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ABSTRACT

A new service robot designed for cleaning tasks in
home environments is introduced. Robot systems will
work directly with people in there areas, thus placing
a central importance on making interactions between
people and machines as natural as possible. The main
focus of this paper is to introduce to the system’s de-
sign and control. In this context a new kind of hy-
brid force/position controller for the mobile manipula-
tor will be presented. The compliant motion performed
by this controller allows the robot to execute interaction
tasks both with the environment and with the user and
this make it easy to be used by non-experts. A table
cleaning and a path teaching are two example of such
a kind of tasks that will be performed from the robot
in order to validate experimentally the results of the pa-
per.

Keywords: household mobile robot, cleaning task, hy-
brid force/position control, compliant behavior, posi-
tional interface.

1 INTRODUCTION

Housekeeping robot assistants focus on the employ-
ment of assistive robot systems in everyday domestic
settings. There are different motivating factors for the
employment of robots at home: on one side, comfort
factors and on the other side, an increasing number
of households include inhabitants that require physi-
cal support in day-to-day life due to sickness or age.
Robot systems will work directly with people in this
area to perform simple housework such as setting the
table or performing cleaning tasks. Thus placing a cen-
tral importance on making interactions between people
and machines as natural as possible.

The mobile manipulator presented in this paper (see
Fig. 1) consists of a mobile base, built of two inde-
pendently controlled drive components, and a 7 DOF
manipulator on top of it. It was designed to perform

Figure 1: Mobile Manipulator for home environments.

housekeeping cleaning tasks in collaboration with the
user. Therefore the sensory feedback has been care-
fully studied and designed for this purpose. The most
important device in our application is a new kind of
compliant force/torque sensor, developed at the Ger-
man Aerospace Center DLR and mounted at the end
of the cinematic chain just before the end-effector of
the manipulator. Beyond its accuracy, one of the most
important improvements introduced from this sensor is
its compliance. In fact the sensor inserts an artificial
compliance between the last link of the robot and the
end-effector which avoids stability problems. In the fol-
lowing the compliance behavior performed using these
data sensor will be explained. The sensory equipment
is completed with a 2D range laser-scanner for mobile
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base navigation, a trinocular stereo-vision system for
gesture and object recognition and localization, a touch-
screen for additional gesture input. This kind of sensors
allows the user to communicate with the robot in a nat-
ural way using speech and gesture (see Strobel [3]). A
first example of task to be executed by the robot is the
cleaning of a surface. In this case the end-effector must
follow a path on the surface while along its normal it is
desired to exert a force of given value. It is worth that
in this task both end-effector position and contact force
must be controlled and consequently it is reasonable
choosing a hybrid force/position control scheme. Nev-
ertheless the classical hybrid force/position controller
has the drawback that it is rigidly founded on the as-
sumption of perfect task planning. The new hybrid con-
troller presented in Section 3 improves the classical hy-
brid controller using the sensor information ignored in
the classical approach to handle critical situations due
to imperfect task planning, e.g. an unplanned impact
during a cleaning trajectory exploiting. In this case the
controller modifies its task geometry models to fit the
actual ones.
Another advantage of this controller is its flexibility. In
fact, as explained in Section 3.2, it is structured in a
modular way in order to deal with other very different
interaction tasks. The path teaching is token as an ex-
ample. In such a situation the new hybrid controller
requires only a simple task description to perform the
given task.
Finally it is to take into account the simple application
of this controller that doesn’t require any joint torque /
motor current interface but only a positional interface.
The experimental results presented in Section 4 were
very satisfying also in consideration of the low compu-
tational weight of the algorithm which is very important
in a real time application.

2 THE TASK GEOMETRY

A real manipulation task is characterized by complex
contact situations where some directions are subject to
end-effector position constraints and others are subject
to interaction force constraints. During task execution,
the nature of constraints may vary substantially. The
need to handle complex contact situation requires the
capability to specify and perform control of both end-
effector position and contact force. An example is that
of a surface cleaning task where the tool motion is spec-
ified in the direction tangent to the surface, while along
the normal direction is desired to exert a force of given
value. A fundamental aspect to be considered is that
it is not possible to simultaneously impose arbitrary
values of position and force along each direction. A
kineto-statics analysis of a situation of interaction be-
tween the manipulator and the environment leads the
consideration that along each degree of freedom of the
task space, the environments imposes either a position
or a force constraint to the end-effector (namednatural
constraint) and the manipulator can control only the re-

maining one, the so-calledartificial constraint. Thus,
in order to simplify the task geometry description, a
new coordinate frame is introduced. Thisconstraint
framedefined asRc(Oc, xc, yc, zc) and obtained from
the base frame by a rotation transformation described
by the rotation matrixRc, is chosen so as to allow an
easier representation of the natural and artificial con-
straint.
Using these considerations, the constraint frame for the
cleaning task was defined as follows: thezc axis lies
along the normal to the surface whereas thexc axis lies
along the trajectory tangent, theyc axis is consequently
derived aszc × xc.
By this frame definition the task geometry is noticeably
simplified in fact during the whole task execution, the
tool force is exerted along thezc axis and its motion di-
rection lies along thexc axis. Therefore in case of task
geometry changing only the constraint frameRc and
then the rotation matrixRc will be changed.
Thus on the one hand the task planning is simplified,
but on the other hand the control strategy will obviously
have to account the rotation matrixRc.

3 HYBRID FORCE/POSITION CONTROL

In order to control simultaneously both the end-effector
motion and contact forces, a hybrid force/position
controller (see Craig [2]) is developed. Nevertheless
this approach has the drawback that it is rigidly founded
on the assumption of perfect task planning. In fact
it structurally decouples force control actions from
motion control actions in terms of the components
of the task space, avoiding in this way undesirable
interference between motion and force controllers.
But on the other it cancel part of the sensor mea-
surements on the assumption that this information is
not useful. Thus when hybrid control has to operate
under imperfect task planning e.g. unplanned impact
the system behavior may become quite critical. The
hybrid controller shown in Fig. 3 handles these critical
situations using the sensor information ignored in the
classical approach.
In Section 3.1 the control system is introduced then in
Section 3.2, 3.3 and 3.4 each controller components
will be explained.

3.1 Control Scheme

A classical feedback control is designed for the robotic
manipulator in order to take advantage of the stability
property of this kind of control scheme.

CONTROLLER MANIPULATOR
q X

F

TASK

Figure 2: Manipulator control scheme.
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Figure 3: Controller scheme.

As shown in Fig. 2, only a positional interface is used
in this approach (see also Lange and Hirzinger [5]), in
fact the command variable is the joint vector

q =




q1

q2

...
q7


 (1)

whereqi, for i=1,· · ·,7, is the i’th joint variable. The
feedback data is the end-effector position

x =




xb

yb

zb


 (2)

evaluated by forward kinematics from the joint angle
sensor data and the force vector

f =




fxb

fyb

fzb


 (3)

defined by measured force expressed with respect to the
tool center point and with compensated weight. The
controller inputs are the feedback data and thetask ob-
ject that describes the kind of task but which will be
explained in following Section 3.2.

3.2 Task manager

As shown in Fig. 3 the control law requires the de-
sired value of the force (fd) and velocity (vd). These
reference values and the selection matrixS (see Sec-
tion 3.3) describe the desired end-effector behavior and
then they will be definedbehavior parameterswhereas
the rotation matrixRc (see Section 2) which describes
the task geometry is namedtask geometry parameter.
Thus geometry task and system behavior changes don’t
require to change the control law but only those param-
eters. Therefore the controller needs a subsystem which
evaluates these parameters according to the task target.
This subsystem is namedtask managerand, as shown
in Fig. 3, its input values are the feedback variables and

the task object. Using these inputs it evaluates the de-
sired force and velocity, the selection matrix and the
rotation matrix.
Now the question is how these parameters are evalu-
ated. The task object is the answer. In fact it is a com-
plete description of the task which includes also the al-
gorithms for evaluating both the behavior and the task
geometry parameters from the feedback variables. Thus
the task manager outputs are calculates from the input
values by the task object algorithms.
In order to achieve a high level of flexibility, an object
oriented language (C++) is used for the implementation.
Thus the definition of a generic parent class (task) al-
lows to define a variety of children class(cleaning task,
path teaching task, etc.) very different from each other
but the task manager can deals with them always in the
same way.
Another improvement achieved by the task manager is
the ability to overcome critical situations. In fact it re-
ceives the entire sensor data (f andx) and, before to
lose part of them in the control law, it can check if there
is a critical situation due, for example, to imperfect task
planning. In this case the controller modifies its task ge-
ometry models to fit the actual ones and consequently
also the strategy for executing the given task. Thus the
task specification is actively upgraded by autonomous
learning.

3.3 Selection matrix

Our approach follows the idea of Khatib [1] who intro-
duced thegeneralized task specification matrixto di-
vide the force control from the motion control. In fact
along each axis of the constraint frame only either a po-
sition or a motion control action is exerted. Thus it is
worth to define the selection matrix as a 3 x 3 matrix

S =




σx 0 0
0 σy 0
0 0 σz


 (4)

whereσi are binary numbers assigned the value 0 when
a free motion is specified along thei-axis, for i =
x, y, z, of the constraint frame. This matrix selects the
directions of force control with respect to the constraint
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frameRc whereas the directions of motion control are
described by the matrixI − S whereI designates the
3 x 3 identity matrix. Thus the input values must be
translated inRc and similarly the outputs must be trans-
lated fromRc into base frame, this means that the con-
troller scheme must take into consideration the rotation
matrixRc.

3.4 Force and Motion Control

The high stiffness of the robot could be problematic
for the stability of the whole system. Nevertheless the
force/torque sensor inserts an artificial compliance be-
tween the last link of the robot and the end-effector
which avoids stability problems furthermore the clean-
ing tool used during the cleaning task introduces an
additional compliance. Those compliance can be de-
scribed by coefficients of elasticity expressed by the es-
timated diagonal matrixEx. The robot as well as the
environment can be regarded to be stiff. Thus, if there
is no movement in the motion controlled direction, the
desired value of the position is

xf
d = xc + Ex · (fd − f c) (5)

wherefd is the desired force vector and it is evaluated
by the Task Manager as will be explained in Section 3.2.
Similarly along the motion controlled direction it is de-
sired to have a given velocityvd and thus the desired
position is

xv
d = xc + vd · T (6)

where alsovd is an output of the Task Manager.
Considering now both motion and force control and
separating their effects with the selection matrix yields

xc
d = S · xf

d + (I− S) · xv
d (7)

wherexc
d is expressed in the constraint frame as well as

the other variables in the equation.
Using (5) and (6) the desired end-effector position (7)
can be rewritten as

xc
d = xc + S · (fd − f) + (I− S) · vd · T (8)

Finally the desired joint vectorqd will be calculated
from the desired position translated in the base frame,
by the manipulator inverse kinematics (see Marrone and
Strobel [4]).

4 INTERACTION TASKS

The mobile manipulator presented in this paper was de-
signed to perform housekeeping cleaning tasks in col-
laboration with the user. A typical housework in every-
day domestic setting is the cleaning of a surface. It is
the aim of this task that a special tool (e.g. a sponge) at-
tached to the end-effector follows a path on the surface

Figure 4: Cleaning task.

while along the surface normal it exerts a force of given
value (see Fig. 4).

To perform this surface cleaning the system need an ap-
propriate task description: the task object. This one will
be defined by targets for the absolute value of the force
vector|fd| and for the absolute value of speed|vd|, by
the plane to be cleaned expressed by the normal unit
vectorn and by the cleaning path vertices.
Using these setting and the sensor data the task object
evaluates behavior and task geometry parameter as fol-
lows.

1. Set the rotation matrixRc as outlined in Section 2
i.e. thezc axis lies along the normaln to the sur-
face whereas thexc axis lies along the line be-
tween the actual position and next path vertex, the
yc axis is consequently derived aszc × xc.

2. Set the desired velocityvd as a vector inRc with
directionxc and norm|vd|, thus

vd =



|vd|
0
0


 (9)

3. Set the desired forcefd as a vector inRc with di-
rection−zc and module|fd|, thus

fd =




0
0

−|fd|


 (10)

4. Set the selection matrix to

S = k · kt (11)

wherek = (0 0 1), in order to yield a force control
alongzc and a position control onxc–yc plane.

5. Check critical situation. Let

f c =




fxc

fyc

fzc


 (12)
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be the data force in constraint frame with friction
compensation. If

fxc > flim (13)

whereflim is a constant value,then a probable col-
lision was detected. In this case an error massage
is sent to an higher control level (see Section 6)
and in order to avoid the obstacle, a complete re-
configuration procedure is started:

• Set the desired velocity direction toyc that
yields

vd =




0
|vd|
0


 (14)

• Add the xc direction to the force control.
Thereforefd andS are changed:

fd =




1, 5flim

0
−|fd|


 (15)

and

S = I− j · jt (16)

wherej = (0 1 0).

This reconfiguration try to avoid the obstacle mov-
ing the cleaning tool around it.

Another interaction task which is token as an example
is the path teaching (see Fig. 5).

Figure 5: Path teaching task.

In every day setting, in fact, it is possible that the robot
user wants to show the robot a path e.g. a cleaning path,
then a compliance behavior of the manipulator is re-
quired. In this case the force applied by the user is
translated in a displacement. This means that only a
force control is required. The system flexibility allows
to achieve this aim. In fact the object task set the rota-
tion matrix to the identity matrixRc = I, the selection
matrix to the null matrixS = 0, the desired force to the
null vectorfd = 0 and the desired velocity to a linear
combination of the force feedback vector

vd = −kf (17)

wherek is a transduction coefficient between force and
velocity.

5 EXPERIMENTS

The experiments are executed with the mobile manipu-
lator presented in Section 1. The sampling time of the
controller is chosen toT0 = 0.5s. Elasticity is mea-
sured to be about1mm/N . It is desired that the clean-
ing path shown in Fig. 6 will be followed at0.3m/s
and exerting a vertical force of10N then the absolute
value of the desired velocity is|vd| = 0.3m/s and the
absolute value of the force vector is|fd| = 10N .
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Figure 6: Planar path, vertical position and vertical
force during the cleaning task execution.

The results of this experiment are shown in Fig. 6. The
end-effector follows the planar path with a good preci-
sion the maximal error is1cm. The vertical force ex-
erted by the cleaning tool is not smooth but the maxi-
mal error is never greater than2N this is due to a force
threshold used to avoid frequent vertical movement and
in fact the vertical position is very smooth. These per-
formances are interesting because a housework as e.g.
a cleaning task doesn’t require a high precision on the
contrary it is necessary a real time behavior in order to
make interactions between man and robot more as nat-
ural as possible.
The path teaching task was tested in different situation
without problem.

6 CONCLUSION

The paper presents a new mobile manipulator designed
for cleaning task and its hybrid force/position control.
The system has very large potentiality and it is still in
a developing phase. The hybrid controller performance
are interesting not only for the 3D path following accu-
racy and the limited vertical force error (shown in Sec-
tion 5), but also for the low computational time and for
the simple application that require only a positional in-
terface. In fact it is to take into account that the typical
application of this kind of robot is a domestic cleaning
assistant. Thus it has to perform simple housework such
as cleaning tasks where it is very important the real time
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behavior in order to make interactions between man and
robot more as natural as possible.
Further improvements of the system will consider how
to deal with a collision at a higher level (supervisor).
In fact it is not difficult to imagine the improvements
could be achieved in future developments of this ap-
proach which take into consideration also other kind of
sensor input e.g. visual information.
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