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Summary. This paper presents a novel design and a motion planner for a semi-
passive mobile robot. The robot consists of an upper circular body and three identical
semi-passive driving mechanisms. Each mechanism consists of a passive wheel that
can freely roll, a rotation actuator along the normal axes and a linear actuator for
motion along the radial direction of the upper body center. The robot is equipped
with an inclinometer to measure the surface slope. Each wheel is also equipped with
a rotational encoder to measure roll. Using an odometric model, data from these
encoders determines vehicle position. Kinematic analysis provides tools for designing
a motion path that steers the robot to the desired location, and determines the
singular configurations. Due to the passive roll, there is no longitudinal slippage,
and lateral slippage is determined from the kinematic and odometric models. This
enables accurate and reliable localization even with slippage. A gait pattern planer
for downbhill, as well as horizontal and uphill surfaces is presented. A prototype robot
has been built and field tested. Experimental results verify the suggested models.
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1 Introduction

Wheel slippage is one of the dominant features that affect the efficiency, reli-
ability, feasibility and stability of mobile robot motion. Uncontrolled slippage
causes undesired motions that result in erroneous position and orientation.
The most common method for autonomous relative position estimate - odom-
etry, is subject to unbounded errors due to slippage [2], and requires an addi-
tional positioning system (e.g. Map-Matching, GPS, Beacon-Based Triangu-
lation). This problem becomes critical when no absolute positioning system
is available (e.g. space, underground or indoor missions). Furthermore, ad-
ditional tasks such as trajectory planning and obstacle avoidance cannot be
reliably performed in the presence of uncontrolled slippage. Many researchers
deal with robot-surface interaction, particularly on slippery terrains. Bidaud
et. al. [1] deal with wheel-soil interaction models. Iagnemma et. al. [7] de-
scribe terrain estimation and sensing methodology using visual, tactile and
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vibrational feedback. Ferretti et. al. [5] exploits high resolution encoders to
compensate for non linear friction terms. Physics based motion control that
involves a model of traction mechanics with the consideration of force distri-
bution among the wheels is discussed in [3]. In this approach the wheel-soil
contact angle and the distribution of the load on each wheel are considered,
and a control system maximizes traction between the vehicle and the terrain.
Yoshida and Hammano [11] investigate the tire-soil traction mechanics as well
as the body-suspension-wheel dynamics of a mobile robot.

Conventional locomotion uses legs or powered wheels to generate motion.
In contrast, our robot relies on relative motion of the joints to generate motion
of the central body similar to the motion of a downhill skier on an icy sur-
face, or locomotion on rollerblades. A novel robot design that has the ability
to switch between skating and walking modes is the Roller-Walker [4]. This
quadruped robot has the ability to switch between walking and skating modes.
Passive wheels at the end of each leg fold flat to allow the robot to walk. In
the skating mode, the wheels are rotated into place to allow the robot to carry
out skating motion. Another example is the ROLLERBLADER [6]. This robot
is different from the Roller Walker in its ability to raise the rollerblades off
the ground. This allows the use of gaits that mimic those used by human
rollerbladers. Shimizu [10] developed both a skiing robot and a snowboarding
robot that can model how humans perform turns on skis or snowboard.

Semi-passive driving mechanism has several advantages over regular pow-
ered mechanisms. First, no longitudinal slippage occurs, given minimal friction
between the wheels and the surface. The minimal friction is required for over-
coming the rotational friction between the wheels and their housing, which is
significantly reduced even by conventional bearings. The elimination of lon-
gitudinal slippage is essential for accurate and reliable odometry, particularly
for outdoor missions. Using semi passive driving mechanism, combined with
intelligent motion planner can significantly reduce the power consumption of
the vehicle. Utilizing the powered mechanism only when required (e.g. trav-
eling uphill or on horizontal surface), while changing to passive motion when
possible (downhill travel or using the vehicle inertia) can save significant en-
ergy consumption, and therefore increase the autonomy of the system. Finally,
while replacing the passive wheels with ice skating blades it can move on slip-
pery surfaces such as ice utilizing the unique characteristic of small friction
forces on the longitudinal direction and large friction forces on the lateral
direction.

The paper is organized as follows: In Section 2 we describe the robot
design. Section 3 provides kinematic analysis and geometrical insights of sin-
gular configurations under no lateral slippage conditions. Section 4 suggests
an odometric model for localization and lateral slippage detection. Section
5 describes motion patterns for downhill, uphill and horizontal locomotion.
Section 6 presents experimental results that verify the motion planner and
the odometric model. Section 7 provides the conclusions.
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2 Robot Description

The robot consists of an upper circular body and three identical semi-passive
driving mechanisms shown in Fig. 1(a). Each driving mechanism consists of a
passive wheel that rolls freely along its longitudinal direction. The mechanism
has two actuators: a rotational and a linear actuators shown in Fig. 1(b). Both
actuators use Pittman DC servo motors. The linear actuators use a lead screw
mechanism with two parallel slide guides and linear bearings. The rotational
actuator uses timing belt mechanism to reduce the total robot height and
lower the center of gravity. The robot is equipped with studded-like tires to
increase traction and reduce slippage. The wheels can be easily replaces by
ice skating blades or skis for motion on icy or snowy surfaces. The robot is
equipped with an inclinometer to measure the surface slope.

The robot is equipped with six degrees of freedom, allowing for changes
in the internal configuration which are required for various motion patterns
(as described in the following sections). The rotation along the normal to the
central body determines the longitudinal rolling direction of the wheel. Since
wheels are passive, we assume no longitudinal slippage (lateral slippage is
permitted)®. Each of the passive wheels is equipped with a rotational encoder
to measure rolling. Data from these encoders is used by the odometric model
for relative position and orientation estimation of the robot. Furthermore,
based on the kinematic and odometric models (discussed in Sections 3 and 4),
the amount of lateral slippage on each wheel can be determined.

3 Kinematic Analysis

The robot’s c-space (configuration space) contains nine parameters, q =
(3, Y, 0, d1, da, ds,01,62,03) € IR, out of which only six are actuated. Hence
the robot’s central base is un-actuated. The goal is to design a motion path for
the actuated joints such that it steers the entire robot to a desired location.
To begin, we compute each wheel’s center point location and velocity using
rigid body transformation and its time derivative:

pi =dy + Ryd;ir; and p; = dy + Rydir; — 0y JRydir;  fori=1,2,3 (1)

01
where J = {_10

0y. Assuming no lateral slippage, the wheel’s center point velocity has no
component along the lateral direction. Therefore:

} and Ry is the rotation matrix of the central base angle

clp, =0 fori=1,2,3 (2)

where ¢; = RyR;(1,0)7 is the lateral direction of the it* wheel, and R; is the
wheel’s rotation matrix of angle 6;. Let us make the following definitions:

3 This assumption is valid only for wheels with small inertia and for relatively small
accelerations.
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Fig. 1. (a) Prototype of the three wheeled robot, (b) design model of the wheel
mechanism, and (c) the robot’s parameters.

Viq) = —diag(clTRbrl,chbr2,cg“Rbr3) c R (3)

and
cl' —dycT JRyry

K(q) = | ¢] —dyc3 JRyry | € R¥.
ci —dsci JRyrs

The no-slippage constraint (2) can now be written in matrix form as follows:
. dy
d, ; —1 3x3
6 ) = G(q) | d> | where G(q) = K™ (q)V(q) € R*™.  (4)
ds
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This constraint depends on velocities as well as on the configuration. There-
fore, (4) introduces three non-holonomic constraints, and the robot is said to
be a non-holonomic, under-actuated system. Let u = (ug,ug)” € IR® be vec-
tor of control inputs, where ug = (dl,d2,d3)T and uy = (91, 92,93)T. Then
the robot’s kinematic system is:

q= <G(Q)Ud> _ (5)

u

The central base velocity is uniquely determined by the actuators’ veloci-
ties only if G(q) has full rank. Moreover, existence and uniqueness of solution
to the robot’s kinematic system is assured only if rank(K(q)) = 3. Matrix
K(q) is of full rank if, and only if, the three lines Iy, [, and I3 do not inter-
sect in a single point and are not mutually parallel. Theses lines are given by
l; = p; + tic; for i = 1,2,3, and t; is a length parameter along the i!" line
(Fig. 1(c)). If the robot is not in a singular configuration, the central base
velocity is fully controllable using the linear actuators velocities. Later on we
use this fact to conduct uphill motion. However, singular configuration can be
used for free slide in downhill motion.

4 Odometric Model and Slippage Detection

In this section we describe the odometric model of the robot and a method
for slippage detection. As previously discussed, each wheel is equipped with
a rotational encoder to measure the passive roll - ¢;, (Fig. 1(c)). Given the
central body velocity, the wheels’ center point velocity is computed in (1).
Taking the derivative of ¢; and multiplying by the wheel radius - W,., gives
the i*" wheel center point longitudinal velocity. Equating the latter term with
the " wheel center point velocity projected on the longitudinal direction,
denoted ¢; = —Jc;, results in:

¢l'p, =W, fori=1,2,3 (6)

Based on (6) it is possible to evaluate the central base velocities while mea-
suring the passive wheels’ rotation velocities and the actuators’ positions and
velocities. Let us define the 3 x 3 matrix K (q) as follows:
[a{ —dlélTJRbrl'I
K(q) = | el —dyel JRyr, | € R*3, (7)
[eg’ —d363TJRbr3J

then central base velocity is determined by:

iy . O W, — di&] Ryt
B | = K@) | 62Wy — daty Ryt
O G W, — d3é3 Ryt

Numerical integration of the central base velocity along the motion path
determines the robot’s central base position. Note that as long as K(q) is
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not singular it is possible to calculate the base position even under lateral
slippage. Matrix K(q) is of full rank if, and only if, the three lines I, /5, and
I5 do not intersect in a single point and are not mutually parallel, where
ii =p;+;¢; fori=1,2,3,and {;is a length parameter along the l~, line (Fig.
1(c)).

Slippage detection method: After evaluating the central body veloci-
ties, it is possible to compute each wheels’ center point velocity according to
(1). This velocity vector, p;, can be divided into two components: the longi-
tudinal component, éiTpi, and the radial component,

$;=clp; for i=1,2,3.

Note that $; is the lateral velocity of the wheel center point. If the three lines
1;,1> and 13 (Fig. 1(c)) do not intersect in a single point and are not mutually
parallel, then we can explicitly compute the amount of lateral slippage of each
wheel.

5 Motion Patterns

In this section we describe the motion patterns of the robot. Since motion is
based on a semi-passive mechanism, there are two major patterns: Uphill and
horizontal locomotion, and downhill motion.

5.1 Uphill and Horizontal Locomotion

In horizontal or uphill locomotion, gravitational force cannot be used to con-
duct motion. Rather, the robot actuators produce the required central body
velocity. The motion planning problem is as follows: For a given path, a(t)
of the robot’s central body, what should be the actuators’ velocities. The
Lafferriere and Sussmann method [9] is an example of such a motion plan-
ning method for under-actuated non-holonomic systems. The Lafferriere and
Sussmann method requires the system to be nilpotent (i.e. high order of Lie
products vanish). However, our system contains trigonometric function whose
derivatives never vanish and therefore is not nilpotent. Eq.(4) shows that, in
order to provide the robot’s central body with any desired velocity, the linear
joints should supply the joint’s velocities

wg = V- (q)K (q) (gb> where <‘;b> —al). (8
b desired b desired

Applying the velocities described in (8) to the linear actuators provides the
central body with the desired velocity and it precisely follows the a(t) path.
This motion is limited by the linear actuators’ stroke. When one of the linear
actuators reaches its limit, all actuators stop. Next, the linear actuators return
to their initial configuration without causing the robot’s central body to move.
From (3) we notice that if the matrix V' (q) is the 3 x 3 zero matrix, motion of
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the linear actuators will not affect motion of the robot’s central body. V(q) is
a diagonal matrix with the terms ciTRbri on the diagonal. The ciTRbri terms
vanish if each c; is perpendicular to Rpr;. This happens only when the wheels
are in the radial directions.

Figure 2 illustrates the principle of our motion patterns for linear motion
and for circular motion around the robot’s center. Motion consists of four
steps, in which some or all wheels change their angular and/or linear con-
figuration resulting in the desired path for the robot’s central body. Other
trajectories can be generated using similar patterns.

\<_AP2

o >l g

Linear Motion

Circular Motion

Step | Step 11 Step 111 Step IV

Fig. 2. Horizontal and uphill motion patterns

Linear motion pattern consists on four phase motion: First the front
two wheels (wheels 2 and 3) rotate Af; and Af; to the required configuration
(Step I). Next, the linear actuators of wheels 2 and 3 move to provide the
desired velocity to the central body (step II). The actuators move Ady and
Ads, resulting in a longitudinal motion of wheels 2 and 3 of Aps and Aps, and
a central body linear motion of Ady. It should be noted that Aps = Aps =
Ads cos Absz, and Ad, = Ads sin Af3. Once the linear actuators reach their
maximum stroke, the wheels rotate such that their longitudinal axes coincide
with the radial direction to the base center (in our case —Afy and —Af3).
Finally, the linear actuators return to their initial configuration.

Circular motion pattern: In the first step all wheels simultaneously ro-
tate A at the same direction. Next, all linear actuators move simultaneously
the same distance Ad. This linear motion generates tangential forces that ro-
tate the robot’s body Afy around its center. Once the linear actuators reach
their limit, the wheels rotate such that their longitudinal axes coincide with
the radial direction to the base center and the linear actuators return to their
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initial configuration. The rotation around the robot center A#, is given by
Ad
Aeb = 7 tan(A(‘))

where d is distance between the robot center and the wheels. According to
this equation, larger rotation angle of the wheels Af in step I increases the
rotation of the robot’s body in step II. However, A = 90° is a singular
configuration in which the body can rotate freely with around its center.
It also should be noted that as the wheels approach the robot’s center, the
rotation rate increases for the same Af. However, the friction forces required
for this rotation increase, and eventually break the static friction constraint,
resulting in a lateral slippage of the wheels.

Other trajectories can be generated using similar patterns. For example, a
rotation around one of the robot’s wheels is shown in Figure 3 (in this figure
around wheel 3). In step I wheel 2 rotate 60° and wheel 3 rotate 90%rc to
the configuration shown. Next, the linear actuator of wheel 1 generates the
rotation of the body by moving d;. In step III the wheels rotate back to the
radial configuration and in step IV the linear actuator of wheel 1 returns to
the initial configuration.

Step III Step IV

Fig. 3. Motion pattern for rotation about wheel 3.

5.2 Downhill Locomotion

In downhill motion the gravitational force is used for dragging the robot down-
wards. For circular motion the lines 1;’s intersect in a single point and the
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matrix K (q) is singular. In this case the robot is constrained to move along
an arc shaped path. The center of the arc is in the intersection point of the
11,15 and 13 lines. Since the robot is an Euler-Lagrange system and since there
is friction in the wheels’ bearings, the system is passive and governed by
gravitational potential energy. According to Koditschek [8] the configuration
in which the system’s potential energy is minimal is an asymptotical stable
equilibrium point of the system. According to this observation, we find the
radius and center of curvatures at each point of the desired motion path. Then
we continuously set the 1;’s intersection point at the center of curvature of the
desired path by changing the robot’s configuration. This way, the robot pas-
sively glides along the desired path. In the ”snow-plough” motion two wheels
are rotated in a ”"snow-plough” configuration, while the third wheel is used
for steering. In this mode, speed is controlled according to the slide angle of
the wheels relative to the motion direction. Figure 4 shows these two patterns
for downhill motion.

Center of -

"Snow-Plough" Motion Circular Motion

Fig. 4. Downbhill motion patterns

6 Experimental Results

In this section we describe the experiments conducted with our autonomous
robot, shown in Figure 1(a).

In the first experiment we examine the linear motion pattern on a horizon-
tal surface. Figure 5 shows the robot configuration (rotation angle and linear
actuator of all wheels) during motion. Wheels 2 and 3 perform the required
rotation and translation as shown in figure 2, while wheel 1 remains passive.
The second part of figure 5 shows the actual wheels locations during motion
as determined by our odometric model. Although the nominal path of the
robot center is linear, actual path is not linear and bends to the right. This is
expected as the experiment is conducted on a non-homogenous surface, and
lateral slippage occurs, especially during stage II. This is also the reason for
the oscillated motion of wheel 1, which nominally remains passive during that
motion. However, the slippage is clearly detected by the odometric model.
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Fig. 5. Actual paths determined by the odometric model in horizontal linear motion

Figure 6 shows the robot configuration (rotation angle and linear actuator
of all wheels) during circular motion around the center of the robot. Instead of
returning to initial configuration (Step III in Figure 2) all wheels are rotated
—2A6 before the linear actuators return. This way rotation of the central
body continues during Step IV, resulting in a double rotation angle for a full
motion period.
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Fig. 6. Actual paths determined by the odometric model in horizontal circular
motion

Figure 7 shows a downhill motion using the ”snow-plough” method. In
this motion all linear actuators remains stationary, and wheels 2 and 3 are
rotated until motion starts. Returning to the initial radial configuration stops
the motion. The odometric model shows identical, parallel and near-linear
motion of all wheels and robot’s body. The non-linearity of the path occurs
at the beginning and end of motion due to rotation of the wheels.

Finally we show an experiment for downhill rotation. In the experiment
shown in figure 8, the robot rotates around wheel 3 according to the pattern
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Fig. 7. Actual paths determined by the odometric model in linear downhill motion

shown in figure 4. In this pattern wheels 1 and 2 rotate A#; such that 1; and 1,
(lines through wheels 1 and 2 in the lateral direction) intersect at the contact
point of wheel 3. The robot rotates about wheel 3 and stops when in reaches
a minimal potential energy position.
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Fig. 8. Actual paths determined by the odometric model in linear downhill motion

7 Conclusions

In this paper we present a mobile robot, designed for motion on slippery sur-
faces. Motion is performed by changes in the internal configuration of the
robot, using passive rolling studded-like wheels. Kinematic model determines
the required joints’ velocities that steer the robot to a target position. Odo-
metric model accurately determines the robot’s position even in the presence
of slippage. A method for evaluating the lateral slippage based on the odo-
metric and kinematic models is presented. Gait patterns for motion up and
down hills, as well as on horizontal surface are presented. Experimental re-
sults verify our models and slippage estimate, and show the reliability and
accuracy of motion on slippery surfaces. Field experiments for the suggested
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gait patterns on various slopes and terrains have been carried out using our
prototype model. In future work we intend to develop a dynamic model and
investigate the effect of various terrain types on the suggested gait patterns.
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