A Robotic Walker That Provides Guidance
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Abstract

This paper describes arobotic walker designed as an assistive
devicefor frail elderly people with cognitive impairment. Lo-
comotion is most often the primary form of exercise for the
elderly, and devices that provide mobility assistance are criti-
cal for the health and well being of such individuals. Previous
work on walkers focused primarily on safety but offered little
or no assistance with navigation and global orientation. Our
system provides these features in addition to the stability and
support provided by conventional walkers. This capability is
achieved by a software suite of robot localization and navi-
gation combined with a shared-control haptic interface. The
system has been tested in a retirement facility near Pittsburgh,
PA, USA.

1 Introduction

The elderly populationis growing at adramatic rate and caus-
ing a greater demand for devices that extend independent liv-
ing and promote improved health. Since inactivity among
the elderly has been shown to be a significant cause of in-
creased morbidity [1, 2] and premature mortality [3], devices
that enable daily exercise are essential to the health and wel-
fare of these individuals. As locomotion is most often the
primary form of exercise for the elderly, this segment of the
population dominates the users of devices that offer mobil-
ity assistance [4]. Despite the dependence on such ambula-
tory assisting devices, contemporary walkers and subsequent
variants only provide assistance with user stability. Naviga
tional assistance, for those who suffer from senile dementia
and frequently become disoriented, and motion-control aid,
for those who possess deficiencies in motor skills and cannot
properly control their walkers, are features not currently avail-
able. These forms of aid, while critical to the functionality
of the user, are only provided through direct human-to-human
interaction.

Escorting the elderly who reside in long term care settings to
medical (doctor and therapy appointments), social (meeting
friends), and cosmetic (manicure, getting a hair cut) activities,
as well as such repetitive daily tasks as visits to dining facili-
ties, is a necessary yet time-consuming task that requires hu-
man assistance. With the growing disproportions between the
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number of residents in nursing homes/assisted living facilities
and the staff such facilities [5], the problem becomes clear:
staff capacities have aready become insufficient for meeting
the residents’ needs causing tasks like resident escorting to be
sacrificed for other, higher-priority duties. Thus, an obvious
challenge is to equip walkers with the capabilities to provide
orientation and guidance.

Our research builds on a rich body of literature on robotic
walkers and assistive devices [6, 7, 8, 9]. These mobility aids
have provided safety and stability to their usersthrough means
of collision avoidance or velocity/acceleration limits for op-
eration on uneven terrain [6]. Such features have been im-
plemented in powered wheel chairs [8, 9] through local path
planning.

One of the first robotic mobility aid to incorporate guidance
functionality was the PAMM cane[7]. It performed route fol-
lowing by localizing to unique ceiling markers along a des-
ignated path. Although not directly assisting human locomo-
tion, tour-guiderobots[10, 11, 12, 13] have been devel oped by
various research groups over the past few years for maturing
guidance systems in dynamic environments. Navigation has
al so been devel oped in other context as with wearable comput-
ing [14]. Thistechnology is leveraged into the present system,
which is uniquein its use of a haptic interface on a walker to
mediate human and robot control.

This paper presents a novel approach to addressing both the
mobility needs of the elderly and the service needs of the nurs-
ing staff by combining the stability of conventional walkers
with the sensing, planning, and navigational capabilities of
mobile robotics. Our implementation is built on top of acom-
mercial omnidirectional mobile robot base platform, equipped
with two force-sensing handle bars that resembl e the grippers
of conventional walkers. Forces asserted through this haptic
interface are mediated with control from the navigation sys-
tem in a way that maximizes a person’s perceived freedom
while still achieving point-to-point navigation. Our navigation
system, largely developed in previous research [13, 15, 16]
integrates probabilistic techniques for mapping, localization,
path planning, and collision avoidance. Mixed modes of user
assistance in the form of controlled robot motion and visual
cues are examined to assist the user navigate without becom-
ing intrusive to the user’s desires. This shared control system
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Figure 1: The XR4000 platform with walker handlebars and LCD
display.

isimplemented on amobilerobotic platform and hasbeenfield
tested in an assisted living facility with results presented in this

paper.

2 Physical System Overview

The physical system is depicted in Figure 1. Our present
prototype has been built on top of a Nomad XR4000 maobile
robot platform. Thisrobot is equipped with an omnidirectional
drive, making it ideal for navigating through corridorsin close
proximity of a person. The robot is also sturdy enough to sup-
ply sufficient physical support to its clients. The 0.61 meter
diameter of the robot, however, prohibits navigation through
narrow doorways; for this reason our experiments have been
confined to hallways and larger doorways.

The robot is equipped with two circular arrays of Polaroid ul-
trasonic transducers, two circular arrays of Nomadics infrared
near-range sensors, three large touch-sensitive doors, and a
SICK LMS laser range finder. These sensors enable our sys-
tem to perceive obstacles at various heights, and the SICK
laser range finder is used for navigation (mapping, localiza-
tion, path planning).

To function as a robotic walker, the platform has been
equipped with two handlebars, as shown in Figure 1. Both
handlebars are mounted in a fixed position relative to the
robot’s frame, to provide physica support and stability. The
handlebars are also the loci of the haptic interface: Both bars
are equipped with two independent force sensors each, en-
abling the robot to measure forces asserted by the user. The
interface provides sufficient information to navigate the robot
into arbitrary directions. Additionally, the robot features a vi-
sual LCD display panel that informs the user about the sys-
tem’s desired motion direction. The display is similar to ex-
isting in-vehicle guidance systems used routinely in the auto-
motive industry [17]. The display is updated several times a
second, thereby always providing an accurate assessment of

Figure 2: A map of the testing facility, the Longwood Retirement
Resort in Oakmont, PA. This map has been acquired by
our mobile robot. It exhibits a range of different areas,
such asadining hal (right) and a conference hall (left).

the desired motion direction for reaching atarget.

Figure 4 shows a sequence of images recorded with one of
our test subjects. This subject is a resident of a retirement
facility in Oakmont, PA, our primary testing ground. Our
experiments, which will be reported further below, evaluate
the effectiveness of our system in real-world situations under
the premise that the user is unaware or mentally incapable of
knowing her target location. Experiments investigate the fea-
sibility of escorting people through their environments using
our robotic walker, and the relative merits of the robot’s indi-
vidual components.

3 Robot Navigation System

Theraobot’s navigation systemis built on top of Carmen, which
is short for Carnegie Mellon’s Navigation Toolkit. Precursors
to the Carmen system were used in dozens of robots world-
wide, including the two museum tour-guide robots Rhino [12]
and Minerva [13]. Building on these systems, Carmen has
been developed into a full-fledged software system for au-
tonomous mobile robot navigation in indoor environments. It
contains software modules for collision avoidance, localiza-
tion, mapping, path planning, navigation, and peopl e tracking.
Carmen is strictly a probabilistic software system, in that all
essential information is represented via probability distribu-
tions.

At the core of Carmen’s navigation routines are metric envi-
ronment maps. Figure 2 depicts such a map taken from a re-
tirement facility in Oakmont, PA, USA. The map represents
an occupancy grid maps [18] with a resolution of 10 cm. It
has been acquired in rea -time using the probabilistic mapping
software described in [19]. During the mapping process, en-
vironment size is significant. The robot is manually driven
through the environment using ajoystick interface and, within
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‘ Robot particles ‘ ‘ Person particles ‘
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Figure 3: (a)-(c) Evolution of the conditional particle filter from global uncertainty to successful localization and tracking. (d) The tracker
continues to track a person even as that person is occluded repeatedly by a second individual.

Figure 4. (a) The robotic walker, as it escorts an elderly person. (b) The haptic interface for controlling the walker. (c) The walker's display
provides simple directions (in form of an arrow) as to where to move for the present target | ocation.

a few minutes, a map is produced. Potential target locations
are subsequently marked manually in these types of maps.
The entire process takes no more than 30 minutes, making our
robot system extremely portable to new environments.

A core competency of the software system is its ability to al-
way's possess an accurate estimate of the robot’slocation rela-
tiveto its environment. Thisis achieved through afast version
of Monte Carlo localization [15], apopular techniquefor prob-
abilistic mobilerobot localization based on particlefilters[20].
Sincetherobot hasto function in the proximity of people, Car-
men utilizes a conditional particle filter algorithm that enables
it to track people by detecting differences between actual mea-
surements and the map [16]. As aresult, Carmen is not only
aware of its own location, but also of that of nearby people.
Knowledge of the latter also improves the robot’s ability to
localize itself, since it enables the robot to identify measure-
mentsthat are corrupted by people—amajor problem of local-
izing mobile robots in dynamic environments [21]. Figure 3
shows a sequence of estimates of aglobally uncertain robot, as
it gradually localizesitself. This sequence, reprinted with per-
mission from [16], illustrates the robot’s ability to effectively
estimate peopl€e's positions in the proximity of the robot. In
practice, our system is always informed of the initial starting
pose, so that localization errors remain bounded.

On top of the robot’s perceptual routines, Carmen offers addi-
tional software for navigating robots. This software was orig-
inally designed for autonomous mobile robot navigation and

was modified to accommodate a shared-control user interface,
as discussed further below. Carmen’snavigation modulesinte-
grate real-time fast collision avoidance with the ability to plan
(and modify) global paths to arbitrary target locations within
the map. The path planning module cal culates a sequence of
via-pointsin 2D space which minimize the overall path length
while maintaining clearance to nearby obstacles. This set of
via points is calculated dynamically, based on the map, the
target location, and the robot’s present location. As a result,
deviations from the prescribed robot path are easily accom-
modated by recalculating new via points. The via-points are
then tranglated into actual robot motion commands by a fast,
local controller [22]. This controller minimizes the time it
takes to reach a via point, under the constraints imposed by
the dynamics of the robot. Collision avoidance is achieved by
dynamically incorporating all sensor measurement at the con-
trol level. Asaresult, the robot is capabl e of moving smoothly
from any location to any other location in the environment
while avoiding collisions with obstacles, both static and dy-
namic. We notice that the maximum speed supported by Car-
men iswell in excess of 50 cm/sec, which exceeds the walking
speed of elderly people by alarge margin.

4 Shared Control Interface

Shared control is an essential component in the devel opment
of arobotic walker. The robot must be capable of providing
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Figure5: The haptic interface handlebars.

navigation and guidance while maintaining a natural and pre-
dictable motion response. As addressed in [6], the concept of
shared control describes a system where two or more indepen-
dent control systems function concurrently to achieve common
goals. The focus of this work attempts to bind the control of
two systems (an elderly human and a robotic walker) engaged
in the task of navigation. Since the goals of human and robot
may often misalign, the shared control system must determine
whether the human or the machine cedes control. The two
components enabling shared control are a haptic interface for
capturing user intent and the control software that binds the
two systems.

4.1 Haptic Interface

The haptic interface is a means of registering the user’s inten-
tion through physical interaction. The interface transformsthe
force applied by the user into the robot’s motion. Devices like
buttons, joysticks, and levers already exist for relaying user
input; however, they require hand displacement that would
loosen or otherwise release the user’s hold. Such interfaces
make operation very difficult and potentialy unsafe. In addi-
tion, the elderly who use contemporary walkers arefully aware
of the walker functionality and expect a specific response from
input force. Utilizing the user’s preconceived notion of how a
walker should operateis critical to a haptic interface design.

For this work, the haptic interface consists of force sensors
that were embedded into the handlebar structure of the walker
robot. Handlebars provide the support and stability in ambu-
latory devices and require the user’s handsto grip firmly. By
incorporating force sensorsinside the handlebars, the user can
maintain a steady hold and manipulate the robotic walker in a
manner more consi stent with contemporary roller-based wal k-
ers. The haptic interface used in the proceeding experimental
trialsis shown in Figure 5. Each handlebar is equipped with a
prismatic handgrip that is motion constrained. Semi-pliable
foam is inserted between the handgrip and motion stops to
dampen the displacement exhibited by the grippers. A pair
of force-sensing resistors (one mounted on each motion stop)
is embedded into the foam to detect pressure when forceis ex-
erted along the handlebar. These pressure readings are trans-
formed into planar translational and rotational velocities. Inan
attempt to keep the control of the robot as intuitive as possi-
ble, aforward push on both the handle barsresultsin aforward
motion, while adifferential push-pull combination resultsin a
rotary motion. However, a pull on both the handle bars stalls

the robot. In the following section, the means of integrating
user stimuli with therobot’s navigational planner is addressed.

4.2 Control Software

The control software combines raw force data with robotic
navigation to produce the motion of the robot. To achieve
reliable and predictable motion from a self-mobile robot, hu-
man and machine control must be tightly coupled. Unlike the
shared control systems presented in previous robotic research
[6], coordination of a self-mobile system requiresafull under-
standing of the users' intentions and desired actions. There-
fore, user-intended traj ectory and robot-intended trgjectory are
key elementsin motion deliberation.

User-intended trgjectory is determined through a user motion
model. This model represents a mapping of force sensor read-
ings recorded from the haptic device to trgjectory commands.
In thiswork, these model swere constructed from dataanalysis
performed on standard roller-walkers. In this control system,
raw data is fetched from the force sensors, filtered, and in-
put into the user motion model to determine the user-desired
trandlational and rotational velocities (Figure 6).

The robot-intended trgjectory is acquired through the naviga-
tional system using the Carmen software suite. The robot is
first localized within the world map and given a goal position.
A path from the robot’s current location to the goal is then
generated. Since the navigation system factors in obstacles,
walls, and minimum transversal length, the path is considered
the most desirable course for both human and machine.

When user and robot intentions are obtained, the motion of the
robot is determined. In this work, three modes of operation
define the shared control system:

1) Passive mode: The robot’s intended trgjectory is ignored,
alowing the user to move freely throughout the environment.
The robot’s primary function in this mode is to prevent colli-
sions with obstacles and monitor user position.

2) Active mode: The robot’s intended trajectory is used as
the desired system trajectory. The user’s estimated trajectory
is actively compared to desired trajectory and if a deviation
greater than a given reference angle is detected, the robot’s
motion is slowed. Unless the user realigns with the path, the
robot will eventually halt. This mode of operation is accom-
panied with a graphical interface to assist the user in staying
on path.

3) Forced mode: The robot’s intended trajectory is used com-
pletely. User input is only used as a means of switching robot
motion on and off. The user has no control over the direction
of therobot and is kept rigidly to the path.

These modes are set when the user begins a navigation task.
In future work, mechanisms can be set in place that allow dy-
namic adjustment of control modes to suit the needs of the
user. Similar work in automotive settings has shown that such
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Figure 6: Moving from raw force datato motion. (a) The raw data reading received from the handlebars. From top to bottom, the plots are force
readings taken from the back left, front left, back right, and front right sensors. (b) The top shows the translational velocity in m/s and
the bottom shows rotational velocity in rad/s (c) The plot of the path created from this data.

Figure 7: Paths taken by subject under varying modes of mode. In each plot, 'S’ indicates the start position and *G’ indicates the goal position.
(a) Motion data recorded from passive mode. (b) Motion data recorded from active control. (c) Motion data recorded from forced

mode.

dynamic switching can be successful in real-time shared con-
trol applications.

5 Experimental Results

Experimental trials of this walker robot system have been per-
formed at a retirement facility in Oakmont, PA, USA. Four
residents of the facility were asked to operate the walker in
a navigation task under the various modes of control. Their
trajectory data and haptic input were logged along with the
robot’s trgjectory input and projected path. The system was
evaluated on its usability and capacity to keep the user moving
toward the goal.

The motion response of the system can be seen in Figure 7.
For each mode of control, the user was informed to move to
agoa position. Under passive control, large path deviations
were witnessed (Figure 7a) since the navigational system of-
fered no intervention. Under active control, the motion of the
user was restricted to within 80 degrees of the intended orien-
tation. The result was that the user was forced to remain much
closer to the path producing minimal deviation (Figure 7b).
Finally, the user was required to operate under forced control.
As projected, the robot remained rigidly along the intended
path, delivering the user directly to the goal (Figure 7c).

User acceptance and interest in the robotic walker was high

with several points of feedback. At first, some users had diffi-
culties manipulating the haptic interface; however, they were
able to quickly adapt when instruction was provided. The
robot’s peak velocity was set a 0.5 m/s, alowing residents
to choose a comfortabl e pace.

After preliminary tests held at Carnegie Mellon University, a
user interface was implemented to assist in directing motion.
It was discovered that the participant became confused during
active control whenever the robot stopped suddenly. Visua
feedback was displayed on alaptop LCD screen and consisted
of alarge rotating arrow that pointed in the direction of the
next waypoint. If the user was oriented in the correct direc-
tion, the arrow pointed up; likewise, if the user began to drift,
the arrow would rotate towards the next desired location. By
seeing the arrow, the participant was fully aware of the robot’s
intended trajectory. In many cases, the visua representation
was critical to effective navigation since it provided communi-
cation between robot and human. Furthermore, the simplicity
of an arrow was found to be far less confusing compared to
displaying maps and goal locations.

The results of the walker robot experiments with elderly par-
ticipants demonstrate and validate the control concepts and
technical feasibility of amobile robotic walker. Through these
tests and future experimentation, this work can be used as a
prototype platform for robotic walkers that can escort nursing
home residents, enable greater social interaction, and improve
the overall quality of living for the elderly at such facilities.
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6 Summary and Conclusions

This paper presented a novel approach to the design and im-
plementation of a mobility assistant device. By augmenting a
commercial mobile robotic platform with haptic sensing, the
Carmen navigational system, and a shared control scheme, a
robotic walker was developed. Multiple modes of human to
robot control were investigated in order to determine the best
compromise between user freedom and compl eting a specified
navigation task. This robotic system was then field tested in
an assisted living facility with successful results.
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thank the Longwood Retirement Resort fo their enthusiastic
support.

References

[1] E. M. Colettaand J. B. Murphy, “The complications of
immobility inthe elderly stroke patient.,” Journal of American
Board of Family Practicevol. 5, pp. 389-397, 1992.

[2] C. M. Harper and Y. M. Lyles, “Physiology and com-
plications of bed rest,” Journal of the American Geriatric So-
ciety, vol. 36, pp. 1047-1054, 1988.

[3] M. Hirvensao, T. Rantanen, and E. Heikkinen, “Mobil-
ity difficulties and physical activity as predictors of mortality
and loss of independence in the community-living older pop-
ulation,” Journal of the American Geriatric Socigtyol. 48,
pp. 493-498, 2000.

[4] Y. Ostchega, T. B. Harris, R. Hirsch, V.L. Parsons, and
R. Kington, “The prevalence of functional limitations and dis-
ability in older personsin the US: datafrom the national health
and nutrition examinationsurvey 111,” Journal of the American
Geriatric Societyvol. 48, pp. 1132-1135, 2000.

[5] E.L. Schnedier, “Aging in the third millennium,” Sci-
ence vol. 283, no. 54003, pp. 796—797, 1999.

[6] G.Wassonand J. Gunderson, “Variable autonomy in a
shared control pedestrian mobility aid for the elderly,” in Pro-
ceedings of the IJCAI'01 Workshop on Autonomy, Delegaiton,
and Contro| 2001.

[71 S. Dubowsky, F. Genot, and S. Godding, “PAMM: A
robotic aid to the elderly for mobility assistance and monitor-
ing: A "helping-hand” for the elderly,” in IEEE International
Conference on Robotics and Automation (ICR3gn Fran-
cisco, CA, 2002, ICRA.

[8] H.A.Yanco, “Integrating robotic research: A survey of
robotic wheelchair development,” in Proceedings of the 1998
AAAIl Spring Symposium on Integrating Robotic Research
1998.

[9] S P Levine D. Bdl, L. Jaros, R. Simpson, Y. Koren,
and J. Borenstein, “The navchair assistive wheelchair naviga-
tion system,” IEEE Transactions on Rehabilitation Engineer-
ing, vol. 7, no. 4, 1999.

[10] I. Horswill, “Specialization of perceptual processes,”
Tech. Rep. Al TR-1511, MIT, Al Lab, Cambridge, MA,
September 1994.

[11] I. Nourbakhsh, J. Bobenage, S. Grange, R. Lutz,
R. Meyer, and A. Soto, “An affective mobile robot with a
full-time job,” Atrtificial Intelligence vol. 114, no. 1-2, pp.
95-124, 1999.

[12] W.Burgard, A.B. Cremers, D. Fox, D. Hahnel, G. Lake-
meyer, D. Schulz, W. Steiner, and S. Thrun, “Experiences
with an interactive museum tour-guiderobot,” Artificial Intel-
ligence vol. 114, no. 1-2, pp. 3-55, 1999.

[13] S. Thrun, M. Beetz, M. Bennewitz, W. Burgard, A.B.
Cremers, F. Déellaert, D. Fox, D. Hahnel, C. Rosenberg,
N. Roy, J. Schulte, and D. Schulz, “Probabilistic algorithms
and the interactive museum tour-guide robot minerva,” Inter-
national Journal of Robotics Researcvol. 19, no. 11, pp.
972-999, 2000.

[14] T. Hollerer, S. Feiner, T. Terauchi, G. Rashid, and
D. Hallaway, “Exploring MARS: Developing indoor and out-
door user interfaces to a mobile augmented redlity system,”
Computers and Graphig¢sol. 23, no. 6, pp. 779-785, 1999.

[15] S. Thrun, D. Fox, W. Burgard, and F. Dellaert, “ Robust
monte carlo localization for mobile robots,” Atrtificial Intelli-
gencevol. 128, no. 1-2, pp. 99-141, 2000.

[16] M. Montemerlo, W. Whittaker, and S. Thrun, “Condi-
tiona particle filters for simultaneous mobile robot localiza
tion and people-tracking,” in IEEE International Conference
on Robotics and Automation (ICRA)ashington, DC, 2002,
ICRA.

[17] A. Steinfeld, H. Tan, and B. Bougler, “Naturalistic find-

ings for assisted snowplow operations.,” in In Proceedings

of the Human Factors and Ergonomics Society 45th Annual
Meeting Santa Monica, CA, 2001, HFES.

[18] H. P. Moravec, “Sensor fusion in certainty grids for
mobilerobots,” Al Magazinevoal. 9, no. 2, pp. 61-74, 1988.

[19] S Thrun, “A probabilistic online mapping agorithm
for teams of mobilerobots,” International Journal of Robotics
Researchvol. 20, no. 5, pp. 335363, 2001.

[20] A. Doucet, J.F.G. deFreitas, and N.J. Gordon, Eds., Se-
guential Monte Carlo Methods In Practicespringer Verlag,
New York, 2001.

[21] J. Borenstein, B. Everett, and L. Feng, Navigating Mo-
bile Robots: Systems and Techniquea. K. Peters, Ltd.,
Wellesley, MA, 1996.

[22] N. Roy and S. Thrun, “Motion planning through pol-
icy search,” in Proceedings of the Conference on Intelligent
Robots and Systems (IRQBjusanne, Switzerland, 2002.

p. 6



