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Abstract—Several methods are available for computing theKey words: biomechanics, upper limb, wheelchair.
location of the point of force application (PFA) in manual
wheelchair propulsion using kinetic data. We compared five
different techniques for computing the PFA location in analysiiNTRODUCTION
of data from five wheelchair users propelling their own wheel
chairs uging their r!ormal propuls.ion style. The eff(_acts of thn Handrim wheelchair propulsion has been implicated
assumptions used in the calculations on the resulting Iocat|(as a contributor to several overuse injuries of the upper
of the PFA, handrim force and moment components, af,,q (1-4). Injury of the upper limb can be devastating
mechanical efficiencye] were quantified. When kinetic data . . .

fo a wheelchair user who relies on the upper limbs for

were used to locate the PFA, the most consistent and sta leti . f dailv livi d also f bili
results were obtained using the assumptions that componentsComp eting activities of daily living and also for mobili-

the handrim moment about the anteriorly directed and verticaly- Therefore, studies of wheelchair propulsion biome-
ly directed axes were negligible. Some assumptions led chanics as it relates to upper-limb loading are necessary.
unsolvable equations at points during the propulsion cycleThe goal of such studies is to identify inefficiencies in
demonstrating that they were inappropriate. All PFA values cawheelchair- propulsion technique or motions likely to
culated with kinetic data were unstable at the beginning arresult in injury, so that they can be reduced or eliminated.
end of the propulsion phase. While differences exist due t Estimates of mechanical efficiencye) (during
individual technique, assuming handrim moment componenipropulsion have been obtained by calculating the ratio of
gbout the anterior-post(_arior, vertical, and/or both axes result¢p o magnitude of the tangential force component to the
in the most representative results. magnitude of the resultant force applied to the wheel
(5-7). The rationale for such calculations is that the tan-
This material is based on work supported by NIH grants HD33806 and gential component of force is the onIy force component
HDO7447. that aids in the propulsion of the wheelchair. The radial
Address all correspondence and requests for reprints to: Kai-Nan An, Phland normal (or axial) components of handrim force are

Mayo Clinic/Mayo Foundation, 128 Guggenheim Building, 200 First Street . . aln
SW, Rochester, MN 55905; email: An.Kainan@mayo.edu. useful only in that they provide the necessary friction
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force to enable propulsion. Force in the radial or norme~  Several authors have studied extensively the calcu-
directions above that needed to generate frictional forcdation, both in two dimensions and in three dimensions, of
at the handrim is wasted in terms of wheelchair proputthe PFA (13-16). The location of the PFA calculated from
sione. kinetic data has been shown to move within the hand, or
Forces applied to the wheelchair handrim are geneeven leave the hand, throughout the propulsion phase,
ally recorded in a global x-y-z coordinate system. To calsuggesting that choosing a static location for the PFA
culate the magnitude of force components in thwithin the hand (such as one of the MCP joints) is not
radial-tangential-normal (r-t-n) coordinate system folappropriate (13,14). However, a tendency for the PFA
guantifyinge, a point on the handrim that best representcalculated from kinetic data to become unstable near the
the location where the force is being applied must bbeginning and end of the propulsion phase has also been
identified. This point is called the point of force applica-described (13,14), while the location of the PFA remains
tion (PFA), and is similar to the center of pressure in gastable when assumed to rest at one of the MCP joints
studies. The tangential force component is along the lir(13). In fact, the location of the PFA can have an uncer-
tangent to the handrim at the PFA. The radial and normtainty of 100 percent at the beginning and end of the
force components are defined based on the location of tistroke cycle (15), suggesting it may be of limited use in
PFA relative to the center of the wheel. Because the locsome portions of the propulsion phase.
tion of the PFA determines the radial and tangential direc ~ While the use of kinetic data to compute the location
tions, it affects the magnitudes of the radial and tangentiof the PFA has been recommended over the use of kine-
force and moment components that are calculated. Thimatic data (13), there are several methods that may be used
in turn, leads to differences in calculations of mechanic#o calculate the location of the PFA using kinetic data, each
e. Therefore, the method used to determine PFA migtinvolving a different set of assumptions. To date, the supe-
affect the results of a study or the recommendations giveriority of one method over the other has not been clearly
to a wheelchair user to improve his or her technique. established. The purpose of this study was to quantify the
In gait studies, force platforms can be used to solvdifferences between methods by comparing the effects of
a system of equations locating the center of pressudifferent assumptions on the calculated location of the PFA
because only one component of moment (about the verand the resulting handrim force and moment data. This
cal axis) can be applied to the force platform by the foocomparison was made to determine the relative strengths
In manual wheelchair propulsion, however, the wheeland weaknesses of each assumption when locating the PFA
chair user grips the handrim, and therefore can potentieduring handrim wheelchair propulsion, and to recommend
ly apply a moment about any of the coordinate axewhich calculation method is most appropriate for use in cal-
While several different groups have developed instruculations of wheelchair-propulsian
mented pushrims to measure the force and moment col
ponents at the wheel axle (8-12), none has succeedec
instrumenting the handrim sufficiently to solve the sysMETHODS
tem of equations locating the PFA directly. Therefore
assumptions must be made to decrease the numberSubjects
unknowns so that a solution can be reached. The forces and torques exerted on the handrim during

Determining the location of the PFA in handrim Wheelchair propulsion were recorded in five male adult
wheelchair propulsion has traditionally been done one wheelchair users with low-level paraplegia (T12—-L1) due to
two ways: 1) using kinematic data, by assuming that thspinal cord injury (SCI) or myelomeningocelale 1).

PFA is located at one of the metacarpophalangeal (MC[SUbjECtS provided informed consent and the research proto-
joints; or 2) using kinetic data, by assuming that one ccol was approved by the hospital Institutional Review
more of the handrim moment components applied is neBoard. Each subject had been using a wheelchair as his pri-
ligible, and calculating the location of the PFA from forcemary means of mobility for at least 2 years. All subjects
data collected at the wheel hub (13). Both of the methocused a Quickie II™ (Sunrise Medical, Fresno, CA) manuall
used to locate the PFA involve one or more assumptionwheelchair with removable rear wheels. Upon arrival, the

but the relative benefits of one technique over the othSubjects weight was measured using a wheelchair scale.
have not been clearly established, because there is The commercial wheels on the subject’s wheelchair were

gold standard with which to compare. removed and replaced with wheels containing instrumented
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Table 1.
Subject Code Age (years) Height (cm) Mass (kg) Level Cause
DN 37 178 53.1 T12 SCI
KD 36 183 85.3 T12 SCI
JG 37 173 65.8 L1 SCI
JF 24 174 69.0 T12 SCI
SwW 32 150 89.4 L1 Myelo
Mean 33.2 171.6 72.5
S.D. 55 12.7 14.9

handrims. Proper fit of the wheelchair to the user was eve ~ The three orthogonal components of force and
uated by a licensed physical therapist with 10 years of expmoment at the wheel axle during propulsion were record-
rience treating individuals with paraplegia. In no case died at 100 Hz using a handrim instrumented with a com-
adjustments need to be made to improve fit of the wheemercial six-component load cell (JR3, Inc., Woodland,

chair to the user. CA). The accuracy of the instrumented handrim for mea-
suring applied force and moment has been previously
Data Collection reported (12). The handrim was mounted to one side of

Reflective markers were placed on the radial anthe load cell, and the other side of the load cell was
ulnar styloid processes, the lateral aspect of the secomounted directly to the whedFigure 2). Therefore, the
MCP joint, and the medial aspect of the fifth MCP. Fiveload cell measured the three orthogonal force and
trials were collected as the subjects propelled their onmoment components applied to the handrim during
wheelchairs using their standard wheelchair propulsiopropulsion. A miniature data logger was mounted to the
technique along a level runway 3.66 m in lendiiygre  wheel to store the load cell voltage data for the duration
1). Motion of the markers in three dimensions wasof each trial. The load cell and motion data were syn-
recorded at 60 Hz using a six-camera commercial moticchronized with a common trigger. After each trial, the
analysis system (Motion Analysis Corp., Santa Rosata was transferred to a personal computer. The load cell
CA). Five additional reflective markers were mounted orvoltage data was converted to force and moment values
the wheelchair wheel so that the instantaneous locatiwusing a calibration matrix that corrected for any crosstalk
and orientation of the wheel could be monitored. between the load cell channels. Baseline data from the

mnrkers for drisrminmg
SR whesl arimestian

| vz mied bandran

T el

dars lagger

Figure 1.

Schematic of the data collection protocol. Each subject propelled his

own wheelchair with the instrumented handrim mounted on the lelFigure 2.
wheel. Both kinematic and kinetic data are collected simultaneouslyData logger mounted on the instrumented handrim.
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load cell was collected prior to each data collection seframe Figure 3). Oncef andm are known, their tangen-

sion to account for any differences in the attachment dial, radial, and normal components {;, andf,) are cal-

the handrim to the load cell. culated using the anglke that describes the location of
Before each data-collection session, the locations the PFA relative to the horizontdtiure 4). The coordi-

the six cameras were adjusted so that each reflectinate axes used in the current study correspond to those

marker on the subject and the wheelchair could be seused in clinical gait analysis, and do not necessarily coin-

by at least two cameras throughout at least one fucide with those used by previous authors (13).

propulsion cycle. A view volume, approximately 2 m

long X 1 m widex 2 m high covering the middle 2 m of

the runway, was calibrated. The first full-stroke cycle

during which the subject was completely within the cali- PFA

brated volume was chosen for analysis. '"P

The 3-D trajectory data of the markers was
smoothed using a generalized cross-validation splin
smoothing routine (GCVSPL) with a cutoff frequency of
6 Hz (17). Load cell data were filtered using the GCVS
PL routine at a cutoff frequency of 18 Hz, as determine
by residual analysis (18). All additional calculations were
preformed using custom routines written in Matlab™
(The MathWorks Inc., Natick, MA), which have been
validated previously (12). Each analyzable stroke wa
normalized to percentage-propulsion cycle for subse
guent data analysis. The beginning of the stroke cycl
was defined as the instant at which any of the three forigure 3.
components became positive (after having been zero dRelationship between handrim force and momgnt)(and the force
ing the recovery phase). The end of the propulsion pha‘and moment measured by the load cell at the wheel ) (
was determined in a similar fashion.

‘,hﬂndrim

-load cell

z

Calculations

The components of force and moment applied to th
wheel are measured at the wheel axle. However, we &
mainly concerned with measuring the resultant force an
moment applied at the handrim. The location of the PF
is required to calculate the handrim force and momer
components in the r-t-n coordinate system. Once the loc
tion of the PFA is known, the handrim force and momen
components are calculated from the resultant force ar
moment measured at the wheel axle and the location
the PFA using the following equations:

f=F
m:M—(rxf) [1]

whereF andM are the resultant force and moment mea
sured at the wheel center expressed in the global (X-y-rigyre 4.

reference framef and m are the resultant force and Definition of the x-y-z (global) coordinate system, the r-t-n coordinate
moment applied to the handrim; ands the location of system, and the angigthat defines the location of the PFA. The y-
the PFA relative to the origin of the global referencedirection points out of the page while the n-direction points inward.
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To locate the PFA using kinetic data we must firsiSolving any of these equations fbrwill yield an equa-
sum the moments about the load cell center, using tition based solely on the measured forces and moments at

direction conventions shown Figure 5. If the handrim

the wheel centeM,, M, M, F,, F,, F,), the location of

is not located in the same plane as the center of the lothe load cell center relative to the handrimR), and the

cell, the result is the following set of equations:

Iv'z
|\/Ix
My

Side view of left wheel

Back view of left wheel

Figure 5.

= —FRcosh + Fd + m,
= —FRsinp + F,d + m,
= FRsind + F,Rcosh + m,

f,
Fum,

handrim momentrg,, m,, m,). Because there are four
unknowns in the above set of three equations, an addi-
tional constraint or assumption is necessary to solve for
¢. Each equation can be solved rif the handrim
moment component involved is assumed to be zero.
Therefore, b, the location of the PFA, can be calculated
using any of the following equations:

, assuming m= 0

, assuming m= 0

, assuming m=m, = 0

4= 2tan 2FR + \/FR - 4 (M — F2RY)
/ 2(M, — F,R) ’

assuming m= 0 [3]

We calculatedp using five different assumptions: (1)
m,=0 (,); (2) =0 (b,); (3) mM=m,=0 (b,,); (4) m,=0
(d,); and (5) the PFA was located at the second MCP joint
(dmp)- The value ofb,,, was calculated by computing the
angle of the line joining the second MCP joint and the
wheel axle relative to the horizontal. The center of the sec-
ond MCP was assumed to be located at a point 20 percent
of the distance from the center of the second MCP marker
to the center of the fifth MCP marker, since these markers
were located on the lateral and medial aspects of the MCP
joints and not over the joint centers.

If no handrim moment is applied, the value$gfd,,
d,,, andd, should be exactly the same, since the assump-
tions used in their calculation (that one or more of the han-
drim moment components is negligible) are valid.
Therefore, we would expect the valuespof b,, ¢,,, and
¢, to be similar in a “no moment” condition. Differences

The forces acting on the wheelchair handrim and definition of th‘betweenb , b, d,., andd, give insight into which assump-
coordinate directions. Wheelchair motion is directed from right to IefttiOnS Werez Viélatxezd For yexampledi{ ., andd,., are sim-
: 1 X1 XZ
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ilar butd, varies significantly from the other three, it is like- In these two regions the force and moment values measured
ly the assumptiom =0 that was used to calculatg is  at the wheel axle were very smdfiqure 7). Because the
invalid, while the assumptions that=0 andm =0 used to ¢ values are calculated using a ratio of force and moment
calculated,, d,, andd,, are likely valid. values, the calculations become unstable at these times.
To quantify differences in the calculated PFA locatiorTherefore, the first and last 20 percent of the propulsion
due to the assumptions, the lag or leadi,ob,, d,,, andd,  phase were not included in subsequent comparisons. Such a
relative tod,,, was calculated at each 2 percent of the propuphenomenon has been described previously (13,14,15). In
sion phase. The value ¢, was chosen as the referencecontrastd,,, was very stable and repeatable throughout the
because its value is stable throughout the propulsion cycpropulsion phase in all cases.
and it has been used previously to define the location of tl Even in the middle portion of the propulsion phase the
PFA (5,10,11). A positive value of lag describes a situatiovalues ofd,, d,, d,,, andd, varied greatly from each other
whered,,, is greater than the variable of interest, a negativ(Figure 6), indicating that not all the assumptions were
value meansb,,, is less than the variable of interest. Thevalid. In some trials, all five values ¢f could not be cal-
range of¢ values at each 2 percent of the propulsion phasculated because the equations led to a value of sine or
was also calculated as an indication of the similarity of thcosine that was greater than 1 or less thanagain indi-
values calculated with the different assumptions. In additioicating the assumptions used in their formulation were
the resulting handrim force and moment components weinvalid.
calculated using all fiveb values at each 2 percent of the The mean lag values feb,, ,, by, andd, were
stroke cycle. The, sometimes referred to as fraction effec-9.7+7.2°, 24.7+7.1°, 5.4+4.0°, and 12.7+11.9°, respectively
tive force or FEF (16), was calculated for the mean stroke¢(Figure 8). The mean range of all values was 23.9+7.4°
using each of the five assumptions to evaluate the effectsand the range @,, ¢,, andd,, was slightly less, averaging
style and assumption on the resulting mechagicihee  19.645.5".

was calculated using the following formula: The e generally increased throughout the middle por-
tion of the propulsion phase, peaking at approximately 0.80
E three-quarters of the way through the propulsion phase
e :TFt\ [4] (Figure 9). However, the choice df value greatly affected

the computeck. Thee values calculated using, and ¢,,
were similar (differing by no more than 0.05), and closely
Therefore, when the tangential component of force wefollowed the data fromb,,, during the majority of the
directed positivelye was positive. However, if it was in a propulsion phase. Thevalues calculated witkh, and ¢,
negative direction (hindering forward motion of the wheel)were quite a bit lower early and late in the propulsion cycle,
the e could be negative. Becausas the ratio of the tan- respectively.
gential force component to the resultant force, and the loc The radial force component values were similahfor
tion of the PFA determines the relative magnitudes of thd,,, and ¢,, throughout the majority of the propulsion
force components, the location of the PFA affected the cecycle Figure 10g). Values calculated usinly, andd, were
culatede value. quite different from the other three values, especially
Data from five trials for each subject were averaged tbetween 30 percent and 70 percent of the propulsion phase.
provide mean angle, force, lag/lead, range,esntves for  The tangential force components were also similathfor
each subject in each condition. The subject averages wed,,, and ¢, although the values fab,,, tended to be
used to create ensemble mean curves for each conditigreater throughout the propulsion phaSgyre 10b). The
across the entire subject pool. Comparisons of the ensemvalues calculated using, and ¢, varied greatly from the
means between conditions were made to compare the another values, throughout the majority of the propulsion
force, moment, and between the two stroke conditions. cycle. Normal force components were practically identical
regardless of the assumptions used in their calculation
(Figure 109.
RESULTS The radial and tangential components of the han-
drim moment were generally less than 1 Nm in magni-
The values obh,, d,, b,,, andd, were quite variable tude Figures 1laand b). The values of the radial
at the beginning and end of the propulsion phaiggie 6).  component calculated usidg andd,, were similar, and
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The PFA location for trials of one subject. Values shown are mean (solid lines) £S.D. (dotted lines). The PFA locdtivakiésr calculated

with kinetic data were quite variable, especially during the initial and final portions of the stroke phase.
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Forces (A) and moments (B) measured at the wheel center during a representative trial. Both the forces and momentszam® clese tioe

beginning and end of the propulsion phase.
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approximately equal to zero. Values calculated usig a single subject, so the effects of different propulsion
were slightly less than zero, while values calculated usirtechniques due to differences in size, strength, experi-
b, andd, were slightly greater than zero. The tangentiaence, and wheelchair fit on PFA calculations could not be
moment component calculated usihgwas negative in addressed.

the middle portion of the propulsion cycle, while values In the current study, we have supplemented the
calculated with all other methods were essentially zero.existing data by evaluating five different methods for

The normal moment component was extremely varilocating the PFA in a “normal” situation where subjects
able for all calculations using kinetic data, as evidenceused their own natural techniques. This way, the differ-
by the large standard deviations (S.D.) for these variablences in location of the PFA due to calculation method
(Figure 119. The mean values df, ,, d,,, andd, were  could be compared in realistic circumstances. However,
generally less than zero, while the data calculated usirthere is still no gold standard with which to compare the
bmp Was approximately equal to or slightly greater thardata, so it has been assumed that similarities in data are
zero. due to the underlying assumptions of the equations pro-

ducing the data being met or nearly met. Another limita-
tion of this study is that it involves only five subjects, all
DISCUSSION of who were male. Therefore, it is likely that some
propulsion styles were not included in this analysis.

Scientists studying the biomechanics of wheelchaiDifferences in propulsion style could result due to size,
propulsion are faced with the dilemma of choosing strength, and fitness differences between male and female
method to compute the location of the PFA. On the onsubjects.
hand, methods utilizing a fixed point on the hand involve The values ofp,, ¢, d,,, andd, were often unsta-
simple calculations from kinematic data and are stablble, and varied greatly depending on the subject. In fact,
throughout the propulsion cycle, but likely oversimplify for each subject, certain calculation methods were less
the problem of identifying the PFA. On the other handstable than others, resulting in equations that could not be
using kinetic data to solve for the PFA location is appealsolved, but there was no identifiable pattern to the insta-
ing, but the effects of the underlying assumptions are nbility. The variableb, was unstable in the largest number
well quantified and the PFA location is unstable. In addiof subjects, however, suggesting that handrim moments
tion, there are several potential methods to be used about the axis of the wheel are generated, and are signif-
compute the location of the PFA, and their individualiicant enough to affect calculations. Handrim moments
strengths and weaknesses have not been compared. "have previously been shown to be approximately an order
purpose of this study is to provide data to allow investiof magnitude less than the moment of force about the
gators to make an informed decision when choosing wheel axis (20); however, we have shown they can affect
technique for calculating the location of the PFA. calculations of the location of the PFA.

Cooper et al. (19) were the first authors to propos The most likely explanation for the instability of
the use of the PFA or center of pressure to analyze macertain variables in certain subjects is that the handrim
ual wheelchair propulsion technique. They felt that themoment components are highly individual, and depend
location of the PFA could potentially be used as a diacon the strength, technique, and physique of the individ-
nostic tool to identify wheelchair users at high risk for ail-ual. Therefore, consistently using one set of assumptions
ments such as carpal tunnel syndrome. Their initial stucto locate the PFA for several subjects may lead to sub-
located the PFA in three planes through the hand thstantial errors. However, some calculation methods did
were parallel with the anatomic planes, and noted that tfprove to be more stable than others, suggesting they
PFA was not generally coincident with any anatomicashould be used in the general case.
marker (19). In a followup study, Cooper et al. (13) com The mean values ap, and ¢,, were similar in the
pared the kinetic data and kinematic data techniques fmiddle portion of the propulsion phase for all of the vari-
locating the PFA on one subject and recommended ttables of interest. Therefore, assummg-0 orm,=m,=0
use of kinetic data over kinematic data. However, thappears to be reasonable for most subjects. In §gct,
effects of different calculation methods using kinetic datwas the most stable of any of the variables calculated
on PFA location and stability were not quantified. Inusing kinetic data. While at first glance it seems unlikely
addition, the conclusions were drawn based on the datathat ¢,, would be a better choice than eithgy or ¢,
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since it involves two assumptions that must be satisfied ues ofé$ than the other methods. Therefore, the relative
all times, the equation used to calcul@feis more stable strengths and weaknesses of each technique must be
numerically than the others since it involves only forceweighed for the particular study. Location of the PFA is
and moment components in the x- and z-directions. Trimportant for determining the handrim force and moment
formulas ford, andd, both contairfF, in the denomina- components and the resulting mechaneablculations.
tor, which tends to be small and variable, resulting itHowever, it is not needed to compute the upper-limb joint
computational difficulties and instability. forces and moments in wheelchair propulsion, which can
The lag/lead data presented in the current study sube done using the force and moment data measured at the
ports the previous work of Cooper and colleagues whicwheel center. Therefore, the choice of methods used to
demonstrated that PFA does not remain at a consistelocate the PFA will not affect many of the important bio-
location within the hand during propulsion (13,14,19,20)mechanical variables in wheelchair propulsion.
While the PFA location calculated with,, was close to We have shown that the assumptions used to calcu-
dbmp ON average (lag 5.4+4.0°%), the range of lag valuelate the location of the PFA greatly affect the results and
was from—2.0° to 10.4°. In short, the most consisteniany subsequent calculations made using the PFA, such as
PFA calculation led the second MCP joint at times, anthe mechanicad and the magnitude of the handrim force
lagged it by over 10° at other times. components. Different assumptions appeared to be appro-
Thee values calculated using, and¢,, were gen- priate for different subjects, so no one method of com-
erally similar and tended to follow the values calculateputing the PFA location is ideal. If kinetic data are used
usingd,,,. Therefore, assuming the location of the PFA ato locate the PFA, using,, or the assumption that
the second MCP joint does not seem to greatly a#fect m =m,=0, was the most stable and realistic means of cal-
values. In generag calculated assuming the PFAis locat-culating PFA. This is not surprising, since the out-of-
ed at the second MCP joint tends to overestimate the triplane moments are not expected to be large in wheelchair
e values slightly. propulsion. Assuming the PFA is located at the second
When calculating the handrim force componentsMCP joint leads to some minor inaccuracies in the com-
the assumptions have no effect on the normal componeputation of handrim force and moment components, but
of force, but do alter the values Bf and F, slightly.  also results in stable data throughout the propulsion
Usingd,, dy,, or b, resulted in very similar values Bf, ~ phase. Ideally, a force and moment transducer with
but F, was greater throughout much of the stroke wheredundant measurements at different locations will be
dmp Was used than wheth, or ¢,, were used. The developed to solve for the location of the PFA explicitly,
increased value of, Fesults in the increasedvalues cal- avoiding the use of assumptions.
culated withd,,,, compared to those calculated withor
b,,, as noted above. Handrim moment components abo
axes other than the wheel axis were negligible, at least ACKNOWLEDGMENTS
this population of subjects who propelled their wheel
chairs without the use of gloves or high-friction handrims Special thanks to Emily Shin, Diana Hansen, and
(the handrims were aluminum). The handrim momentBrian Kotajarvi for their help with data collection and
produced about the wheel axis were opposite the direanalysis.
tion of progression, and therefore tended to hinde
progress of the wheelchair.
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