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ABSTRACT

Analyzing the mechanical efficiency of the push, or the Contribution of the Tangential Force (CTF) to the
total applied force, provides insight into the nature of wheelchair propulsion. Previous research has found
CTF to be low for simulated level propulsion. It was hypothesized that CTF would be affected by uphill
propulsion. The study involved 17 wheelchair users propelling on four treadmill grades, ranging from 2%
to 8% while the applied handrim force and moment were measured. CTF was found to increase with
increasing grade. However, increases in CTF exceeded 1.0, the physical limit of the measure. Values of
CTF beyond 1.0 were determined to be the result of users adapting to uphill propulsion by applying an
appreciable hand moment. The traditional method of calculating CTF, which assumes a negligible hand
moment, does not appear to be valid for uphill propulsion.
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BACKGROUND

Analyzing the forces applied to the handrim during wheelchair propulsion offers the opportunity to gain
insight into the mechanics of the process. One of the areas of interest when analyzing the force applied to
the handrim is its mechanical efficiency, or how well it is aligned with the handrim. The only component
(direction) of force that causes the wheel to rotate is that which follows the path of the handrim, referred
to as the tangential component (Ft) (Figure 1). The other components of force are in the radial (Fr) and
lateral (FI) directions. The radial direction is downward into the handrim and the lateral direction is
outward to the side (Figure 1). The radial and lateral components of force do not cause the wheel to rotate
and would appear to be wasted energy. However, the role of these force components is still unclear. They
may be an important aspect of propulsion by ensuring a secure grip on the handrim.

The mechanical efficiency of the force is generally expressed as a ratio of the tangential force component
to the resultant, or total force magnitude. It is also expressed more rigorously as the same ratio but
squared. The mechanical efficiency ratio is known by several names including the Mechanical Effective
Force (MEF), Fraction of Effective Force (FEF), and the Contribution of Tangential Force (CTF). CTF
will be used to describe mechanical efficiency of the force in this study. CTF has been found to be low,
ranging from 0.26 [1] to 0.56 [2] for propulsion on a wheelchair ergometer. By providing feedback to the
user during ergometer propulsion, CTF has been improved. However, the increases in CTF resulted in
decreased metabolic efficiency, suggesting that the non-tangential force components may be necessary for
efficient propulsion [3].

RESEARCH QUESTION

The research analyzing mechanical efficiency of the force during propulsion has been done while pushing
on a stationary wheelchair ergometer, on simulated level surfaces. Pushing uphill differs from pushing on
level surfaces in that it: 1) is generally slower, 2) requires larger forces, and 3) generally requires the user
to lean more forward to maintain stability. This study investigated the hypothesis that users increase their
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applied hand moment in response to pushing uphill and that the resulting CTF values determined using
the traditional method exceed the physical limit of the measure.

METHODS

Full-time manual wheelchair users with at least one year of experience were recruited to participate in the
study. The subjects’ rear wheels were replaced with instrumented test wheels. The right test wheel was
equipped with a commercially available 6DOF load cell (ATI, Garner, NC) to measure the force and
moment applied to the handrim. Signals were sampled at 480 Hz (National Instruments, Austin, TX).

Subjects were asked to propel their wheelchair on a treadmill for four one-minute periods at prescribed
speeds at different treadmill grade conditions. Prescribed propulsion speeds were chosen to be
comfortable for a wide range of wheelchair users. The four grade and speed combinations tested included:
1) 2% grade at 0.94 m/s (2.1 mph), 2) 4% grade at 0.53 m/s (1.2 mph), 3) 6% grade at 0.36 m/s (0.8 mph),
and 4) 8% grade at 0.27 m/s (0.6 mph). The first 30 seconds of each propulsion bout was used as an
acclimation period. Handrim loads were recorded during the second half of each propulsion bout. The
experimental setups for the 2% and 8% grade conditions are shown in Figure 2.

The first 15 pushes from each data file were used in the analysis. For each push analyzed, CTF values
were determined for each handrim force sample and then averaged across the push. CTF values were
determined using the following relationship:

where M is the measured moment about the wheel axle, R is the outside radius of the handrim, and F is
the resultant force applied by the user’s hand. This relationship has been used in previous research and is
based on the assumption that there is a negligible moment applied by the hand. The total moment applied
to the handrim, M is a combination of both a hand moment (Mh) (Figure 1) along with the product of Ft
and R. The validity of this relationship has not been established for uphill propulsion. Resulting CTF
values for each grade condition were compared using an ANOVA for repeated measures with grade
condition as the main factor. A post-hoc Tukey test with significance set to p<0.05 was used to determine
differences between grade conditions.

RESULTS

Seventeen manual wheelchair users gave written consent and participated in the study. Seven of the
subjects were female. The average age of the subjects was 37 years old (sd=12) and the average
wheelchair experience was 14 years (sd=10).

The resulting CTF values for each grade condition are given in Figure 3. For each grade, the average CTF
value along with standard deviation error bars are given. All of the grade conditions were found to be
statistically different except for between the 6% and 8% grades. The average of the CTF values at the 2%
grade was 0.38, within the range of values reported previously for similar conditions [1,2]. CTF values
steadily increased through the 6% grade and then began to level off to 1.59 on the 8% grade. CTF values
in excess of 1.0 imply that the tangential component of force exceeds the total magnitude of force on the
handrim, which is physically impossible.
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In an effort to better understand the rationale for the CFT values exceeding 1.0, the peak resultant force
and wheel moment (CTF input variables) were determined for each grade condition (Figures 4 & 5). It
can be seen that both the peak force and moment increase with increasing grade. However, the peak force
increased by 21% when transitioning from the 2% to the 8% grade, while the peak moment increased by
37.5%. It is clear that the wheel moment was increasing at a higher rate than the peak force on the
handrim. Since the CTF values are exceeding 1.0 and the wheel moment is increasing faster than the peak
force, it can be deduced that the contribution of a hand moment is primarily responsible for the increase in
CTF. Contribution of an appreciable hand moment to the total moment on the handrim violates the
negligible hand moment assumption that has been traditionally used in determining CTF.

DISCUSSION

Analyzing CTF during wheelchair propulsion provides insight into the biomechanical nature of
wheelchair propulsion. It was hypothesized and concluded in this study that the CTF values increased
with increasing grade, but were found to exceed the 1.0 validity threshold on the 6% grade. CTF values in
excess of 1.0 were determined to be the result of an increased hand moment applied to the handrim. Based
on these results, it can be concluded that users adapt to uphill wheelchair propulsion by applying an
appreciable forward rotation hand moment to the handrim.

From this study it is not clear whether the adaptation is due to the increased force required to push uphill
or perhaps due to the decreased speed, since both were changed simultaneously. Future work will address
these questions through a multi-grade and multi-speed experiment along with an improved method of
determining the CTF. The traditional method of calculating CTF, which assumes a negligible hand
moment, does not appear to be valid for uphill propulsion. Future CTF calculations should be based on a
Point of Force (POF) estimation, which is not reliant on the negligible hand moment assumption.
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Figure 1. The force applied to the handrim is composed of three components (directions): tangential
(Ft) i1s aligned with the path of the handrim, radial (Fr) is downward into the handrim, and lateral (FI)
is outward to the side. In addition to a force, the hand can also impart a moment (Mh) on the
handrim.

Alternative Text Description for Figure 1: Close-up of a wheelchair user’s hand pushing on the handrim.
There are three force directions shown: in-line with the handrim is tangential, into the handrim downward
is radial and outward to the side is lateral. An arrow also shows that the hand can generate a moment on
the handrim.

Figure 2. Experimental setup for the 2% (left) and 8% (right) grade conditions.

Alternative Text Description for Figure 2: Two photos of the experimental setup on the 2% and 8%
grades. Shows a wheelchair user pushing his wheelchair on a treadmill. The subject is sitting up tall on
the 2% grade and is leaning forward on the 8% grade.
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Alternative Text Description for Equation 1: CTF is equal to the division of two terms, each squared. The
numerator is equal to the moment divided by the handrim radius. The denominator is the resultant force.
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Figure 3. The average CTF values for each of the grade conditions along with standard deviation
error bars. Differences between each of the grade conditions except for between the 6% and 8%
grades were found to be significant. CTF increases with increasing grade but exceeds 1.0, the validity
threshold of the measure by the 6% grade.

Alternative Text Description for Figure 3: Graph shows the value of CTF increasing from 0.38 for the 2%
grade to 1.59 for the 8% grade. The CTF values exceed a threshold line drawn at 1.0, representing the
largest valid CTF value possible.
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Figure 4. The average peak force values for each of the grade conditions along with standard
deviation error bars. Peak force increased by 21% from the 2% grade to the 8% grade conditions.

Alternative Text Description for Figure 4: Graph shows peak force values increasing from 79 N on the
2% grade to 96 N on the 8% grade. The increase is nearly linear with a slightly concaved shape.
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Figure 5. The average peak moment values for each of the grade conditions along with standard
deviation error bars. Peak moment increased by 37.5% from the 2% grade to the 8% grade
conditions.

Alternative Text Description for Figure 5: Graph shows peak moment values increasing from 16 Nm on
the 2% grade to 21 Nm on the 8% grade. The increase is very linear.
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