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Abstract the totalloaded vehicle weight. An aduthight weigh
This paper presents a model describing the effects of 65 kg or more. Together with the seat (~18 kg) which
a human driver on the tipping stability of powered the driver isusually beltedinto, abouthalf of the total
wheelchair. The tipping stability is measured by the weight of a typical loaded powered wheelchair (occupant
angle of tilt required to induce a loss of conthetween plus wheelchair) ixomposed of or directlattached to
any of thewheels ofthe wheelchair and the ground. the driver. For ergonomic reasons, the driver must be
Specifically, the effect of moving the centre of gravity of kept a reasonable heiglff the ground, raising the
the human driver relative to that of the wheelchair in a person’s centre of gravity (Co@nd subsequently the
controlled manner isshown toimprove the tipping CoG of the loaded wheelchair. Athe same time, the
stability. Expressions are derived relating the static and footprint of the wheelchair must be kept small enough to
dynamic tipping criteria to the position and relativess allow for easy maneuverability (e.g., egressrough
of the human. A simple controller is used to demonstrate doorways). The result is @ompromise between size and
that this strategy serves to improve tipping stability. maneuverability and structural stability.
This paper deals primarily with powered
wheelchairs, althougbome ofthe resultsmay be more
1. Introduction generally applicable.
Data gathered by [2] suggestsat tipping isone of
Independence is one of thkey factors which the biggest concerns for wheelchair users in motion. As
contribute to quality of life. According to [1jnobility defined in the 1SO standards on wheelchaitability
along with communicationplay a critical role in  [3l[4], tipping stability is associated withthe loss of
maintainingindependenceand thedegree of mobility is driver control over the wheelchair's behaviour inherent in
directly related to one’s level of independendeowered ~ the lifting of one or morewheels, as it ighrough the
wheelchairs are the primary means by whictany wheels of thevehiclethat thewheelchair is steered and
physically disabled people exterttie limits of their ~ driven.
mobility both in and out of their home and work

environments. These limits, though, aiecumscribed Driver
by the range aplacesthe wheelchairs casafelytake the )

. L . . Driver +
user. Common physical limits tonobility include Seat
sidewalk curbs, stairgnd sloped roads. In many such Seat CoG
situations, the limitation is noimposed bythe ability of
the wheelchaiitself to negotiatehe terrain so much as :

. . Chassis
by the safetyand comfort ofthe driver as the wheelchair CoG

changes attitude in traversing the terrain.

Powered wheelchairsan be thought of as small Chassis
vehicles in whichthe driver sits (Figure 1).Like an
automobile,the powered wheelchaipossesses (usually)
four wheels, motorsand abattery pack. The driver
steers the wheelchair through a control interface mounted Wheelbase
either on the armrest or headrest. Unlike ¢bexmon

car, though, the driver makes up a significant fraction of  Figyre 1: Powered wheelchair nomenclature.




Knowing when one or more wheels lose contact with
the ground is importariiecaus¢he wheels areecessary
for control ofthe direction of the wheelchair’s direction,
especially inturning on aslope, as pointed out in [5].
Furthermore, théoss of even one contact point out of the
four which mostpowered wheelchairs hagan cutdown
the tippingstability drastically by reducinghe effective
footprint covered by the wheelchair, as [6] has noted.

In the static stability test [3], a fully-loaded
wheelchair (including a teslummy asthe driver) is
placed upon a tiltable platform. The wheelchaigestly
tilted in several different directiorend thestability limit
recorded for each.The stability limit for a particular
configuration (e.g.,locked brakes, wheelchair facing
downhill) is defined aghe tilt angle at whichone or
more wheels of the wheelchair slide along the platform
due to insufficient frictiorbetweerthe wheeland thetest
plane or where the wheelchair tips over.

The dynamicstability test [4] issimilar, with the
exception beinghat the wheelchair is accelerated and
braked going u@anddown, respectively, a tilted surface.
The stability limit is again defined bythe tilt angle at
which the whels are observed tdift off the surface in
braking or accelerating or where the wheelchair tips over.

Another related issue the loss ofupright posture,
which can have negativeonsequences fothe driver
ranging from discomfort to loss of control over the
wheelchair. People who use powered wheelchairs do so
because they dmot have the requisite uppdiody
strength or endurance tese amanual wheelchair, and
hence mayot to be able tbring theirbodies back to an
upright position if their own position in their seats

changes as a result of an attitudinal change in the

wheelchair chassis. [7] Additionally, althoughost
wheelchair drivers will have seatbelsd hence are in
little danger of sliding out dheir seats, a tilted seat will
result in uncomfortableand potentially physiologically
harmful shear forces at the bearing skimfaces. In fact,
devicessuch as [8] have been designed specifically to
combat such debilitating effects.

Logically, the ability to shift the driver relative to
the wheelchair chassis should aid maintaining
structural stability, bychanging thevehicle geometry to
compensate fothe terrain. Indeed, wheelchairs such as
[9] which allow for such a functiorare already in
existence.  Automatic compensation, however,
primarily been the domain of larger vehicles such as [10].
Other authors [12]-[15] havsuggestedhat such a shift
can have largeffects onthe stability of the wheelchair,
in the case ofmanual wheelchairs. The neséctions

present a simple model for loaded wheelchairs and

present some criteria for evaluating tipping stability
based on measured geometry. Lastlynechanism for
effecting the movement ofthe driver andseat is
presented.

has

2. Modeling

In this papersome ofthe conditions which lead to
tipping, aswell as some simplified modeishich can be
used to predictipping, will be developed. The primary
model which will be used is a two-dimensional one where
a 65 kg human is sitting onFeortress Scientific electric
wheelchair, as pictured in Figure 1. Thmasses of the
various portions of the wheelchaivere derived from
experimental measurements. The mass distribution
model of the humanwas suppliedwith the two-
dimensional mechanical simulati@oftware[16], which
is shown to be substantially the same as [17].

Because theriteriaused to evaluatépping stability
[3][4] deal with motionand structurastability in a single
direction at a time, theodels presented ithis paper are
fairly simple two-dimensional ones. Given decoupling of
pitch (forward/back rotatiorgnd roll (rotation left/right),
these two-dimensional models may be applieddrdain
three-dimensional cases, such thg ISO tip stability
testing procedures [3][4].

2.1 Single-Mass Model

The loaded wheelchaican bemodeled as a single
massM, with a moment of inertid., about its centre of
mass. Thdorcesacting onM are the gravitational force

Mg, thesurfacenormal reactiororces N, and N, and
the frictional forces /; and R, with coefficients of
friction y; andp,.

The displacement vectdy,, to the centre of mass is
given by the column vector:
_Ocod  si® [1+1,0
“Hsing cosHh H
while the vector;, from the downhill contact point to the
uphill contact is similarly given by:

(1.a)

rcm

Figure 2: Single-Mass Wheelchair Model



[cod  sid []13_(|1+|2)D the CoG of the combined driverand seat system as
M 0 (1.b) located in Figure 1, athe ventralsurface ofthe lower

= D )
sin@  cod
0 o M 0 0 abdomen. (Exact position depends on the individual
The model shown in Figure 2 serves equally well for grjyer.)

analysis of transverse (side-slopand longitudinal
(down-slope) problems. lthis model, there arenly wo 5 3 Equivalence of Tilt and Acceleration in Tipping
points of contact with theslope atO and A, each Stability

corresponding to onepair of wheels. (e.g., in
longitudinal problem, the points of contact are the front
and back pairs of wheels.)

We can disregarcany moment ofinertia of the
wheels, aghe wheels tend to be quite small powered
wheelchairand turnrelatively slowly,andhencepossess
a negligible moment as compared with the rest of the
system.

Mo

Consider the case of a wheelchair accelerating to the
left on a levelplane, as shown in Figure 4. r&ference
frame attached to the wheelchamuld benon-inertial
due to the acceleration. Amertial frame can be
constructed by the addition of a fictitious exterfuate of
magnitude MX acting in theopposite direction of the
acceleration. The resulting configuration, pictured on the
right side of Figure 4, is analogous to the static tilted
models with a slightlylarger force F replacing the
gravitational forceMg from the model of Figure 2. The

2.2 Two-Mass Model

An extension of the single-mas®del separates the ~ _ i
driver andseat from the chassis (Figure 3). rrany incline angle®,=06,, the included anglebetween the
powered wheelchairs, the seatistomized or capable of vectors Mg and Mx. It is not difficult to see by
being customized to suthe needs of the user, separate inspectionthatacceleration on a slog& can bemodeled
from the chassis which contains the motovheels, and  with a mass on an incline with an angle equal to the sum
batteries. It is a practical approach to insert a mechanismg¢ 6, and® . Thus, the analysis of the wheelchair on an
betweenthe.sea'and the_chas§|s_|n orde( to position the incline presented here can be applied to more general
seat and driver for maximal tipping stability. situations

In the two-mass modelthe mass of any linkages As an example, we can obtain thigle tipping, or

\(/j\/_?rc;h ;rzgge;; ;Zel'drll:\;lleercg)mth:rec dh?jirlwse ggzss%efiﬂe res oll, stability, by considering the addition of centripetal
ISreg ghgl P cceleration to the wheelchair. Tonodel this

ofthlezg?/zter;r\];en configuration of tevo Masses. we can acceleration using the static model, we can add a
9 g ’ centrifugal pseudo-force inthe x-direction to the

calculate a single-mass equivalent using: o . o
9 q 9 gravitational force pullinglown onthe system, insimilar

F = ﬂr‘c +ﬂ(r‘C +7oq) :r‘c+mrbd (2.a) fashion to [6],and considering thissystem to beguasi-
M M M static. Thisnew setupan then beaised to calculate roll

M=m + my (2.b) stability. In a three-dimensional model whigtould

which gives usthe centre of mas$or the combined extrapolate from this work, it is essential that
system. consideration be taken of roll as well as pitch stability.

The distribution of mass in tleeatechumanlocates
3. Static Tipping Stability

Although the tippingstability of the wheelchair is
measured by the angle of tilt requiredactually tip the

Driver & Seat
System D

Chassis
System C

Figure 3: Two-Mass Wheelchair Model Figure 4: Accelerating vs. Tilted Frames



wheelchair, it canalso be applied to more general
situations as a margin taunrecoverable tipping.
Recoverabldipping of the wheelchair ends up with the
wheelchair returning to its originalposition and
orientation, while unrecoverabkpping leads torather
catastrophic results.

3.1 Static Tipping Criterion
As a first step in calculating the tippirgability

limits of the model, in a derivation similar to [12],
consider the sums dbrcesand moments in themodel

direction. We will make use dhis property in order to
actively shift the system CoG tomaximize tipping
stability by maximizing the zone of stability.

It is apparent from equation (Zjhat anincreased
heighth of the CoG abovehe ground willlower &,; and
hence decreasdhe tipping stability, which is an
intuitively obviousresult. Furthermore, increasing the
horizontal displacemenf of the CoG seems to increase
the .. However, one cannot incredgavithout bound.

Forl, <I, the wheelchair retains tippirggability for
the one-sided zone of stabili O [0, 6.]. If one makes
[, > 1, though (forcing relative displacemdptnegative),

shown in Figure 2. In the static situation, these sums will the region oftability flips around tof., T2], which is

be identical to0. Assumingthatl, <1 =1y + 1, (I, the
distancebetweenthe two contact points, is fixed for a
given systenconfiguration.)and thatd = 0, the point of

rotation will be abouthe downhill contact poinD. Nl,

F, and F, act throughO, andhence do not contribute
a moment in equation (4).
0=N,+N,- Mg ®)
0= (Fem X MG) + (R XN ) (4)
Equation (3) can be rewritten in terms of its

components. Specifically, we look tite component of
force along the direction normal to the ramp surface:

0=|Ny|+|N;|~| Mg cosd (5)
Equation (4) will have a z-component only, perpendicular
to the two-dimensional model plane:

0= Mg(-l,cosh +h sir® )} (I +| 2)||\|‘2| (6)

At the limit of stability, N, =0 as pointA just lifts
away from the ground, so equation (6) simplifies into:

tanecrit = l% (7)
Equation (7)gives the tipping stability limit, the
angle&.; at which the wheelchair first starts to tiger.
As pointed out in [6]this static tippingstability criterion
can also be applied to roll stability whileurning, by
adding an extra centrifugérce componenapplied at
the CoG, which will contribute additional tipping
moment.

3.2 Relationship Between System Centre of Gravity
and Tipping Stability

For a given configuration of the single-mamssdel,
the location of thesystem CoG is fixed.With the two-
mass model, though, we are ablartovethe system CoG
by moving system Delative tosystem C. Because the
mass of the driver-sealystem is roughly equivalent to
that of thechassis, equation (2.a) suggestat for any
given movement of system Eelative tosystem C, the
system CoG willmove half as much in thesame

not generally desirable. THigs with simple physics and
the observations of [6that theCoG must remain within
the footprint formed by the projection of the boundeela
betweenthe ground contact points onto the horizontal
plane.

Becausel = I; + I, increasing thesysteml; by
moving mass D decreast® systeml,. It is possible to
calculate a tipping stability criteriofor the uphill side,
which will give us a two-sided zone of stability
60 ['ecritZy ecritl] where

| =l
tanecritz ): Tl = % -6 critl (8)

as long as; <I. The total zone dftability will be given

by:

©)
For a given chassis tilt anglg, the optimalktability

zone is chosen sudhat 6. is equidistant from the two

stability limit angles. Thischoice will be given by

choosing the parameters such that:

e c = %(9 critl — e crit2) =0 critl — % (10)
which will center thesystem CoGnside the wheelchair's
footprint.

— T
e critt T e cri2 =72

4. Formulation of Dynamic Tipping Stability

In the dynamicstability test of [4]the wheelchair is
braked suddenly going downhill. lhe worst case, the
wheelchair comes to a sudden halt rather than
decelerating smoothlysimilar to impact with a low

Figure 5: Wheelchair plastic collision



obstacle going downhill, as in Figure 5.
the rear wheels of the wheelchuilll definitely leave the
ramp. Wewill determine the response this impulse
input by looking at the extent to which the wheelchair
tips and the conditions required for such tipping.

In this section, the following definitions apply:

total kinetic energy

potential energy

translational speed

rotational speed

height of CoG in world coordinates

Subscript 0 refers to the situation immediately prior
to impact, subscript 1 refers to the situationmediately
after impactandsubscript 2 refers to the situatisome
time after impact.

<g<<H

4.1 Threshold Unrecoverable Tipping Speed

Consider a wheelchair moving downhill with a
translationalspeedvy, and rotationalspeedw,=0 when
the brakes are applied. In sucltase, wecan find the
speedsv; and wy, immediately post-impact by summing
the system momentzeforeandafter the impact [18]. As
this is a plastic collision, wepply the principle of
conservation of angular momentum:

(Mvo)h=( MV_L)'T:m| + o0y (11)

Becausethe wheelchair starts rotatingbout the
point of impact, we considerthat v, =|fyl;.

Combining this expression with equation (11) leads to:

Mvyh= (|Cm + M|fcm|2)w (12)
which gives us an expression e total kineticenergy
post-impact:

(13)

Note that the wheelchair hadost some ofits kinetic
energy tothe plastic collision, sthat in generall; < T,.
We will comment more on this fact in the next section.

We can calculate the conditions required to induce

unrecoverabletipping of the wheelchair, where the
wheelchair’s tilt angle irworld coordinateas reached
the limit of staticstability 8. with zero speed.Tipping

of the wheelchair up to this point will becoverable, as
the wheelchair will be staticallgtable even ataximum
tip, andhence recoveits initial positionand orientation.
If the initial kinetic energy is enough to push the
wheelchair past this point, then the wheelckair have
no static stability.

It is desirable to maximizthis threshold, so that for
any given braking situation, one will have the maximum
possible margin to unrecoverable tipping.

Applying conservation of energy post-impact,

In such a case,

T+V=T,+V, (14)
where V;=Mgy; and V;=Mgy.. Yyi=Yyo because the
wheelchair hasn'tmoved yet immediately after the
impact. In unrecoverablgpping, the wheelchair must
pass through the positiavhere y, =|f.|. Since we are

trying to find the minimumspeed which will lead to
unrecoverabldipping, we will consider thease where
T,=0, i.e.,where the wheelchainasjust enough kinetic
energy left after impact to raisthe system to the
threshold of unrecoverablépping. Solving equation
(14) for T, and substituting the expressionfrom
equations (12and(13) yields:

1 (Mvh)?
—_2 0 —
=2 "7 =\ - 15
L w2 o(Y2 = o) (15)
The geometry in Figure 5 suggests that:

Yo = |ch|sin(e +I —ecm) 16)

= |F(:m|'::()ie crit —9)
At the threshold of tippingy =r.n. Substituting into
equation (15) along with equation (1&)d solving for
Vihresh= Vo giVes US:

29[, _
Vihresh = \/ I?Jl;rzn' (Icm +M |rcm|2)(1_ COE(e crit —9)) (17)

Equation (17) is an expression ftre maximum
speed the wheelchair can be travelling at wherbthkes
are applied past which the wheelchair will tipmpletely
over in an unrecoverabldashion. As expected,
increasing theslopeangle® or the height of theystem
CoGh will decrease/resn

The systemmoment of inertial., is related to the
moments of inertid. andly of thetwo components of the
two-mass modethrough the parallel-axis theorem and
judicious application of equation (2):

lem = 1o+l d+mJF0m—F42+m Jr‘cm—r‘]f

(18)

:|c+|d+ |Fcad|2

+tmy
The implication of equation (18) that by increasing the
separation|f,_ 4| of the two component masses, we can
increasd., andhence the resistance of the wheelchair to
tipping. Furthermore, we getdouble effect Orviyresn as
increasing |, 4| will also increaself,,| in equation

a7).
4.2 Maximum Tip Criterion

Another criterion we canuse isthe maximum
amount of tipAy which is generated upon braking, which
is a measure of homuch time the wheelchairwheels
spendoff the ground anaut of play as control surfaces
for the wheelchair. It is desirable to minimiZg as



decreasing the amount of time the wheelchairtseels
spendsaway from the grounds increases the control the
driver hasover a giverbraking situation. Ay =y, — yj,

so from equations (18nd(16):

212
Ay = Mv, h_ .
20 lom *+ MfFnt”)
(19)
— T0 hz

9 Icm + M|ch|2
Note that equation (19) is independent of themp
angle 8. It is only the amount of kineticenergy on
impact whichaffectsthe heightAy which the wheelchair
gains.
We can rewrite equation (19) in more usable terms if
recall from the single-massmodel that

Fum” =h?+1,2. Applying this expression forff,,|* to
equation (19) we get the ratio of change in potential
energyAU at maximum tilt to kinetic energy on impact:

we

aU_ e
TO Icm + M|ch|2
_ 1 3 (20)
0 2
1+ Qlem * Mly” I\Z/ul 0
O Mh O

The ratio of equation (20) calculates the amount of
the kinetic energy originally available which is not
dissipated in the plastic collisioand hence the ratio is
always lessthan unity. In the real world, the plastic
collision in this model could correspond teraking via
some dissipative friction process or to sudden stopping
when hittingsomeirregularity in the ground such as a
curb. It isobviously of benefit tchave as much kinetic
energy as possible dissipatedtive brakingprocess and
as little aspossible transformeihto potential energy in
raising the rear end of the wheelchair off the ground.

To decrease the ratio of equation (20), one nibigs
increases in thesystemmoment of inertial,, and the

i : |
1

Figure 6: Simulation of Person on Wheelchair
with Active Leveling

horizontal displacement of thgystem CoG (relative to
the baselinebetweenthe two ground contact pointsly
both have a desirable (decreasimffect onthe ratio,
while increasing the vertical displacememthas the
expected undesirabkdfect (increasing the ratio). Akn
will increase with increases iff,_ 4, we canconclude

that inorder to increase the wheelchair tippistgbility,
we should increasf; _ 4 in such a manner as itecrease

[, and decrease or keep constaht so the primary
adjustment is one of sliding the driver-ssgstem back-
and-forth. It is still desirable, though, to haseme
rotation of the driver-seaystem inorder to reduce shear
forces, as pointed out in section 1.

5. Effect of Active Control on Stability

According to [17], approximately half of the mass in
humans (mean 56.5% percentage by weight among the
population sampled) is located the torso minus the
limbs. As it is theorso which is secured inthe seat, it
is fairly safe totreat the driver andeat combination as
one rigid body.

A simple simulation which can accomplish theals
of improving tipping stabilityand limiting shearforces
on the driver is shown in the simulation trace of Figure 6.
Here, the two-mass modehasbeen used to demonstrate
active control oversystem centre of gravity. Each
simulation hasbeen captured ahe point of maximum
systemtilt. The model atthe left has thetwo masses
rigidly joined togetherand is similar to thesingle-mass
model. The model at the right has the second mass under
active control.

The mass ofystem D inthis model is 4(kg, with a
moment of inertia of 27 kg ¥ while the mass afystem
C is 48 kg, with a moment of inertia of 52 k¢m The
CoG of system D i8.275 moff the ground, while the
CoG of system C is 1.0 noff the ground. Thel;
parameter is 1.5 m. In both casd#lse systems were
started at a speed of 4.4i8s, which is the threshold
tipping speed for the rigid system.

The active mechanism itself consists ofpawered
rotational joint, similar tothose found in manually-
controlled tiltable wheelchair seats, which pitches the
driver andseat bacland forth. Becausehe driver-seat
system CoG is0.25m above this rotational joint, a
rotation in either direction will have theffect of
changingl; anddecreasindy. Furthermore, the resulting
change in attitude of the driver-seat system caumsbd to
reduceshearforces ifthe alignment is sucthat the head
of the driver isalways pointedaway from the net force
vector on the system. The net force vector is a vector sum
of gravitational pull combined with anyforces
experienced as a result of acceleration. The sersaut
is a damped pendulum mounted on the wheelchair



chassis. This pendulum allows the direct measurement of[5]

the net force vector on the wheelchair at any time.

Dynamically,the driver-seasystem inthis example
behaves like an invertedendulum, and asimple PD
controller is used to contrdhe tilt of the driver-seat
system tomatch the tilt angle of the pendulum. As the
comparison in Figure 6 shows, this simple contraltees
an adequatgb of bringing the person to a genthalt,
although it iseasy toimagine a better mechanism for
absorbing the shock of stopping.

6. Summary and Conclusions

It is clearthat theposition of thehuman driver in a
loaded powered wheelchaian have a largeffect on the
wheelchair's tipping stability. Expressions halveen
developedwhich allow one to determindlow much
margin a given wheelchair configuration has to tipping in
static, quasi-staticand dynamic situations. Using these
expressions, onecan evaluate existing wheelchair
configurations for their tipping stability as well as
determine appropriate goals for contatgiorithms which
actively shift the driver to maintain stability.

This work will contribute towardghe development
of a pitch-rollCoG stability-compensated suspension for
use in wheelchairs, abe guidelinefor the envelope of
motion of the suspensiosystem. Asthe results of
section 5 demonstrattheir are great potentiglenefits to
utilizing such a suspensiosystem. Work on darge
motion active suspensiagystem iscurrently in progress
at SFU.
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