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Abstract-Robotic walking aids can provide significant sup-
port for elderly users with mobility constraints. Automatic
guidance systems help to lead a user to a specific target safely.
In order to ensure good support for the user, the robotic walker
should adapt to the motion of the user while at the same time
not losing the target out of sight. Even though some of the exist-
ing active robotic walkers are able to guide their user to a tar-
get, during guidance, the input of the user is not considered
sufficiently. Therefore, a new guidance system for robotic walk-
ers has been developed. It is able to lead the walking aid user to
a given target but at the same time considers his inputs and
adapts the path respectively. The guidance system has been
implemented and tested on the mobile robot assistant Care-O-
bot II. A field test was done in an old people's residence proving
the correct function and usefulness of the guidance system.

I. INTRODUCTION
IN the last years, several types of robotic walking aid sys-
tems have been presented in order to react to the growing

number of elderly people in our society [15]. According to a
study conducted in the USA in 2000, 64 percent of all mobil-
ity aids are used by over 65-year-olds [8]. Even though, con-
ventional walkers are fairly easy to use devices, a significant
number of accidents involving walker use are reported every
year [1]. Reasons are falls caused by unstable walking or by
muscle weaknesses, collisions caused by cognitive disabili-
ties, or mental disorders preventing elderly persons to find
their way around their environment.

Robotic walkers provide additional safety functions such
as automatic obstacle avoidance, stumble detection, or slope
compensation. Whereas during regular operation the robotic
walker is controlled similarly to a conventional walker, in
specific situations, control is taken over partly or fully by the
robot. Automatic guidance systems help to lead walking aid
users to a specific target safely. In order to ensure the safe
support by the walker, during guidance, the desired motion
direction of the user must be considered at all times. This
paper presents a shared control system for robotic walking
aids that uses behavior activation to dynamically adapt a
globally planned path to the input of the walking aid user.
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II. STATE OF THE ART IN SHARED CONTROL SYSTEMS
Several existing robotic walkers are able to localize them-

selves in their environment and thus provide guidance assis-
tance. The guidance system for Guido [14] does not consider
the desired motion direction of the user during guidance.
However, unexpected movements of the walker when fol-
lowing the planned path can jeopardize the stability of the
walking aid user. Therefore the ORTW-II [12] and the CMU
robotic walker [11] allow their user to move freely in any
direction. To guide the user to the specified target, an opti-
mal path is calculated and the velocity of the walker re-
strained when deviating too much from the path. The shared
control system of the PAMM smart walker [17] creates a
virtual force leading the robot to the given target that is
combined with the real forces applied to the device by the
user. The gains of each control input are set depending on
the observed user abilities.

Different shared control systems have been presented for
robotic wheelchairs. In most systems, however, the user is
responsible to steer the device to a target whereas local
modifications of the desired direction are applied by the
computer controls. Existing control systems can be divided
into two types [2]: model-based approaches such as the
MVFH [10] that generates a histogram of the environment
identifying the optimal direction of travel, or behavior-based
approaches [16] that activate specific local behaviors such as
obstacle avoidance, docking, or wall following.

Existing robotic walkers without global navigation capa-
bilities use model-based approaches to calculate appropriate
walker velocities and steering angles from the user inputs.
COOL Aide [6] modifies the desired travel direction of the
user in case an obstacle is detected. If the user insists on that
direction, control is given back to the user to avoid "control
fighting" and to enable docking to an obstacle.

III. IMPLEMENTATION OF THE SHARED CONTROL SYSTEM
Fig. 1 shows the single modules of the new shared control

system. The motion generator module [3] is used to calculate
the desired motion direction and velocity from the forces
applied to the robotic walker by the user. The path planning
and path modification modules do the global and local plan-
ning. The behavior selection module evaluates the desired
motion direction of the user provided by the motion genera-
tor and adapts the path to the target accordingly. This paper
describes the selection of behaviors and activation of path
modifications depending on the desired direction of the user.

1-4244-1320-6/07/$25.00 (c)2007 IEEE 317

Authorized licensed use limited to: FhI fur Produktionstechnik und Automatisierung. Downloaded on June 5, 2009 at 10:45 from IEEE Xplore.  Restrictions apply.



Proceedings of the 2007 IEEE 10th International Conference on Rehabilitation Robotics, June 12-15, Noordwijk, The Netherlands

Fig. 1 Components and data flow of the shared control system.

A. Path Planning and Path Modification
A global planner is used to calculate the shortest path to

the target. Two different planners have been implemented
and can be selected according to the abilities of the user, the
structure of the environment and the geometry of the robot: a
grid-based potential field planner based on "wave front ex-
pansion" [9] and a non-holonomic planner based on [7].

In order to make sure that the target will be reached with-
out too many deviations, the basic nature of the globally
planned path should be maintained even when reacting to
obstacles or to user input. The method of elastic bands [13]
has been adapted for local path modifications. The elastic
band is represented as a sequence of connected "bubbles".
The bubbles are created by examining the local free space of
the robot at configurations along this path. A bubble B(p,q)
of an elastic band represents all configurations p, which the
robot can reach from its current configuration q without col-
lision. The radius r of a bubble is defined as the minimum
distance to the closest obstacle (Fig. 2):
B(q, r) = Ip E iN q - p < r (q)(1)

T

rX
, In

Fig. 2 Bubbles for a robot without limitations and a Dubin's car with lim-
ited turning radius rrob,min.

The elastic band is applied to the path returned by the global
planner. In order to optimize the bubble band, each bubble is
continuously modified by external and internal forces. Inter-
nal forces Fi pull each bubble towards its neighbors and thus
remove any possible slack in the path (Fig. 3).

F=qi-l - qi +qj+1 - qi(2iql +r r+ (2)
1>- + +

Fig. 3 Internal forces between bubbles.

External forces Fe push the path away from obstacles
(Fig. 4). For all bubbles within the influence distance o of an

obstacle, a rejecting force at the size of the potential O(q) is
applied, that increases, the smaller the distance d of the bub-
ble q to the closest obstacle point cip:

F = (q) (q -cip) (3)
cip:Iq-cIpI<o

oz(q) =tan ___

o

Fig. 4 External forces applied to select(

(4)
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of the obtiacle

)ubbles caused by an obstacle.

Fig. 5 and Fig. 6 display the optimized elastic bands for a
holonomic robot and a Dubin's car with limited turning an-
gle. The detailed non-holonomic path initialization is de-
scribed in our previous works [5].

Fig. 5 Elastic band for a holonomic robot.

Fig. 6 Elastic band for a robot with a maximum turning angle of 50 deg.
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In order to adapt the path to the desired direction of the
user, additional modifications of the elastic band can be acti-
vated. Direct user forces Fd (Fig. 7) move all bubbles to-
wards the desired motion direction dir of the user:
Fd = dir (5)

Fig. 7 User forces applied to all bubbles of the band.

Behavior forces Fb enable the activation of docking or
wall following behaviors on the way to the target. Docking
behavior is important in case the user wants to pick some-
thing up on the way to the target or stops to talk to a friend.
Wall following can be used to avoid other people in a corri-
dor and to stabilize the motion of the walker. The activation
of behavior forces provides one important advantage com-
pared to the direct path modification described previously: as
the robot maintains a behavior until other direction com-
mands are given, the required time to apply forces for adapt-
ing the path to user inputs can be reduced to a short period.

For docking (Fig. 8), the elastic path will be modified to
lead the user as close as possible to the designated docking
point. Therefore all bubbles in the near vicinity are drawn
towards the intermediate target Z:

Fb =Z-q for I(Ia -aqi)- -I>-
q2 8

(6)

Fig. 8 Behavior forces applied to selected bubbles for docking to an inter-
mediate target.

For wall following (Fig. 9), all bubbles close to the se-
lected wall segment w are drawn towards it:

F, =clp -q for aclp - caw1 (7)
2

Wall segment w clp

C r : L Ii , clp- F

Fig. 9 Behavior forces applied to selected bubbles for wall following.

The position of each bubble located within a certain dis-
tance to the robot is modified according to the applied
forces. The resulting force applied to each bubble is the
weighted sum of all forces:
Posnew = P°Sold + Fre (8)

5res = ki Fi +ke Fe + kd Fd + kb F. (9)

For collision free motion, the external forces created by
obstacles must always be larger than the forces created by
user input. A stable motion behavior could be reached for
ki = 0.25, ke = 0.2, kd = 0.05, kb = 0.1.

B. Behavior Selection
This module activates the path modifications of the elastic

band. Depending on the nature of the planned motion, i.e.
rotation or forward motion, the user desired linear velocity
and motion direction are compared to the planned motion
direction (Fig. 10). In case of large differences, i.e. wrong
rotation direction or backwards motion desired, we assume
that the user has changed plans and does not want to proceed
to the target any more. Therefore, the operation mode will
switch to direct control where the robot exclusively reacts to
the user input without planning to a target. For small differ-
ences the robot follows the planned path or starts the obsta-
cle evaluation to determine suitable path modifications.

(planned movemr
Lf (deslinvel =

= rotation)
nd rotdir = pl

wollow path.
,e if (diff (desdir, p
,witch to direct ctrl.

luate obstacles
(planned movem
Lslinvel < 0)

to direct ctrl.
(planneddir == desdir)

toiiw pati.
,e if (diff (desdir, p
,witch to direct ctrl.

evaluate obstacles.

Fig. 10 User input evaluation.

If differences between the desired and the planned motion
direction are observed, an appropriate path modification
strategy will be selected depending on obstacles detected in
the environment (Fig. 11). For wall following, a wall seg-
ment located in the desired direction, for docking an inter-
mediate target at a certain distance to the selected docking
object will be calculated (Fig. 12). If the user pushes towards
the other side of an obstacle than initially planned it may also
become necessary to do a global re-planning of the path. The
new path will lead the user trough intermediate path posi-
tions P1 and P2 on the desired side of the obstacle (Fig. 13).

if (obstacle in desdir)
if (intersection angle < thresh)

prepare wall following.
else

prepare docking.
else

prepare direct mod.

if (obstacle between desdir and planneddir)
do = dist(obstacle between desdir and planneddir)
dw = dist(wall)
dd = dist(docking position)
if (wall follow prepared and dw < do)

activate wall following.
else if (docking prepared and dd < do)

activate docking.
else

activate re-planning.
else

activate prepared mod.

Fig. 11 Obstacle evaluation.
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* Planned path F-F Desired direction
Fig. 12 Parameters for docking and wall following: wall w, target Z

/ XTarget
Obstacle
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R XObstacle

C~~~~~~~~~~~~~~~cTarget

' Planned path New path -F- Desired direction
Fig. 13 Parameters to drive around an obstacle on the other side.

In order to determine an appropriate path modification,
the closest obstacles intersecting the desired motion direction
of the user is determined as a potential docking target or wall
to follow. Additionally, the closest obstacle between the de-
sired motion direction and the planned direction is calcu-
lated. To determine whether to activate docking or wall fol-
lowing or to re-plan around the other side of an obstacle, the
distances to each obstacle are compared. Fig. 14 shows two
examples where both kinds of obstacles are available.
dw > do: activate re-planning

Wall w

Obstacle

dw < do: activate wall following
Wall w

\Pi

-, O~~~~~~~bstacle

Planned path F-F Desired direction
Fig. 14 Decision between wall following or re-planning.

IV. EVALUATION OF THE SHARED CONTROL SYSTEM

A. Mobile Robot Assistant Care-O-bot II
Care-O-bot II (Fig. 15) is the second prototype of a mo-

bile robot assistant designed to assist elderly people in home
environments. It is equipped with a manipulator arm, adjust-
able walking supporters, a tilting sensor head, and controlled
by a hand-held control panel. Care-O-bot II consists of two
autonomous systems: the mobile platform with the walking
supporters and the top level with the manipulator arm and

sensor head. Both systems can be disconnected easily as they
both work independently with their own PC, power supply,
and emergency control circuit. The top level platform is not
required for the functionality of the robot as a walking aid
and will therefore not be discussed any further. For an over-
view of all capabilities of Care-O-bot II please see [4].

............ Sensor head

Manipulator----- .

Touch screen

Walking handles

Emergency stop button

Laser scanner

Bumper

Fig. 15 Care-0-bot II without sensor head and manipulator (left) and fully
assembled system (right).

For environment perception, Care-O-bot II is equipped
with a laser scanner. A bumper and two emergency buttons
are used as an additional safety system to prevent collisions.
The walking aid handles of Care-O-bot II can be adjusted in
height and are equipped with force sensors to measure the
forces applied to each handle. The force and torque acting in
the centre of the robot are calculated from the forces applied
to the handles.

Previous user evaluations revealed that most users had dif-
ficulties to operate the robotic walker with the top level sys-
tem as it blocked their view along the path. Therefore, for
the evaluation of the guidance system, the top level system
was taken off the robot and a separate touch screen attached.
The touch screen interface to control the robot during the
user tests is displayed in Fig. 16. In addition to the status
messages on the screen, audio messages are used to inform
the user on the current target and operation mode.

Button to start / stop the robot Target buttons

AwFrPlanned motion

modification

System status

Fig. 16 User interface for field trials.

B. Lab Tests of the Guidance System
The guidance system was first tested in the Fraunhofer

IPA labs. The environment (Fig. 17) is surrounded by a wall
and contains a 6 x 7 m driving area with a working table on
one side and a sofa and a table on the other side.

1-4244-1320-6/07/$25.00 (c)2007 IEEE 320

Authorized licensed use limited to: FhI fur Produktionstechnik und Automatisierung. Downloaded on June 5, 2009 at 10:45 from IEEE Xplore.  Restrictions apply.






