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Biomechanics and the wheelchair
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Rehabilitation Engineering Centre, University of Virginia, USA

Abstract

Wheelchair biomechanics involves the study of
how a wheelchair user imparts power to the
wheels to achieve mobility. Because a wheelchair
can coast, power input need not be continuous,
but each power strike can be followed by a period
of recovery, with the stroking frequency
depending on user preferences and the coasting
characteristics of the wheelchair. The latter is
described in terms of rolling resistance, wind
resistance and the slope of the surface. From these
three factors the power required to propel the
wheelchair is determined, and must be matched
by the power output of the user. The efficiency of
propulsion is the ratio of this power output to the
metabolic cost and is typically in the order of 5%
in normal use.

The features required in a wheelchair depend
upon user characteristics and intended activities.
The ideal wheelchair for an individual will have
the features that closely match these
characteristics and activities. Thus prescription is
not just choosing a wheelchair, but choosing the
components of the wheelchair that best serve the
intended purpose. In this paper, each component
is examined for available options and how these
options effect the performance of the wheelchair
for the individual.

The components include wheels, tyres, castors,
frames, bearings, materials, construction details,
seats, backrests, armrests, foot and legrests,
headrests, wheel locks, running brakes, handrims,
levers, accessories, adjustments and detachable
parts. Each component is considered in relation
to performance characteristics including rolling
resistance, versatility, weight, comfort, stability,
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maneouvrability, transfer, stowage, durability
and maintenance. Where they exist, wheelchair
standards are referred to as a source of
information regarding these characteristics.

Introduction

In recent years many variations in wheelchair
design and construction have become available.
Thus for a given user there may be several options
to choose from. Based on the physique of the user,
the intended usage and the funds available, it
should be possible to make an appropriate
selection of design features and optional
components that constitute the ideal wheelchair.
The process of selection is one of matching
features to requirements and to do this logically it
is necessary to be knowledgeable in the relative
merits of the various component designs and
materials and to assess the capabilities of the user
together with the environment and intended
usage.

The first section of this paper deals with user
capacity based on biomechanical studies. From
this, it is possible to estimate the importance of
seating position with respect to the hand rims and
its effect on the stroke length and propulsion
efficiency. Studies also include the work capacity
of individuals and how this indicates performance
in different environmental conditions such as
hills, head winds and side slopes, and the
influence of the balance of the wheelchair on
propulsion effort. A discussion of the value of
alternate drive systems such as cranks and levers is
also included.

Correspondingly, the design and construction
of the wheelchair and its component parts can
have a marked effect on the performance, energy
requirements and durability under various
ambient conditions and use patterns. With a large
variety of users, usage, and products, it is obvious




Energy Power Power
Wt VO, VO, Cost Output | Output |Efficiency
Subject | Disability |  Sex (kg) (Rest) (Max) | (watts) | (watts) |(watts/kg)| (%)
KJ T10 F 49.9 0.19 1.31 394.8 41.7 0.84 10.6
GL SB F 35.4 0.17 1.33 408.9 34.7 0.98 8.5
CB T3 F 44.9 0.18 1.41 443.6 41.0 0.91 9.5
SR Ti2 F 57.2 0.20 1.68 521.7 62.6 1.09 12.0
GM T10 M 80.0 0.28 2.84 902.0 125.0 1.56 13.9
FM C5-7 M 80.6 0.28 0.95 2344 30.8 0.38 13.1
FY C6+ M 58.1 0.20 0.95 255.6 29.2 0.50 11.4
BH Polio M 59.1 0.21 2.55 824.9 Il 1.88
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Relative Absolute
Lesion Load Load Efficiency Heart Speed VO, Max
Subject Level (watts/kg) (watts) (%) Rate (kmph) (1/min)
LM (F) L1-2 0.52 273 | 100 171 1.29
WW (M) T4 0.48 40.9 7.9 150 1.46
JG (M) 0.81 72.9 8.0 3.5 2.96*
CB (F) (.20 10.9 5.1 130 3.0 0.88
0.25 13.6 5.5 139 3.0 1.02
0.40 21.7 6.8 150 3.0 1:12,
AS (F) 0.20 10.4 6.4 115 3.0 0.67
0.25 13.0 6.8 118 3.0 0.79
0.40 20.7 7.8 144 3.0 1.01
RC (M) 0.20 16.4 7.8 90 3.0 0.98
0.25 20.5 9.3 95 3.0 1.01
0.40 327 0.3 110 3.0 1.29
DM (M) 0.20 15.0 1.5 89 3.0 0.87
g:25 18.8 7.8 103 3.0 1.00
0.40 30.0 8.9 107 3.0 1.29
TS (M) 0.20 20.9 9.0 77 30 1.01
0.25 26.1 10.4 87 3.0 1.08
0.40 41.8 10.5 104 3.0 1.50

* Maximum Value




Shoulder

0




CrL

Mid TORQUE (N-M} s s = SPEED (m/s}
29‘1' — 1.0
20 v e, e e
- S
"’ \\\\
15p=" N ae

02

Rear

"0
Low
N
) dind i g
10
TIME (sec)
Mid

Forward

15



100 ko or 100 HgN

e 12

Low Seat Medium Seat High Seat

- —— —— o -:.:. 3 ]
Hicep — 1% 3 ordi5ma(l kophy
Long. ———
Tricep — - o :
Lateral - -
Posterior i
Deltoid .-

J ihd‘
Anterior ! —_:‘ ' 7 '
et | I ) e B m
Pectoralis | | =

Major -— h— :h_

Torque | |
X ', - \




=

- W-0mMmI OZ-~-rrox
D= =->

IN TOE (DEGREES) ouT
—+&— GREY RUBBER —— HIGH PRESSIPNEUMATIC



|
|
1

5 V“ -~
s «
s A




: | 5

I )
— i"Tra” —»l I<- Trail







34 C. A McLaurin and C. E. Brubaker

Seating adjustments are becoming more
common in wheelchair design, but it should be
remembered that any adjustment carries a
penalty in cost, weight and strength. Common
adjustments are seatback angle and seatback
height. Seat angle and seat height adjustments are
also available, but perhaps the most important
adjustment is to allow the centre of gravity of the
user to be positioned correctly with respect to the
main wheels. This is commonly done by providing
aselection of axle positions. This not only changes
the wheelbase, possibly resulting in castor
interference, but may change the axis of the castor
stem, requiring an adjustment in that mounting
bracket. These problems can be avoided if the seat
can move with respect to the sub-frame or chassis.
Some experimental models have been built that
allow the user to adjust the seat forward and
backward while seated. This can be especially
useful while ascending slopes, where the weight
should be forward to prevent backward tipping.

Footrests

From the designer’s viewpoint, footrests are a
very difficult challenge. They may be subject to
high loads from a user in extensor spasm, and
from inadvertent impact with kerbs, doorways
and other obstacles. They should be
independently adjustable and easily removed for
easy transfer in and out of the wheelchair. For a
tall person, seated at a normal height, they must
be positioned well forward to keep the feet above
the floor and to avoid interference with the
castors. If leg elevation is required, the problems
are further increased.

Many lightweight sport type wheelchairs have
used a bar or pair of bars joining the two sides of
the frame in front of the castors. This is light and
strong, but does not allow individual adjustment
and removal for transfer. The most popular
means for removal is the swing away type which
can also be lifted off when the lock is released. The
foot plate may be cast aluminium, reinforced
plastic or tubular construction, the latter being
light and strong, but providing less support for the
foot. The foot plate is usually hinged to fold
upwards, adding a little more weight and
complexity. The foot plate is usually attached to
the supporting tube by a friction clamp. This can
be advantageous during impact, allowing the
structure to slip rather than break.

Individually adjustable, and contemporary
swing-away footrests require that the feet be

placed some distance apart, depending on the
width of the wheelchair and the size of the foot
plates. For many persons it is more desirable to
place the feet together. Apart from postural and
aesthetic reasons, this tends to avoid spacial
interference with the castors. This foot position
presents no problem with one piece footrests, but
requires clever geometry in the structure and
hinging of individually adjustable models,
something which has yet to appear on the market.
As a general rule, the selection of an appropriate
footrest should be based on the simplest design
that can accommodate the needs of the user.

Armrests

Much of the discussion on footrests applies to
armrests. Fixed armrests, as an integral part of the
frame are the lightest and strongest solution but
provide no adjustment and may interfere with
transfer. The ISO Wheelchair Standards state that
an armrest must be strong enough and secure
enough to allow lifting of the wheelchair and
occupant or release before lifting so that there is
no danger of releasing during the lift. Traditional
removable armrests which plug into vertical
sockets must therefore have very secure latches or
none at all. Many wheelchairs now have armrests
of a different design, the most common being one
that is pivoted at the rear so that it swings upwards
and backwards to avoid interference when
transferring. This type of armrest avoids the lifting
problem and avoids the inconvenience of a
separate part which can be dropped or misplaced.
A possible disadvantage is the absence of a skirt to
prevent clothing from contacting the wheel. The
common adjustment to armrests is for height
which may not yet be available in the pivoting
type. The type of armrest may also be dictated by
the need for a lap tray which is usually fastened to
the armrests.

Brakes

Most manual wheelchairs are equipped with
brakes for parking. Braking to a stop or while
descending a slope is accomplished by friction to
the handrim. Some wheelchairs are equipped
with dynamic brakes that can be used for both
functions. These are of special value to those with
impaired hand function or where hills are
frequently encountered. Using the hands for
braking on a hill can cause skin damage and is
inadvisable for those with insensitive skin. Most
persons with quadriplegia have little or no ability
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Weight in kg (Ib)

Component Conventional Sports
Frame 6.7 (14.7) 3.8 (8.3)
Seat 1.0 (2.1) 0.3 (0.6)
Back 1.0 (2.2) 0.3 (0.6)
Armrests 1.9 (4.2) =
Footrests 2.7 (5.9) 0.8 (1.8)

Wheels, Tyres, Rims | 5.1 (11.2) 3.8(8.3)
Axles & Hardware 0.4 (0.9) 1.1 (2.5)
Castors 2.0 (4.5) 1.8 (4.0)
Wheel Locks 0.5 (1.2) 0.5 (1.0)

Total 21.3 (46.9) | 12.4 (27.1)




