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Abstract

Background. Wheelchair design parameters such as handrim diameter could affect propulsion. The purpose of this study was to
examine the effect of handrim size (0.54, 0.43, and 0.32 m) on mechanical energy and power flow during wheelchair propulsion.
Methods. Twelve young normal male adults (mean age 23.5 years old) were recruited in this study. Both 3-D kinematic and

kinetic data of the upper extremity were collected synchronously using a Hi-Res Expert Vision motion system and an instrumented
wheel during wheelchair propulsion.
Findings. The kinetic, potential and total mechanical energy of the upper extremity increased as the handrim size increased. For

each upper arm segment, the joint translational power and the rotational power of the proximal joint increased with increasing
handrim size. The work done during a complete propulsion cycle with the larger handrim size is significantly larger than that using
a smaller handrim (P < 0.05).
Interpretation. The increased kinetic, potential and total mechanical energy were due to the increased linear velocity and the

elevated positions of the upper extremity segments. The shoulder and trunk flexors increased the magnitude of their concentric
contractions during propulsion with the large handrim as increased output power is required. By using mechanical energy and power
flow analysis techniques, we evaluated the previously-reported effect of handrim size on mechanical cost and provided insight into
the relationship between the two.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Many factors can affect performance during man-
ual wheelchair propulsion. These include seat height
(Van Der Woude et al., 1989; Masse et al., 1992; Hughes
et al., 1992; Wei et al., 2003), fore-aft axle position
(Masse et al., 1992; Hughes et al., 1992; Wei et al.,
2003), handrim diameter (Van Der Woude et al.,
1988), handrim tube diameter (Van Der Linden et al.,
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1996), wheelchair design (Rudins et al., 1997; Davis
et al., 1998) and wheelchair weight (Bednarczyk and
Sanderson, 1995; Ruggles et al., 1994). In the literature
available, the influence of variation in designs upon car-
dio-respiratory factors (Van Der Woude et al., 1989,
1988), energy cost (Van Der Woude et al., 1989, 1988),
kinematics, kinetics (Ruggles et al., 1994; Veeger et al.,
1992b) and electromyography (EMG) (Masse et al.,
1992; Veeger et al., 1989; Mulroy et al., 2004) have
been examined. Most investigations have focused on
physiological (Van Der Woude et al., 1989, 1988) and
movement parameters; few have investigated kinetic
changes (Ruggles et al., 1994) between the different
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designs. Bednarczyk and Sanderson (1995) found no ef-
fect of wheelchair weight on the kinematics of wheel-
chair propulsion and felt the effect would be more
appropriately revealed using kinetic measures (Bed-
narczyk and Sanderson, 1995).

Lately, several groups have been working on the
development of kinetic models of manual wheelchair
propulsion (Asato et al., 1993; Cooper et al., 1997; Wu
et al., 1998; Boninger et al., 1997; Veeger et al., 1992b;
Robertson et al., 1996; Veeger and Van Der Woude,
1991; Sabick et al., 2004; Van Drongelen et al., 2005).
However, thus far, only net joint force or net moments
have been calculated for the wrist, elbow and shoulder
joints. A net joint moment represents the internal
response of a body segment to an external load. All of
these models are not sufficient to fully explain the low
efficiency of manual wheelchair propulsion and the high
incidence of upper extremity complaints.

The effect of handrim size was investigated by Van
Der Woude et al. (1988). They examined the effects of
handrim diameter (0.30, 0.35, 0.38, 0.47, and 0.56 m)
on physiological and movement parameters. They found
that propelling with a smaller handrim had a lower met-
abolic cost and higher systematic mechanical efficiency
and concluded this may due to the decreased segmental
excursions of the upper extremity and lower linear hand
velocity. Metabolic cost was quantified by oxygen
consumption and heart rate measures. However, they
offered limited insight into the causes of efficiency differ-
ences in terms of net moment and force.

To our knowledge, most mechanical models of wheel-
chair propulsion used to investigate mechanical ineffi-
ciencies in the movement have focused on the concept
of fraction effective force (Dallmeijer et al., 1998; Veeger
et al., 1992a,b; De Groot et al., 2003; Morrow et al.,
2003; Boninger et al., 2002; De Groot et al., 2002), some
studies revealed during propulsion almost 50% of the
forces exerted at the pushrim are not directed toward
forward motion and, therefore, either are applied fric-
tion to the pushrim or are wasted. Some investigators
do not agree with the concept that non-tangentially di-
rected forces are wasted or just misdirected, but effective
regarding co-ordination and physiology (Veeger et al.,
1991; Rozendaal et al., 2003; De Groot et al., 2002).

Few have used mechanical energy and power flow
analysis for this purpose (Guo et al., 2003; Van Der
Helm and Veeger, 1999). We used mechanical energy
and power flow calculations to understand the charac-
teristics of wheelchair propulsion and examine the effect
of handrim size. In this study, the effects of handrim
diameter (0.54, 0.43, and 0.32 m) on mechanical energy
and power flow were quantified. Our assumption is that
the smaller the handrim size, the less mechanical work is
required to propel the wheelchair. Our study examined if
these two measures (mechanical energy and power flow)
could support this assumption. Furthermore, we aimed
to determine if these measures could give us more insight
into the metabolic differences between propulsion with
different handrim sizes.
2. Method

Twelve young normal male adults (mean age 23.5
years), without any reported upper extremity disorder,
were included in this study. The ExpertVisionTM system
(Motion Analysis Corp., Santa Rosa, CA, USA) was
used to record the trajectories (at 60 Hz) of 15 reflective
markers placed unilaterally on selected anatomic land-
marks on each subject. The anatomic landmarks were
as follows: processes xiphoideus, sternal notch, spinous
process of the 7th cervical vertebra, acromion process,
medial and lateral epicondyles of the elbow, radial and
ulnar styloid processes, 3rd metacarpal, knuckle II and
knuckle V. In addition, a triangular frame with three-
markers was placed on the upper arm (Wu et al.,
1998). An instrumented wheel system was used to di-
rectly measure three-dimensional dynamic forces and
moments on the handrim during wheelchair propulsion
in a laboratory setting (Wu et al., 1998).

Three handrim diameters, 0.54, 0.43, and 0.32 m,
were assigned to each subject in a randomized order.
They were characterized as large, middle and small,
respectively. Each subject had to propel for at least five
propulsion cycles for each handrim size. Each variable
was averaged for these five trials to represent the sub-
ject�s performance for the given handrim size. Also,
these averaged variables for each subject were averaged
again for all subjects to represent the ensemble perfor-
mance for a given handrim size. The markers� positions
were used to define the coordinate system for each seg-
ment and Euler angles and Euler parameters were deter-
mined to represent the joint and segmental kinematics of
the upper extremity. The measured forces and moments
on the handrim were used to determine the kinetics,
joint forces and moments, of the upper extremity using
an inverse dynamic method (Wu et al., 1998; Guo
et al., 2003). These parameters were used for further
calculation of mechanical energy and power flow.

The total mechanical energy (E) of a segment is the
sum of its potential (Ep) and kinetic energies (Ek).

E ¼ Ep þ Ek ¼ mghþ 1

2
mv2 þ 1

2
Ix2

where v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2x þ v2y þ v2z

q
, m is the segment mass, g is

gravitational force, h is the height of the segment, v is
the magnitude of the velocity of the segment, I is the mo-
ments of inertia corresponding to the principal inertia
axes of the segment and x is the angular velocity of
the segment. The magnitude of the velocity is derived
from all three components (vx,vy,vz) of the velocity of
the segment�s center of mass in the global coordinate
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system. The rate of change of the mechanical energy was
calculated to determine the mechanical power (Pm)
requirements of the segment during wheelchair
propulsion.

Pm ¼ dE
dt

The power requirements of the segments discussed
above are derived from the segmental mechanical energy
calculations. These requirements were compared with
the power input into and transferred from the joints as
calculated from the resultant joint loads and the
segmental velocities.

The joint power (Pj) is equal to the vector dot prod-
uct of the net joint force (F) and the joint translational
velocity (V). The muscle power (Pm) is the net joint mo-
ment (M) dotted with the segmental angular velocity
(x) (not the joint rotational velocity) (Fig. 1a). Note that
the forces and moments must be expressed in the same
coordinate system as the segment velocity. The power
flow of a segment was composed of the proximal/distal
joint power (Pjp and Pjd, distal denoted d, proximal p)
and proximal/distal muscle power (Pmp and Pmd)
(Fig. 1b). The total power flow applied to or taken from
the body is the summation of the joint power and muscle
power at each end. For a typical segment, the equation
expressing the joint muscle and total power is

Pj ¼ F � V
Pm ¼ Mp � x
Pf ¼ Pjp þ Pmp þ Pjd þ Pmd

¼ Fp � Vp þMp � xþ Fd � Vd þMd � x
Vp

Fp

Mp

Md

Fd

Vd Pjd(a) (b)

Fig. 1. (a) Variables included in the calculation of the joint power (Pj) and m
power flow (Pf) is composed by the summation of the joint and muscle power
distal part of segment respectively). Pf = Pjp + Pmp + Pjd + Pmd.
Subscript d and p represent the distal and proximal ends
of the segment respectively.

A relatively high correlation between work done by
mechanical power and metabolic cost were found in past
walking and running studies, even for normal subjects
(Frost et al., 1997; Burdett et al., 1983). However, there
have been no investigations into the relationship be-
tween metabolic cost and mechanical power during
wheelchair propulsion. The work calculated from the
mechanical power (Wm) and the power flow (Wp) for
one propulsion cycle was determined by the following
equation, which allows transfer of energy between adja-
cent segments of the same limb, but not between limbs
and the trunk (Frost et al., 1997; Unnithan et al., 1999).

W m ¼
XN
j¼1

XS

i¼1

dE
dt

� ������
����� ¼

XN
J¼1

XS

i¼1

Pm

�����
�����

W p ¼
XN
j¼1

XS

i¼1

Pf

�����
�����

where N is the number of data points and S represents
the total number of segments.

Variables were normalized to 100% propulsion cycle.
Each propulsion cycle included propulsion and recovery
phases. Therefore each variable could be averaged for
these five trials to represent the subject�s performance
for each handrim size. In addition, the averaged vari-
ables for each subject were averaged again to represent
the ensemble average for a given handrim size. A
repeated measures ANOVA was used to test for differ-
ences between handrim sizes. Tukey�s post-hoc test
was used to determine the significance between each
Pjp = Fp ·Vp

= Fd ·Vd

Pmp = Mp·

Pmd = Md·

Pf=Pjp +Pmp +Pjd +Pmd 

uscle power (Pm) for a rigid body, Pj = F Æ V, Pm = Mp Æ x. (b) Total
at proximal and distal ends (Subscript p and d meant the proximal and
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pairing of conditions. The significance level was set at
P < 0.05.
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3. Results

A stick diagram representation of the upper extremity
during wheelchair propulsion with different handrim
sizes is shown in Fig. 2 with a 0.05 s interval between
data points. The solid and dotted lines represent 0.32
and 0.54 m handrim diameters, respectively. The upper
extremity segments always moved downward and for-
ward during the propulsion phase and upward and
backward during the recovery phase. The upper extrem-
ity segments had a greater movement excursion and
greater linear velocity when propelling the large hand-
rim than when propelling the small handrim. The posi-
tions of the upper extremity segments and joints when
maneuvering the large handrim were higher than those
propelling the small handrim.

The total mechanical energy of a segment is com-
posed of its potential and kinetic energy. Ground level
is assumed to be zero potential energy. A representative
graph of the upper arm segment energy during the pro-
pulsion cycle is shown in Fig. 3. In fact, the three upper
extremity segments were characterized by similar trends.
Kinetic energy increased during initial propulsion and
reached a peak value at terminal-propulsion. Potential
energy decreased from initial propulsion and had its
least value at the end of the propulsion phase. During
the propulsion phase, kinetic energy was the source for
an increased total mechanical energy. However, during
the recovery phase, the total mechanical energy in-
creased due to the potential energy component. Both
kinetic and potential energy increased with increased
handrim size. The total mechanical energy pattern of
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Fig. 2. Stick diagram representation of upper extremity for wheelchair
propulsion during propulsion phase (solid line: 0.32 m; dot line:
0.54 m).
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Fig. 3. Mean mechanical energy of the upper arm segment for different
handrim sizes: (a) 0.32 m, (b) 0.43 m, and (c) 0.54 m.
the upper arm segment for the three handrim sizes are
shown in Fig. 4(a). All three upper extremity segments
showed similar trends during the propulsion cycle with
their mechanical energy increasing from the initial pro-
pulsion until reaching its peak value at terminal propul-
sion. Then, the total mechanical energy decreased to its
smallest value at initial recovery and then increased
again until the end of the recovery phase. The total
mechanical energy increased with increasing handrim
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Fig. 4. Mean total mechanical energy (a) and rate of change of
mechanical energy (b) of the upper arm segment for different handrim
sizes.
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size. The rate of change of total mechanical energy,
mechanical power, of the upper arm segment is shown
in Fig. 4(b). For the large handrim, the upper arm had
greater positive power in initial propulsion and negative
power in terminal propulsion.

Fig. 5 shows the components of power flow for the
upper arm segment during propulsion for the different
handrim sizes. The total power flow of a segment is com-
posed of the joint translational power (PJ), muscle rota-
tional power at the proximal and distal joints (PM), and
power due to the segment weights (PW). The compo-
nents of power flow showed that, with the exception of
the upper arm, the active muscle rotational power com-
ponents were small. In contrast, the joint translational
power was quite large. During most of the propulsion
phase, the proximal passive joint power is positive, i.e.
energy flow into the segment, while the distal joint
power is negative, i.e. energy flow out of the segment.
In the upper arm segment, the magnitude of transla-
tional power at both the proximal and distal joints
and rotational power at the proximal joint increased
with increasing handrim size.
Total mechanical power and total power flow for all
three upper extremity segments for the different handrim
sizes are shown in Fig. 6. The patterns of mechanical
power and power flow of all upper extremity segments
were quite similar. The power is positive in the initial
propulsion phase and negative in middle and terminal
propulsion phases. The negative peak appeared near
the end of the propulsion phase and then the power flow
increased and reached a positive value in the mid-recov-
ery phase. In general, the mechanical power and power
flow showed similar trends. The positive power in initial
propulsion phase and the negative power in terminal
propulsion phase increased with increasing handrim
size.

Work done during a complete propulsion cycle is
listed in Table 1. The handrim size had a significant ef-
fect on both work calculated from the mechanical power
(Wm) and from the power flow (Wp) (P < 0.05). The lar-
ger the handrim size, the greater the work done during a
propulsion cycle. Wm was greatest for the 0.54 m hand-
rim size, followed by the 0.43 m handrim, and was least
in the 0.32 m handrim condition. Similarly, work calcu-
lated from power flow (Wp) was greatest for the 0.54 m
handrim condition.

The external work produced by the wheelchair-user
system per unit time during propulsion is expressed in
terms of the dot product of the applied moment about
the wheel axle and the angular velocity of the handrim.
The mean external power during one propulsion cycle,
with the three handrim sizes, is shown in Fig. 7. The
external work, the integration of the external power,
done to propel the 0.32, 0.43 and 0.54 m handrims, were
19.2 J (SD 5.5), 20 J (SD 6.6) and 21.2 J (SD 9.7),
respectively. The F value is 0.83 and P value is 0.45 using
a repeated measured ANOVA to test the statistical sig-
nificance. There were no constraints on the external
power in the experimental setting because each subject
propelled the wheelchair at his chosen comfortable
speed. Although the external work per propulsion cycle
increased a little bit with increased handrim size, no
statistically significant difference was found among
the three handrim sizes.
4. Discussion

During the propulsion phase, the upper extremity
and trunk musculature exert effort to propel the wheel
forward so that the upper extremity segments are
moved forward quickly. Therefore, the total mechanical
energy during this phase increased, primarily due to
increases in kinetic energy, especially the translational
kinetic energy. Due to the movement constraint that
the hand must follow the contour of the handrim
during propulsion, the upper extremity segments have
to move downward, causing the potential energy to
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Fig. 5. Components of mean power flow of the upper arm segment for different handrim sizes: (a) 0.32 m, (b) 0.43 m, and (c) 0.54 m.
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decrease. During the recovery phase, the upper extrem-
ity segments have to be repositioned on the handrim for
the next propulsion. The segments move backward and
upward slowly so the restoration of the total mechanical
energy is mainly from potential energy. The mechanical
energy pattern showed a complementary trend during
most of the propulsion cycle, i.e. when kinetic energy in-
creased, potential energy decreased over time. This com-
plementary trend was not demonstrated in terminal
propulsion phase, however, because the potential and
kinetic energy decreased simultaneously. During termi-
nal propulsion, the upper extremity segments are decel-
erated (for preparation of repositioning the hand) by
eccentric muscle activity during the recovery phase, even
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Fig. 6. Total mechanical power (a) and total power flow (b) for
different handrim sizes.

Table 1
Worka calculated from mechanical power (Wm) and from power flow
(Wp) for one propulsion cycle for each handrim size

0.32 m 0.43 m 0.54 m F valueb Post-hocc

Wm 6.99 9.41 12.22 30.10* 0.54 m > 0.43 m > 0.32 m
(2.41) (2.50) (4.02)

Wp 11.68 13.70 16.47 10.06* 0.54 m > 0.43 m, 0.32 m
(4.41) (4.06) (5.97)

* P < 0.001.
a Means and SD in parenthesis, unit: J.
b Statistics was done with repeated measures ANOVA.
c Tukey�s post-hoc test was used to determine the significance

between each pair of the four groups.
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though the segments are still moving downward and for-
ward. This may be a potential explanation for the inef-
ficiency of handrim wheelchair propulsion.

The total mechanical energy during wheelchair pro-
pulsion increased with increased handrim size (Fig. 4).
Both the kinetic and potential energy increased as the
handrim size increased. While propelling a larger hand-
rim, the movement excursion increases but the propul-
sion time is not changed, so the linear velocity of the
segments becomes higher and kinetic energy increases.
The increase in potential energy is mainly caused by
the higher positions of upper extremity segments in
maneuvering a larger handrim. In the larger handrim,
due to the greater linear velocity in initial propulsion
phase, the rate of increase in kinetic energy is greater.
Similarly, to stop the forward motion of the hand, which
is moving at a high linear velocity before recovery phase,
the rate of decrease in kinetic energy is larger for the
larger handrim. Therefore, greater energy generation
in initial propulsion and greater energy absorption in
terminal propulsion are required to propel the larger
handrim wheelchair.

The energy change can be further elucidated by
power flow analysis. Muscle power (Pm), which is the
net joint moment (M) dotted with the segmental angular
velocity (x) (Fig. 5), is negative when the dominant mus-
cles are eccentrically contracting. From past EMG stud-
ies (Masse et al., 1992; Veeger et al., 1989), we know
which muscle group is dominant during the propulsion
phase. During the propulsion phase, the increase in total
mechanical energy is from both proximal muscular
power and proximal joint power. However, the proximal
joint power may be due to trunk flexors and proximal
muscular power from the shoulder flexors. Trunk flexors
concentrically contract to accelerate forward movement.
At the same time, the shoulder flexor acts concentrically
to speed up the shoulder flexion movement and generate
a net joint angular power at the shoulder. These two
powers are integrated and transferred to the forearm
and hand to propel the wheel forward. Throughout
the whole propulsion phase, the distal joint power
of the hand was negative, i.e. indicating outflow. From
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the terminal propulsion to middle recovery phase, the joint
power flow is transferred upward to the trunk from the
upper arm and forearm. This is to conserve the energy
of the upper extremity in the trunk for the next propulsion
cycle. During the initial recovery phase, the upper arm has
proximal muscular power from the shoulder extensors. It
acts concentrically to extend the shoulder and increases
the potential energy of the upper arm segment. During late
recovery phase, the total mechanical energy is increased by
potential energy which is supplied by the proximal joint
power, primarily from the trunk flexors. Concurrently,
the trunk flexors eccentrically contract to slow down the
backward movement of the trunk. This joint power again
is transferred from the upper arm to the forearm and hand
for the next propulsion cycle.

During the propulsion phase, the musculature in the
upper extremity and trunk work to propel the wheel for-
ward, especially the shoulder flexors and trunk flexors.
The literature reveals that the largest joint moment ap-
pears at the shoulder (Robertson et al., 1996; Rodgers
et al., 1998; Veeger and Van Der Woude, 1991; Su
et al., 1993). In the upper arm segment, the magnitude
of both proximal and distal joint power and proximal
muscle power, increase with increasing handrim size.
That implies that the shoulder flexors and trunk flexors
increase their concentric contractions to propel the lar-
ger handrim. The power generated by these two major
muscles groups will transfer distally to the forearm
and hand providing the large output power required
propelling a larger handrim. Therefore the increased ef-
fort of the shoulder flexors and trunk flexors are the
source of increased joint power in the upper extremity.
And the increased joint powers implicitly indicate in-
creased joint forces and linear velocities of the joint cen-
ters. The muscle power acting on the forearm segment is
much smaller than that acting on the proximal end of
the upper arm. Two factors may be responsible for this
phenomenon: (1) the elbow extensor moment is smaller
than the shoulder flexor moment, and (2) the rotational
velocity of the forearm is smaller than that of the upper
arm. This phenomenon can be seen in the stick diagram
(Fig. 2), i.e. the orientation of the forearm is more
parallel in its sequential postures compared to the
upper arm during the propulsion phase.

The assumption in this study is that propelling the
wheelchair with the larger handrim size will have a
greater metabolic cost. The results support this assump-
tion; the required work to propel the larger handrim size
is significantly larger than that using a smaller handrim.
Our results concur with the study by Van Der Woude
et al. (1988). They concluded that the larger handrim
has a greater metabolic cost and their reasoning is that
it may due to the increased segmental excursions of
the upper extremity and higher linear hand velocity. In
this study, we also found that the high linear velocities
of the forearm, upper arm and hand caused an increased
mechanical power. And using power flow analysis, we
found that the joint forces and joint moments, which
are determined by muscle contraction, also influence
metabolic cost. Using mechanical energy and power
flow analysis, we can evaluate the previously reported
effect of handrim size on mechanical cost and provide
insight into possible explanations.

Theoretically, the calculation of the rate of change of
segmental total mechanical energy is equal to the sum of
the segmental muscle and joint power. However, errors
in the modeling of the human form and experimental
error in the measuring equipment could produce dis-
crepancies (Winter, 1994; Gordon et al., 1980). Since
similar trends exist between the two different power cal-
culations, our energetic model seems reasonable. A lim-
itation of this study is that young normal male adults
were included as subjects; experienced wheelchair users
may have different energy and power flows. Also, it is
possible to have co-contraction of muscles in the upper
extremity during wheelchair propulsion and it is difficult
to quantify co-contraction using these methods. How-
ever, there has been no report of co-contraction in the
upper extremity during the majority of the propulsion
cycle.
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