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company. The safety bike looks much like most of
today’s bicycles. (Sharp, 1896)

In 1888 John Dunlop invented pneumatic tires for the
safety bicycle. The comfort and handling ability of
bicycles with pneumatic tires made a very large difference
in comfort and popularity. In fact these tires may have
been the last major change for many years. Pneumatic
tires did not come about because scientists or engineers
were working in their laboratory and trying to make the
bicycle better. Dr. Dunlop happened to be a Scottish
veterinarian who was looking for ways to make his son’s
bicycling more comfortable. Of course he later then got
into the tire business.

In the 1890s bicycles became very popular,
particularly in the United States. As a result, the bike had
implications for social interactions. Susan B. Anthony
emphasized these implications in an 1896 interview when
she said, “The bicycle has done more for to emancipate
women than anything else in the world.” (Bly, 1896)
quoted in (Mariolle & Shermer, 1988) She was talking
about a couple of things. One was the great effect that the
bicycle had on women’s fashion. The “properly” dressed
late 19™ Century woman, complete with corset and bustle,
would find it very difficult to ride a bicycle. However,
high society ladies liked bicycles, so bloomers became
popular. Thus, women’s fashions changed greatly over a
short time around the turn of the 19" to 20" centuries, in
part because women wanted to ride bicycles.

The other, even more important, change for women
was mobility. Women were now able to move about
without a male’s help. Women were never, for the most
part, in Western society allowed to deal with the horses.
That was the man’s job. So prior to the bicycle women
could only move relatively long distances if they had to
have a man go along with them to take care of the horse.
Now mobility
was available.
Books were even
written to help
women learn to
ride and to
describe
experiences  of
new riders. (See
Figure 2.)
Further, the
suffragettes used
bicycles as well.
Thus, the science
and technology
of transportation
influenced  the
society an
important  basic
change in the

Figure 2: Frances Willard,
president of the Women’s
Christian Temperance Union
learns to ride the bicycle at
age of 53. (Willard, 1895)

society of that time.

Likewise, later parts of the 19™ century military
applications of bicycles were investigated. Foldable bikes
were issued to some soldiers in the Boar war. An artist
drawing shows Japanese soldiers using bicycles. In the
United States a rather extensive experiment was
undertaken in 1887 by the Army Infantry. A regiment of
soldiers traveled from Missoula, Montana, to St. Louis,
Missouri, -- 3700 km -- in 40 days on bicycles. The
regiment consisted of African-American soldiers led by
Lieutenant James Moss, who had finished last in his class
at West Point. Lt. Moss was very interested in trying to
see if bicycles had a good military application. After the
ride an analysis concluded that in comparison to a trip
using horses the bicycle trip cost a lot less. The Army did
not need to feed the bicycles. While the soldiers ate 30%
more than predicted, the bicycles didn’t eat anything.
Further, they moved at about the same speed as the
Calvary did -- forty days was about right for getting that
distance -- and they carried an equivalent amount of war
supplies. So the Army concluded -- as you would expect
the Army to conclude -- that the bicycle will never replace
the horse. Again, here is a situation where the science and
the everyday actions collide. The Army had horses; they
had the entire infrastructure for caring for and feeding
horses. A change to bikes would require large amounts of
purchases and retraining. So they drew a conclusion that

Montana PBS

Figure 3: The bicycle trip from Montana to Missouri.
(PBS, 2000)

the data did not support. (PBS, 2000; Smith, 1972)

In addition to this contradiction between data and
conclusions, consider the bicycles that these soldiers rode.
Figure 3 shows regiment on their side 1887 bicycles.
Suppose we put one of these bicycles in a modern bicycle
parking lot. Would anyone notice? Certainly some
experts would notice, but most people would not see the
difference between these 1887 bikes and many modern
ones.
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Table 1: A comparison of energy efficiencies for
historical bicycles. Adapted from (Minnetti et al.,
2001)

Energy cost compared Major innovation
to previous

'Walking
Hobby Horse Vv Supported body mass
Boneshaker v Gear ratio
High wheeler ] Gear ratio, rubber tire
Rover 1 [ ) Safety
Safety (Rover 3) v Pneumatic tires, gears
Modern Bike = Multiple gears

Now compare that situation to cars. Suppose we put
an 1887 car in a modern car park. Would anybody
notice? I think they would.

The question is: why have cars changed so much and
bicycles have not. As we shall see the reason involves an
interaction of society and technology.

2 BICYCLE HISTORY — TECHNICAL CHANGES

The primary goal of applying physics to bicycles is to
increase the energy efficiency of the system. Of course,
the system is human powered. Because humans do not
change in basic locomotion design rapidly, the bicycle
must. In changing the bike, we have two primary
variables. We can improve the gear ratio so that each turn
of the pedal results in more distance traveled, or we can
decrease friction which is the primary energy loss of the
bicycle.

Table 1 shows some recent data on energy efficiency

Table 2: Gearing of historical bicycles. Adapted from
(Minnetti, Pinkerton, & Zamparo, 2001)

Drive wheel Distance per
diameter (m) revolution (m)
Hobby Horse
Boneshaker 0.89 2.80
High wheeler 1.27 3.99
Rover 0.75 4.45
Safety 0.71 5.50
Modern Bike 0.64 5.02

of historical bicycles. The arrows here indicate how the
energy costs change. As bikes changed, the energy
efficiency improved. In only one case was the change in
the other direction. That was the first safety bike where
the increase in safety was considered more important than
the loss of efficiency. Soon after that change, the safety
bike with the pneumatic tires and gears brought the
efficiency up. However, modern bikes show essentially
no gain over the ones of 1885.

The data in Table 2 show changes in gearing over time.
Again, fairly large changes occur until “modern” times.
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If we look changes in rolling friction, we see similar
results Table 3 shows the coefficients of rolling friction,
C, where this variable is defined by

P =C mgVcos®,
where P, is the power needed to overcome rolling
resistance; m, is mass of the rider and bike; V is velocity,
and @ is angle of travel with respect to the horizontal. As
the table shows big changes occur during the 19"
Century; then very little change occurs for a long time.

Table 3: Coefficients for rolling friction for
historical bicycles. Adapted from (Minnetti

et al., 2001)
Cl‘
Hobby Horse 0.0268
Boneshaker 0.0284
High wheeler 0.0158
Rover 0.0200
Safety 0.0083
Modern Bike 0.0084

3 AIR RESISTANCE IS A MAJOR FACTOR

When the bicycle’s speed is above 12-15 kilometers
per hour, air resistance is the primary cause of loss of
energy in a bicycle. Power to overcome air resistance
goes as (velocity)’; force is proportional to (velocity)?
while the rolling friction is roughly a constant and not
dependent on speed. Air resistance has two components,
skin friction and pressure effect. Skin friction is basically
that resistance created by the air rubbing past the bicycle
and rider. The pressure effect is created by the turbulence
behind the bike and rider. As a result a difference in
pressure exists and energy is converted into kinetic energy
of the air in the wake of the bicycle. Of course, this
energy dissipates eventually as heat. (Wilson, 2003)

Thus, the bicycle could become much more efficient if
the air resistance is decreased. One way to decrease air
resistance on an individual basis to draft -- to get behind
something else that is moving air out of the way. Another
way is to decrease the frontal area, while the third method
is streamline which allows air to flow more smoothly
around the bicycle. We will consider each of these
methods in turn.

Drafting involves being behind some other object.
Almost any object from another bicycle to a train can be
helpful. For example, the world record on a bicycle, 269
KPH, was established when a bicyclist rode behind a drag
racer. Similar records were established as early as 1896
when somebody rode behind a train.

Drafting can also be used in more practical
applications. One is the tandem bicycle. On tandem
bikes two or more riders are on the same bicycle. Only
the first person needs to push all of the air out of the way,
and the turbulence gets mostly transferred behind the last
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person. Thus, the net effect of the air resistance is less
than for the same number of people on individual bikes.

This effect of the tandem was used to set speed
records. A rider on a one-person bike would ride behind a
multiple person tandem. The folks on the tandem could
go faster than any one of them individually because of the
effect discussed in the previous paragraph. The person on
the single bike would draft behind them and, thus, go
faster than he/she could without the help from the
drafting.

Table 4: Representative Drag Coefficients,
Simplified from (Wilson, 2003)

Drag Frontal Area CpA

coefficient (m?) (m?)

Commuting 1.15 0.55 0.63

Racing 0.88 0.36 0.32

Mountain 0.69 0.57 0.39

Recumbent 0.77 0.35 0.27

Faired 0.12 0.48 0.06
Recumbent

Kyle Fairing 0.10 0.71 0.07

racing
VW Golf * 0.32 0.72 0.23

* Data from(Henrichmann, 2004; Minnetti et al., 2001)

Drafting is also used in modern bicycle racing. During
parts of races such as the Tour de France, a bicycling
team will ride in formation. The first person does much
more work, and all the others take advantage of that extra
effort. They are just like geese, after awhile they switch
around so that a different person does the extra work.

An interesting way to address simultaneously the
frontal area and streamlining is to devise different riding
positions. Two such positions were created Obree.
Neither of these positions is used in the Tour de France
because of actions that we will discuss later in this paper.

These methods of decreasing air resistance involve the
rider more than the bike. A significant modification of
the bike can change the position of the rider and get
him/her into a position that is more streamlined than the
normal bike. The so-called recumbent position in which
the rider is in a sitting or lying position proves to be quite
useful. Table 4 shows some data on the air resistance of
different types of bikes. The equation which defines Cp, is

P, = %pCDA ViV +V,),

where P, is the power to overcome air resistance; V, the
velocity of bicycle; Vy, velocity of wind; A, the frontal
area; and p, air density.

The important factor is the coefficient times the frontal
area. The Table shows that except for the special fairing
designed by Chester Kyle for a diamond frame bicycle, all
of the low values are related to having the rider in a
recumbent position. A recent study compared the possible
improvements in power to air resistance from a standard
diamond frame bike to other diamond frames and to
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recumbent frame. (Bassett, Kyle, Passfield, Broker, &

Burke, 1999) quoted in (Kyle & Weaver, 2004) The

authors state that the best that possible improvement for a

conventional bike is about 20%. However, with a

recumbent bike the improvement can be up to 95%.
People noticed this fact as early as the 1930s.

Table 5: World Records for Distance in One
Hour (adapted from [(Kyle & Weaver, 2004)

Date Type of bicycle Distance
(km)
7 July 1933 Recumbent (Velocar) 45.055
18 Nov 1933 Streamlined Conventional 49.992
3 March 1939 | Streamlined Recumbent 50.537
6 May 1979 Conventional — Kyle Fairing | 51.306
15 July 1989 Streamlined Recumbent 73.000
27 July 2002 Streamlined Recumbent 82.601

4 RECUMBENT BICYCLES & SPEED RECORDS

Recumbent bicycles were built as early as the 19"
century and in the 1920s began setting racing and speed
records for both assisted, as in the drafting, and unassisted
bicycling. The Velocar (Figure 4) was an early device that
actually allowed for such streamlining and a recumbent
position. In 1933 the Velocar travelled 45 kilometers in
one hour. As Table 5 shows, the recumbent has
dominated the records for distance traveled in one hour
except for a standard bike which had a fairing designed by
Chester Kyle and set the record in 1979. Since then, the
records have been held by various types of recumbents.

Another way to consider the types of bicycles with the
lowest air resistance is to look at records for top speeds on
an unassisted bikes; that is: not ones behind other vehicles
or traveling downhill. The present record is 125 kph
which was set about three years ago. Figure 5 shows a
graph of speed versus distance for a recent record. The
web site http://www.speed101.com contains other similar
graphs as well as videos and other information about
recording setting bicycles and riders, including both men
and women.

These record setting bicycles require about 18% of the
power to get to the same speed as a conventional bike.
(Kyle & Weaver, 2004) But, what about normal riders
who are not trying to set records? Perhaps, we would get
down to 50% or so. We’d certainly make bicycles work
better.

Kyle and Weaver claim that a healthy adult can
produce a power of about 200 watts and can maintain that
output for about an hour. So, in a well designed
recumbent bicycle this person should be able to maintain
50 kph for an hour.
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5 Why do all of us not ride recumbents?

If this analysis is correct, the question is, why do all of
us not ride recumbents? The answer is related in part to
the way social and political interest sometimes overpower
science and technology. The Union Cycliste
Internationale governs bicycle racing in events such as the
Olympics and the Tour de France. In 1913 they banned
streamlining. (Some streamlining is acceptable but only if
it is an integral part of the bicycle.) In 1934 they were
faced with a large number of new records that were set by
people riding recumbent bicycles. So, after some
controversy they recognized recumbents as bicycles, and
those records became part of bicycling history. However,
other people argued against that action. Later the same
year, on April Fools Day, 1934, they redefined a racing
bicycle. The critical issue was that the seat and the crank
could not be horizontally further separated than 10 cm.
The criterion outlaws all recumbent bicycles. Thus,

Figure 4: The Velocar

records that had been recognized earlier that year were no
longer valid.
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Figure 5: A distance versus speed graph for a
record setting run.
From http://www.speed101.com

The Union Cycliste Internationale did not stop making
such rules in the early part of the 20™ Century, In 2000
they banned extreme riding positions such as the ones
devised by Orbee and discussed above. Further, they
required that all racing bicycles have a diamond frame.
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The result is that bicycles which have very low air
resistance are illegal in racing. Of course, people can still
set speed records with them, but the development of
bicycle technology moved primarily to improving speed
on the diamond frame, which was needed to win the
major races, and moved from the recumbent in the 1930s
and did not start again until the late 1960s.

6 Conclusions

Thus, the politics of bicycle racing has had a
significant influence on how physics has been applied to
this mode of transportation. Even though the recumbent
bicycle can be shown to be the better way to ride in many
ways, development did not keep pace with the
development of the diamond frame. Perhaps if more
recumbents were seen in races, casual riders, as well as
engineers, would have had a greater interested in these
vehicles. Then, bicycle engineers would have devoted
more energy to developing them. As a result, today’s
bikes might look as much different from those of 1880 as
the 1880 cars as different for today’s cars.

7 Pedagogical Consideration

The development of the bicycle provides an excellent
example for students to see how science can be applied to
technology. The basic principles are rather straight
forward and all parts of the bicycle are easily visible.

It is also very useful for showing how considerations
other than science can determine how the device is used
and how development progresses. One of the advantages
of the bike for this instruction is that relatively little
public controversy surrounds its development. Certainly,
some people will disagree with my analysis of why the
recumbent bicycle is not popular. However, very few
students are likely to get emotionally involved in the
discussion, unlike a discussion of, say, nuclear power.
Thus the class can concentrate on issues related to
science, technology and society in a somewhat detached
way.
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