4. There are strengths and weaknesses to both methods. The musical
method is much faster than using the
tensiometer, and the musical pitch
relates directly to the optimum working
tension of spokes based on their stress
per unit of cross-sectional area, regardless of the spoke gauge. However, the
musical method requires musical training. When spokes are laced and touching, the musical method as used in this
investigation does not measure the
tension of individual spokes, but rather,
gives an average tension reading for
each pair of laced spokes — sufficient
to measure the tension level of a wheel
as a whole, but not as useful for identifying individual spokes which are too
tight or loose. (It is possible, though
more difficult, to measure the tension
of individual spokes by listening for
the musical note produced by the part
between the lacing and the rim).

between the tensiometer and musical
measurements might be identified.
2. Providing a more sophisticated
modeling based on a larger sample
of calibration readings, accounting
for bending stiffness, and using a
curve-fitting algorithm rather than an
eyeball comparison would certainly
produce a more accurate correspondence between the readings and the
smoothed curves.
3. Perform musical measurements on
accurately measured spokes (for example, using a hub from which weights
are suspended) so as to identify an
accurate function of musical pitch as it
relates to tension and spoke length.
4. Provide a statistical analysis of
results.
5. Measure a number of different
tensiometers, to determine the level
of accuracy which can be expected of
them.

Suggestions for further research
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permanent magnets mounted on the
vehicle for generating lift. The configuration we use is such that no vehicle
motion, nor input of energy, is required
for the lift. The lift is inherently stable,
although the vehicles do need to be
steered. Additional information on the
technology may be found in our web
site: http://www.magsupport.com. The
patent is # 5’825’105 (US).
“The concept envisions the construction of a network of independent
elevated guideway segments, on which
the vehicles, levitated by the MTSC
magnetic support system, would operate. This could provide, with modest
expenditure, a grade-separated, highquality travel way, generally immune
to weather, offering a smooth ride, and
requiring relatively little energy input
for propulsion.
“The cost of a lifting unit: in mass
production where the magnets are
being purchased in quantity, and the lift
unit parts are likewise being fabricated
in quantity, we estimate a cost on the
order of [US]$1.00–$1.50 per kg of mass
lifted.”
John Barber
President, MTSC
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Adding arm power to a recumbent
by Daniel Kirshner

A

disadvantage of recumbents — the rider can’t rise out
of the saddle in a sprint — can be
turned to advantage. The recumbent
riding position allows use of the
arms to add power to the bike… if a
practical way to do so can be found. I
have developed a working prototype
that allows this.
The most surprising aspect of the
design is how easy it is to both steer
and power the bike at the at same time.
The arrangement however also appears
to be surprisingly effective in allowing
me to put more of my human power
to use.
Here is a description of the arm
power mechanism, its development,
and its effects. I also describe my plan
to make the mechanism a simple addon to just about any recumbent.

How the arm power mechanism
works
Figure 1 shows the arm power
mechanism on my custom recumbent
bike. A professional frame builder
built the bike to my design (without
arm power!) about 17 years ago. Two
vertical handles on either side of the
seat are part of a single handlebar unit.
Power is supplied through a “rowing,”
back-and-forth motion of the handlebar
unit, which pivots about a horizontal
axle, transverse to the bike, under the
seat. Power can be applied both on the
forward (push) stroke, and on the rear
(pull) stroke.
Steering is accomplished by differential motion of the two vertical handles,
which also pivot about a generally
vertical axle that itself rotates about
the transverse, horizontal axle. Figure 2
provides a close-up of the rowing/
steering mechanism. The “floating”
chainring serves as a chain tensioner
as there is no mechanism to tension
the primary chain.
Figure 3 illustrates the main features
of the mechanism.
Rowing and steering axles
The “rowing axle” is a transverse
horizontal axle. A short “tongue”
extends rearward from the center of
the axle. A vertical hole through the
tongue is used to attach the vertical
steering axle (although, of course, this
axle tilts backwards and forwards from
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vertical during the rowing
stroke). The
handlebar clamp
holds bearings
mounted on the
steering axle.
Power take-off
Arm power
is transmitted
through the horizontal axle to
a short “crank
arm” attached
to the end of
the axle on the
left side of the
bike. From the
end of the crank Figure 1. Dan Kirschner
arm a short
spindle-axle holds a bearing attached
to the “connecting rod” that transmits the back-and-forth motion of
the crank arm to the rotary motion of
another bearing/spindle-axle on the
intermediate/crossover drive.
An important feature of the power
mechanism is that the handlebars
have a “fixed” connection to the
intermediate/crossover drive, and thus
to the pedals. Because there is no freewheel mechanism between the pedals
and the handlebars, when your feet
move, the handlebars move. This lets
your feet carry the arm levers through
the “dead spot” at the end of each

on his custom recumbent bicycle

stroke.
Steering take-off
Steering motion is transmitted by a
link with rod-end bearings at each end.
At the front of the link, a short “crank
arm” is attached to the “steerer” tube
of the forks (where the handlebars
would go on an upright bike). At the
rear of the link, a short arm attached
to the horizontal portion of the handlebars positions the rear rod-end bearing a couple of inches in front of the
handlebars.
This positioning of the rear rod-end
bearing is important: it is located on
the axis of the horizontal axle. The

Figure 2. Close-up of the arm powered rowing/steering mechanism
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back-and-forth power stroke
of the handlebars thus has
no effect on the steering (or
a negligible effect when the
steering motion moves the
bearing position slightly off
the axis).
You might be able to see in
the photographs that the prototype handlebars are constructed from modified aero-bars
clamped to a horizontal tube.
Weight
In its current form the
Figure 3.
arm-power mechanism adds
approximately 1.4 kg (3 lb)
to the bike, not counting the
intermediate/crossover drive, which
itself adds about 0.5 kg (1 lb). A refined
design (eliminating the aero-bar
clamps, for example), could probably
save 0.5 kg, and under “Future developments,” below, I discuss plans to eliminate the crossover drive. In this case
the net weight addition should be about
1 kg (2.2 lb).

Arm power background
I was intrigued by the notion of adding arm power to bicycles by ergometer
test results summarized in Bicycling
Science. [1] These results showed that
with a “forced rowing” mechanism
using both arms and legs, “…about 12.5
percent more power than with normal
pedaling was obtained throughout the
time period for all subjects.” Forced
rowing is a mechanism that defines the
end of the stroke and thus conserves
the kinetic energy of the moving masses. This is unlike typical rowing in a
boat, where the rowers must decelerate
and reverse their motions without help
from the mechanism. [2]
While the result showing additional
power available from the arm and leg
power mechanism is indeed intriguing,
it should be noted that the test period
extended only as long as five minutes.
With respect to creating arm and
leg power mechanisms for human
powered vehicles, references on the
internet indicate that there has been
quite a bit of activity. (See, for example, www.geocities.com/rcgilmore3/
land_rowers.htm.) I’m aware of only
two bikes currently in production: the
Thys “Rowingbike” is built in the Netherlands (see www.rowingbike.com);
Scott Olson’s “Rowbike” is built in the
USA (see www.rowbike.com). These
bikes use a “free rowing” motion (as
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to allow me to increase my
power output.
I knew that I would want
to experiment with different
ratios between the arm “rowing” speed and the leg rotation
speed. The stationary trainer
convinced me that I wanted
my arms going “half as fast”
as my feet. I also thought that
any faster movement of my
arms would make it that much
harder to steer. Of course, the
stationary bike told me nothDiagram showing the main feaures of the mechanism ing about whether it would be
possible to both power and
opposed to the “forced rowing” mechasteer a bike at the same time.
nism discussed above). The linear
Designs
rowing motion is transmitted directly
The first design I chose to build was
to the hub, with a ratcheting/freewheel
similar to the mechanism described
mechanism for the return stroke. Such
above, except that the handlebar unit
a mechanism does not decelerate the
did not have a vertical axle. Instead,
rower’s feet or arms at the end of the
both vertical handles could twist about
stroke. I have not seen information that
their own axes. A steering linkage
compares the performance of these
much like a car’s — with link rods to
bikes with other legs-only machines.
each side — transmitted the twisting
Gardner Martin has built several
motion through an “idler” to a fore-aft
modified Easy Racers [Tour Easys] that
link to the front of the bike.
put hand cranks in place of the handleThis prototype proved to be unridebars. The hand cranks are connected
able — even though it did not have arm
via chain, idlers and freewheel to the
power motion at all. I could not probottom bracket chainrings. The chain
duce enough torque to control the bike
twists a bit during steering. Gardner
merely by gripping the vertical handles.
says that the rider does have to learn to
The quick addition of horizontal extencounter some of the torques introduced
sion handles (bar ends) to each vertical
by arm power, and indicates that the
handle produced an easily-controlled
arm-powered bike lets a rider produce
bike — but it was now much wider than
more power, and use higher gears on
I desired.
hills, for example. Gardner’s ergometer
The next (and present) prototype
tests showed a higher heart rate as
involved modification of my bike’s
soon as the rider starts using his/herexisting handlebar clamp/bearing unit
arms, so it may be that the arm-and(see fig. 3) and the addition of the horileg-power combination is less efficient
zontal axle, held by bearings placed in
than a legs-only machine. My tests,
modified handlebar clamps. I first tried
however, do not show this result, as I
the bike without the arm-power condescribe below.
necting link — the handlebars worked
fine for steering — and then hooked up
Development
the arm power link. As I said, it was
I gave active thought to adding arm
surprisingly easy to ride.
power to my recumbent for at least five
Over the next several months nearly
years, and ran through many possibiliall
the components were replaced as
ties in my mind. First, however, I needthey
either broke or proved too flexed someone who could help with protoible.
Also,
I did not feel that my arms
type work. A short search of local bike
were making an adequate contribution
shops turned up Stephan Long. He built
to powering the bike — my legs would
a stationary bike/trainer that included
feel fatigued while my arms didn’t seem
handlebars much like those on the bike
to be doing much work. So I experidescribed in this article, linked to the
mented with different ratios between
crank chainwheels in much the same
the arms and legs. The original ratio
way. I didn’t do any scientific tests, but
was 2:1 — the arms going half the speed
it was clear that the mechanism was
of the legs. I then tried a 1.5:1 ratio.
comfortable to operate, and appeared
While this sounds odd, it was still comNumber 53, Spring 2002
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fortable to power. Nevertheless, I still
didn’t feel that my arms were contributing enough. I have kept a 1:1 ratio since
then.

How well does it work?
The bike seems to work very well:
you definitely feel like you are adding power with your arms, and I can
use higher gears on hills. But is there
an advantage? How big is the effect,
if any? Finally, over the long run, you
would expect to be limited by your
aerobic capabilities, so you might not
expect any advantage except in shortterm sprints.
I’ve been the only rider so far, so the
tests are limited. I have three different results to report: (1) comparisons
among my recumbent with arm power,
without arm power, and upright bicycles on a half-hour uphill ride;
(2) similar comparisons on a very brief
uphill sprint; and (3) heart rate comparisons between using and not using
arm power on a trainer.
Table 1 shows comparisons among
my recumbent with arm power, without
arm power, and an upright bicycle on a
half hour uphill ride. It’s a challenging
ride; the one time I rode with a heartrate monitor it showed a maximum of
186 beats per minute. My wife tells me
the charts show that at my age (47)
that should have killed me! Table 1
shows the times for three parts of the
ride — in certain cases I did not complete the ride, or did not get a time for
the final part (stopwatch error!).
The comparisons are only rough. As
table 1 indicates, I used a Brompton
folding bicycle as the upright. The
Brompton has 16-inch wheels and a
five-speed hub, so may be less efficient
than the recumbent. Then again, the
Brompton has high-pressure (85 lbs)
tires, and has a weight advantage over
my recumbent — 12.3 kg (27 lbs) versus
15.5 kg (34 lbs).
While I came close on the upright in
one case (trial 4 compared to trial 1)
nevertheless, the best times went to the
arm-powered recumbent. Without
Table 1. Times for uphill ride (min:sec)
Trial Bike
Part 1
1. Recumbent - with arms
05:06
2. Recumbent - no arms
05:37
3. Recumbent - with arms
05:15
4. Upright - Brompton
04:58
5. Upright - Brompton
05:23
6. Upright - Brompton
05:24
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Part 2
14:07
15:43
13:45
14:16
14:42
14:23

Table 2. Comparisons: short uphill sprint
seconds
Best Schwinn upright
21.34
Best Brompton upright
20.68
Best recumbent arm & legs 22.28
Best recumbent legs only
23.21

kg
bike
19.5
12.2
15.4
15.4

arm power the recumbent was 3.5
minutes or so behind the same bike
with arm power.
Table 2 shows comparisons for a
brief, approximately 20-second, uphill
sprint. I did the sprint about three or
four times on each bike/configuration.
Table 2 reports the best times, and also
some statistics on the percentage comparisons of the times and weights of
the bikes and rider (who was approximately 63.9 kg (141 lbs) in each case).
In this case, the upright bicycles
are definitely ahead of the recumbent.
The percentage comparisons support
the advantage of uprights in the short
sprint. While my heavy old Schwinn
makes that configuration 10% heavier
than the lightest, fastest bike — the
Brompton — it’s only 3.2% slower, while
the recumbent configuration, which is
only 4% heavier, is 7.7% slower (with
arms) and fully 12.2% slower without
arms.
I should note that the times shown
in table 2 were taken early in the development of the arm power recumbent.
Perhaps additional conditioning would
make a difference.
Finally, I also compared my heart
rate with and without arm power on a
trainer. I used my old Houdaille “Road
Machine” trainer: this trainer uses
a flywheel/fan to provide both wind
resistance and realistic simulation of
the momentum of the bike and rider.
I established a steady speed (as measured by a typical cycle-computer) and
noticed that my heart rate was stable at
that speed (within about plus or minus
1 beat per minute). I then stopped
using my arms, and used my legs
alone to maintain that speed. At every
speed-heart rate combination that I
tried — from a sedate 12 miles per hour

Part 3
11:17
12:41
11:12
—
12:15
—

1+2
19:13
21:20
19:00
19:14
20:05
19:47

1+2+3
30:30
34:01
30:12
—
32:20
—
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kg
total
83.4
76.2
79.4
79.4

sec.
slower
0.66
—
1.60
2.53

%
slower
3.2%
—
7.7%
12.2%

kg
%
heavier heavier
7.3
10%
—
—
3.2
4%
3.2
4%

at about 130 beats per minute, to a
difficult to maintain 29 miles per hour
at about 182 beats per minute — the
use or non-use of arm power made no
difference. I conclude that my heart
rate, at least, closely reflects the power
requirement, however it is achieved.
Combining these results with my
subjective impressions, the arm power
appears to allow me to exercise at a
higher aerobic level, less limited by the
capability of my leg muscles over longer periods. Certainly, when I made the
half-hour hill climbing comparisons, my
legs ached a great deal more without
the arm power. It remains to be seen
whether this will be true for other riders, and under different conditions (for
example, a longer exercise period).
Nevertheless, in short sprints, the ability to move around on the bike seems
to generate more power for at least a
short period.

General observations
How does it feel to ride? Good. Even
when you are using a great deal of
force to push and pull — you can use
both strokes for power — you are still
able to make fine steering adjustments.
Apparently your body is well attuned
to controlling small differences in the
motion of your arms, even when they
are moving quite a bit.
One thing you cannot do is ride one
handed — or, you can, but only if you
stop pedaling. If you stop pedaling, you
can use your feet to hold the power
mechanism steady. Then pushing or
pulling on one handlebar gives you
conventional steering. But steering
with one hand while the handlebar also
moves back and forth with the pedals
is nearly impossible. This is a serious
drawback that I shall try to fix, as I
describe in “Future developments,”
below.
As I mentioned earlier, there is no
freewheel between the pedals and the
arms, so that your foot motion carries
your arms through the dead spots at
the end of each stroke. In fact, it is
almost impossible to use arm power
only — you tend to get stuck at one end
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back-and-forth power stroke
of the handlebars thus has
no effect on the steering (or
a negligible effect when the
steering motion moves the
bearing position slightly off
the axis).
You might be able to see in
the photographs that the prototype handlebars are constructed from modified aero-bars
clamped to a horizontal tube.
Weight
In its current form the
Figure 3.
arm-power mechanism adds
approximately 1.4 kg (3 lb)
to the bike, not counting the
intermediate/crossover drive, which
itself adds about 0.5 kg (1 lb). A refined
design (eliminating the aero-bar
clamps, for example), could probably
save 0.5 kg, and under “Future developments,” below, I discuss plans to eliminate the crossover drive. In this case
the net weight addition should be about
1 kg (2.2 lb).

Arm power background
I was intrigued by the notion of adding arm power to bicycles by ergometer
test results summarized in Bicycling
Science. [1] These results showed that
with a “forced rowing” mechanism
using both arms and legs, “…about 12.5
percent more power than with normal
pedaling was obtained throughout the
time period for all subjects.” Forced
rowing is a mechanism that defines the
end of the stroke and thus conserves
the kinetic energy of the moving masses. This is unlike typical rowing in a
boat, where the rowers must decelerate
and reverse their motions without help
from the mechanism. [2]
While the result showing additional
power available from the arm and leg
power mechanism is indeed intriguing,
it should be noted that the test period
extended only as long as five minutes.
With respect to creating arm and
leg power mechanisms for human
powered vehicles, references on the
internet indicate that there has been
quite a bit of activity. (See, for example, www.geocities.com/rcgilmore3/
land_rowers.htm.) I’m aware of only
two bikes currently in production: the
Thys “Rowingbike” is built in the Netherlands (see www.rowingbike.com);
Scott Olson’s “Rowbike” is built in the
USA (see www.rowbike.com). These
bikes use a “free rowing” motion (as
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to allow me to increase my
power output.
I knew that I would want
to experiment with different
ratios between the arm “rowing” speed and the leg rotation
speed. The stationary trainer
convinced me that I wanted
my arms going “half as fast”
as my feet. I also thought that
any faster movement of my
arms would make it that much
harder to steer. Of course, the
stationary bike told me nothDiagram showing the main feaures of the mechanism ing about whether it would be
possible to both power and
opposed to the “forced rowing” mechasteer a bike at the same time.
nism discussed above). The linear
Designs
rowing motion is transmitted directly
The first design I chose to build was
to the hub, with a ratcheting/freewheel
similar to the mechanism described
mechanism for the return stroke. Such
above, except that the handlebar unit
a mechanism does not decelerate the
did not have a vertical axle. Instead,
rower’s feet or arms at the end of the
both vertical handles could twist about
stroke. I have not seen information that
their own axes. A steering linkage
compares the performance of these
much like a car’s — with link rods to
bikes with other legs-only machines.
each side — transmitted the twisting
Gardner Martin has built several
motion through an “idler” to a fore-aft
modified Easy Racers [Tour Easys] that
link to the front of the bike.
put hand cranks in place of the handleThis prototype proved to be unridebars. The hand cranks are connected
able — even though it did not have arm
via chain, idlers and freewheel to the
power motion at all. I could not probottom bracket chainrings. The chain
duce enough torque to control the bike
twists a bit during steering. Gardner
merely by gripping the vertical handles.
says that the rider does have to learn to
The quick addition of horizontal extencounter some of the torques introduced
sion handles (bar ends) to each vertical
by arm power, and indicates that the
handle produced an easily-controlled
arm-powered bike lets a rider produce
bike — but it was now much wider than
more power, and use higher gears on
I desired.
hills, for example. Gardner’s ergometer
The next (and present) prototype
tests showed a higher heart rate as
involved modification of my bike’s
soon as the rider starts using his/herexisting handlebar clamp/bearing unit
arms, so it may be that the arm-and(see fig. 3) and the addition of the horileg-power combination is less efficient
zontal axle, held by bearings placed in
than a legs-only machine. My tests,
modified handlebar clamps. I first tried
however, do not show this result, as I
the bike without the arm-power condescribe below.
necting link — the handlebars worked
fine for steering — and then hooked up
Development
the arm power link. As I said, it was
I gave active thought to adding arm
surprisingly easy to ride.
power to my recumbent for at least five
Over the next several months nearly
years, and ran through many possibiliall
the components were replaced as
ties in my mind. First, however, I needthey
either broke or proved too flexed someone who could help with protoible.
Also,
I did not feel that my arms
type work. A short search of local bike
were making an adequate contribution
shops turned up Stephan Long. He built
to powering the bike — my legs would
a stationary bike/trainer that included
feel fatigued while my arms didn’t seem
handlebars much like those on the bike
to be doing much work. So I experidescribed in this article, linked to the
mented with different ratios between
crank chainwheels in much the same
the arms and legs. The original ratio
way. I didn’t do any scientific tests, but
was 2:1 — the arms going half the speed
it was clear that the mechanism was
of the legs. I then tried a 1.5:1 ratio.
comfortable to operate, and appeared
While this sounds odd, it was still comNumber 53, Spring 2002
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fortable to power. Nevertheless, I still
didn’t feel that my arms were contributing enough. I have kept a 1:1 ratio since
then.

How well does it work?
The bike seems to work very well:
you definitely feel like you are adding power with your arms, and I can
use higher gears on hills. But is there
an advantage? How big is the effect,
if any? Finally, over the long run, you
would expect to be limited by your
aerobic capabilities, so you might not
expect any advantage except in shortterm sprints.
I’ve been the only rider so far, so the
tests are limited. I have three different results to report: (1) comparisons
among my recumbent with arm power,
without arm power, and upright bicycles on a half-hour uphill ride;
(2) similar comparisons on a very brief
uphill sprint; and (3) heart rate comparisons between using and not using
arm power on a trainer.
Table 1 shows comparisons among
my recumbent with arm power, without
arm power, and an upright bicycle on a
half hour uphill ride. It’s a challenging
ride; the one time I rode with a heartrate monitor it showed a maximum of
186 beats per minute. My wife tells me
the charts show that at my age (47)
that should have killed me! Table 1
shows the times for three parts of the
ride — in certain cases I did not complete the ride, or did not get a time for
the final part (stopwatch error!).
The comparisons are only rough. As
table 1 indicates, I used a Brompton
folding bicycle as the upright. The
Brompton has 16-inch wheels and a
five-speed hub, so may be less efficient
than the recumbent. Then again, the
Brompton has high-pressure (85 lbs)
tires, and has a weight advantage over
my recumbent — 12.3 kg (27 lbs) versus
15.5 kg (34 lbs).
While I came close on the upright in
one case (trial 4 compared to trial 1)
nevertheless, the best times went to the
arm-powered recumbent. Without
Table 1. Times for uphill ride (min:sec)
Trial Bike
Part 1
1. Recumbent - with arms
05:06
2. Recumbent - no arms
05:37
3. Recumbent - with arms
05:15
4. Upright - Brompton
04:58
5. Upright - Brompton
05:23
6. Upright - Brompton
05:24
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Part 2
14:07
15:43
13:45
14:16
14:42
14:23

Table 2. Comparisons: short uphill sprint
seconds
Best Schwinn upright
21.34
Best Brompton upright
20.68
Best recumbent arm & legs 22.28
Best recumbent legs only
23.21

kg
bike
19.5
12.2
15.4
15.4

arm power the recumbent was 3.5
minutes or so behind the same bike
with arm power.
Table 2 shows comparisons for a
brief, approximately 20-second, uphill
sprint. I did the sprint about three or
four times on each bike/configuration.
Table 2 reports the best times, and also
some statistics on the percentage comparisons of the times and weights of
the bikes and rider (who was approximately 63.9 kg (141 lbs) in each case).
In this case, the upright bicycles
are definitely ahead of the recumbent.
The percentage comparisons support
the advantage of uprights in the short
sprint. While my heavy old Schwinn
makes that configuration 10% heavier
than the lightest, fastest bike — the
Brompton — it’s only 3.2% slower, while
the recumbent configuration, which is
only 4% heavier, is 7.7% slower (with
arms) and fully 12.2% slower without
arms.
I should note that the times shown
in table 2 were taken early in the development of the arm power recumbent.
Perhaps additional conditioning would
make a difference.
Finally, I also compared my heart
rate with and without arm power on a
trainer. I used my old Houdaille “Road
Machine” trainer: this trainer uses
a flywheel/fan to provide both wind
resistance and realistic simulation of
the momentum of the bike and rider.
I established a steady speed (as measured by a typical cycle-computer) and
noticed that my heart rate was stable at
that speed (within about plus or minus
1 beat per minute). I then stopped
using my arms, and used my legs
alone to maintain that speed. At every
speed-heart rate combination that I
tried — from a sedate 12 miles per hour

Part 3
11:17
12:41
11:12
—
12:15
—

1+2
19:13
21:20
19:00
19:14
20:05
19:47

1+2+3
30:30
34:01
30:12
—
32:20
—
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kg
total
83.4
76.2
79.4
79.4

sec.
slower
0.66
—
1.60
2.53

%
slower
3.2%
—
7.7%
12.2%

kg
%
heavier heavier
7.3
10%
—
—
3.2
4%
3.2
4%

at about 130 beats per minute, to a
difficult to maintain 29 miles per hour
at about 182 beats per minute — the
use or non-use of arm power made no
difference. I conclude that my heart
rate, at least, closely reflects the power
requirement, however it is achieved.
Combining these results with my
subjective impressions, the arm power
appears to allow me to exercise at a
higher aerobic level, less limited by the
capability of my leg muscles over longer periods. Certainly, when I made the
half-hour hill climbing comparisons, my
legs ached a great deal more without
the arm power. It remains to be seen
whether this will be true for other riders, and under different conditions (for
example, a longer exercise period).
Nevertheless, in short sprints, the ability to move around on the bike seems
to generate more power for at least a
short period.

General observations
How does it feel to ride? Good. Even
when you are using a great deal of
force to push and pull — you can use
both strokes for power — you are still
able to make fine steering adjustments.
Apparently your body is well attuned
to controlling small differences in the
motion of your arms, even when they
are moving quite a bit.
One thing you cannot do is ride one
handed — or, you can, but only if you
stop pedaling. If you stop pedaling, you
can use your feet to hold the power
mechanism steady. Then pushing or
pulling on one handlebar gives you
conventional steering. But steering
with one hand while the handlebar also
moves back and forth with the pedals
is nearly impossible. This is a serious
drawback that I shall try to fix, as I
describe in “Future developments,”
below.
As I mentioned earlier, there is no
freewheel between the pedals and the
arms, so that your foot motion carries
your arms through the dead spots at
the end of each stroke. In fact, it is
almost impossible to use arm power
only — you tend to get stuck at one end
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of the stroke or the other, or else you
push or pull a moment too soon — and
end up freewheeling backwards.
I worried about play in the mechanism between the arms and the pedals.
I worried about wrist strain, since the
pivoting handlebars would appear to
move your wrists in a way that nature
did not intend. So far, however, that
has not been a problem.

Future developments
I am working in two areas. Firstly,
a long connecting rod can be used to
transmit arm power to the pedal crankset. This would eliminate the need for
an intermediate/crossover drive, and
make the mechanism simple to add to
just about any recumbent. Secondly,
the arm power mechanism needs the
ability to disengage from the pedals, so
that you can continue pedaling while
riding one-handed.

Finally, I have not yet decided whether to patent the arm power mechanism.
My understanding is that U.S. law
allows me to file within one year of the
disclosure marked by this publication
(while I have now forfeited European
rights). No one that I have consulted
who has expertise in this area, however, has recommended pursuing a patent — the recumbent market is small,
and the number of potential arm power
converts smaller still. One is unlikely
to get one’s money back, which might
be better invested in developing the
product. I will be interested to hear if
this publication’s readers support this
advice!
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Bicycle design, safety, and product-liability litigation*
(with case studies of wire-ropes, brakes, rims, and tire-fit)
by David Gordon Wilson

Abstract
The United States is a litigious society, and product-liability litigation is
of considerable concern to companies
that export to the U.S. Much publicity
is given to “horror stories” of seemingly
excessive judgments against apparently
ethical manufacturers after they have
been sued by unscrupulous people
pretending to be victims of what is
claimed to be deficient design. However, these reports are far from representative of the actual situation. The
other side of this story is that productliability litigation is decreasing quite
markedly in the U.S.; that this form of
litigation brings about major improvements in product design and in the
safety of the public; and that it is pos* This is an adaptation of a paper
given at the sixth annual bicycle-design
competition in the Taiwan Bicycle
Industry R&D Center, 29 August 2001,
which is a considerably updated and
expanded version of a paper first given on
5 August 1998, under the title “The design
of advanced human-powered vehicles/
velomobiles and product-liability litigation:
can they co-exist in the light of apparently
outrageous U.S. cases?” Proceedings of the
Third European Seminar on Velomobile
Design, Roskilde, Denmark.
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sible to avoid most negative impacts of
such litigation by striving for, and documenting, excellence in the design and
manufacturing of products, by clearly
warning users of dangerous situations,
and by putting trust in insurance that is
standard for the industry. Some areas
in which improvements in design and
manufacture of bicycles are needed are
discussed as examples.

Introduction
Background
Product-liability litigation in the
U.S. has been governed by state laws,
despite frequent attempts by businessfriendly legislators to get unified federal laws passed. Business people must
therefore be concerned about their
products being used in states where
requirements may be particularly onerous. In practice, state legislators are
quick to copy laws that have worked
well elsewhere, so that the differences
among regulations in different states
are not as large as might be imagined.
However, in many areas of modern
life we are driven by what we know of
extreme cases: only these are reported
by news organizations. Here is a recent
example (disguised so that your author

Number 53, Spring 2002

does not get sued, because I was an
“expert witness” for one of the manufacturers involved) of what seems to
me to be an unfortunate extreme situation.

An extreme case?
“Bill”, a young and energetic U.S.
physician, bought a regular “road”
bicycle for recreation. He found that he
liked biking, and hearing that sew-up
tires are used by racing cyclists and
would enable him to go faster, bought
new wheels and “tubular” tires and had
them installed on his bike. One day he
went with a group of fellow physicians
on a ride that included the summit of
a small mountain. While pausing at
the top he joked to his friends that he
had bad brakes, showing that with the
brake levers fully squeezed against the
handlebars he could move his bike
easily back and forth. He then said
“Last man down the mountain buys the
beers!” and rode off down the steep,
rough, bumpy, asphalt road with the
others in hot pursuit. The road had
signs showing a speed limit of 35 km/h,
and, after about a kilometer, a warning of a sharp S-bend. The person who
was closest behind Bill said that as he
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approached the bend his cycle computer was registering about 75 km/h and
that Bill was out of sight ahead of him.
He braked to get around the bend and
saw that Bill had hit a stone wall and
was lying on his back some distance
from his bicycle.
Bill had severed his spinal cord and
was, tragically, a quadriplegic from
then on. He gave his bike to a family
member, who, after having the front
wheel and fork replaced, used it regularly. Bill confessed at some point that
the accident was his fault. However,
after over a year he (or possibly his
insurance company) decided to try to
get some money through the courts,
and his lawyer sued the bicycle shop
that sold him the bike, the bicycle
manufacturers, and all possible manufacturers of the rims and the tires (the
actual front wheel and tire had been
disposed of). One would have thought
that these companies would have had
a very strong case. Yet one by one they,
or rather their insurance companies,
all “settled out of court,” meaning that
they agreed to pay large sums to the
plaintiff to avoid the far-larger costs of
going to trial. They also may have felt
that, however strong their case, the
sight of this young man sitting paralyzed in a wheelchair, with his wife and
child, would be enough to make an
American jury decide that these insurance companies were rich and Bill and
his family had already been punished
terribly. To award him a large settlement even though he was at fault could
be possibly some form of jury-administered social justice.
The present status of product-liability
litigation in the U.S.
Cases like this seem to be typically
American. In what is considered to be
a free-enterprise system (but is in fact
increasingly regulated) the absence of
a national health-care and welfare system seems to give credence to reports
of juries leaning to the “left”. They are
drawn largely from the lower end of
the economic spectrum because professional people try to find reasons to
be excused from jury service. However,
contrary to popular belief, jurors do
not overwhelmingly sympathize with
individual plaintiffs at the expense of
companies. According to “Jury verdict
research” reported in Business Week
on November 8, 1993, defendants (usually manufacturers) won 57 percent
of the products-liability suits in 1992.
Human Power

This proportion had been 45% in 1989.
Popular opinion also paints a picture
of a flood of products-liability litigation. In fact, products-liability lawsuits
were less than 1 percent of the total
state and federal caseload in 1994 [1]
and less than 0.4% of the civil cases
in state courts. (There is a huge backlog of lawsuits awaiting trial in most
U.S. jurisdictions, but most cases are
suits between businesses and between
family members, particularly divorce
cases.) The number of product-liability
lawsuits is also in sharp decline, having dropped 40 percent between 1985
and 1991. Insurance premiums covering
product liability dropped 45 percent
between 1987 and 1993. [2]
There is also concern regarding socalled “punitive damages” awarded
by some courts. These are imposed
for particularly egregious cases in
some states (punitive damages are
not allowed in many states, including
Massachusetts) and are derived from
ancient Roman and English law. In fact,
apart from the special and shocking
case of asbestos liability, the awarding of punitive damages is very rare in
the U.S. Michael Rustad, of the Suffolk
Law School faculty, performed a study
showing that between 1965 and 1990,
only 355 product-liability cases resulted
in punitive-damage awards in state and
federal courts, an average of fourteen
per year for the whole U.S. [3] A manufacturer of bicycles or components
would have to be very delinquent, or
exceedingly unlucky, to be included in
this number.
The remaining fear of liability lawsuits
So far I have given some details of
the type of case that strikes fear in
the heart of small manufacturers who
are concerned that one such lawsuit
could put them out of business; and
I have also tried to show that much of
the concern is exaggerated. However,
I should describe how lawsuits come
about and are adjudicated or settled in
order to give bicycle manufacturers,
particularly those outside the U.S., an
understanding of the risks and rewards
of exporting to the United States.
The U.S. is a country where even a
poor person can sue the world’s largest
corporation. To do so she/he needs to
persuade a lawyer who specializes in
this type of case that her/his injuries
or other harms are sufficiently serious
to justify taking action. The lawyer
will generally do this on a “contingentNumber 53, Spring 2002

fee” basis: that is, she/he will charge
the client nothing for his/her services,
but will take 25–33% of any monetary
award. This has the socially desirable
consequence that people of limited
wealth are given full access to the
courts in cases where they have been
harmed. Although occasional large
awards receive a great deal of publicity,
juries are generally hard-headed and
reasonable in awarding damages.
Most cases, however, do not go to
trial. The early stages of a lawsuit are
taken with “discovery”, a process in
which each side is required to make
available all relevant written records
and all relevant people to give depositions. So-called expert witnesses are
hired by both sides to add weight to the
testimony and to act as engineering/
scientific detectives. The discovery
process can be a time-consuming, disruptive and costly period for a manufacturer, although the attorneys’ and
experts’ costs are usually handled by
the insurance company. The opposing lawyers can demand, however, all
drawings, sketches, notes and other
records that have any possible connection with the injury to the plaintiff.
Each item considered actually relevant
is labeled as “Exhibit A, B,” etc. During
this period the attorneys for each side
are assessing their situations and their
likelihood of winning or losing in the
trial. At some point the lead attorney
on one side will contact the lead attorney on the other side and say something like the following. “As a result of
discovery and depositions we have an
overwhelming case, and your side is
likely to have to pay large sums if we
go to trial. My client has expressed a
willingness to settle out of court for a
payment of X dollars.” Sometimes the
other attorney accepts the offer with
alacrity. More often there is a period of
negotiation, as in a market anywhere.
In under ten percent of cases agreement is not reached, and a trial date is
set. This may be several years after the
suit is filed.
I believe that this procedure is fair
(with the exception of the effects of the
inordinate delay between the complaint
and any eventual resolution) and leads
to social justice in the large majority of
cases. It is difficult to be fair in cases
where a life has been lost or serious
permanent injury has resulted from a
product defect. Suppose, for instance,
a promising young person, just married
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