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Abstract—Mobile manipulators are used in a number of
different applications such as bomb disposal, mining robetics,
and search and rescue operations. These mobile manipulators are
highly susceptible to tip over due to the motion of the manipulator
or the gradient of the slope being traversed by the platform. This
paper presents the model of a tracked mobile manipulator for tip-
over stability analysis in stope mining environments. The Force
Angle stability measure is used to compute the stability index of
the platform. An environment is simulated using a gradient vector
field and a simulated iRobot PackBot platform is modeled moving
through the environment. The PackBot manipulator motion
is modeled using the forward kinematics of serial structured
manipulators. Action of the flippers has the effect of changing the
tip over axis and stability index of the platform. The geometry
of the platform is used to compute the resultant tip over axis
given the angle of the flippers. The overall stability based on the
slope of the environment, the manipulator pose and the flipper
angle is then computed. The results give new insight into tip over
prevention for tracked mobile manipulators.

I. INTRODUCTION

Mobile manipulators are robotic platforms consisting of a
robotic manipulator mounted on a tracked, legged or wheeled
base and are used in a number of different applications such
as mining robotics, bomb disposal, and search and rescue
operations. Such mobile manipulators are highly susceptible to
tip over due to the motion of the manipulator or the gradient of
the slope being traversed by the platform. This paper presents
the model of a tracked mobile manipulator for tip-over stability
analysis. (See figure 1)
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Fig. 1.

A number of stability measures and algorithms have been
developed by various researchers to assess the stability of
a robot and predict tip over conditions. They include the

Zero-Moment Point (ZMP), Force-Angle stability measure
(FA), and Moment-Height Stability measure (MHS). The Zero-
Moment Point is a point on the ground where the sum of all
the forces and moments acting on the robot platform can be
replaced by a single force [1]. It was originally derived for
stability analysis of bipedal robots, and it has been adapted
to other types of mobile robots [1], [2]. A different approach
to stability analysis was proposed by Papadopoulos and Rey
[3], [4], which they termed the Force-Angle stability measure
(FA). The FA algorithm measures the angle of the total applied
force on the center of mass of the platform with reference
to the support polygon, which is derived from the ground
contact points of the robot [5]. Papadopolus and Rey derive
two measures, the static FA which takes into account the
forces due to the wieght of the manipulator and base platform
and the dynamic FA which takes into account effects of the
forces generated be the motion of the manipulator. Due to
the complexity of computing dyanamics of a multi degree of
freedom manipulator, in their simulation, they simplify the
dynamics model of the manipulator in order to obtain the
dynamic FA measure [4]. They find that both the dynamic and
static measures predict tip over at the same point in time [4].
Similar to the FA measure, Moosavian and Alipour proposed
the Moment-Height Stability measure [6] with also accounts
for the robot’s inertia about each axis of the support polygon
and scales results by the height of the robot’s center of mass.

Tip-over stability alogorythms have been compared by
Moosavian and Alipour in [7] using simulated data. They
found that some measures were too confident or too restrictive
as compared to others. Roan et al [8] compare the ZMP, FA,
MHS using a modified PackBot Fido from iRobot. The mobile
robot platform was dynamically modeled in software, and the
ZMP, FA, and MHS algorithms were coded. The robot was
then fitted with an inertial measurement (IMU) based data
collection system and driven over various obstacles and the
data used to calculate the tipover measures over time [8].
Roan et al results show that the FA and MHS had very similar
performance and performed better than the ZMP. In their test,
the flipper and manipulator are kept at a single position and
so the results do not take into consideration their effects on
the stability of the platform.

This paper models and investigates the effects of the ma-
nipulator and flipper pose on the stability of a tracked mobile



manipulator, the PackBot from iRobot. The PackBot has a
manipulator with a 4 DOF arm and a 2 DOF camera and two
flippers at the front of the platform as shown in figure 1. The
static Force Angle stability measure formulated by [3], [5] is
used here to compute the stability index of the platform. A
model of the PackBot in relation to the flipper state of contact
with the ground is developed. The tip over stability based on
the flipper and manipulator pose is then analysed.

II. THE FORCE ANGLE STABILITY MEASURE [5]

The FA measure as described in [5], is used in this study
and is summarised in this section.

A. Planar Example

The planar example of the FA measure is shown in Figure
2. The system has two contact points and a system Center of
Mass (C.M.) which is subject to a net force f,.. The net force
fr is the sum of all forces acting on the system excluding
the support reaction forces which do not contribute to tipover
instability. This net force vector subtends two angles, 61 and
02, with the two tipover axis normals I; and l5 , and is at a
distance of ||d || and ||dz|| respectively from the tipover axes.
The Force-Angle stability measure, (3, is the minimum of the
product of 0; , ||d;|| , and || fr|| . [5]

Thus the FA measure is [5]:

B =min (0; - ||dal| - || F+]])

Fig. 2. Force Angle Stability Measure - Planar [5]

Tip over instability occurs when [ approaches zero. The
angle 6; captures the effect of changes in the system C.M.
height along the net force vector f, and the distance ||d;]|
captures the effect of changes in the moment contribution
of the net force. Weighing by the magnitude of f, captures
effects of total weight of the system since the disturdance force
required to tip the vehicle becomes smaller as the magnitude
of f, decreases. [5]

B. General Form

For the general case, p; represents the location of a ground
contact point of the platform [5]:

Pi = [anpyapz};r
and p. represents the location of the system C.M. [5]:
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where i = {1,...,n—1} and Pynass; is the location of the
mass of the jth member of the system and my, is the total
system mass. [5]

Fig. 3.

Force Angle Stability Measure - 3d [5]

The lines which join the ground contact points are the
candidate tipover mode axes, a;. [5]

a; = Pit+1 — Pi

An =Pt — Pn

a_ @
" all
The tipover axis normals [; which pass through the system
C.M. are [5]:

li = (I —a;a]) (i1 — pe)

where I is the 3 x 3 identity matrix.
The component of the force acting about each tip over axis

is [5]:

fi=(I - aal) fr
and the moment component is [5]:

n; = (did’{) n,

The effective net force vector is [5]:

i X Ty

l
fi=r+
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The distance of the force from the tip over axes is [5]:

di = 1 + (z{ : f) fr

The angle of the force from the tip over axes is [5]:



where [5]:
0< & <
g;
and [5]:
o; = +l (f;Xli).&
—1 otherwise

III. MODELLING THE PACKBOT

The modelling of the PackBot manipulator and flipper pose
is described in this section.

A. Flippers

Flippers can either be up or in contact with the ground as
shown in figure 4. The minimum and maximum angles, @,
and @4, for which the flippers will be in contact with the
ground are found as follows:
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Fig. 4. Flipper positions
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where the PackBot dimensions are:
Ly is the length of the base,
W is the width of the base,
Hpy is the height of the base.

1) Flippers up: The flippers are up when the flipper angle
¢ is outside the range of ¢y and Ppqs ie. sin(¢y) >
sin(¢min ). Given the position of the PackBot pg, (here it is
assumed the position is measured at the center of the rear axis
of the PackBot), the slope vector s, and normal of the slope
ny, and the front of the PackBot w,,, the contact points are:
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p2:p1+5pXLpb

P3:P2+U’p><pr

p4:p3_5pXLpb

The vector and normal of the PackBot base is:

Spb = Sp

npb = np

2) Flippers down: Once the flippers are in contact with
the ground, ie if sin(¢y) < sin(Pmin), the flipper motion
changes the configuration of the PackBot. To calculate the
configuration based on the flipper down angle, the contact
points become, given the slope and normal of the slope and
the front of the PackBot:

Fig. 5. Flipper Contact

P2qa = P1+ Sp X L3

P3a = P2a + Wp X pr

P2 = P1+8p X Lpy Xcos(pa+p3—d1)+1p X Ly, Xsin(da+p3—d1)

where the lengths and angles as shown in figure 5 are:
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The vector and normal of the PackBot base are:
Spb = Sp X €08 (P2 + ¢3 — 1) + np X sin(P2 + P3 — ¢1)

Npb = Spb X Wp

B. Manipulator

Given the joint angles of the manipulator links, the position
of the manipulator links are modelled using the forward
kinematics of robot arms as described in [11]. From the
forward kinematics, the location q;.‘ of the jth link is obtained.
Transforming the manipulator link postions from the PackBot
coordinate frame to the enviroment frame:

qj:p0+3pbxqm+nprHpb+RXq;‘<

where

R = [wp, $pb, nps)

gm 1s the coordinate of the manipulator base in the
PackBot frame

C. Center of mass

The PackBot system center of mass is affected by the
manipulator center of mass and the base center of mass.

1) Center of mass of base: The center of mass position of
the PackBot base is:

w. H.
o wp X 5 g X

Lo

cmp = p1 + Spb X 9

2) Center of mass of manipulator: The center of mass of
each link cmg; is placed at the center of the link.

_ > CMgj X Myg;

mm

cma,
3) PackBot center of mass: The center of mass of the
PackBot system is thus:

cmp X Mpp + CMyyy, X My,
my + M,

CMypp =

IV. RESULTS

The PackBot is simulated going through a range of motion
on a range of different slopes. A slope angle below 0°
corresponds to the packBot facing downslope while above
0° the PackBot faces upslope. The tip over stability index at
each tip over axis is computed along with the overall tip over
stability of the PackBot system. The index is normalised about
the rest position of the PackBot, i.e. when the manipulator is
stored and the flippers are up. A stability measure of 1 thus
corresponds to the stability at the rest position.

Figure 6 shows the effect of the manipulator on tip over
stability. The manipulator is modelled through two motions
while keeping the flippers in the up position. For the first
stage of motion, the center of mass of the manipulator is
moved through a circle at a constant height above the PackBot
base. For the second stage of motion, the center of mass of
the maipulator is raised incremetally above the PackBot base.
As seen in figure 6, there are two distinct regions of high
stability as the center of mass of manipulator moves through
the circle. The first region peaks when the manipulator is at
25° (0° corresponds to the manipulator rest position) and the
second region peaks at 200°. For the first region, the combined
center of mass of the PackBot is kept near to the center of the
Packbot base, making the system stable. The stability however
decreases as the slope moves away from 0°. The second region
is only stable for slope angles below 0°. At these slope angles,
the robot is facing upslope and the weight of the manipulator is
also upslope thus shifting the combined system center of mass
upslope, which results in a more stable system. At slope angles
above 0°, the stability in the manipulator 200° region rapidly
decreases. This is because the robot is facing downslope and
the weight of the manipulator is also downslope making the
robot tip over about its front axis. Thus for slopes close to
0° the manipulator should be kept close to 25° and for slopes
below 0° the manipulator should be kept close to 200°.
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Fig. 6. Manipulator center of mass position effects on tip over stability

For the second stage of manipulator motion, the manipulator



center of mass height is raised above the PackBot base. As
seen in figure 7, there is a single plateaued stable region of
manipulator height that changes in size with slope. Heights
closer to the PackBot base are more stable. There is a small
decrease in stability with height in the stable region. Thus
at slope angles close to 0° the center of mass height of the
manipulator can be changed while ensuring stability. As slope
angles move away from 0 the stability of the system decreases
rapidly at two distinct boundaries. As height increases, the
range of slope angles for which the system would still be
stable decreases. The PackBot is more unstable when facing
downslope.
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Fig. 7. Manipulator center of mass height effects on tip over stability

Figure 8 shows the effect of the flippers on the tip over
stability. The flippers are modelled rotating through a full
360° motion with the manipulator stowed. During the flipper
up range of motion, the stability index is constant through
any particular slope angle. As the slope angle moves away
from 0°, the stability index in the flipper up range of motion
decreases. During the flipper down phase, when the flippers
are in contact with the ground ,there is a high stability region
with two distinct boundaries. As the slope angle moves away
from 0°, the size of the stable region decreases. When the
PackBot is facing upslope stablity decreases when the flippers
are in contact with the ground. When the PackBot is facing
downslope stablity increases for a certain range of the flipper
angle when the flippers are in contact with the ground. Thus
when facing downslope, lowering the flippers would increase
the stability.

V. CONCLUSION

The model of a tracked mobile manipulator detailing the
pose of the manipulator and flippers has been presented in this
paper. Tip over stability analysis of the system reveals that the
pose manipulator and flippers of tracked mobile manipulators
have a large impact on the tip over stability of the system.
The pose of the manipulator and flippers can thus be used to
prevent tip over of the mobile manipulator. When the PackBot
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Fig. 8. Flipper effects on tip over stability

is facing downslope, the flippers should be lowered to increase
stability. As the magnitude of the slope angle increases, the
center of mass height of the manipulator should be kept low.
For slopes close to 0° the manipulator angle should be kept
close to 25° and for slopes below 0° the manipulator angle
should be kept close to 200°.
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