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An Advanced Patient Lift and
Transfer Device for the Home

The home lift, position, and rehabilitation (HLPR) chair has a unique design and novel

capabilities when compared with conventional powered wheelchairs. In addition to mo-
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bility, it provides lift and can transfer patients. Even though medical devices are devel-
oping at a rapid pace today, an aspect that is often overlooked in these developments is
adherence to “rider safety standards.” The contributions of this paper are threefold: (i)

novel design of a lift and transfer system, (ii) experiments and results toward improved
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stability test designs that include HLPR-type devices to meet rider safety standards, and
(iif) autonomous navigation and control based on nonlinear system theory of dynamic
feedback linearization. Stability experimental results show promise for multipurpose pa-

tient mobility, lift, and transfer devices such as HLPR. A method for autonomous maneu-
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1 Introduction

Caregivers and nurses often have to lift patients and seat them
into wheelchairs, beds, or automobiles. It is estimated that one out
of every two nonambulatory patients falls and becomes injured
when being transferred from a bed to a wheelchair [1]. In addi-
tion, one in every three nurses becomes injured from the physical
exertion of moving nonambulatory patients [2]. According to cur-
rent statistics, the number of people in the United States, 65 years
or older, will double in the next 25 years. In 1950, there were 8
adults available to support each elder 65 or older. Today, the ratio
is 5:1 and by 2020 this ratio will drop to 3 working age adults per
elderly person [3]. A survey conducted by the NIST showed that
there is a need for devices that provide mobility, lift, and can
transfer patients so that subjects can reach upper shelves, or be
placed on toilets, chairs, beds, and bathtubs [4]. The literature
survey [4] showed that mobility devices today are not combined
with patient transfer devices or rehabilitation devices. The combi-
nation of patient mobility with lift is minimally available today.
Intelligent mobility is being researched where algorithms are ap-
plied to powered chairs to move a patient autonomously although
without patient transfer. Individually, mobility devices, transfer
devices, or rehabilitation devices are commercially available;
some are operated by caregivers and some by patients.

Mobility devices include manual/powered chairs and scooters
with power-assisted manual wheelchairs [5]. Intelligent mobility
has been studied by several research organizations with examples
provided in Refs. [6—8]. These intelligent devices have made ex-
cellent strides toward a robotic chair, e.g., to improve mobility of
patients with severe and multiple disabilities through cluttered en-
vironments with graphical user interfaces. Researchers have pro-
vided a demonstration of docking a wheelchair with a separate
patient sling lift [9]. All of these devices utilized off-the-shelf
powered chairs without onboard patient lift, patient transfer, or
rehabilitation capabilities.

Dependent care patient lift devices include manual/powered hy-
draulic rolling beds and chairs. These operate around the follow-
ing user actions: Patient pivots out of the chair, patient stands, and
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vers was tested in simulation and experiments. We also expect the autonomous or semi-
autonomous mobility mode of the vehicle to be useful for riders who have potential
neural and cognitive impairments. [DOI: 10.1115/1.4001255]

patient’s sling is attached to a Hoyer lift or a rolling lift mounted
to a wall, bed, or ceiling. Independent care patient lifts include
trapeze-style, ceiling-mounted cable lifts, stair lifts, wheelchair-to-
vehicle lifts, and some automobile-mounted patient lift devices.
All of these devices provide only a part of the lift required by the
patient. Also, many of these lift devices require significant patient
and/or even caregiver strength to move the patient to a chair, bed,
or toilet.

The organization of this paper is as follows: The design of the
HLPR chair is outlined in Sec. 2. Characterization of the safety
standards for the chair is discussed in Sec. 3. These are followed
by a novel trajectory planner and controller that uses the theory of
dynamic feedback linearization in Sec. 4. Preliminary experiments
that implement the autonomous controller with the HLPR chair
are described in Sec. 5.

2 Design of HLPR Chair

HLPR chair, as shown in Fig. 1, is built around an off-the-shelf
forklift. The forklift includes a U-frame base with two passive
casters in the front and an actively steered and forward driven rear
wheel. The lift and chair frame is 58 cm wide, 109 cm long, and
193 c¢m high, when not in the lifted position. It can pass through
residential bathroom doors, as small as 61 cm wide and 203 cm
high. The base and seat frames can be lifted 0.9 m from the seated
position. The patient seat structure consists of two nested
L-shaped frames. The outer L is a seat frame that provides lift and
rotation point for the inner L seat frame. The L frames are made of
square aluminum tubing welded as shown in the photograph. The
outer L is bolted to the lift device while the inner L rotates with
respect to the seat base frame at the end of the L, as shown in Fig.
1.

The rotation point for the frame is above the casters at the front
of the HLPR chair frame. This feature allows for outside wheel-
base access when the seat is rotated by 180 deg. Drive and steer-
ing motors, batteries, and control electronics, along with an alu-
minum support frame, provide counterweight for the patient to
rotate beyond the wheelbase. When not rotated, the center of grav-
ity remains near the middle of the HLPR chair. When rotated to
180 deg with a 136 kg subject on board, the center of gravity
remains within the wheelbase for safe seat access.

MARCH 2010, Vol. 4 / 011004-1

Downloaded From: http://medicaldevices.asmedigitalcollection.asme.org/ on 04/17/2015 Terms of Use: http://asme.org/terms




Outer L-Frame

Load washer (future)

3D imaging °mm/'
Color camera

Rotation point

Torso lifts

Patient controls

Retractable seat

Retractable footrest

Steel forklift frame

Inner L-Frame

Fig. 1
toilet or a chair.

Steering is reverse Ackerman controlled. The left joystick ro-
tates the drive wheel counterclockwise and the right rotates the
drive wheel clockwise. The drive motor is mounted perpendicular
to the floor above the drive wheel with a chain drive. HLPR chair
is powered similar to powered chairs using batteries. Two proto-
types of HLPR chair have been built: The first was used to test
stability and autonomous control and the second to study ergo-
nomics and manufacturability of the seat and sling designs.

3 Stability Tests

Rider safety on the HLPR chair is characterized by safe load-
ing, motion on sloped and tilted ramps, brake capability, and lift
height. The stability tests were designed based on existing stan-
dards for wheelchairs and forklifts given by ANSI, RESNA, and
ISO [10-13].

3.1 Static Stability Tests. A test platform measuring 2.4
X 1.2 m? was designed, as shown in Fig. 2, to perform static
stability tests on the HLPR chair. The platform, made out of ex-
truded aluminum framing and plywood base, was lifted by a hoist
on one end. Safety straps were attached to the HLPR chair during
all tests. Slip prevention bars were also attached to the platform to

011004-2 / Vol. 4, MARCH 2010

HLPR chair prototypes 1 and 2. Graphics showing the concept of placing a patient onto a

prevent the HLPR chair from slipping down the ramp as the plat-
form was tilted. A payload of 114 kg was used on the chair.

In these tests, the discrete tip angle was measured by placing a
piece of paper under the tipping wheel, as suggested by the above
standards. When the paper could easily be removed from beneath
the wheel, the angle was recorded. The test was not designed to
measure mechanical failures or device durability. Instead, the dis-
crete tip angle in the most and least stable configuration was
found. Factors that affect these results include load/lift height,
load orientation, and HLPR orientation on the test platform. Load
height was chosen to be a medium height of 1.3 m and a high
height of 1.8 m. Figure 2 shows a series of example test configu-
rations including the forward, side, and rear tilt configurations of
the HLPR chair frame. The figure also shows a series of seat
orientations including forward, side, and rear orientations with
respect to the frame. The results of the static stability test are
summarized in Fig. 2.

3.2 Dynamic Stability Tests. In dynamic stability tests, we
studied loss of contact of the load-bearing wheels when the plat-
form angle relative to horizontal was changed to 0 deg, 3 deg, 6
deg, and 9 deg, respectively. Dynamic tests included rearward
dynamic stability on a ramp, forward dynamic stability on a ramp,
lateral dynamic stability on a ramp, lateral dynamic stability while
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(b)
Test Seat Orientation to
Configuration Frame Ramp Angle
Medium L oad Height | High L oad Height

1.3m 1.8m
Forward Forward 18.4° 12.9°
| Side (909 17.8° 12.7°
Rear 17.3° 12,20
L ateral Forward 8.0° 4.9
Side (909) 8.1° 4.8°
Rear 8.7° 5.12
Rear Forward >25° >25°
Side (909 >25° >25°
Rear >250 >25°

()

Fig. 2 Static stability test configurations and results showing
(a) (left to right) rear, forward, and lateral HLPR chair frames;
(b) (left to right) forward, side, and rear seat orientations of the
HLPR chair with respect to the frame; and (c) table of static
stability test results

turning in circles, lateral dynamic stability while turning suddenly,
and dynamic stability while traversing a step. The results were
based on the severity of the lost wheel contact with the ground,
drive, caster, or stabilizing wheel, as listed in Fig. 3. Figure 3
shows a passenger as the payload, approximately 93 kg, for for-
ward tests.

A second platform was designed and built to support the HLPR
chair dynamic stability measurements. This platform measured
approximately 2.4 m wideX3.7 m long and was built as a
modular platform to disassemble into three approximately 1.2
X 2.4 m? sections while built to ANSI specifications to allow suf-
ficient wheelchair travel. The platform was capable of tilting, us-
ing hand crank winches, to 0 deg, 3 deg, 6 deg, and 9 deg angles.

Sand bags were used as payloads for all rear and lateral tests.
The snapshot shows a passenger ready to drive forward at full
speed and turn left. Extreme caution was taken to prevent passen-
ger harm by using straps and the presence of a second test opera-
tor. Dynamic stability test start positions were chosen to ensure
that the HLPR chair would not traverse off the platform. Dynamic
stability test results are summarized in Fig. 4.

4 Planner and Controller for HLPR Chair

Most wheelchairs are differentially driven through their wheels;
i.e., if the right wheel is spun faster than the left wheel, the vehicle
moves toward the left and if both wheels spin at the same rate, the
vehicle travels straight. This is also the principle for manual drive
of wheelchairs. However, due to its unique design, the HLPR
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chair is driven and steered through its rear wheel. This allows the
motors and drive electronics to be placed behind the user and
makes it compact and safe.

In this section, we describe a method for trajectory planning
and control of the HLPR chair, which exploits its nonholonomic
constraints, resulting from no-slip constraints of the wheels, to
show that this system is dynamic feedback linearizable. With this
property, the system is controllable and represented by a chain of
integrators [14,15]. This form is then used to efficiently plan and
control the motion of the vehicle. A schematic of the HLPR chair
is shown in Fig. 5. The rear wheel of the HLPR chair is both
driven and steered, whereas the front wheels are not steered.
Hence, the inputs to this system are the driving speed u and the
steering angle of the rear wheel ¢.

In Cartesian coordinates, the system’s configuration is given by

where (x,y) is the position of the midpoint O between the two
front wheels. 6 is the orientation of the vehicle with respect to the
X-axis and ¢ is the steering angle of the rear wheel with respect to
the forward direction of the vehicle. L is the length from the
midpoint O to the center of the rear wheel.

From the assumption of no-slip condition on the front and rear
wheels, one can obtain the nonholonomic constraints of the form

Cl@g=0 )

where

sin 6 —cos # 0 0

C(q):<sin(t9+ @) —cos(6+¢@) —Lcos ¢ 0) 3)

With a matrix S(q) spanning the null space of C(q), it is possible
to define a velocity vector » such that

q=S(q» 4)
where
v=[u,¢]" 5)
cos ¢pcos 8 0O
cos ¢sin 8 0
S@=\ Ghwr o (©)
0 1

Here, u is the driving speed of the rear wheel at R;. ¢ represents
the turning rate of the rear wheel. Therefore, Eq. (4) represents the
kinematic model of the system. On defining

v=ucos ¢ (7a)

w=¢ (7b)

the kinematic model of the system becomes
X=v cos 0
y=vsin 0
®)
. tan
0= ¢v
L
=w

By considering additional states z; and z, such that z;=v and
z,=0, the prolonged system is given by
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Test

Method of
Retardation

Stability Score
Ramp Angle (°)

0 [ 3]6 10

Comments

Rearward Dynamic Stability

Starting Forward

Slipping occurs at 3°

Stopping after R Release 3 3 3 3 | Slipping occurs at 3°
traveling forward
P Power off 3 8 3 3 | Slipping occurs at 3°
A Applying reverse 3 3 3 3 | Slipping occurs at 3°
Braking when R Release 3 3 3 3 | Slipping occurs at 3°
traveling backward
P Power off 3 3 B; 3 | Slipping occurs at 3°
A Applying reverse 3 8 3 3 | Slipping occurs at 3°

Forward Dynamic Stability

down a slope onto a
horizontal surface

Braking when R Release 3 3 3 3 | Slipping occurs at 3°
traveling forward
P Power off 3 3 3 3 | Slipping occurs at 3°
A Applying reverse 3 3 3 3 | Slipping occurs at 3°
Traveling forward N/A N/A 3 3, 0 Complete tip

Transient tip

Dynamic Stability in Lateral Directions

maximum speed

Turning on a slope N/A 3 2 2 0 | Transient tip on
highest positioned
front wheel

Turning suddenly at N/A 3 | N/A | N/A | N/A

(a)

(b)

Fig. 3 (a) Dynamic stability test results. (b) The photo shows the start
position of a starting forward test.

X=2z; cos 0
y=z;sin 6
tan ¢

f=
z &

=it
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Stability Score
Test 25 mm step height
1 2 3

Rearward Dynamic Stability
Travelling forward up a step transition from a 3 3 3
standing start
Travelling backward down a step transition 3 3 3
from a standing start
Forward Dynamic Stability
Travelling forward up a step transition at 3| 3 3
maximum speed
Traveling forward down a step transition from 3 3 >
a standing start
Dynamic Stability in Lateral Direction
One side of HLPR drops down a step 3 ‘ 3 ‘ 3
transition ‘

Fig. 4 Dynamic stability while traversing a step test results
using a horizontal test surface instead of a 10 deg ramp as
suggested by current standards with scores ranging from 0
(full tip) to 3 (no tip)

By choosing the outputs F=(F,F,)=(x,y), all state variables and
inputs in the prolonged system can be expressed in terms of these
outputs and their derivatives from Eq. (9). These expressions are

(x,y) = (F,Fy) (11)
Z1=\F%+F§ (]2)
F.
0=tan_1(.—2) (13)
Fy
F\F+ F)F,
e —— (14)
VF2+F3
F\F,-F\F
Lo Fi+F;
¢=tan“1<——>:tan‘1 —— (15)
2 VF:+ F3
The inputs i; and &, have the expressions
51=22=§1ﬁ1+§2ﬁ2+§3 (16a)

X

Fig. 5 The rear wheel-driven HLPR chair in Cartesian space
described by (x,y, 6, ¢). From the no-slip condition, the instan-
taneous center of rotation is located at /.
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y=¢d=0F + L+ 03 (16b)
where &, ;(i=1,...,3) are the functions of F,F,F. Hence, we are
assured that F; and F, are properly chosen outputs and the HLPR
chair described by the kinematic model in Eq. (9) is dynamically
feedback linearizable. The diffeomorphism between the state vari-
ables and differentials of outputs is

Fi=x (17a)

Fo=ty (17b)

Fy=2z cos 0 (17¢)
Fy=z sin 0 (17d)

F =2z, cos §—z,0sin 6 (17e)
Fy=z,sin 0+z,0cos 0 (175

where 0 was given in Eq. (9).

4.1 Trajectory Planning and Control. Over a given time
period of [#, #/], the end conditions given in the original system

x(20),y(to), 6(0), (1) ,21(20), 22(20) (18a)
x(7),y(tp), 6(t)), Plty),21(2)), 25(2) (18b)
can be transformed to

F\(t0), F\(t0), F1(t0), Fa(t), Fa(to), F(to) (19a)
Fl(tf),Fl(ff),Fx(tf)7Fz(lf),Fz(ff),ﬁz(ff) (19b)

With choice of these trajectories as polynomials
Fi(0) = ast® + agt* + a5 + a,? + ayt + aq (20)
Foy(t) = bst® + byt* + byt + byt + byt + by (21)

the coefficients of these polynomials can be uniquely determined
using the end conditions in Eq. (19).
From Eg. (16),

(22)

where

¢ cos 0-32,0'sin 0 0088 = cos’e
— COS U— 52 sin COosS
A=( ! ’ ) B

— 2, 6P sin 6+ 32,0 cos 6 sii zjcos ¢
L cos’¢
(23)
On redefining inputs, Eq. (22) can be written as
F =0 (24a)
Fy=v, (24b)
where
(Zl)zB“{(vl)—A} (25)
Uy Uy

Feedback control laws for v; and v, can be proposed as

vy = Fig+ ky(Fig=Fy) +ky(Frg= F) + ko(Fig= Fy) (26a)
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o(to)

Chair
Kinematic

Model
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(z,y.0,0)

Nonlinear transformation
to flat output space

Fig. 6 The integrated planner and controller with the kinematic model of the HLPR chair

Uy = Fay+ 1y(Fyg= ) + 1y (Fag = Fy) + ro(Fag— F,)  (26b)

where F,; and F,, are desired trajectories for the flat outputs F
and F,, respectively, and k; and r; are control gains. Substituting
these control laws given by Eq. (26) into Eq. (24) gives error
dynamics of the closed-loop system expressed as

€+ ko + ke +koe =0 (27)

(28)

where e;=F,;,—F,, i=1,2,3. The control gains can be chosen such
that all roots of the characteristic equations of the closed-loop
error dynamics lie strictly in the left half-plane in order to ensure
exponential stability.

By substituting Eq. (26) into Eq. (25), one can obtain the con-
trol inputs #; and i, for the prolonged system. Then, the original
control inputs # and ¢ can be computed using Egs. (7) and (10)
and by integration.

é’2+r2é2+r1é2+r0€2=0

4.2 Simulation Results. Fifth order polynomial desired tra-
jectories over the time period of [0 10] s are generated for the flat
outputs F(¢) and F,(#) with the following end conditions:

x(0)=0, (0)=0, e(0>=—72—7

(29)
#(0)=0, v(0)=1, ¥(0)=0
x(10)=10, y(10)=0, 9(10):-757
(30)
$(10)=0, v(10)=1, v(10)=0

Here, all units are in SI and angles are in radians. Consequently,
the corresponding end conditions in the flat output space can be
obtained through the diffeomorphism constructed in Eq. (17) as
follows:

Fi(0)=0, F,(0)=0, Fy(0)=0

(31)
Fy0)=0, F,(0)=1, F50)=0
F,(10)=10, F,(10)=0, F;(10)=0

(32)
F,(10)=0, F,(10)=—-1, Fy,(10)=0

Using these end conditions, the coefficients of the fifth order
polynomials given in Egs. (20) and (21) can be uniquely deter-
mined. The desired trajectories of the vehicle’s orientation ¢ and
front wheel’s angle ¢ are then automatically obtained from the
designed trajectories of the flat outputs F; and F, using Egs. (13)
and (15), respectively. The control gains in Eq. (26) were selected
so that all the roots of the characteristic equations of the error
dynamics are at —2, and their values are (kg,k;,k,)=(8,12,6) and

011004-6 / Vol. 4, MARCH 2010

(rg»r1,72)=(8,12,6). The structure of the integrated planner and
controller, which is applied to the kinematic model of the HLPR
chair, is shown in Fig. 6. Figure 7 shows the desired and actual
trajectories of the HLPR chair. In this simulation, an initial error
of 1.0 m in x at r=0 was given in order to show the exponential
convergence to the desired trajectory. The desired and actual tra-

““““ desired
actual

y (m)
]

i desired | |
s A CHUAN

x (m)
(4]

y (m)
(9]

6 (rad)

0 (rad)

0
(b) time (sec)

Fig. 7 (a) The desired and actual trajectories with the kine-
matic model-based controller. An initial error of 1 m in x is
given to check the controller performance. (b) The state trajec-
tories with the controller.
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Step 2: HLPR

Step 4. HLPR
autonomously
docks with
toilet

Step 3b:
HLPR
rotates t
seat
manually

e

Step 3a: HLPR
drives
autonomously

Step 1: HLPR handicap
driven open door
manually button

6 T T T
5k
tl
sl segmen I
3l
E o}
>
1 ,
oF start
—1iF
ol . . .
-2 -1 0 1 2
(b)

x (m)

Fig. 8 (a) A graphic top-view of a demonstration path to the toilet. (b) Computed path using the

planner/controller.

jectories of @ are shown in Fig. 7. The simulation results check the
validity of the tracking controller for the kinematic model.

5 Simulation and Experiments of a Complete Maneu-
ver

A complete autonomous maneuver of the HLPR chair is now
discussed when it navigates through a narrow doorway and docks
with the toilet. After docking, the HLPR chair will reverse its
motion and navigate back to the starting position. A graphic view
of this path is shown in Fig. 8. In Sec. 4, the desired trajectory was
generated without considerations of obstacle avoidance. However,
now the vehicle size should be taken into account. One way to

Journal of Medical Devices

solve this is to use higher order polynomials with additional co-
efficients, which are determined using optimization techniques.

Our approach was to divide the entire path into segments by
choosing via points. Higher degree polynomials are used for each
segment between two adjacent via points, while ensuring continu-
ity at these points. The HLPR chair’s shape was simplified to a
polygon, as shown in Fig. 8. The six vertices of the polygon were
used as constraint points to avoid collision with the walls. Figure
8 shows the simulation results, where snapshots were taken at
every second. The state conditions used in the simulation are
listed in Table 1. The travel time for each segment is 10 s except
for the last segment, which is 20 s due to the limited space in the
area.
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Table 1

State variable conditions

X y 0 ¢ v v
Points (m) (m) (rad) (rad) (m/s) (m/s?)
Start 0 0 /2 0 0.1 0
Via point 1 1.067 2.864 0 0 0.1 0
Via point 2 2.985 2.642 0 0 0.1 0
Via point 3 5.297% 2.653 0.343% 0 0.1 0
Goal 5.875 4.165 /2 0 0.1 0

“Determined by optimization.

Fig. 9 Sequential video captures of the HLPR chair following via points in a laboratory demonstra-

tion to enter and dock with a toilet

The HLPR chair was programed to follow via points just as
shown in the simulation. Via points, doorways and wall corner
locations were measured and laid out using tape spots and cones
in a NIST laboratory. The HLPR chair ran through the maze of
cones after being positioned above the first via point driving the
entire way to the toilet without hitting any cones. Figure 9 shows
snapshots of the autonomous HLPR chair demonstration to enter
and dock with a toilet.

6 Conclusions

The HLPR chair has been prototyped in two versions. Static
and dynamic stability tests were completed using the first HLPR
chair prototype. Stability tests were designed based on ANSI, RE-
SNA, and ISO standards. The results showed higher than expected
tilt angles than required by the static stability test standards. Dur-
ing dynamic stability testing, the HLPR frequently slipped before
tipping occurred. As to be expected based on static performance,
the HLPR experienced transient tipping or complete tipping when
undergoing dynamic lateral stability testing. Also, HLPR traveling
forward up or down an incline set at 10 deg transitioning to/from
step, as suggested by the standards, caused either transient or
complete tipping, and tests were therefore halted by the research-
ers for safety concerns. HLPR chair is not designed to travel down
steep ramps and transition steps from these ramps, but is meant to
traverse doorway thresholds from horizontal surfaces. The tests
shown in Fig. 4 were therefore performed with HLPR transitioned
from a horizontal surface to/from a step. For these tests, results
showed no tip issues as shown in the table. An integrated autono-
mous trajectory planner and controller was developed for this
chair, which is driven by a novel rear wheel and steered with that
wheel as well. This controller was based on dynamic feedback
linearization of the governing nonlinear model. This integrated
planner and controller was demonstrated to work well both in
simulations and initial experiments with the prototype.

011004-8 / Vol. 4, MARCH 2010
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