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Measuring Required Wheelchair and Scooter Travel Width 
for Drivers’ Hands and Arms


Rod A Hunter

Of the width required for wheelchair and scooter travel, protruding hands and arms of drivers or occupants are typically key determinants. Insufficient travel width poses a risk of fractures and abrasions and, for manual wheelchair drivers, may increase the propulsion effort required. For wheelchairs and scooters generally, the greatest travel width requirements appear typically to be those of hand-rim propelled (manual) wheelchairs, for which the splaying of elbows during propulsion appears to be typically the main contributor. 

The measurement of the contributions to travel widths of hand and arms and, for hand-propelled wheelchairs, also of hand and arm trajectories is required if a modeling approach is used for determining spaces in buildings and facilities for wheelchair and scooter use. 

Importantly, the capacity of drivers for adaptation to confined travel widths by changes in body and limb positions, and the distance over which such adaptation is possible, especially for manual wheelchairs, also needs to be determined for purposes of spatial modeling.

Whereas the contribution of hands to travel widths of electric wheelchairs and scooters is relatively easy to measure, for manual wheelchairs the measurement of projections of hands and knuckles during grip on hand rims, and of the trajectories of hands and elbows throughout propulsion is more difficult.    

There appears to have been no research on the contribution to travel width of the trajectories of hands and arms, or on drivers’ capacity for adaptation to constricted travel widths. For spatial modeling, research on hand and arm trajectories is therefore necessary.

1.1 Spatial modeling  

An early use of modeling to determine the size and shape of spaces required for wheelchair and scooter use in buildings and facilities was that by Bails
, and was the basis for Australian statutory and advisory code requirements. The model that Bails used in manoeuvring studies was a physical, one-fifth scale model of unoccupied wheelchairs. Work by Hunter
 also uses a modeling technique, however it is a CAD-based manoeuvring program that enables the geometrically accurate simulation of wheelchair and scooter manoeuvring and travel on-screen. Using a computer mouse, a plan outline (model) of an occupied wheelchair or scooter is “driven” around, leaving traces of its path. The boundary of the path traces thus represents the size and shape of space required. The wheelchair and scooter models are derived from the measurement of stationary occupied wheelchairs and scooters and incorporate limb projections, including splayed elbows in positions they would be at the start of a propulsion sequence, as reenacted by participants whilst stationary
. Additional plan features can be incorporated in the models to represent the three-dimensionality of occupied vehicles, and to enable separate 3D views to be generated of the models. 

The static measurement method used is probably a good approximation of provisions for hand and arms in models, however results from dynamic measurements of knuckles, hands, elbows and arms would provide more accurate modeling, and therefore more reliable spatial formulation.

1.2 Knuckles and hands

For electric wheelchairs, drivers’ hands typically protrude very little, if at all, beyond armrests, as do hands on electric wheelchair joysticks. The contribution to travel width therefore appears to be typically minimal. However, the possibility that for some drivers, spasms may cause hands to suddenly stray outside their usual position should also be considered. Scooter drivers’ hands typically do not project beyond tiller handles.
For manual wheelchairs with un-cambered wheels, wrists and knuckles, as the hand rims are gripped during propulsion project beyond the width of the wheelchairs, as they typically also do during the recovery phase of the propulsion sequence.

For manual wheelchairs with cambered wheels, hands might not protrude outside the wheelchair width because, during the wheelchair propulsion sequences, knuckles are typically at the top half of the hand rim circumference. However, this will depend upon the degree of camber and the duration of grip on hand rims, i.e. length of stroke. At the bottom-most grip point on cambered hand rims, knuckles are more likely to project beyond the width of the wheelchair, especially if the driver has a long stroke style. Furthermore, regardless of camber, hands are likely to be outside the wheelchair width during the recovery phase of the propulsion sequence.

It is easy to measure the protrusion of hands beyond armrests of electric wheelchairs, and relatively easy to measure knuckles grasping hand rims of manual wheelchairs. However, there are three instances where it is more difficult: for electric wheelchairs: the sudden outward movement of hands resulting from spasms; and, for manual wheelchairs, the sudden loss of grip on hand rims or initial failure to grip hand rims; and the trajectory of hands during the recovery phase of wheelchair propulsion.

Because of the random and possibly infrequent occurrence of spasms, determining their contribution to required travel width is obviously very difficult and may require estimates derived from anecdotal accounts. 

For manual wheelchairs, not all drivers will have sufficient strength or coordination to consistently succeed in targeting the hand rims for initial grip, or of maintaining a continuous grip on them, with the result that their hands could stray outside their normal hand rim trajectory. As for spasms, the random and possibly infrequent occurrence of grip loss will require that the estimation of its contribution to required travel width be derived from anecdotal accounts.

The plane of the trajectory of hands during the recovery phase, i.e. between releases of the hand rims preparatory to a new grip, will not necessarily coincide, with the plane of the hand rims. In this regard, various styles of propulsion stroke have been variously reported as arced, circular, piston, pumping, push-pull and figure of eight
. For some drivers employing a piston stroke, the plane of the hand trajectory might typically coincide with that of the hand rims, however for other piston stroke drivers, the trajectory plane might typically be outside the plane of the hand rims. For drivers who use a circular stroke, the trajectory of the hands will always be outside the plane of the hand rims during the recovery phase. In both cases, many drivers will have insufficient arm and hand strength and coordination to maintain consistent trajectories, and the plane of the trajectory will be a warped one. Determining the contribution to travel width of hand trajectories consequently requires the recording of hand motion during wheelchair propulsion and recovery sequence.

1.3 Elbows and arms

For electric wheelchairs and scooters, drivers’ arms and elbows typically project beyond armrests more than do hands. For electric wheelchairs, the possibility of straying arms caused by spasms also needs to be considered.

Of the protrusion of knuckles, arms and elbows of wheelchair and scooter drivers, the protrusion of elbows of drivers of manual wheelchairs appears to be the greatest. The greatest projection of elbows for manual wheelchairs appears to occur at the commencement of forward push on hand rims (or at the conclusion of a rearward pull), or at moments of greatest exertion, such as traveling up inclines, over heavily textured or rutted surfaces, or over surface projections and small steps. 

As for hands, establishing travel widths for hand-propelled manual wheelchairs requires measurement of the trajectories of elbows, not just during the recovery phase, but also during the propulsion phase.

Whereas the splaying of elbows, when the hands are at the top of hand rims, typically protrudes far more than knuckles and hands, when arms are extended downwards and hands are towards the front of hand rims (as at the end of a push sequence, or the start of a pull sequence), elbows are typically more closely aligned with hands on the hand rims. If viewed from the front or rear of wheelchairs, at the stage of maximum elbow projection, an hypothetical line between the elbow and hand on each side of the wheelchairs would therefore be inclined to the vertical (with the greatest width between the lines being at the top). However, as a determinant of travel width, this may have little practical significance because the distance of travel resulting from a single propulsion stroke will typically not be very great. 

1.4 Driver adaptation

A capacity for postural and limb adjustment is probably typical of scooter drivers, and of many electric wheelchair drivers also, although not all. Manual wheelchairs drivers are inherently able to effect some adjustment of body posture or limb movement in response to constricted travel widths. 

If the capacity for constriction of elbows for short travel distances is typical for manual wheelchair users, and if, as it appears, that for wheelchairs and scooters generally, the width of travel is typically governed by the width between splayed elbows of manual wheelchairs, it would be useful to differentiate between required travel widths for long distances such as passageways or where maximum exertion is typically required on the one hand, and travel widths for short distances such as through doorways on the other hand. In other words, measurement of two hand and elbow trajectories is warranted: during very short travel and during longer travel or travel under exertion. Measurements are therefore required of the extent of constriction, and of the duration over which such constriction can be comfortably maintained.

1.5 Research to date

Little research appears to have been conducted on the contribution of hands and arms to the form of wheelchairs and scooters, or to the contribution width of either linear travel or rotational manoeuvres of the trajectories of hands and arms during manual wheelchair travel.  

Bails identified, amongst other parameters, the overall width of manual and electric wheelchairs (measured at their drive wheels). Overall width was derived from wheelchair width to which an allowance of 40 mm for the projection of knuckles beyond hand rims was added. Bails also indicated the extent of circumferential travel of hands along hand rims. However, the source and means of deriving the dimension of the knuckle projection is not identified, nor is it indicated whether the measurement was from stationary or moving wheelchairs. Bails did not record the projection of hand and arms for electric wheelchairs. 

Bails did not set out, nor recorded the projection of elbows and their trajectory during wheelchair propulsion nor, for stationary wheelchairs, recorded the projection of elbows at the maximum exertion position. 

Seeger et al
 also measured, amongst other parameters, wheelchair and scooter widths, as well as overall widths, where “overall width” included protruding limbs and knuckles. The measurements were obtained from a sample of 240 adult males and females. It is therefore possible to derive from the data of Seeger et al the projection of hands or arms. However, knuckles, hands, elbows and arms were not differentiated from each other, nor were coordinates obtained for them. Consequently, whilst the information enables some approximation of the minimum required travel width, it does not enable the form of the occupied wheelchair to be generated, nor therefore enables spatial modeling. 

Using the data of Seeger et al, the hand or arm protrusion on each side
 can be found to vary between 0 mm and 108 mm for 167 hand-propelled wheelchairs; 0 mm and 30 mm for manual wheelchairs pushed by a companion; and between 0 mm and 85 mm for 40 electric wheelchairs
.  No projections were recorded for scooter occupants. It is not indicated whether any elbow projections for wheelchairs were measured at maximum-exertion positions.

Seeger et al did not set out, nor recorded the trajectory of hands and elbows for manual wheelchairs users during wheelchair propulsion. Nor did Seeger et al set out or record occupied wheelchair parameters that would have enabled the modeling of wheelchair and scooter manoeuvring. 

In the research by Hunter for the Australia Commonwealth Government, the plan outlines of stationary occupied wheelchairs and scooters included projecting limbs, were established. This was done by vertically projecting the salient points of the occupied vehicles wheelchairs, using a rigid plumb guide, onto a sheet of stiff paper upon which the vehicles had been driven, thus creating a dotted outline. All points were then calibrated as x, y coordinates with the point of origin on the drive wheel axis mid-way between the drive wheels. Key heights were also recorded. The x,y,z coordinates of the points were then entered into a database for statistical analysis, and for 2D and 3D representation in a CAD program. Robert Feeney and Associates used a similar technique in recent work for British Standards
.

Also measured by Hunter were other parameters that enable the outlines to be used as models in its manoeuvring simulation program. For manual wheelchairs, the splaying of elbows during propulsion was estimated by having participants, whilst their wheelchair was stationary, grip their hand rims as if they were about to accelerate from stasis. The most salient point on each wrist and elbow was recorded when the elbows were thus splayed. The size and shape of spaces required for manoeuvring, in addition to the width for linear travel by wheelchairs and scooters could therefore be established. 
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What is missing from Hunter’s measurements in the Commonwealth study are the zones, i.e. horizontal projections of trajectories, within which hands and elbows travel in relation to the hand rims during propulsion, as well as provision for random departures from typical zones. In relation to hand and arm trajectories for manual wheelchairs, the models are therefore approximate only.  Furthermore, as with the research of Bails and Seeger et al, the validity of providing for restricted width of travel for short distances in buildings and facilities has not been addressed.      
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With regard to hand and arm trajectories, there are at least twenty-four studies
, 
. These studies analyse the motion and trajectories as viewed from the sides of wheelchairs, however many of them employed 3D data capture technology that enables the trajectories to be analysed as if viewed from the front or rear of, or from above the wheelchairs iv. Example of such studies are those by Koontz et al iv(g), and Boninger et al iv(a,b).

Koontz et al placed target markers on participants’ wrists, arms, shoulders, and hips, as well as on the hub of the wheelchair drive wheel. Boninger et al placed two target markers on hands (at the third and fifth metacarpophalangial joints) 
. The target markers were captured using a three-camera tracking system
 that allows the position of the target markers to be recorded in terms of three coordinates, allowing the points to be viewed from any angle. 

The small number of target markers used in the 2D and 3D studies may be sufficient for the purpose of these studies, especially because they are analysed from side views of the wheelchairs, however they are not necessarily sufficient for tracking all of the various points on hands and arms that might be the most salient points throughout hand and arm trajectories, nor as viewed from the front, rear of from above. Consequently they do not necessarily enable the determination of required travel widths. Furthermore, the trajectory research did not seek to identify occupied wheelchairs that were representative of the population of wheelchairs, and the very small sample sizes (from 2 to 27) employed and the fact that they were wholly or partly comprised of wheelchair athletes therefore does not allow the postulation of broadly representative trajectories nor therefore representative travel widths to be derived from these studies. 


1.6 Research required

For sufficiently accurate modeling of spatial requirements, the following research is required: 

· Trajectories, as viewed from in front, behind or above of hands and arms during manual wheelchair propulsion sequences, including during varying levels of exertion

· The incidence of grip loss and spasms

· Extent to which elbow constriction is possible and comfortable, and distances over which travel with constricted elbows is comfortable 

The inherent difficulties in such research are the availability of suitable measuring and data capture technology and, because the spatial determinations need to be for representative wheelchair and scooters e.g. 90% of the wheelchair and scooter population, the fact that the technology needs to be suitable for measuring large numbers of participants. On the other hand, mensuration does not have to be as accurate as required for biomechanical research.

A combination of two techniques may be the best procedure to adopt: photoelectric “fences”, and trajectory recording with opto-electronic target tracking, both in conjunction with a wheelchair treadmill, ergometer or dynamometer.  

1.6.1 Photoelectric fences 

Previous methods for recording travel width, including for hand and arm projection has been the use of panels at each side of participants and that are successively moved closer to participants until there is interference with their comfortable propulsion. This technique has merit because it closely replicates reality. However, the moveable walls may cause drivers to instinctively adopt atypically constricted postures and the results may therefore not be indicative of width required for comfortable travel. 

The use of a position-adjustable photoelectric fence with a fine diagonal “mesh” avoids this limitation
. It also enables the height at which arms or elbows “impact” with the fence to be recorded.

The limitation of fences is that, in practical terms, they are only suitable for establishing travel widths for linear travel (with height correlates if the appropriate photoelectric fences are used). This is still invaluable, but it is insufficient or determining the size and shape of spaces for manoeuvring. For this purpose a trajectory tracking system is necessary.

An advantage of fences is that they require little interference with participants and therefore facilitate quick measuring sessions. 

1.6.2 Trajectory recording 

There are many versions of trajectory systems now available, some have reflective markers, and some have infrared or electromagnetic emitters
. It would also be possible to develop a sonar system using sonic emitters, although such a system is unlikely to be accurate.  Electromagnetic systems are not generally suitable because they are prone to interference from ferric metal components of wheelchairs.  
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Figure 1: Location of target markers in Koontz et al study (Illustration adapted from Koontz et al)
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Figure 2 Trajectories of saggital plane�(Koontz et al and Bonninger et al)








� Current, unpublished research by Rod A Hunter of Hunarch Consulting.   


� A major measuring survey of occupied wheelchairs and scooters was recently conducted by Hunarch Consulting for the Australian Commonwealth Government, however the results are currently unavailable for publication. The determination of required size and shapes for manoeuvring was also carried out, using Hunarch Consulting’s modeling program, but these results are also unavailable for publication.  


� The trajectories are described as viewed from the sides of the wheelchairs.


� Assuming the same, average, protrusion on each side  


� The mean projections on each side of the wheelchair for the sample are: 25mm for hand-propelled wheelchairs; 2 mm for pushed manual wheelchairs; and 8 mm for electric wheelchairs. The 90th percentile values are: 65 mm, 0 mm, and 33 mm respectively. 


� Unpublished research. Private communication 


� Description provided by private communication. 


� Optotrak 3020


� Details of such a fence is available at http://www.sigratech.com.au/index.html


� Examples: 


Vicon (� HYPERLINK "http://www.vicon.com/index.asp" ��http://www.vicon.com/index.asp�); 


Optotrak (� HYPERLINK "http://www.ndigital.com/polaris.html" ��http://www.ndigital.com/polaris.html�); 


Codamotion (� HYPERLINK "http://www.charndyn.com/index.html" ��http://www.charndyn.com/index.html�)


Motek (http://www.e-motek.com);


Polhemus (http://www.polhemus.com);
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