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Abstract 

This paper deals with the dynamic control of a mobi- 
le manipulator operating in busy environments such as 
hospitals. Major requirements within this application 
domain are safe, robust, and reliable task execution so 
that people can gain confidence in the robotic assistant. 
As  a consequence the robot should move with smooth 
motions about both known and unknown obstacles. I n  
our approach, this is  achieved using collision-free d y -  
namic bands, which represent a set of feasible paths fo r  
the robot platform and the manipulator. These bands 
have to  interact in a way which satisfies both kinematic 
and dynamic constraints. Finally, paths within these 
bands have to  be selected and tracked at execution ti- 
me. 

1 Introduction 

In recent years service robots have been introdu- 
ced into a variety of non-industrial application areas 
such as entertainment, health and home-care services. 
These robotic assistants usually comprise an omnidi- 
rectional locomotion platform and an appropriate ma- 
nipulator. Compared to industrial applications they 
operate in busy environments and interact with peo- 
ple. Hence, the desired service tasks must be executed 
in a smooth, safe, robust and reliable manner so that 
people in the vicinity of the robot feel comfortable 
with it. 

The problem of robot motion planning and robot 
motion control has been investigated by many resear- 
chers. In the artificial potential field method [I, 21 an 
attractive force from the goal and repulsive forces due 
to  obstacles guide the robot without collision to its 
destination. A diffusion based method is presented in 
[3], where the robot finds its way to  the goal following 
a diffusion gradient. A similar approach based on fluid 
dynamics is described in [4]. Recent approaches, which 
combine the advantages of global and local aspects of 
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the motion planning problem, have been proposed in 

For mobile manipulation tasks both platform and 
manipulator need to be controlled. These two subsy- 
stems, when combined, usually form a redundant dy- 
namic system. Much research has been done to  solve 
the problem of controlling a redundant mobile mani- 
pulator. In [8] task specific weighting factors to in- 
dividual degrees of mobility and manipulability were 
introduced to allow a trade-off between mobility of the 
platform and manipulability of the robot arm. A me- 
thod of decoupled platform and manipulator motion 
is proposed in [9]. Manipulator motion is complemen- 
ted by appropriate motion of the platform to maintain 
the desired end-effector motion. Another method ba- 
sed on the separation of the two motion subsystems is 
presented in [lo], where a fuzzy penalty approach de- 
rives the platform motion required to maintain good 
manipulability and sufficient clearance from obstacles. 

In our approach, we use dynamic bands as a repre- 
sentation of collision-free dynamically feasible paths 
for both, platform and manipulator. 

The paper is organized as follows: in the next sec- 
tion, an exact problem formulation is given. Sec. 3 
shows how goal directed motion planning including 
robot dynamics can be achieved. In Sec. 4 deals with 
the execution of the planned motion ensuring sufficient 
reactivity. Simulation results are presented in Sec. 5, 
while in Sec. 6 conclusions are drawn and future di- 
rections are presented. 

[5, 6 ,  71. 

2 Control Problem Formulation 

We consider a mobile robotic assistant for service 
applications, comprising a mobile platform and a ro- 
botic arm. The platform dynamics are given by 
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where x and y denote the robot position with respect 
to an inertial coordinate system, cp is the steering an- 
gle, and v corresponds to the robot velocity. The robot 
is equipped with an M degree-of-freedom manipula- 
tor with all revolute joints, where denotes the angu- 
lar position of joint 2 .  The arm dynamics is assumed 
to be given by 

&, = w ,  
w, = v, 

ILhI I QZ," 

lLtlpI 5 Wt,,,z i = 1 . . . M .  
(2) \"21 5 'Z,Wl.Qz 

In contrast to industrial robots, a personal assistant 
robot does not work in a dedicated environment and 
so shares its workspxe with people. Hence, mobile 
manipulation quality cannot easily be assessed by the 
objective evaluation of classical metrics, such as exe- 
cution time or overall path length. Rather, the goal is 
to achieve a smooth, predictable motion that appears 
goal-oriented, so that people quickly gain confidence 
and feel comfortable when living with the robot. 

The easiest way t 3  achieve these subjective goals 
would be to precisely pre-plan mobile manipulation 
tasks. However, there is usually much uncertainty 
in the knowledge of the environment. As a result, 
most plans would be discarded because of unanticipa- 
ted changes in the environment. On the other hand, 
purely reactive maneuvering makes it difficult to con- 
sider robot dynamics. Furthermore, it is desirable 
that evasive maneuvers for avoiding suddenly appea- 
ring unknown obstac'es are smoothly integrated into 
the current execution flow. 

Hence, we propose to keep a band of free space as a 
rough guideline to the goal for both platform and ma- 
nipulator. The band considers dynamical constraints 
of the robot and is constructed on the basis of the cur- 
rent uncertain knowleldge about the environment. As a 
result, new sensor infcrmation is included in two ways. 
The robot immediately reacts to suddenly appearing 
obstacles by performing evasive maneuvers within the 
band of free space. In addition, the band is locally ad- 
apted to the new obztacle configuration without the 
need of complete replmning. 

For the later discussion, terms describing the de- 
composition of typical robot tasks are introduced: du- 
ring the long dzstancc locomotion phase, the robot is 
traveling between workplaces. In this phase, sufficient 
fast motion and safe obstacle avoidance are issues, 
while the manipulatoi is in a transport position. Du- 
ring the mobile manzpulation phase, manipulator and 
platform motion have to be coordinated. 

Typical mobile manipulation tasks can be classified 
with respect to the type of end-effector motion as: 
1. Tasks with given end-effector path, for example, 
opening doors. 2. Tasks with a fixed goal-point of the 

end-effector, for example, fetching objects. 3. Tasks 
with a variable end-effector goal-point, for example, 
when teaching the robot by manually moving its end- 
effector. 

3 Goal directed motion planning 
including robot dynamics 

In a first step, collision-free local regions for plat- 
form and manipulator are introduced, called bubbles 
[5].  Bands, which represent sets of feasible paths to 
a goal configuration, are created by the concatenation 
of bubbles. To account for the robot dynamics as well 
as surrounding obstacles, artificial forces result in a 
dynamic deformation of the bands. 

3.1 Definition of a collision-free 
local region 

Bubbles are either constructed in the configuration 
space or in the workspace of the robot as a represen- 
tation of collision free regions. Hence, the robot geo- 
metry is considered by enlarging the obstacles or by 
enlarging the bubbles, respectively. 

We propose two approaches for considering not only 
obstacles, but also dynamic constraints of the robot. 
The implicit approach considers constraints by an ap- 
propriate concatenation of individual bubbles. In the 
ezplzcit approach, bubbles are constructed in the full 
state space and are defined as the set of all feasible 
states, that can be reached via paths with a given ma- 
ximum length. In the latter case, bubble generation is 
numerically intensive and can for example be perfor- 
med using dynamic programming. It is hardly suitable 
for real-time implementation of the motion planner. 

To combine the simplicity of the implicit approach 
with the representational power of the explicit ap- 
proach, the bubble is constructed in the z/y-subspace, 
where the remaining states determine bubble attribu- 
tes like orientation and size. 

Bubbles for platform motion The bubbles for 
platform motion are constructed in such a way, that it 
is always possible for the robot to come to a complete 
stop within the bubble. 

We propose the following definition: A bubble con- 
tains all paths in the x/y-plane which are obtained 
starting from an initial system state (20, yo, 'po, fvo)  
leading to any state (xe, ye, pe, we) with v, = 0 when 
maximum deceleration and arbitrary steering veloci- 
ties within [-us,maz, us,ma2] are applied. If the neces- 
sary distance to come to a complete stop is denoted 
s, the bubble borders are the end points of shortest 
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Figure 1: Bubbles in configuration space: a) 
u = 0.4 m f s ,  p = 0, b) v = 0.8 m f s ,  p = 0.5. 

a.) 0.5 X b.) 
L. 

0.5 X 

Figure 2: Bubbles in workspace for a quadratic plat- 
form: a) u = 0.4 m l s ,  y, = 0, b) u = 0.8 m f s ,  cp = 0.5. 

paths with length s and can be calculated by means 
of Pontrjagin's maximum principle. In order to  ob- 
tain a symmetric bubble, positive and negative initial 
velocities are considered. 

The state vector associated with the bubble defines 
its center-point (zo, yo), its size according to  the ve- 
locity uo and its orientation according to  the steering 
angle 90. Fig. 1 and Fig. 2 depict bubbles for diffe- 
rent velocities and steering angles in the configuration 
space and in the workspace, respectively. 

Bubbles for manipulator motion Collision-free 
regions for manipulator are constructed in the confi- 
gvration space, i.e., the space defined by the generali- 
zed joint coordinates. These bubbles are represented 
by ellipsoids. 

In order to  consider the system dynamics the com- 
plete state vector is associated to  the bubble. Analo- 
gous to the platform bubbles, the joint angle velocities 
are assigned to  the length of the corresponding main 
axis of the ellipsoid. Hence, the allowed motion velo- 
city depends on the distance to  surrounding obstacles. 

3.2 Constructing Global Collision-Free 
Bands to the Goal 

Since bubbles represent local collision free regions, 
motion planning is equivalent to finding a sequence 
of overlapping bubbles leading from a start to  a goal 
configuration. Such a band is constructed for both the 

platform and the manipulator. 
The advantages of using a single band for each of 

the dynamic subsystems are numerical efficiency and 
ease of transition from a locomotion task to  a mobile 
manipulation task. Furthermore, obstacles which are 
relevant either for the manipulator or for the platform 
can be considered more effectively. 

Initial bands are constructed as follows: 

Long-Distance Locomotion The initial band for 
the platform can be obtained based on standard path 
planning methods, for example a road map or cell de- 
composition. Since such an initial path is collision 
free by definition, a sequence of overlapping bubbles 
can be constructed on this path representing a band to 
the goal. While the arrangement of bubbles may not 
be optimal a t  this time, it will be modified to  account 
for the robot dynamics. 

Mobile Manipulation For mobile manipulation 
tasks with a fixed end-effector path the allowed con- 
figurations for the platform are not only restricted 
by surrounding obstacles but also by the manipula- 
tor kinematics. Considering the set of points on the 
end-effector path, it is clear that  only a certain set 
of platform configuration exists which allows related 
end-effector positions. Hence, an initial band must be 
constructed in this constrained space of the z/y-plane. 

For each bubble of the platform band, a correspon- 
ding bubble of the arm band is constructed in such 
a way that the resulting end-effector position corre- 
sponds to any point of the desired path. The end 
points of the end-effector path are represented by the 
first and last pair of bubbles, respectively. 

3.3 Band Modification and 
Interaction Between Bands 

The modification of bands, and the interaction bet- 
ween them, is an iterative process which modifies the 
form of the bands in order to  fulfill obstacle and sy- 
stem dynamics constraints. At any time all availa- 
ble information about the environment is incorpora- 
ted. During motion execution, for example, additio- 
nal obstacles might be detected by the on-board sensor 
system within its field of view. 

For band modification artificial forces are applied 
which result in bubble movement. Besides the positi- 
on of the bubbles, the remaining state variables asso- 
ciated with the bubbles are also modified. The velo- 
city attributes of two adjacent bubbles, for example, 
cannot be selected arbitrarily because of the bounded 
acceleration of the system. On the other hand, the ma- 

442 

Authorized licensed use limited to: KIT Library. Downloaded on March 13,2026 at 10:09:48 UTC from IEEE Xplore.  Restrictions apply. 



4 Motion execution including reactive 
maneuvers 

Figure 3: Bubble bands for platform and manipulator 

ximum size of a bubble is restricted by the surrounding 
obstacles. 

The following items illustrate the band modification 
process: 

Bubble overlap: ]Internal forces between two adja- 
cent bubbles ensure sufficient overlap. 

Obstacle avoidance: External forces push the bub- 
bles away from obstacles. 

Band convergenc'e: Damping forces are applied to 
ensure that the band converges to an equilibrium 
for a static environment. 

Bubble size: Bounded velocity and acceleration of 
the system as well as surrounding obstacles deter- 
mine the size of a bubble. 

Bubble orientation (platform): Internal momen- 
tums, which try LO align the bubbles and external 
momentums due to obstacles, affect the orienta- 
tion. 

Manipulability (~imn): Additional forces are app- 
lied to achieve configurations, where good mani- 
pulability is enswed. 

Interaction between the individual bands of plat- 
form and arm is achieved by transforming the arising 
forces back and forth, Fig. 3. For example, forces ac- 
ting on the arm bubbles not only push the end-effector 
to a new position, but also act on the platform via 
the arm base point. However, for a given end-effector 
path, forces are const rained in such a way, that lateral 
deviations from the path are avoided. 

For motion execution it is necessary to track paths 
within the bands. One approach to obtain a path is 
to use a reference model in order to connect adjacent 
bubbles. The resulting motion of the model implicitly 
generates a trajectory. Such a reference model can 
be designed by fuzzy-techniques, as in [ll]. A second 
approach is to explicitly calculate a path between two 
adjacent bubbles which yields to a reference trajectory 
by time parametrization. 

Control of platform For platform motion control, 
the corresponding reference trajectory (2, ( t ) ,  y r ( t ) )  is 
tracked by a nonlinear controller designed via inte- 
grator backstepping. The corresponding control law 
is derived by introducing the state error variables 
x ,  = x - x ,  and ye = y - yr  for the first two system 
states. The resulting equations are 

x, = vcoscp - x, 
ye = u sincp - yr 

@e = us 
(3) 

= u d  

We now consider v and cp as inputs of the two- 
dimensional subsystem represented by the first two 
state equations. A possible Liapunov function for this 
subsystem and its derivative are 

1 
VI = 5 (2: + y z )  VI = x e x e  + Y e y e  (4) 

Mow we substitute xe and ye according to (3) and 
choose as inputs to the subsystem 

(Y 
p = a t a n 2  

u = axcoscp + a,sincp 
QX ( 5 )  

with 

(6) 
(Y, = a ( x , - x ) + i , ,  a > O  
ay b ( y r  - 9 )  + $, b > 0. 

Finally, the following expression for the derivative of 
the Liapunov function is obtained, which is a negative 
semi-definite function: 

( 7) VI = - a ( x - z , )  2 - b ( y - y , ) 2 .  

We now introduce new state variables 

z1 = 2, 
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The Liapunov function for the new state variables and 
its derivative are 

V Z  = VI + z g . i g  + z 4 i 4 .  ( 10) 

For the derivatives of the state variables z3 and z 4  we 
obtain 

az(b (yr - vsiny) + &) . i3=l$-  
a2 +a; / 1 1 \  

\ L A 1  
O y ( U  (i, - vcoscp) + 5,)  

a; +a; + 
and 

.id = - a,  sincp + + ay coscp + + a v cos’cp + bv sin’p 

(12) - (a& + ji-,)coscp - (by, + Yr)siny + w. 
By selecting Z3 = -z3 and 24 = -z4, we obtain the fol- 
lowing nonlinear expression for the tracking controller 
of the platform 

oz ( b  (&- - vsincp) + &) 
u, = 

a; +a; 
a y ( a  (i, - vcoscp) + Z r )  - - cp + a t a n 3  (13) 

a; +a; Q X  

Platform reactivity During motion execution, suf- 
ficient reactivity has to  be guaranteed. This is espe- 
cially important for platform motion during fast loco- 
motion tasks when suddenly appearing close obstacles 
may not allow band deformation in time. Hence, a 
track bubble is used which represents the actual state 
of the system. If the track bubble for platform moti- 
on intersects with a suddenly appearing obstacle, the 
robot will slow down with maximum deceleration. Du- 
ring this evasive maneuver, the steering velocity can 
be chosen arbitrarily because no further obstacles can 
be reached thanks to the definition of the bubble. 

Control of manipulator For motion control of the 
manipulator the joint angles defined by the center 
points of the bubbles can be used for anticipatory con- 
trol. However, connecting two adjacent bubbles for 
manipulator and platform might result in a deviation 
of the end-effector from its path. Hence, an additio- 
nal feedback controller based on Jacobian techniques 
is proposed to keep tracking errors low. 

lm - 
Figure 4: Bubble bands for long distance locomotion 
a) without and b) with additional obstacle. 

5 Simulation Results 

The mobile manipulator considered comprises a 
quadratic locomotion platform and a 2-DOF scara- 
type manipulator mounted at one corner the platform. 
In our implementation we use bubbles in the configu- 
ration space of both, platform and manipulator, where 
the platform bubbles are approximated by circles. 

In the first scenario, we consider a long distance lo- 
comotion path between two rooms with a narrow door 
passage. Fig. 4a shows the bands after 20 iterations. 
In Fig. 4b an additional obstacle results in band de- 
formation. The size of the bubbles corresponds to  the 
related velocity during task execution, so .that narrow 
passages are traveled with low speed. 

In the second scenario a mobile manipulation task 
with given end-effector path going over a table is con- 
sidered. The optimal arm configuration is defined by 
an optimal angle of the first joint and an optimal di- 
stance between end-effector and base. Fig. 5 shows 
the initial and the final band related to the platform 
motion. The corresponding robot configuration (plat- 
form and arm) in the workspace are depicted in Fig. 6. 
The resulting motion is characterized by a compromise 
between good manipulability and sufficient clearance 
from the table. 

6 Conclusions and Future Directions 

We have suggested a motion control method for a 
manipulator mounted on a mobile platform. This me- 
thod is aimed at  service applications and thus consi- 
ders the specific requirements that arise when robot 
and humans share the same workspace. Furthermore, 
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Figure 5: Bubble bands for the platform, a) initial and 
b) after 30 iterations. 

Figure 6: Resulting robot configuration, a) initial and 
b) after 30 iterations. 

our technique considers dynamic restrictions of both 
platform and manipulator. 

For a number of s ub-problems, several alternative 
solutions have been provided without giving definitive 
advice about which one to select in a given applica- 
tion. This includes different types of motion between 
bubbles and the representation of obstacles in the con- 
figuration space or workspace, both of which will be 
further investigated. 

We are currently exploring generalizations of our 
approach, in particular, using reinforcement learning 
to  incorporate user preferences and employing case- 
based reasoning techniques for quickly re-using of al- 
ready stored motion plans which are appropriate for 
the current situation. 

Current investigations also include a number of in- 
teresting and import ant issues excluded here for the 
sake of brevity. Among these are the automatic gene- 
ration of appropriate end-effector paths and the use 
of learning agents for guiding the robot from bubble 
to bubble. 
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