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Abstract

We present a reactive navigation algorithm for safe
operation of hospital beds in dynamic environ-
ments. The proposed navigation is implementation
efficient in the sense that it does not require any
measurements from the velocities, shapes, dimen-
sions or orientations of the obstacles. Furthermore,
it is applicable for a variety of real world scenario
where the natures and the motions of the obstacles
are not known, and the shapes of the obstacles
may be time-varying and deforming. The only
information available for computation of control
signals is the minimum distance from the hospital
bed to the closest obstacle. The mathematically
rigorous analysis of the proposed navigation algo-
rithm is presented and its performance is demon-
strated by the computer simulations and real world
experiments with a hospital bed control system
(Flexbed).

1. introduction

The hospital beds had been widely used in hospitals to aid
the transportation of immobile patients for many centuries.
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The first ’hospital bed” was merely a crude stretcher with
multiple medical personnels to carry, as various features
are added into the hospital beds, They has became a
convenient multi-functional medical devices with wheels,
side rails, adjustable sections for different parts of body
and so no, see e.g.[Risk Jr, 2005; Weismiller et al., 2007;
Foster and Breidenbach, 1992; Rudolf and Williams, 1995;
Ted, 1965] . These improvements had greatly elevated the
comfort level, the safety factor and the efficiency of the
hospital beds.

The primary objective for operating a hospital bed is to
safely deliver the patents from current location to target
location. The only existing navigation approach for hos-
pital bed is the traditional manual steering from hospital
personnels. Some obvious limitations can be noticed from
the manual steering approach: the navigation decisions are
made according to the hospital personnels’ perception which
can be easily plagued by many factors such as bad percep-
tional condition or poor operating environment. Inaccurate
information about the environment can dramatically increase
the chances of misjudgments, which lead to inappropriate
decisions, and so the safety of the patents is not guaranteed.
Furthermore, due the heavy weight of the hospital beds and
their loads, even proper decisions are made, the hospital
personnels may not be able to provide sufficient tow force
or torque to steer the hospital beds. In reports and studies,
such as [Beckmann et al., 2004; Papson et al., 2007], human-
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based mistakes are identified as one of the major contributing
factors for potential and unexpected risks of hospital beds
transportation within hospitals.

The performance of safe navigation of hospital beds can
be improved by the integration of an autonomous navigation
algorithms on the hospital beds. There are many successful
examples of implementation of navigation algorithms on
various transportation devices, such as wheelchairs, transport
robots. It is surprising that that none of the existing hospital
beds are considered as intelligent system with obstacle
avoidance ability. Some of the hospital beds are motorised,
however, they can only adjust their own positions to a certain
extend and none of them are motorised for autonomous
navigation.

Numerous navigation strategies had been proposed over
the past decades, these navigation strategies falls into
two major categories: global (see e.g. [Kruusmaa, 2003;
Huosheng and Brady, 1997; Warren, 1989; Chesi and
Hung, 2007]) and local (reactive) (see e.g. [Lamarche and
Donikian, 2004; Balch, 1993; Fiorini and Shiller, 1998;
Simmons, 1996]). Both types of navigation strategies are
greatly helpful based on the sensory information feedback
from hospital bed. Global navigation strategies use accumu-
lated sensor data and a priori information to build a complete
“map” of the environment, then find a best path to the goal in
the ”map”. This type of navigation strategies can be applied
when the hospital beds are not in a thread of collision.
On the other hand, reactive navigation strategies (see e.g.
[Matveev et al., 2011a; Teimoori and Savkin, 2010a; Savkin
and Hoy, 2013; Savkin and Wang, 2013]), which locally
observes the unknown environment by sensory system and
make decisions accordingly, is more eligible for the situation
when the obstacles are nearby.

In this paper, we present a novel obstacle avoidance
strategy for navigating hospital beds in cluttered dynamic
environments. The proposed navigation strategy has several
advantages over the existing obstacle avoidance strategies:
first of all, it assumes that the hospital bed is involved in
cluttered dynamic environments rather than a simple static
environment, which is a more realistic and challenging case.
secondly, the shape of the obstacles are not restricted, they
are arbitrary and can be time-varying and deforming which
makes the proposed navigation algorithm more flexible and
applicable for a large variety of environments. Finally, unlike
previous researches on obstacle avoidance strategy which
assume various data can be measured or estimated, the
proposed navigation algorithms achieves the navigation tasks
with limited information, It does not require data, either
exact or estimated, about the obstacles velocities, unlike e.g.,
the velocity obstacle approach [Fiorini and Shiller, 1998;
Gal et al., 2009], and about shapes and orientations of the
obstacles. It also does not need to build a complete map of
the environment or to recognize individual obstacles in the
scene. The only information available to the hospital bed

is the minimum distance to the nearest obstacle (i.e. range-
only based navigation, see e.g. [Teimoori and Savkin, 2010b;
Matveev et al., 2011bl). Applicability and performance
of the proposed navigation algorithm are confirmed by
computer simulations and extensive real world experiments
with a electric-powered hospital bed (Flexbed), the designed
closed-loop robotic bad control system is based on switching
therefore it belongs to the class of so-called hybrid control
systems, see e.g. [Savkin and Evans, 2002; Matveev and
Savkin, 2009].

The remainder of the paper is organised as follows: Sec-
tion II presents the mathematical model of the hospital bed
and the statement of the problem. Section III introduces and
discusses the proposed navigation algorithm. The simulation
results for the proposed navigation algorithm is presented in
Section IV. The detailed description of a real hospital bed
control system is present in Section V and the experiments
of this hospital bed system is given in Section VI. Finally,
Section VII offers brief conclusion.

II. Problem Statement

We consider a hospital bed (HB) which travels in a plane.
Its motion is controlled by its speed v and angular velocity
u both limited by given constants V' and @. The position
of HB is represented by the absolute Cartesian coordinate
(z,y) of the reference point, which is the center of axle
connecting the two driving wheels. Its orientation is given
by the angle 6 between the HB centerline and the abscissa
axis. The mathematical model of the HB is described by the
following equations:

& =wvcosb, z(0) = xo,
y=wvsinf, ,  y(0) = yo, (1
0=u 6(0) = 6y
where
U € [~Umaz, Umaz], v €[0,V]. )

These equations describes the ability of the HB to move
forward with a certain speed in the forward direction along
planar curves whose curvature radius exceeds a given thresh-
old. In this case, this minimal turning radius equals

R=v/u 3)

There are multiple unknown disjoint static and moving
obstacles in the same plane as the HB. At time ¢, each of
them occupies a certain domain D;, where ¢t = 1,2,...,n is
the serial number of the obstacle. The information regarding
to these obstacle is scarce: the positions of them are not
known in advance and they may underdo arbitraty motions.
Furthermore, there is no specifications on the shapes of the
obstacles and their shapes can be time-varying.

The only information that is available to the HB is the
current distance d(t) := distp¢)[r(t)] to the closest obstacle
D(t) and the rate d(t) at which this measurement evolves



Proceedings of Australasian Conference on Robotics and Automation, 2-4 Dec 2013, University of New South Wales, Sydney Australia

over time. Here r := [z, y] " is the vector of the coordinates
of the HB and
distp () := min [|r — 7/ 4
p(r) = min | =7’ o)
(see Fig.1(b)), where || - || denotes the standard Euclidean
vector norm and the minimum is achieved if D is closed.
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Fig. 1. (a)Coordinates and orientation of the HB and its minimal
turning radius R; (b)Moving domain D(¢) and heading to target
H(t)

Finally, there is a steady point-wise target T in the plane
and the HB is able to measure the heading H (¢) towards the
target, see Fig.1(b). The objective is to guide the HB through
the obstacle-free part of the plane and reach the target T at
a certain time ¢y > 0:

r(tp) =T, r(t)¢ U Di(t) Vte[0,tf].

Moreover, the distance between the HB and any obstacle
should constantly exceed a given safety margin ds. > 0:

distp, () [7(t)] > dare VE€[0,t5],i=1,...,n. (5

III. Reactive Navigation Algorithm

In this section, we present a description of the proposed
navigation algorithm, which combines a sliding mode ob-
stacle avoidance strategy and a target reaching strategy. The

obstacle avoidance strategy is activated when an obstacle is
nearby and the target reaching strategy is put to use when
there is no threat of collision.

We first examine the obstacle avoidance strategy:

u(t) = Upag - sgn{d(t) + x[d(t) — do] }, where (6)
(= TEEC s o
X vesgn(z) if |z| > 6 R

is the linear function with saturation, see Fig.2, whereas v >
0,0 > 0, and dy > dg,pe are the controller parameters, with
the last of them dy being the desired distance to the obstacle
when bypassing it.

,,,,, -V

*

Fig. 2. Linear function with saturation

The proposed obstacle avoidance strategy belongs to the
class of sliding mode control algorithms; see e.g. [Utkin,
1992]. The intuition behind this strategy is that in the sliding
mode, the equation d + x(d — do) = 0 of the sliding surface
is satisfied, according to which the HB is steered towards the
desired distance d to the obstacle. For this to take effect, the
sliding mode maneuver should be at least realistic. Since the
derivative d does not exceed |d| < v, the relative speed v,
of the HB with respect to the obstacle, this means that in (7),
the saturation level v, should not exceed this speed. This can
be achieved by proper tuning of the controller parameters
~ and § based on available estimates of the speeds of the
obstacles. If initially the HB is not on the sliding surface,
the control law (6) quickly drives it to this surface after a
short initial turn with the maximal steering actuation, see
[Matveev et al., 2012] for details. So sliding motion is the
main part of the obstacle avoidance maneuver.
_ In more details, this motion looks as follows. The equation
d + x(d — dy) = 0 means that the angle « between the
relative velocity of the HB #,. and the line of sight at the
nearest point of the obstacle equals o = arccos @. It
follows that the angle « is obtuse for d < dy and acute
for d > dy, and so the HB is driven towards the desired
distance dy to the obstacle. In doing so, the angle « is kept
constant a = arccos|*sgnx (d — do)] in the saturation zone
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|d — do| > 6. As d leaves this zone and approaches do,

the angle goes to 3. In the limit where d = do, the HB

is oriented parallel to the border of the obstacle & = 7/2,
which means traveling along the djp-equidistant curve, see

Fig.3(b).

(a) (b)

Fig. 3. (a)Sliding mode maneuver; (b)linear mode maneuver
The above control law (6) is activated in a close vicinity

of an en-route obstacle. Whenever the HB is far away from

them, it is driven towards the target in a straight line and so

u(t) = 0; @®)

Switching between two control laws (6) and (8) is based
on two parameters: C' > 0 — the threshold distance at
which the obstacle avoidance maneuver is activated, and
€ > 0 — the mismatch between the current and desired
dp distances to the obstacle with which termination of the
obstacle avoidance maneuver is permitted. Specifically, the
switching rules are as follows. Switching from (8) to (6)
occurs whenever the distance to the nearest obstacle reduces
to C; switching from (6) to (8) occurs when d < dj + € and
the HB is oriented towards the target. This switching strategy
allows the HB to keep a safe distance to the obstacles and
reach the target position in a dynamic environment [Matveev
et al., 2012].

An example of its execution in a simple scenario is
depicted in Fig. 4.

IV. Computer Simulation

In this section, the performance and features of the proposed
navigation algorithm in dynamic environments are demon-
strated by computer simulations performed in Matlab. In the
following simulation figures presented, we depict the HB
by a gray disk and obstacles by black circle/block, the paths
taken by the HB to avoid the obstacles are shown by a series
of gray disk and its current heading is presented by an arrow.

In the first simulation shown in Fig.5, we demonstrate
the ability of the proposed navigation algorithm to avoid
obstacles with various shapes of borders. In Fig.5(a), one
single obstacle and a larger group of obstacles (this group

Fig. 4. Execution of the proposed navigation algorithm in a simple
scenario

is treated as one obstacle) are shown. As can be seen
from Fig.5(b) and Fig.5(c), the HB is able to track the dj-
equidistant curve of the obstacles regardless the shape of
the obstacle when the obstacle avoidance mode is activated.
Fig.5(d) shows the overall paths of the HB in this simulation.
Furthermore, in Fig.5(e), the distance data from the HB to
the obstacles is shown, it can be observed that it maintains a
constant distance (1.5m) to the obstacles during the obstacle
avoidance maneuver.

The next simulation deals with the case where the ob-
stacles are not only moving with constant speed but also
rotating slowly around their center points, the direction
of their movement and rotation are depicted in Fig.6(a).
Fig.6(b) and Fig.6(c) present the moments when the HB
bypasses the moving obstacle and heads towards the target.
Fig.6(d) displays the overall path of the HB. This simulation
shows that the proposed navigation algorithm can cope with
obstacles undergoing complex motions.

V. Hospital Bed System Description

In this paper, all real life experiment were carried out on a
hospital bed, named Flexbed. Flexbed features two driving
wheels located at the sides of the base section with encoders
attached to them. There are totally three support lifts in the
HB, they contain dc actuators for extension and contraction
movements which allows the personnel to adjust the bed
position to Trendelenburg, anti-Trendelenburg, tilt to right
or to left mode from motor controllers implemented in ipad.
The available connection between ipad and the HB is RS232
serial cable or WIFIL. The motos for driving the HB and
the actuators are powered from two 12 volts batteries in
series, and all other electronics are supplied from a seperate
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Fig. 6. HB avoids rotating and moving crosses

12 volts battery. The power switch is located at one side

of the HB together with the emergency stop bottom. The
HB uses various sensor devices, such as laser range finder
and Microsoft kinect, to interact with the real environments.
The appearance of Flexbed and the position of these key
components are shown in Fig.7 and the schematic for the
the motor control system of Flexbed is presented in Fig.8.

Some of these components in the HB are particularly
critical in our real life experiments, therefore they are
described in more details as follows:

« A notebook (Window 7 operating system with dual-
core CPU running 2.66 GHz and 4GB RAM) with
the proposed algorithm implemented in LabView is
the core to control the HB system. It acquires all the
necessary data from various devices to compute the
control signals which is sent to the motor system to
control the movement of the HB.

o The Hokuyo URG-04LX laser is mounted in the front
of the HB. It provides the distance data d;(t) from the
HB to the obstacles. This laser device has a maximum
of 240° scan angle with maximum scan radius of 4m.
The pitch angle is 0.36° and the accuracy of 1% of the
measurement.

o The encoders that are attached to the driving wheels
of the HB are Model 775 encoders. Each encoder
generate two square waves in incremental quadrature
mode which provides the motion information of each
wheels. These information are used to estimate the
position (z,y) and the orientation 6 of the HB.

o The controller which receives the encoders and send
the control signed to the motor is RoboteQ HDC2450
motor controller. It has four inputs for two incre-
mental encoders to be connected. The control signals
(commands) are sent to the motor system via serial
interface or USB interface. This motor controller can
also be manually controlled by the utility provided by
RoboteQ.

VI. Experiment Results with Hospital Bed

We implemented the proposed navigation algorithm at the
Flexbed hospital bed system described in the sections, and
performed a number of experiments to demonstrate its
capability to guarantee the safety of Flexbed in real world
scenarios.

In the first experiment, we showed that the HB is able to
avoid static and dynamic obstacles, additionally, we do not
restrict the shapes of the obstacles for simplicity(see [Fiorini
and Shiller, 1998; Gal et al., 2009]). In this experiment,
the HB successfully bypasses the static long bench with
rectangle shape and the experimenter with approximate
circular shape in Fig.9(b) and Fig.9(c), respectively, whereas
the overall path is depicted in Fig.9(d).

One of the feature of the proposed navigation algorithm
is the ability to guide the HB so that it keeps a constant
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Fig. 8. Schematic for the motor control system of Flexbed

distance between itself and the obstacle. This feature is
examined with one moving obstacle and the results are
shown in Fig. 10.

The next experiment shows the ability of the HB to
navigate in dynamic environments with multiple moving
obstacles. In this experiment, the obstacles are moving with
various speed at random directions. Fig.11(a), Fig.11(b) and
Fig.11(c) show the crucial moments when the HB bypasses
each of the obstacles, the HB is able to track the dj-
equidistant curve during its avoidance maneuver. The overall
path of the HB is depicted in Fig.11(d).

Fig. 9. HB avoids static obstacle (the bench) and the moving
obstacle (the experimenter)

(@ (b)

(d

Fig. 10. HB avoids moving obstacle with constant distance

VII. Conclusion

We present a novel autonomous navigation algorithm for
the safe navigation of a hospital bed in dynamic uncertain
environments with moving obstacles. The proposed naviga-
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Fig. 11. HB navigating in dynamic environment with moving
obstacles

tion algorithm does not required any a priori information
about the environment and is based on access only to the
distance to the obstacles and the bearing to the target.
The performance of the proposed navigation algorithm is
confirmed by computer simulations and extensive real world
experiments with Flexbed hospital bed.
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