as a function of the running
surface incline slope for rigid and compliant legs on acrylic and wood surfaces.
The range of the expected result is due to the uncertainties in the value of the
friction coefficient.

4. Conclusions

The research described here focused on the analysis of in-plane hexapedal
robotic locomotion. Explicitly, we investigate the locomotion of the robot and
the thrust force it can generate as a function of the velocity, We start our
analysis by formulating the relative velocity of the tips of the legs to the surface
which allows us, based on the Coulomb model of friction, to determine the



resultant friction forces and thereby the forward thrust of the robot. For
experimental validation, a purpose built robot with high, nearly flat, sprawl
angle was developed to examine the in-plane mechanics model and simulation.

The advance ratio on inclined surfaces is a function of the slope and step
angle but is independent of the actuation power and frequency. The advance
ratio decreased monotonically with the slope. The robot performed slightly
better than expected on the wooden surface and the stall angle over wood was
found to be 17°. This may be attributable to the roughness of the surface which
allows the tips of the legs to stick between the fibers of the wood. On acrylic, the
robot performed slightly below the expected range and the stall angle is 12°
only. The measured cost of transport (COT) of the robot on a horizontal surface
(not including control board), which is the input energy to the motors divided by
weight times distance is around 0.8 which is roughly half of the measured COT
of similar size robots such as DASH [3]. This shows that this in-plane
locomotion is relatively cost-effective even though the legs are continuously
sliding, as the robot does not waste energy on undesired vertical oscillations.

In future work we will investigate the influence of leg compliance and
concentrate on finding the cost of locomotion of the robots and analyzing
stability under the different crawling conditions described in this manuscript.
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