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Abstract. Rescue robots are platforms designed to operate in challeng-
ing and uneven surfaces. These robots are often equipped with manip-
ulator arms and varying traction arrangements. As such, it is possible
to reconfigure the kinematic of robot in order to reduce potential insta-
bilities, such as those leading to vehicle tip-over. This paper proposes
a methodology to plan feasible paths through uneven topographies by
planning stable paths that account for the safe interaction between ve-
hicle and terrain. The proposed technique, based on a gradient stability
criterion, is validated with two of the best known path search strategies
in 3D lattices, i.e. the A* and the Rapidly-Exploring Random Trees.
Using real terrain data, simulation results obtained with the model of a
real rescue robot demonstrate significant improvements in terms of paths
that are able to automatically avoid regions of potential instabilities, to
concentrate on those where the freedom of exploiting posture adaptation
permits generation of optimally safe paths.

Keywords: Stability Analysis, Pose Reconfigurability, Path Planning,
Rescue Robot.

1 Introduction and Motivation

This paper addresses the efficient deployment of field mobile robots in environ-
ments such as planetary exploration, mining or search and rescue, where efficient
and safe locomotion over irregular terrain is paramount. These environments are
often inaccessible or considered too dangerous for humans to operate in, thus
naturally suited for the use of autonomous robotic platforms. For effective oper-
ation, these vehicles have to deal with rough, uneven surfaces and many uncer-
tainties, and these characteristics have a strong influence on the robot’s ability
to perform as planned and need to be accounted for. In general, mobile robots
operating under these scenarios operate at low speeds, thus the robot dynamics
can be safely disregarded and a simpler quasi-static representation be adopted
instead. For the specific case of reconfigurable robots operating under these con-
ditions, as the one described in Section 2, their kinematical configuration plays
a crucial role in defining the interaction forces between vehicle and terrain. Ap-
propriately selecting this that can lead to improvements in robot locomotion.
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Fig. 1. The iRobot PackBot robot with pan and tilt sensor payload unit, in a mock-up
Urban Search And Rescue (USAR) test arena

Providing the robot the ability to actively assume poses that reduce potential
tip-over instabilities by repositioning their Center of Mass (CM) during planning
(and/or control) is the strategy proposed in this paper to enable safer navigation
over irregular terrains.

Various criteria have been proposed in the literature to analyze the qualita-
tive performance of robot stability, mostly with the aim of real-time short-term
tip-over monitoring, prediction and prevention [14,6], or off-line path optimiza-
tion [1]. A fuzzy controller for autonomous negotiation of stairs was presented
in [4]. In this work a stability measure is also employed to provide a reliable non-
Euclidean metric that is derived from the vehicle stability constraints about each
tip-over axis of the robot, as detailed in Section 3. This metric is then exploited
in a variational formulation of cost-driven path planning in three-dimensional
(3D) irregular lattices, and tested with tow of the most widely used graph-search
methods for robot path planning: A* and Rapidly-Exploring Random Trees (al-
though strictly speaking RRTs build the tree space where search then takes
place, in this work the first path to reach the goal is returned to solve the path
planning problem, hence RRTs are hereby treated as a graph-search method).
The section 4 gave a brief overview of the methods for robot path Planning.
The feasibility of the proposed approach in biasing the planning towards safe
traversable paths over irregular terrain is demonstrated by the results given in
Section 5.

2 Robot Model

The multi-tracked iRobot Packbot depicted in Figure 1 was the platform em-
ployed to validate the practical aspects of this research. It consists of a skid-steer
vehicle base, equipped with two front flippers that enable the robot to traverse
obstacles and rough terrain. A manipulator arm is attached to the vehicle base
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via a 1 Degree of Freedom (DoF) shoulder joint. It carries a 2-DoF pan-and-tilt
unit equipped with several cameras and lights. An additional sensor head unit
is also mounted on top of the arm head to enhance the Search and Rescue ca-
pabilities of the robot in its navigational and victim identification activities. It
incorporates a laser scanner, a 3D time-of-flight camera and a thermal camera.
The robot is battery powered and features two battery compartments on its left
and right hand side.

The computation of the robot posture is based on the calculation of the posi-
tion of CM. This, in turn, is significantly influenced by the kinematic configuration
during robot motion. The position of the arm and flippers has a strong influence
on the CM, as does the number and location of the batteries attached. All masses
and dimensions necessary to reliably determine the CM were identified and val-
idated through experimental measurements. The influence of head panning and
tilting on the robot’s CM is very small in comparison to the effects that arise from
the position of the arm and flippers. These were therefore neglected. Thus, the
arm and flipper’s joints are the key reconfigurable degrees of freedom (DoFs) con-
sidered. While the formulation allows for full dynamic effects to be readily incor-
porated, as the rover is assumed to be operated at low speeds during search and
rescue operations, gravity is the only force considered in this work.

3 Stability Metric and Terrain Modeling

There have been a number of propositions to address the issue of stability of mo-
bile robots. Some research has focused on the analysis of the robot’s CM to find
suitable controls to cope with specific scenarios like overcoming obstacles and
small ditches [21]or climbing stairs [2]. A real-time rollover protection strategy
based on whole-body touch sensors that are embedded in the tracks of the robot
and an energy stability margin that serves as an indicator for unsafe robot con-
figurations have also been developed [8]. Stabilizing actions to protect the robot
from roll-over based upon empirical flipper movements were also proposed.More
general approaches for the stability control of reconfigurable mobile robots have
also taken into account other constraints such as traction optimisation [17], [3].
Both these used the original Force-Angle stability margin (FA) originally re-
ported in [13]. A multi tracked robot on a steep slope was examined in [18] to
determine boundaries for the CM and came up with a strategy to traverse a given
slope. The stability measure employed considered the angle between the vector
through CM and tip-over axis and the vector of the resulting force through the
CM. This may be sufficient for a robot with relatively high CM’s that do not
change significantly, but is not representative for the actual stability in many
other cases, such as robots more strongly subjected to external forces and mo-
ments. A revised version to the original FA was proposed by Papadopoulos and
Rey to allow for dynamical changes in the robot configuration [15]. This con-
stitutes a more suitable stability measure for mobile robots/manipulators as it
exhibits a more simplistic geometric interpretation and thus could be more easily
computed. It is for this reason that this is the metric employed in this work.
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(a) Side view (b) Top view

Fig. 2. Example FA measure

As explained, the metric was introduced in two different versions, and these
are briefly reviewed in the next Section to better understand the influence of the
CM’s height for platforms that can significantly reposition their CM to improve
stability in uneven terrains.

3.1 The Force-Angle Stability Margin (FA)

The FA measure β was first proposed in 1996 [13] as

β = min(θi · ‖fi‖) (1)

where fi is the net force (including all static and dynamic forces, as well as
moments) contributing to a potential roll-over about a particular tip-over axis
ai. The tip-over axes ai are given as the lines between m arbitrary supporting
points pi, i = {1, ..,m}

ai = pi+1 − pi, i = {1, ..,m− 1} (2)

am = p1 − pm (3)

θi is the angle between fi and the tip-over axis normal through the tip-over axis
and the CM. Figure 2 illustrates these parameters in an example, where a1 and
a3 are perpendicular to the paper representing the tip-over axes through p1/p2

and p3/p4 respectively.
The revised version of the FA measure was published in 2000 [15] and besides

fi and θi, it also included di, the distance between ai and fi as

β = min(θi · ‖di‖ · ‖fi‖) (4)

This enables the metric to become sensitive to varying heights of the CM. The
greater the value of the stability measure βi, the more stable the vehicle becomes
in terms of tipping over about the given axis. Negative values of the measure
indicate an occurring tip-over instability.
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The tip-over axis normal li that intersects the CM is given by

li = (I − âiâ
T
i )(pi+1 − pCM) (5)

where âi is the unit vector along ai, I is the 3 × 3 identity matrix and pCM is
the position of the CM.

pCM =

∑
j pmassjmj

mtot
(6)

where mj is the jth lumped mass with inertial location of pmassj and mtot is
the total system mass. Given fr, the net force acting on the CM which includes
gravitational, external and inertial forces, and nr, the net moment encompassing
all external and inertial moments about the CM axis, the effective net force
fi that contributes to a potential tip-over about one specific axis ai can be
determined by

fi = (I − âiâ
T
i )fr +

l̂i × ((âiâ
T
i )nr)

‖li‖ (7)

The first term considers the part of the net force perpendicular to the tip-over
axis. The second term considers the moment about the tip-over axis, converted
into an equivalent force couple, where one member of the couple passes through
the CM and thus can be added to the net force, whereas the other member
passes through the tip-over axis. The latter clearly does not contribute to fi.

The angle θi for each tip-over axis can then be computed by

θi = σi cos
−1(̂fîli) (8)

where

σi =

{
+1 (̂fi × l̂i)âi > 0
−1 otherwise

(9)

The revised FA also requires the shortest distance di between ai and fi, which
can be obtained by adding the projection of li on fi to negative li, i.e.

di = −li + (lTi f̂i) f̂i (10)

The normalised measure is given by:

β̂i =
βi

βnorm
(11)

where βnorm is chosen to be the stability criterion for the vehicle in the “home”
pose. For more details on these derivations, the reader is referred to [15].

3.2 Terrain Modeling and Stability Axes Evaluation

The environment perception and terrain modeling is a fundamental problem
that must take place before any path planning or navigation algorithm occurs.
The terrains have been modeled by regular 2.5D Delaunay triangulation applied
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to the 3D point cloud provide by RGB-D camera. Figure 3 shows the mock-up
Urban Search And Rescue (USAR) test arena and the generated 2.5D model.
The dimensions of the USAR arena is 6 by 8 meters and the grid resolution
(GR) used in the model was chosen at 4cm to guarantee accurate detailing. In
order to make a fair comparison between the original and stable path planners,
a pre-processing traversability algorithm is applied to the model in order to find
out the areas obviously are not traversable, e.g. walls and steep slopes.

The contact footprint between the platform and the surface is defined by at
most four points. Assuming a rigid body, the calculation of the contact footprint
between the platform and the surface is done by assuming the robot sitting on
a fake plane at a given orientation, with the size of the plane varying depending
on the configuration of the flippers. The projection of this plane on the grided
terrain results in a set of candidate points to define the stability axes. The red
points depicted in Figure 4a show an example. The outermost points which
form a convex support polygon would represent the configuration of the vehicle
sitting on the terrain at that location. A maximum of four possible contact points
are assigned to form the vertices of the projected plane, while at least 3 contact
points are needed for the pose to be regarded as stable. If the configuration proves
to be unstable, the plane is rotated around in a manner that CM’s height will
decrease. At that point, a new projection of the plane is calculated as before to
establish whether the configuration is stable or not. Figure 4b shows an example
for a resulting contact area with three tip-over axes.

4 Graph Theory Methods for Robot Path Planning

The extraction of shortest paths has been extensively surveyed in the literature,
and it is not the objective of this paper. However, some background is hereby
provided, which is by no means comprehensive but is useful for contextualiz-
ing the proposed stability-driven optimization search. Probably the canonical
method for computing shortest paths on graphs or discretized settings is Dijk-
stra’s algorithm [5]. To speed up the computations, some heuristics have been
proposed that reduced the search space, and the best-first A* search algorithm[7]
is extensively used in many search applications [11], particularly when a path
from a given start point to a known goal needs to be calculated in real-time.
However, it should be noted that A* requires different searches for each pair
of start and goal points, thus other more efficient tree-search strategies such as
IDA* [10] have also been proposed. For the case of Euclidean metrics, the ex-
ploitation of specific data structures have given rise to faster algorithms, such as
Visibility Graphs [16] or Rapidly-Exploring Random Trees (RRTs) [20]. Despite
savings in processing time, in general terms a notable constraint of these discrete-
computation methods is the need of “smoothing” operators to produce realistic
paths, as the solutions need to follow existing griding connections. A* and RRT’s
have been employed in this work to benchmark the proposed metric for planning
stable paths. The next Sections provide an overview of the two methods, and
the mechanism to incorporate the stability metric into the planning process.
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(a) The mock-up USAR test arena (b) 2.5D model of the arena

Fig. 3. The mock-up USAR test arena and its 2.5D model

4.1 Rapidly-Exploring Random Trees Graph Generation

Rapidly-Exploring Random Trees (RRTs) [20] are a class of sampling based mo-
tion planners in that they take random samples from the configuration space to
plan their paths. Under general conditions, they are regarded as probabilistically
complete, i.e., given sufficient time, they will eventually find a solution. They
were first proposed as efficient sampling based planners to solve path planning
problems in high dimensional spaces, like in [12] where an RRT algorithm was
able to plan paths for a 6-DOF manipulator. Further variations have addressed
continuous cost functions such as those based on energy usage of a robot [9], or
with a bias towards certain areas in both continuous and binary cost spaces [19].
The RRT method’s key feature is that it will rapidly grow into unexplored areas
within the configuration space of the robot, as it is heavily biased towards areas
with large Voronoi regions. As RRTs keep the sampled nodes connected at all
times, thereby forming a parent-child tree of expanding nodes in the environ-
ment, when the goal is reached, the algorithm can then quickly trace back the
final path by going from the goal to the start point.

RRT with Stability Optimisation. Algorithm 1 summarises the pseudo code
of adapted RRT algorithm used in this paper to plan a stable path from an ini-
tial position, Ni. The algorithm generates a new node (Nnew) and checks if it
is acceptable in terms of cost and collision. If Nnew doesn’t fulfill the conditions
the generation and checking process will be repeated in a while loop to find an
acceptable node. Then a search within the existing tree will be performed to
find the nearest neighbors of the node. The minimum cost node among neighbor
nodes will be selected and finally the new node is added to the tree. The nearest
neighbor is assigned as the parent for the new node. This loop will run until
either the goal is reached or until a predefined number of iterations k is reached.
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(a) Projected Points (b) Resulting Tip-over Axes

Fig. 4. Calculation of the contact footprint between the platform and the terrain
surface

Algorithm 1. The Proposed RRT algorithm

1: create RRT (Ni, k)
2: tree = Ni

3: for j = 1 to k do
4: Nnew = create new random node
5: while the cost of Nnew is not acceptable do
6: Nnew = create new random node
7: end while
8: Nnear = nearest neighbours
9: find the minimum cost node(Nnear,Nnew)
10: connect(Nnear ,Nnew)
11: add Nnew to the tree
12: end for
13: return tree

The implementation of the cost derived from the FA stability metric into the
RRT algorithm is accomplished when considering the connect(Nnear,Nnew) func-
tion. Instead of connecting the tree to the nearest neighbor based on Euclidean
distance between the neighbor and a new node Nnew, this function will now take
the cost derived from the stability metric into consideration.

An example where three Nnear nodes are considered at each iteration is given
in Figure 5, where the grey area indicates uneven terrain (but not unstable, since
unstable nodes will be immediately disregarded), and white represents relatively
flatter areas. In this example, the three nearest Euclidean distance neighbors
are shown within the dotted circle. However, as the two closest neighbor’s added
cost will be higher than that in the white area, the latter will be chosen as parent
of the new node and added to the tree.
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Fig. 5. Nearest Neighbour selection based on cost derived from the stability metric

4.2 A* Graph Search Algorithm

The A* algorithm [7] (and its many variants, D*, D* Lite etc) is a flexible heuris-
tic algorithm, probably the most widely applied in graph searching applications
to find minimum cost paths. In the A* searching mechanism, when planning be-
gins the cells adjacent to the starting point are evaluated and ranked by a cost
function f(n) = g(n)+h(n) to select the cell with minimum cost that will be ex-
plored next. In this calculation, g(n) is the accumulated cost of an optimal path
from the start node to node n and h(n) is an admissible (not overestimating)
heuristic estimation of the remaining cost to get from node n to the goal. Thus,
A* is a greedy best-first search algorithm which expands the most promising
nodes first.

A* Search with Stability Optimization. The definition of the evaluation
functions are critical to come up with effective paths. In the work proposed here,
the heuristic function h(n) considers the Euclidean distance from the node under
consideration to the target. The g(n) function has been weighted in favour of
the FA stability criterion as

g(n) = α ∗ gd(n) + (1− α) ∗ gs(n), 0 ≤ α ≤ 1 (12)

where gd(n) is the distance term, gs(n) comes from the FA measure and α is a
weighting factor. Note that by varraying α the emphasis can be set on stability
or distance. The default configuration of the robot pose is to try and keep its
arm orthogonal with respect to the global coordinate frame to provide the best
possible field of view (for victim detection), while the flippers are prevented from
touching the terrain unless it is necessary. If a stable solution can not be found
along the path being considered, the algorithm will try to find a different path
so that the stability of the robot can be guaranteed along the entire lenght of
the path.

5 Results and Analysis

A distinctive example is provided to show the proposed algorithm in operation in
a challenging and representative environment. The algorithm has been applied
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(a) Shortest A* (b) Stable A*

Fig. 6. Resulted path from A* algorithm. Colour coding indicates height of the terrain
from blue to red.

(a) Shortest RRT (b) Stable RRT

Fig. 7. Resulted path from RRT algorithm. Colour coding indicates height of the
terrain from blue to red.

to the modelled arena depicted in Figure 3. Results representative of A* and
RRT are collected in Figures 6 and 7 respectively. For illustrative matters, the
front walls of the arena have been removed, but they are considered during the
planning procedure.

Figures 6a shows the output of the original A* algorithm, it can be seen
stability is not guaranteed in the whole path especially where path is crossing
over edges of step-fields and near the walls. The resulted path from the stable
A* algorithm is depicted in Figures 6b, where it is shown how the proposed
planner is able to come up with more stable geodesics than those obtained when
stability is not considered. In particular higher stability costs result in paths
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that bypass on of the step fields. The path obtained from a non-stable RRT
planner is depicted in Figures 7a and the result for the stable RRT is shown in
Figures 7b. The stable path is longer and more winding, but it traverses over
the ramp which is the most stable possible path in this arena.

6 Conclusions and Future Works

A variational computation based on the FA measure has been proposed as a for-
malization of using a stability metric in order to supplement geometric planning.
This is a generic metric, which has been proved to provide feasible paths for the
most common best-first graph search algorithms used in robot path planning,
namely the A*, and the Rapidly-Exploring Random Trees. The methodology is
particularly applicable, although not restricted to, reconfigurable platforms that
can actively move to safer poses to reduce potential instabilities, such as those
leading to vehicle tip-over when operating in uneven terrains. Simulations with
real 3D data sets have been provided to demonstrate the performance of the
algorithm with the quasi-static model of a real rescue vehicle operating in rough
terrain. Future work includes accounting for other parameters known to jeopar-
dies reliable robot operation, such as slippage. The variability of the resulting
geodesic paths to the gridding of the environmental needs to be investigated
further, as there is no known generalized solution to overcome this limitation at
this stage.
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