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Abstract—When executing turning maneuvers, manual
wheelchair users must overcome the rotational inertia of the
wheelchair system. Differences in wheelchair rotational inertia
can result in increases in torque required to maneuver, resulting
in greater propulsion effort and stress on the shoulder joints.
The inertias of various configurations of an ultralightweight
wheelchair were measured using a rotational inertia-measuring
device. Adjustments in axle position, changes in wheel and tire
type, and the addition of several accessories had various effects
on rotational inertias. The configuration with the highest rota-
tional inertia (solid tires, mag wheels with rearward axle)
exceeded the configuration with the lowest (pneumatic tires,
spoke wheels with forward axle) by 28%. The greater inertia
requires increased torque to accelerate the wheelchair during
turning. At a representative maximum acceleration, the reac-
tive torque spanned the range of 11.7 to 15.0 N-m across the
wheelchair configurations. At higher accelerations, these
torques exceeded that required to overcome caster scrub during
turning. These results indicate that a wheelchair’s rotational
inertia can significantly influence the torque required during
turning and that this influence will affect active users who turn
at higher speeds. Categorizing wheelchairs using both mass
and rotational inertia would better represent differences in
effort during wheelchair maneuvers.

Key words: bout, caster scrub, manual wheelchair, mobility,
propulsion effort, rolling resistance, rotational inertia, turning
effort, wheelchair, yaw axis control.
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INTRODUCTION

The typical wheelchair user spends a substantial
amount of time performing short maneuvers compared
with long, straight maneuvers. This may be an intuitive
statement, but it is also supported by the evidence from
monitoring wheelchair usage in everyday life. Using the
term “bout” to characterize periods of movement
between rests, Sonenblum et al. found that the median
manual wheelchair user performed about 90 bouts of
movement per day, with the median bout lasting 21 s and
traveling 8.6 m [1]. Using these results and a general
understanding of indoor and outdoor environments, one
can deduce that maneuvering a wheelchair throughout
the day involves frequent changes in direction. As a
result, it is important to consider the effort required to
turn a wheelchair when assessing the propulsion demand
during the execution of common mobility tasks. This
article describes a method to measure wheelchair inertia
() as a means to estimate changes in effort required to
turn different configurations of a manual wheelchair.

Abbreviations: FFT = Fast Fourier Transform, /-~ = wheel-
chair inertia, Mobility RERC = Rehabilitation Engineering
Research Center on Wheeled Mobility.
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Inertia is characteristic to all objects with mass and
reflects the relative tendency of an object to resist any
change in its motion. With respect to wheelchairs, the force
required to accelerate the wheelchair in a straight trajectory
depends on its overall mass (i.e., rectilinear inertia), the
rolling resistance of the tires, and other frictional influ-
ences. Similarly, the force required to turn a wheelchair
depends on rotational inertia and frictional forces. The total
turning effort, 7., applied by the wheelchair operator is
the sum of two dominating factors affecting wheelchairs in
turning, namely, resistance torque, 7. and reactance
torque7 Y;eactance (Equation (1)):

T;zpplied =T, resistance + 7, reactance * (1)

The resistance torque results from nonconservative,
or frictional, factors such as rolling resistance (7%, ,)
bearing resistance (T, . ), drive wheel scrub (Z.p),,,),
and caster scrub (7., Cf. Additional less significant
terms, such as drag, frame joint losses, and cushion vis-
cosity, may also be included (7,,,.,) (Equation (2)):

T,

resistance TR,,01[+ + T

scrubc+ Tother . (2)

TRbearing+ T:vcrubDW
As indicated in Equation (3), the reactance torque
results from conservative (spring-like) forces (7.,,.crvarive)
and inertia terms, namely, the rigid body yaw rotational
inertia of the wheelchair assembly (7, ’Wc)’ drive wheel
spin rotational inertia (77, ), caster yoke assembly rigid
body yaw rotational inertia (7; ), caster wheel spin
rotational inertia (7, Tousier)> a0d the erigid body yaw rota-
tional inertia of the wheelchair occupant (7, Tooe): The yaw
axis is the vertical axis normal to the nominally horizon-
tal rolling plane, and the wheel spin axes are aligned with
the wheel axles:
T, =T

reactance - conservative

+ TIWC+ TIDW+ TIyoke

T er T e - ()
Both the resistance torque and the reactance torque
are greatly influenced by the occupant. The ultralight-
weight class of wheelchairs is limited to 30 Ib (13.6 kg).
The occupant may be up to 250 Ib (113 kg). In typical cir-
cumstances, therefore, the inertia of the occupant is much
greater than the Iy, i.e., I .. > I. It is the rectilinear iner-
tia, i.e., mass, of the occupant that drives the normal forces
on bearing surfaces that lead to frictional loads. Likewise,
it is the rigid body yaw rotational inertia of the occupant
that dominates the reactance torque required for turning.

In spite of the fact that the inertia of the occupant
dominates the reactance torque, changes in the rigid body
yaw rotational inertia of the wheelchair assembly (/)
are not negligible. This fact motivates wheelchair manu-
facturers to provide ever lighter frames in a competition
of optimization. This fact also motivated this article, with
the objective to characterize the differences in changes in
the rigid body yaw rotational inertia of the wheelchair
assembly (/) resulting from variations in the wheel-
chair configuration.

The reactance torque includes flexibility of the frame
(in the term T, aive)» DUt because of the rigid character
of the frame construction most commonly encountered in
ultralightweight wheelchairs, the dominant reactance is
due to the inertial properties of the wheelchair components.
Of these, the rigid body yaw rotational inertia of the occu-
pant and the rigid body yaw rotational inertia of the wheel-
chair assembly are most significant, i.e., EqQuation (4):

T;"eactance = TIocc + T[WC . (4)
Given a yaw angular acceleration (¢), we have Equation (5):
Tlocc + T[WC = (Iocc + IWC) a . (5)

A higher yaw moment of inertia requires a greater
effort to initiate (or stop) turning motion. Both resistance
torque and reactance torque act in opposition to the user-
applied torque. Reduction of one or both of these factors
leads to a reduction in the propulsion effort required for
turning. Only changes in /- because of adjustable con-
figuration changes were considered in this article.

Several studies offer insight into the magnitudes of
different frictional and inertia factors. For example, Hof-
stad and Patterson reported that the effect of bearing
resistance is insignificant in wheelchair propulsion effort
when compared with inertia or rolling resistance [2].
Kauzlarich and Thacker determined that, given the same
load and same wheel material, rolling resistance is
inversely proportional to wheel radius [3]. In part
because of this relationship, ultralightweight wheelchairs
are set up with a majority of load over the drive wheels,
typically exceeding 70 percent [4]. In addition to rolling,
casters have an additional degree of freedom of rotation
about the caster stem. As a result, some of the user pro-
pulsion effort goes into overcoming caster scrub as the
casters swivel during turning maneuvers.
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Given that caster resistance is specifically pertinent
in turning maneuvers, inertial reactance should be com-
pared with an estimate of the caster scrub turning resis-
tance, which is the resistance experienced when casters
swivel on the ground. To investigate the relative contribu-
tion of caster scrub to the turning resistance, we derived a
comparative estimate from the quantitative work of Frank
and Abel [5]. They studied the caster scrub effect on vari-
ous typical hospital and nursing home floor surfaces.
They used a custom testing apparatus to determine the
torque required to pivot a wheel about a vertical axis
passing through the point of contact of the tire and the
floor. They tested three different flooring materials and a
variety of caster wheels having diameters ranging from
100 to 200 mm and effectively measured the result of
dynamic friction by measuring the torque under a con-
stant rotation rate. By changing the normal load through
the point of contact between the tire and the floor, they
obtained curves for the load-dependent turning resistance
for a caster over a load range of 50 to 300 N. The turning
resistances spanned the range from about 0.3 to about
2.8 N-m [5].

A few studies are aimed at relating the inertial reac-
tance to user propulsion. Brubaker looked at how mobility
is affected by changes in the axle position [6]. He found
that moving the rear wheel axle shifts the weight distribu-
tion on the rear and caster wheels, which has a significant
effect on what he called “yaw axis control.” This yaw axis
control is defined as “the forces required to maneuver the
wheelchair.” The turning resistance curves from Frank
and Abel indicate a doubling of the resistance from a
caster load of 100 N to a caster load of 160 N [5]. From
this, it is clear that an increase in normal load on the caster
yoke stem has a significant effect on yaw axis control.
MacPhee et al. looked at how body positioning, specifi-
cally the knee-flexion angle, affects turning effort [7]. It
turned out that with the knees fully flexed, the turning
velocity was increased by 40 percent and user-perceived
effort was 66 percent easier in turning as compared with
knees in full extension. The way mass is distributed in the
system, therefore, has a great effect on turning effort.

The magnitude of the turning effort ultimately affects
the long-term health of wheelchair users. According to
Mercer et al., higher forces exerted by the shoulder
increase the risk of shoulder pathology, which means
increased risk of shoulder injuries such as impingement
syndrome [8]. Any factor that serves to reduce the turn-
ing effort will reduce the load on the shoulder and result
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in lower exposure levels for each executed maneuver,
thereby reducing the risk of shoulder injury.

The rotational inertia of manual wheelchairs is
important because even a slight mass redistribution
within the system can cause an affective change in
required propulsion effort. To determine the turning
effort of wheelchairs, it is vital to have data on both resis-
tance torque and rotational inertia of the wheelchair. The
inertial properties of a system depend on the mass, and
for turning maneuvers, on the mass distribution, or /.
For example, changing the axle position can change /.
without a change in mass. This article measures the
changes in inertial reactance or in /- resulting from con-
figuration changes in adjustable manual wheelchairs and
relates inertial changes to differences in the torque
required to overcome caster scrub and to accelerate
wheelchairs during turning.

METHODS

Inertial Measurements

To characterize the effect of wheelchair configura-
tions on [y, a TiLite Aero Z manual wheelchair (Kenne-
wick, Washington) was used as the test base. This
wheelchair is in the ultralightweight class and offers sev-
eral adjustable features and optional configurations to
allow the chair to be individualized to suit the user’s
needs. We decided to focus on three independent vari-
ables reflecting configurations relevant to changes in
rotational inertia: (1) fore-aft rear axle position, (2) tires
and wheels, and (3) the addition of three accessories:
armrests, antitip bars, and clothing shields. Definition
and illustration of the different configurations are con-
tained in the Table and Figure 1, respectively. This study
focused on the effect of configuration changes to the
wheelchair itself; therefore, the mass of the wheelchair
user was not included in measuring inertia. Also, the
moment of inertia of the wheels about their axles is
neglected in order to narrow the study’s focus on yaw
inertia. The inclusion of both variables is suggested for
future studies.

Practically speaking, one cannot independently calcu-
late the inertia of every frame, component, and configura-
tion. For this reason, I, was measured experimentally
using the inertia measurement device called the iMachine
[9]. We developed the iMachine to measure /- for irregu-
larly-shaped rigid bodies, specifically, an occupied
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Table.
Masses and moments of wheelchair inertia /,,.. Wheelchair configurations listed in order of increasing moment of inertia.
. - . Axle Mass Mean Iy Coefficient of
Configuration Wheels Accessories Position (kg) (kg-m?) Variance (%)
2 Pneumatic Spoke No Fore 11.36 1.1479 0.53
1 Pneumatic Spoke No Aft 11.36 1.1672 0.57
10 Solid Mag No Fore 12.40 1.2395 1.17
9 Solid Mag No Aft 12.40 1.2626 0.38
4 Pneumatic Spoke Yes Fore 13.06 1.2734 0.36
3 Pneumatic Spoke Yes Aft 13.06 1.2946 0.63
6 Primo Solid Mag No Fore 13.12 1.3089 0.63
5 Primo Solid Mag No Aft 13.12 1.3393 0.60
12 Solid Mag Yes Fore 14.10 1.3629 0.42
11 Solid Mag Yes Aft 14.10 1.3880 0.37
8 Primo Solid Mag Yes Fore 14.82 1.4315 0.87
7 Primo Solid Mag Yes Aft 14.82 1.4663 0.64

Note: Pneumatic spoke wheels are pneumatic tires (Primo Orion 24 x 1-3/8 in. on lightweight spoke wheels (Ti AZRW7 Spinergy SPOX); 1.84 kg each. Solid mag
wheels are mag wheels with solid tires (24 x 1-1/4 in.); 2.35 kg each. Primo solid mag wheels are Primo Orion 24 x 1-3/8 in. solid tires on mag wheels; 2.70 kg each.

constructed. This platform also eliminated an adjustable
platform so the inertia of the turntable was constant. Test-
ing using objects with analytically determined inertias
found error within 0.82 percent. Other than this modifica-
tion, the iMachine used in this study was identical to the
apparatus reported in Eicholtz et al., and specific informa-
tion about the design and technique can be found there [9].

Briefly, the wheelchair to be measured was posi-
tioned onto the iMachine and load cells measured the
mass and center of mass. The distance between the
wheelchair’s center of mass and the axis of rotation of the
iMachine was used to apply the parallel axis theorem
when calculating the yaw moment of inertia about the
wheelchair’s center of mass. The sprung turntable was
given an initial displacement and released. A time series

Figure 1. of angle positions was sampled continuously at a rate of
Wheelchair configurations: (a) solid tires and mag wheels with 45 Hz during the damped oscillator response. The time
accessories, (b) pneumatic tires and spoke wheels with acces- series was transformed to the frequency domain by
sories, (c) pneumatic tires and spoke wheels with no accesso- applying a Fast Fourier Transform (FFT), and the peak of
ries, (d) aft axle position, and (e) fore axle position. the FFT was found by fitting a parabola to the peak of the

spectral response. The location of the peak value of the
parabola was used as the resonance frequency value (®,)

wheelchair rotating about the yaw axis. The device con- i, the determination of the inertia using Equation (6):

sists of a turntable mounted to a base with a single axle.

Load cells mounted on the turntable measure the mass and e
center of mass of the wheelchair. An encoder measures Twe = 92 —1o , (6)
rotation of the turntable, whose oscillations are damped by On

a spring of known stiffness. For the purposes of this study,

the need to measure unoccupied wheelchairs necessitated a ~ where £ is the known spring constant and /, is the inertia
modification of the iMachine. A lighter platform with a  of the unloaded iMachine turntable. This measurement
lower I (0.267 kg—mz, compared to 3.452 kg—rnz) was  was repeated five times for each configuration.
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A t-test was used to assess inertia differences
between forward and rear axle positions. To better under-
stand the clinical significance of inertial differences
across all configurations, /;;c was estimated. 77, . is the
product of this inertia measurement and the angular
acceleration. In order to understand the significance of
the total turning reactance, a maximum value for the
wheelchair acceleration during turning was needed.

A test was conducted to estimate the maximum
wheelchair turning acceleration that would be used to
calculate 77, oA highly active, full-time wheelchair user
performed a zero-radius turn using the TiLite Aero Z
chair. Each turn was performed with three to four pushes.
A LEGO NXT programmable brick (Billund, Denmark)
with a connected gyro sensor was used to measure rota-
tion rate. The NXT gyro sensor measured single-axis
rotation up to a rate of £360 °/s. Both the brick and gyro
sensor were mounted to the TiLite Aero Z chair with the
gyro sensor rigidly attached to the chair to ensure accu-
rate measurements (Figure 2).

The NXT brick was programmed to sample and
record the gyro at a rate of 25 samples per second. The
recorded data were transferred to a computer via USB
connection. The NXT software v2.1 was used to visual-
ize the data. The derivatives of the recorded rotation rate
time series were calculated using a first-order finite dif-
ference approximation in MATLAB (MathWorks;
Natick, Massachusetts). The peaks of the resulting angu-
lar acceleration were determined, and the mean of five

Figure 2.
LEGO NXT setup.
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separate measurements was calculated to serve as the
representative maximum turning acceleration. This mea-
sured maximum angular acceleration was intended to
serve as a representative maximum turning acceleration
likely to be experienced by a manual wheelchair user
during quotidian use.

Turning Resistance from Caster Scrub

Calculation of turning resistance from caster scrub
was needed to gauge the relative effect of changes in
inertial reactance of the different wheelchair configura-
tions. Using the results from Frank and Abel [5], the
caster scrub resistance was estimated for a generalized
wheelchair undergoing a zero-radius turn (drive wheels
driven equally in opposite directions) (Figure 3) for a
chair in this configuration. For this zero-radius turn, the
yaw axis was defined as being at the midpoint between
the two drive wheels, as shown. While not all wheelchair
turns are zero radius, modeling a zero-radius turn affords
a straightforward calculation of caster swivel that leads to
caster scrub. During wheelchair maneuvers, the trajec-
tory of the chair involves both translational and rotational

Figure 3.
Schematic of wheelchair parameters used in estimating caster

scrub torque. D¢y = caster trail, Dpy = length of moment arm, Fega =
force required to swivel caster, Tg = resistance torque from caster
scrub, Tega = torque obtained from Frank and Abel study [5].
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movements. The casters will swivel to become tangent to
the arc of the turning wheelchair, and that resulting caster
swivel results in the caster scrub being calculated here.

The force required to swivel a caster is Frgy = Trey/
D¢y, where Ty, is the torque obtained from the Frank
and Abel study [5] and Dy is the caster trail. This force
acts through a moment arm of length (Dpy) resisting the
turning torque applied about the center of the line
between the two drive wheels. The resistance torque from
caster scrub, T, that must be overcome by the operator
is then computed using Equation (7), where the factor of
two accounts for two casters in the wheelchair.

Dey
Teg = 2% TF&A(E) - (7)

This resistance torque occurs whenever the casters
swivel and is referred to as caster scrub. Caster scrub is
present until the casters align tangent to the radius of the
turn. The peak resistance torque from caster scrub for a
zero-radius turn may be approximated by assuming
wheelchair configuration and load conditions. Calcula-
tions assumed a caster trail of 4.0 cm, a normal load of
100 N on each caster (using a 20/80 caster-to-drive wheel
weight distribution for a 90 kg user and a 12 kg wheel-
chair), and a caster yoke stem to drive wheel contact dis-
tance, Dpy, of 35 cm. Frank and Abel found that caster
scrub is constant for a given normal force between the
caster and the ground [5]. The calculated turning resis-
tance from caster scrub is approximately 8.75 N-m. Note
that this estimate is based on a user mass that is about
80 percent of the weight capacity of most ultralight-
weight wheelchairs. Using a lighter or heavier occupant
would scale the values accordingly.

RESULTS

The resonance frequency of the loaded iMachine
turntable was measured for the various wheelchair con-
figurations. As indicated in Equation (6), the rotational
inertia is inversely proportional to the square of the mea-
sured resonance frequency. Figure 4 contains two repre-
sentative ensembles of five resonance frequencies
recorded of wheelchairs configured identically except for
two drive wheel axle positions (configurations 1 and 2 in
the Table). The results, shown in Figure 4, illustrate the
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Figure 4.
Measured natural frequencies for two different axle positions.

high precision of the natural frequency measurement and
the ability to resolve the difference in frequency caused
by the change in axle position. Over five trials, the range
of the measured natural frequencies was 0.0041 Hz for
the fore position and 0.0018 Hz for the aft position. The
difference in the means of the two cases was 0.0060 Hz.
The measured natural frequency for the rearward axle
position was lower than that of the forward axle position,
indicating a higher Iy~ (critical £ = 2.30, p <0.001).

The results for each of the 12 configurations are tabu-
lated in the Table and graphed in Figure 5. Reported
inertia and mass values correspond to an average of five
separate measurements. The configurations are listed in
order of increasing rotational inertia and illustrate a
highly linear relationship between the masses and iner-
tias. The small coefficients of variation indicate the high
precision of the measurement. In every case, changing
the axle position from rearward to forward resulted in a
decrease in rotational inertia, averaging 1.9 percent.
Removing the accessories resulted in average decreases
of 12.1 percent in total mass and of 9.1 percent in /.
Configurations with the lowest and highest inertia (con-
figurations 2 and 7, respectively) differed in mass by
30.5 percent with a 27.7 percent difference in inertia.

To place these results in the context of daily use, a
value for the maximum angular acceleration expected by a
representative wheelchair user was measured and found to
be a,,, = 10.2 rad/ 5%, Using this result, the reactive torque
resulting from /- may be compared with the resistance

torque resulting from caster scrub, a significant component
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Mass vs Inertia
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Figure 5.
Inertia vs mass. Acc = accessories. Square and triangle mark-

ers indicate forward and rear axle positions, respectively.

of total resistance torque. The reactive torque from the
wheelchair rotational inertia is Ty = Iyc % a. A plot of
this user-applied reactive torque as a function of turning
acceleration is shown in Figure 6. The horizontal line rep-
resents the caster scrub resistance torque = 8.75 N-m as
inferred from the Frank and Abel results presented previ-
ously [5]. The two diagonal lines have slopes equal to the
measured minimum and maximum inertias of the wheel-
chair configurations (2 and 7 from the Table), and the ver-
tical line corresponds to the representative maximum
angular acceleration. So at this acceleration, the wheel-
chair with lowest inertia configuration (configuration 2)
has a reactive torque of 11.7 N-m, whereas the highest
inertia configuration (configuration 7) has a 15.0 N-m
torque. Note that both exceed the resistance torque of
caster scrub, indicating that with rapid turns, the inertia of
the wheelchair contributes more turning resistance than
caster scrub. The shaded area, therefore, represents the
range of angular accelerations expected in everyday
wheelchair use, with slow turns near zero on the left side
and very rapid turns beyond the right side at some undeter-
mined limit.

DISCUSSION

The highly linear trend in Figure 5 shows that the
measured rotational inertia is strongly correlated with the
mass of the wheelchair configuration. Because a single

CASPALL et al. Wheelchair inertia and turning effort
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Comparison of caster scrub torque and reactive torque during turn-
ing. lyc = wheelchair inertia, max. accel. = maximum acceleration.

wheelchair frame was used, the configurations shared a
high degree of geometrical similarity, making this a rather
intuitive result. While the configurations are geometri-
cally similar, the effect of the spatial distribution of the
mass is evident between those configurations in which
only the axle configuration has changed. The results indi-
cate that a forward axle position reduces the rotational
moment of inertia of a wheelchair by about 2 percent. A
lower inertia would lead to both a decreased turning
effort and lowered pitch stability, a well-known configu-
ration tradeoff. Some users can manage reduced pitch sta-
bility, whereas others might face unacceptable instability
while climbing inclines and other activities. The effect of
the mass distribution can also be seen in the sharp
increase in inertia despite only a small increase in total
mass (13.06-13.12 kg) between configurations 3 and
4 (pneumatic, spoke, with accessories) and configurations
5 and 6 (Primo solid, mag, no accessories). The heavier
mag wheels focus the mass toward the outer edges of the
wheelchair (increasing inertia). This effect is similar to
that of adding the accessories, which also positions mass
toward the outer edges; however, since the wheels are far-
ther from the center of mass, their mass has a more signif-
icant effect on inertia.

Figure 6 illustrates the relative turning effort result-
ing from caster scrub and the wheelchair’s rotational
inertia. This value resulted from a wheelchair set-up with
20 percent load on the casters and swiveling on a firm tile
surface. Greater load on the casters and swiveling on
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different surfaces (i.e., carpeted) will raise this value.
Given these caveats, the graph illustrates how a range of
angular accelerations during turning will influence turn-
ing effort because of rotational inertia. Since the rate of
turning is directly related to the turning effort, the manner
in which a wheelchair is used will naturally affect forces
required to maneuver. For example, a wheelchair user
turning slowly would be less likely to notice the reaction
difference from the reduced mass and inertia of a wheel-
chair. Instead, the caster scrub would be much more
important. Conversely, for an active user who turns
quickly, any reduction in inertia may be noticed. Simi-
larly, differences in a wheelchair’s inertia (illustrated by
the diverging dotted lines) become increasingly more
important when the speed of turning increases. In sum-
mary, the change in /- affected by the change in config-
urations of an ultralightweight wheelchair is significant
for turning accelerations within the range of typical user
experience.

Repetitive use shoulder injury has been identified as a
chronic problem among full-time manual wheelchair
users [8,10-11]. In fact, a wheelchair with lower mass is
selected, in part, to reduce the effort required to propel
their wheelchairs. Because real-life mobility includes the
need to change direction, the wheelchair’s yaw moment of
inertia also influences effort required to maneuver. Mea-
suring both the mass and yaw moment of inertia would
afford a fuller representation of influence on propulsion
effort than only using mass, and therefore, would be a bet-
ter means to characterize differences in technology.

This study measured the changes in inertia across
different configuration of a single wheelchair. This
approach was selected to isolate the influences of configu-
ration changes rather than changes in the overall wheel-
chair frame. This focus was also intended as a means to
present the methodology and analysis. However, limiting
the study to a single ultralightweight wheelchair limits the
applicability of the results and indicates the need to study
more wheelchair designs and configurations. Similarly,
measuring the inertia of unoccupied, nonmoving wheel-
chairs permitted reporting of inertial changes to the wheel-
chair alone but comes with the limitation of ignoring the
total mass and inertia of an occupied wheelchair system.
Wheelchair users not only vary in mass, they also vary in
mass distribution because of body type, disability, and pos-
ture. All these variables will affect the inertia and will
influence frictional factors involved in a moving wheel-
chair. Future work will measure the summation of reac-

tance and resistance forces during wheelchair maneuvers of
occupied wheelchairs during free-wheeling maneuvers.
That information will combine the inherent influences of
mass and inertia with the sources of energy loss due to fric-
tion from rolling resistance, caster and drive wheel scrub,
and bearings to gain a more complete picture of how turn-
ing effort can be reduced when configuring wheelchairs.

CONCLUSIONS

Currently, wheelchairs are categorized by mass,
which represents rectilinear inertia. This study investi-
gated the influence of yaw rotational inertia on turning
effort, specifically, resolving the influence across configu-
rations in an ultralightweight wheelchair. The reactance
torque related to the yaw moment of inertia of the wheel-
chair was compared with the resistance torque related to
caster scrub. Since this reactance torque is proportional to
turning acceleration while the resistance torque is con-
stant, the relative contribution of each varies according to
how the wheelchair is maneuvered. During slower turns,
the differences in reactance torque across the configura-
tions were found to be comparable to caster scrub. At
faster turns, the effects of the inertia changes are more
pronounced. For this reason, the effects of wheelchair
configuration changes are, generally, more significant for
active users and less significant for slow-moving users.
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