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living (ADL) and/or participation, as is exemplified in the International Classification of
Functioning (ICF) (WHO 2001). In figure 1 the ICF model of human functioning and disability is
presented, adapted to persons with SCI. The model shows that activities and participation are
influenced by the impairment, and by both personal (internal) factors and environmental (external)
factors. In this model the use of assistive technology, such as a wheelchair, is part of the external
factors that influence mobility and more importantly, the functioning and participation of the
wheelchair user. A recent study showed that wheelchair mobility influences participation, peak
aerobic power output, and wheelchair skill performarnce, all of which are significant predictors of
return to work for a group of wheelchair dependent persons with SCI one year after discharge from
inpatient rehabilitation (van Velzen and others 2009).

Despite its importance manual wheelchair propulsion is a straining form of ambulation. Unlike the
hip joint the function of the shoulder complex is more oriented towards joint mobility at the cost of
a lower stability, requiring considerable muscular effort for stability control (Veeger and van der
Helm 2007). Furthermore the upper body has limited work capacity, due to a small (untrained)
muscle mass, which leads to high levels of relative mechanical and cardio-respiratory strain during
daily life (ADL) (Janssen and others 1997). The long-term consequence of a continued mismatch
between the stress of daily wheeling, the physical strain and the overall physical wheelchair
capacity causes serious secondary health problems, the most important being overuse problems in
the upper extremities (Boninger and others 2005; Curtis and others 1999; Sawatzky and others
2005; van Drongelen and others 2006) which may lead to chronic impairments and pain. Upper
extremity overuse problems are estimated to be present after 10-15yrs of wheelchair use among 50-
70% of the wheelchair user population with a SCI (Nichols and others 1979). In addition, physical
strain, fatigue and even (temporary) pain, affects wheelchair use and daily activity patterns.
Inactivity may emerge, which in turn may deteriorate physical work capacity, and lead to a
downward spiral of deconditioning. This may introduce overweight and obesity, and general
chronic health problems such as diabetes, metabolic syndrome and cardiovascular problems in the
long term, as well as secondary impairments such as decubitus and urinary tract infections (Haisma
and others 2007; Noreau and others 2000).

Part of the physical strain of wheelchair use on the user is caused by the low efficiency of handrim
propulsion (de Groot and others 2007; de Groot and others 2008; Hintzy and Tordi 2004; Veeger
and others 1992). Only 6-11% of the internally liberated energy actually goes to effective
propulsion of the wheelchair. Well-trained wheelchair athletes may get efficiencies up to 18% in a
racing wheelchair (Cooper and others 2003). However, these values are still lower compared to
lower extremity activities such as cycling (20-25%) (Ettema and Loras 2009). To improve
efficiency, alterations in wheelchair design and set-up are imperative and one has to deal with the
user-wheelchair combination as a whole, as well as on its different components Therefore, the
HAAT model (Cook and Hussey 2002) , which describes the interaction between human (H),
activity (A) and assistive technology (AT)in the environment is instructive. Thus, optimizing the
wheelchair-user combination must be achieved by adjusting any or a combination of the following
elements: the user, the wheelchair-user interface and the wheelchair (figure 2). This article will give
a short overview of the practical implications of the research developments regarding these aspects
over the last decades and will take a look forward at the research requirements for further design
improvements in the near future.

User

There is no single ultimate design in general, but there is always a design that is adjusted to the
user. [t is important to understand the possibilities and needs of the user to adequately design and fit
the correct wheelchair. Physical characteristics such as upper-extremity muscle force and peak
power output have been shown to closely relate with wheelchair skill performance (Kilkens and
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groups of well-trained subjects may want a gearing which enables them to compete at high
velocities, whereas a steep incline for physically less able subjects will demand a low gear. A study
on the use of a handrim with two gears incorporated in the wheel (figure 3b) found pain reductions
within 2 weeks after the participants started using the device, thus indicating the potential for
shoulder pain reduction by the use of different gears (Finley and Rodgers 2007). In line with these
findings the use of an electromotor in the wheel hub, which only aids in the propulsion when the
user exerts force on the handrim, can be of use. Such hand-rim activated power assisted wheelchairs
aid the user who can no longer cope with the strain on the upper limbs during manual wheelchair
propulsion. Compared to standard handrim propulsion, such a device lowers the overall
cardiorespiratory strain and shoulder muscle activity (Lighthall-Haubert and others 2009), and yet
allows the user to be an active participant in society.

The second design possibility does not solely relate to the rim, but to the wheel as a whole. Camber
in the rear wheels places the handrim under a certain angle to the user, The positive effect of
camber on stability of the wheelchair user system is relevant (Trudel and others 1997). Furthermore
the hands are protected when passing along objects because the width at the base of the wheelchair
is larger than at the height of the hands (Veeger and others 1989). Beside the positive effects on
stability, hand comfort on the push rims and maneuverability, changes of camber do not seem to be
associated with changes in efficiency of wheelchair propulsion (Perdios and others 2007).

In addition to the radius of the rim the diameter of the tube, its shape and the use of different
materials is of importance. A conventional handrim tube is a 19 mm diameter circle; new
alternatives have been developed to make a better interface between hand and wheel. Modifications
have to do with the shape of the tube and the attachment to the wheel (figure 4). A recent study
between four different handrims with respect to shape and material in able-bodied subjects did not
find significant effects on any of the physiological parameters and force application characteristics
(van der Woude and others 2003). On the other hand two other specific handrim designs were found
to be beneficial and are currently commercially available. First the Flexrim, a flexible handrim
(figure 4a) that allows some freedom of movement between handrim and wheel showed significant
reductions in both peak and total forearm muscle activation. The flexible handrim required less
finger and wrist flexor activity than a standard uncoated handrim for the same propulsion conditions
(Richter and others 2006).

Second the use of the Natural-Fit contoured handrim (figure 4b) was surveyed among its users. This
handrim has a larger oval shape than the conventional 19 mm circle and uses different materials for
the place of the thumb and finger. The majority of participants reported improvements in upper-
extremity symptoms, ease of wheelchair propulsion, and functional status (Dieruf and others 2008).
The possible benefits of a larger oval shape as in the Natural-fit handrim were also reported earlier
by van der Linden et al (van der Linden and others 1996).

Seat height and pesition in the chair

Besides the connection between the hand and the wheel, the body position with respect to the wheel
axle influences propulsion. Van der Woude et al. (van der Woude and others 2009) operationalized
seat height as the elbow angle while sitting in the wheelchair with hand on top dead centre of the
wheel. In their research they found a tendency for mechanical efficiency and mechanical strain to
optimize seat height at an elbow angle of 100-130° in persons with a spinal cord injury during
rehabilitation,

Cowan et al (Cowan and others 2009) used this angle to maintain seat height and studied two

different horizontal axle positions. Their findings suggest more anterior axle positions to be
beneficial in reducing peak resultant forces exerted by the hand on the rim. Yet this position of the
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due to air resistance is +14 N, which implies an average power output of 70W for wind resistance
only at that wheelchair speed. It is obvious that the frontal plane area is dependent on the posture of
the user. Although a wind tunnel experiment has been performed (Coe 1979) as well as empirical
measurements (Hedrick and others 1990; Higgs 1992), no recent figures on air resistance have been
published in association with contemporary wheelchair sitting posture and propulsion technique.
However, from hand cycling or speed skating many new developments were transferred to
wheelchair racing. Next to frontal area reduction, adaptation of the seat position and orientation of
the segments of the body, and the application of skin suits will influence the drag coefficient.

Internal friction

Energy losses within the wheelchair are caused by bearing friction around the wheel axles and in
the wheel suspension of the castor wheels and possibly by the deformation of the frame in folding
wheelchairs during the force exertion in the push phase. Bearing friction generally is very small,
and given that the hubs have annular bearings and are well maintained and lubricated, this friction
coefficient will not exceed 0 (Frank and Abel 1993). However, the losses in ill-maintained bearings
can be considerable.

An unknown aspect of internal energy dissipation is the loss of propulsion energy due to
deformation of the frame clements. This will clearly be possible in folding wheelchairs, but has not
been addressed empirically. The use of levers and cranks does introduce a chain, chain wheel and
gearbox related friction. Whitt and Wilson (Whitt and Wilson 1982) indicate a possible loss of
energy of 1.5% in chain transmission.

Slope and acceleration

Although body mass and wheelchair mass have a small effect on rolling resistance, they have a
considerable effect on the slope component and the acceleration component. Acceleration potential
is inversely related to total mass at a given power output (acceleration will be slower when the mass
of the system is larger). Also, mass is linearly related to power output in climbing. Of course, this
extra investment will be returned partially during descents, but will still lead to higher losses.
Wheelchair mass can be influenced through proper technology and lightweight materials. Important
to realize though is that the major attributor to the total mass is the mass of the user. On the other
hand, besides reducing mass for propulsion purposes it is also good to note the amount of times a
wheelchair needs to be picked up, for instance, to get in a car; here reduced mass of the wheelchair
will be of great benefit.

Evaluation of wheelchair design

Cooper (Cooper 2009b) stated: “The greatest engineering challenges in manual wheelchair design
are optimizing interaction between the user and the wheelchair, which requires knowledge of
materials, biomechanics, ergonomics, anthropometrics and human physiology, as well as motor
learning to train the user in the skills necessary to achieve maximum mobility.” If one is to gain
knowledge of the above-named fields research possibilities need to be available. Developments of
research tools have made it possible to advance in experimental setup towards the use of a manual
wheelchair. For instance an instrumented wheel (SMARTwheel or Optipush) (figure 6) that
measures three dimensiona! forces and moments, together with the angle of the wheel (Cooper
2009a). Knowledge of these forces combined with position registration of important anatomical
positions can be used as input for an inverse-dynamic mode! that calculates net moments around the
human joints, as well as internal load, using a detailed shoulder-arm model (van der Helm and
Veeger 1996). Furthermore the measurement of oxygen uptake is used to estimate metabolic power
and thus calculate efficiency. Electromyography (EMG) can give more insight in muscle activation,
like identifying co-contractions. Important note is that technological developments can only
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Figures
Figure 1: The international classification of functioning, disability and Health as

developed by the World Health Organisation and applied to persons with a SCI
(WHO 2001).
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Figure 3:Different gearing and rim sizes (a) an athletic and a normal handrim

(b) Magic wheels, a 2-geared wheel (www.magicwheels.com)
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Figure 4: Different handrim tube shapes, (a) Flexrim (www.flexrim.com) (b)
Natural-fit handrim (www.3rivers.com)
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