- The Aerodynamics
of Human-powered Land Vehicles

- A bicycle and its rider are scrongly impeded by their resistance
ro the Aow of air. Aerodynamic scratagems have brought vehicles
thar can go 60 miles per hour on a level road without assistance

by Albert C. Gross, Chester R. Kyle and Douglas J. Malewicki

dynamics have been applied with

great success 10 improving the
speed and efficiency of aircraft, automo-
biles. motoreycles and even competitive
<kiers and skaters. Vehicles powered by
human energy, however, were virtual-
ly ignored until quite recently, which is
strange in view of the fact that air resis-
tance is by far the major retarding force
affecting them. With a bicycle, for ex-
ample, it accounts for more than 80 per-
cent of the total force acting to slow the
vehicle at speeds higher than 18 miles
per hour. Here we undertake 16 ¢xplain
this neglect and to show what attention
to aerodynamics is beginning to do for
the performance of human-powered
land vehicles.

Looking first at the bicycle, one sees
chat it Ras remained almost the same in
form for nearly a2 century. The Rover
safety Cycle, which was introduced in
England in 1884, couid easily pass for
a modern bicycle; it lacks only a seat
brace, which would have formed the
modern diamond frame, and a few com-
ponents such as brakes and multiple
gears. Almost from the beginning the
designers and users of bicycles recog-
nized the importance of aerodynam-
ics, but artificial constraints on design
largely prevented the application of
the necessary technology. It was as ob-
vious then as it is now that wind forces
at the bicycle-racing speed of from 20
to 30 m.p.h. are enormous.

Before 1900 the crouched posture of
the bicycle racer had become common
as a means of reducing air resistance.
Another practice adopted before 1900
was to put a multiple-rider bicycle
ahead of a single racer to shield him
from the wind. In 1895 the Welsh wheel-
man Jimmy Michael rode 28.6 milesn
one hour behind a four-man lead bicy-
cle. In 1899 Charles (“Mile-a-Minute")
Murphy of the U.S. gained internation-
al fame by pedaling one mile a 63.24

Fur decades the principles of aero-
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m.p.h. on a bicycle traveling behind a
rain of the Long Island Rail Road on a
board path built for the occasion.

in 1912 Etienne Bunau-Varilla of
France patented a streamlined enclo-
sure for a bicycle and its rider that was
inspired by the shape of the first dirigi-
ble balloons. Versions of this bicycle
and its descendants set speed records
in Europe from 1912 to 1933, In 1933
Marce! Berthet of France covered 31.06
miles in one hour riding a streamlined
rig named the Vélodyne; his pace was
more than 3 m.p.h. faster than anyone
riding a siandard bicycle had gone
for one hour.

[n the same year the French inven-
tor Charles Mochet built a supine re-
cumbent bicvcle (with the rider pedal-
ing while lying on his back) that he later
streamlined. With a professional racer,
Francois Faure, this “Velocar™ set a
number of speed records between 1933
and 1938. Mochet and Faure hoped the
records would be recognized by the Un-
ion Cycliste Internationale, the world
governing body for bicycle racing. They
were not.

ndeed, in 1938 the Union banned the
use of aerodynamic devices and re-

cumbent bicycles in racing; the rule is
still in force. The ban has been a serious
deterrent to the development of high-
speed bicycles and is one of two major
reasons the bicycle has remained nearly
unchanged for so long. (The other rea-
son is that in the developed countries the
shift to the automobile has made the bi-
¢vele less important for transportation
than it once was.)

By its ruling the Union essentially
classified improvements in the aerody-
namics of bicycles and other technologi-
cal changes as “cheating.” (It is perhaps
fortunate that the Union was not active
when a Scotch-Irish veterinary surgeon,
John Bovd Dunlop, developed the pneu-
matic tire for bicycles in
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1887, otherwise

people might now be riding bicycles ar
possibly automobiles with solid sie
wheels.) To its credit, however, the L
ion has gradually begun to relax s -
strictions on changes in aerodynamic
although recumbents are still forh
den. Since 1976 skintight one-piece su:
have become common in inlernatio
a] bicycle racing. Streamlined helme:
teardrop cross sections for frame tu
ing, streamlined brake levers and oth
asrodynamically improved componen
have been allowed. In fact. technolog
cal change in all forms of human-po
sred vehicle is fliourishing at a rate u
matched since the heyday of the bicyc
in the 19th century.

This rapid change can be partly auri
uted to a series of events in Caliform
In 1973 one of us (Kyle) and Jack b
Lambie, a consultant in aerodynami
who was working independently, bu
and tested the first two streamlined bic
cles in the U.S. Unlike their predece
sors, Kyle and Lambie actually me
sured the reduction in drag achieved t
streamlining. They did so by conducur
numeraus coast-down tests, in which @
unpowered vehicle 15 allowed to dece
erate on a level surface. In this conditic
the deceleration of the vehicle 1s pr
portional to the total retarding force
acting on it; instruments measure ithe
the speed or the deceleration. Kyle an
Lambie, publishing their results ind:
pendently, both concluded that the ol
drag forces on a bicycle could be I
duced by more than 60 percent with
vertical, wing-shaped fairing that co™
pletely encloses the bicycle and the r's
er. (It was not uniil some two years ia
er that either Kyle or Lambie learne
that similar vehicles had been built &2
lier in Europe.)

In 1974 Ronald P. Skarin, an Qlymp!
cyclist for the U.S,, set five world spe€.
records riding the Kyle streamlined P!
cycle at the Los Alamitos Naval Air 59
tion. Because of this success, Kyle 8%




_ambie decided to organize a race [or
arestricted human-powered vehicles.
n April 5, 1975, at Irwindale, Calif,, 14
iistinctive vehicles competed in this his-
aric first race. Many of them were re-
smbents, some with the rider pedaling
ipine (face up) and some with the rider
rone (face down). Some were propelled
w both hand and foot power. The win-
ar at 44.87 m.p.h. was a streamlined
1ndem bicyele designed by Philip Nor-
an, a high school teacher in Edgewood,
‘alif. The pedalers were. Norton and
hristopher Deaton, who is a skilled
«cing cvelist but not 2 world-class com-
stitor. (The [astest an unaided standard
cing bicycle has been ridden is 43.43
p.h., a record set in 1982 by Sergel
opylov of the USS.R., a cychst ol
srid class.)
Faced with the policy of the Unton
veliste Internationale agamnst stream-
ying, the competitors in Uhs race
.unded the International Human Fow-
-d Vehicle Association in 1976, lis

e

purpose was lo sanclion competitions in
which human-powered vechicles would
be under no restrictions of design. Since
then in dozens of races heid in many
countries the machines have become
much more sophisticated and speeds
have risen steadily. Four vehicles have
broken the U.S. automobile speed limit
of 55 m.p.h. (Each one received an hon-
orary speeding ticket from the Califor-
nia Highway Patrol.) Among them is a
third-generation streamlined quadricy-
cle designed by Norton.

At present the world's fastest human-
powered vehicle is the Vector Tandem,
a gracefully streamlined two-person re-
cumbent. It was built by a team head-
ad by Allan A. Voigt, an engineer who
as president of Versatron Research, Inc.,
primarily designs aerospace servomo-
tors. (The pedalers ride supine and fac-
ing in opposite directions.) In 1980, with
a flying start of about one mile of accel-
eration, it covered 200 meters along the
track of the Ontaric Motor Speedway in

California at 62.92 m.p.h. Later that
year the Vector Tandem averaged 50.5
m.p.h. for 40 miles on Interstate Route 3
between Stockton and Sacramento.

hese extraordinary speeds are al-

most entirely the result of atiention
1o aerodynamics. A cyclist traveling at
20 m.p.h. typically displaces approxi-
mately 1,000 pounds of air per min-
ute. When the machine and the rider
ar= not streamlined, they leave a sub-
stantial wake and exact a high cost in
human energy.

Two types of aerodynamic drag affect
the performance of a bicycle: pressure
{or form) drag and skin-friction drag.
Pressure drag results when the flow of
air fails to follow the contours of the
moving body. The separation changes
the distribution of the air pressure on
the body. If the separation takes place
toward the rear of the body, the air pres-
sure there becomes lower than it 1s on
the forward surface, causing drag.
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tEAMLINED RACING BICYCLE designed by one of the au-

-s (Kyle) and ridden by Ronald P. Skarin, an Olympic cyclist for
U.5., is shown sciting the world record of 31.88 miles per bour for
hour of pedaling from a standing start. The key to the perform-
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ance was the streamlined fairing that reduced the serodynamic resis-
tance of the rider and the bicycle. Skarin established the new speed
record in 1979 at the Ontario Motor Speedway in Ontario, Calif. Ex-
cept for the fairing the vehicle was basically a standard raciog bicycle.
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- Skin-friction drag results from “the

viscosity of the air. It is caused by the
shearing forces generated in the bound-
ary layer: the layer of air immediately
next to the surface of the body.

.~ Blunt configurations such as the cylin-
ders, spheres and other shapes found on
a bicycle are aerodynamically inefficient
because the airflow separates from the

ROVER SAFETY CYCLE

| surfaces. Low-pressure regions form be-
.-hind the objects, resulting in pressure

drag hundreds of times greater than
skin-friction drag. In contrast, air flows
smoothly around a streamlined shape.
The airr closes in behind as the body
passes. Pressure drag 15 greatly reduced
and skin-feiction drag becomes more
important. * -

VELODYNE

For the. highest efficiency a veh;
“should be designed to- minimize 3
transfer of unrecoverable energy to"
air by the two types of drag. At the pr;
ent level of technology aerodynar
drag absorbs from 40 to 50 percent
the fuel energy consumed by an ay
moebile or a truck at 55 m.p.h. Since g
bicycle has lower power, weight a;
1
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EARLY IMPROVEMENTS in human-powered land vehicles re-
sulted In the Introduction of the Rover Safety Cycle in England In
1884. In 1912 and 1913 Etenne Bunau-Varilla of France obtained
patents for u sireamlined design; similar bicycles set many speed rec-
orde. The Goricke was developed In Germany In 1314, The Vélodyne
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was ridden 31.06 miles in one houeda new record) by Marcel Bert =
of France in 1933, From the same year is the Rocket, designed &Y
Dsear Egg. Another French vehicle, the Veélocar, set several spesd. .
records between 1933 and 1938, Moat of the drawings are hosed
data from the Walfgang Gromen-Archive at Bimningen In Switze
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:::ﬂ_:l !:Enbm ﬁ: islt_:rfar:cs. Low-pressure regions form be- For the. highest efficiency a "ue:h :
od i the bﬂ}lundf d:l:: w:ndnfisitséfms‘uhmg in pressure . should !:rc designed to- minimize #plling resistance and pﬁar'sucamlmm:i;_
S Qe ames It1rru:= greater than transfer of unrecoverable energy to ®rodynamic drag accounts for an even
he body. smoothl arnunﬁ. aﬂf:ﬂnﬂ&;:, air flows  air by the two types of drag. At the prasigher percentage of the energy con.
juchasthecylin-  The ﬂi.l.'}::il]ﬂ:.i - beITE?jmlmtd shape. ent level of technology aerodynagpgumed at speeds above 10 m.p.h.
shapes found on  passes. Pressure d ind as the bady — drag absorbs from 40 10 50 percentig A term employed to describe the
icallyineficient and s];:in-f:-iuti;n .I.';EIS irea“!" reduced the fuel energy consumed by an aufggrodynamic efficiency of a shape is
arales Lo the.  Aksetane drag becomes more mobile or a truck at 55 m.p.h. Since (e drag coefficient. An inefficient shape
prarian bicycle has lower power, weight agguch asa sphere will have a drag coeffi-
pkcnt of, say, 1.3, whereas a streamlined
ghape such as a teardrop will have one
Ak less than .1. Hence an object of tear-
sbrop shape can move with less than a
ath of the loss of eneray incurred by
object of cvlindrical shape.
For land-transportation vehicles the
srodynamic resistance 15 almost direct-
y aroportional to the produc: of the
otal area and the drag coetficient. For
grivenience we call the product the sf-
bactive frontal area. In discussing which
JFf two vehicles has less aerodynamic
irag it is not sufficient 1o compare drag
sefficients: the size of the vehicle must
hieo be raken into account That is done
a the concept of the effective frontal
rea, An ordinary bicycle and its rider
will have an effective frontal arsa of
: fem 3.4 1o six square [eef, wheresas
i fs .reamlined human-powered vehicle
' N:an have one of less than .3 square [ool.

VELODYNE

he force of acrodynamic drag in-
: creases as the squars of the velocity.
3 Ipower is proportional to the product of
2 lirag force and velocity, so that the pow-
i sr necessary to drive an object througn
s the air increases as the cube of the veloc-

I-J[:.' Hence a modest increase in spead
4 B yires 40 enOrmous increase in power.
4 A -yclist who suddenly doubles his out-
=i e Ju: of power when he is traveling at 20

5 m.p.h. will increase his spesd to only
abourt 26 m.p.h.

Conversély, reductions in aerody-
4 Inamic drag affect speed less than one
might think. If the air drag is cut in half
at 20 m.p.h. a cyclist who does not
change his power output will speed up
o about 24 4 m.p.h. The reason is that
the rolling resistance remains constant
I[ that resistance could be ignored, dou-
biing the horsepower or reducing the el
‘serive frontal area by half would again
get the speed up to about 26 m.p.h.

VELOCAR

high aerodynamic efficiency. The Vec-
tar Tandem, receiving an input of slight-
ly more than one horsepower from each
of its two riders, attained a speed of
62.92 m.p.h. For a standard bicycle 10
1hieve that speed would require more
t an 6 h.p. That level of power {rom 2
human rider is clearly impossible.
Dresigners and riders can reduce the
acrodynamic drag on human-powered
vehicles in three major ways. First, they
can cut down the amount of energy

i human-powered land vehicles re- was ridden 31.06
_ 06 miles in one haoeia n
¢ Rover Safety Cycle in England In of France in 1933. From the same rutr'h::;utrdﬂi:.;:::;ﬂj

¢ Bu =Varilla of i 3

: :imir:“blc.rr:llﬂ :ﬂ 1::::;: n:r':r:ﬁ Oscar Egg. Another French vehicle, the Vélocar, set several speed, wasted by the vehicle's interaction Wik

| in Germany ln 1914, The -.j:.;h,;,“ ;“"';d’ b“"':r' 1933 and 1935. Most of the drawings are based the air, They do it by streamlining (re-
ata from the Wolfgang Gronen Archive st Biuningen in Switzerioa®’ § shaping the front and rear of blunt ob- |

jects to minimize the pressure drag) and
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[n sum, high speeds require extremely |
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.amount of air encountered durmg each
:cr:-:rm:l of forward travel can be re- -

combination.” The same effect can be
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1"* ﬂ;ﬁﬁmm; mush :urfaccs to n:um«- i} mﬂ% riding at I'ugh:r a]l:tudﬂ.
+'mize . skin-friction drag. Second, "the :..Thm:l the rider can find air moving in. - air. In Mexico City {clcwnun'.l' 419
. such a way that it provides a tail wind.
-'Here the most effective approach 1s
" duced. This is done by lowering the ef- _ drafting, that is, riding closely in rh:
wake of another vehicle.
At high H.hil.‘Ed:s the atmosphere 15
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where the air is only 80 percent as
as it is at sea level) cycling rn.t-‘.ﬁ::urﬂ!:ﬁEE

* from 3 to 5 percent faster than recgr,
made at lower altitudes. At La Paz
livia (elevation 12,000 feet), sea .H&
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MODERN HUMAN-POWERED VEHICLES make intensive use
of sireamiining 1o reduce the aerodynamic drag of the vehicle-rider
combination. The simplest s the Zzipper, which s a partial fairing
mounted In front of the rider. The Kyle Streamllner dates from 1973,
A design that is meant for touring ond commuting rather than for
racing i the Avatar 2000; it utilizes the advantages of a recumbent
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pasition for the rider. The Vector Single, which has & full fairiog,
theoretically capable of reaching almost 62 m.p.h. with an input
one horsepower from the rider. The Easy Racer s a recumbent d
signed mainly for touring or commuling, but it has also been ra
The last vehicle is one of the all-weather recombents designed
Poul Schindorf In Germany for elderly and handicspped peoplte
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14 percent. On the moon, where there
no atmosphere and only one-sixth
e gravitational attraction, a suitably
uipped  bicyclist could theoretically
ide at 238 m.p.h. with a very modest

aput of .1 h.p.

nalyzing the relation in which 80 per-
cent of the power generated by a
clist traveling on level ground at 13
.p.h. goes to overcome air resistance,
¢ finds that about 70 percent of the
wer consumption is due to the air’s
istance to the rider and 30 percent to
£ air's resistance to the bicycle. This
ding leads to the conclusion that to
mprove the performance of the stan-
ard bicycle one must first improve the
rodynamics of the rider.

For riders who race, the resirictions of
e Union Cycliste Internationale leave
itle room for improvements beyond
hat has aiready been done in adopting
e crouched position, the streamlined
elmet, the skintight suit and the stream-
ining of components of the bicycle. As
Voigt has calculated, even with a “per-
fect” bicycle (no aerodynamic drag on
: machine at any speed and tires with
o rolling resisiance) the aerodynamic
irag on the rider alone would severely
lamper improvemenis in performance.
According to Voigt, a crouched rider on
1 conventional racing bicycle could
wach a maximum velocity of about 34
n.p.h. with a power inputof 1 h.p.Ona
perfect bicycle the same rider making
the same effort could achieve 38 m.p.h.

For the millions of noncompetitive
wvelists who simply want a more ef-
gcient ride, several aerodynamic im-
provemenits are possible. They can be
ranked in order of cost, beginning with
the cheapest: a partial [airing such as the
Izipper,-developed and manufactured
by Glen Brown of Santa Cruz, Calif. [tis
1 small, transparent, streamlined shield
mounted in front of the rider. For about
160 a rider can lower the aerodynamic
drag by about 20 percent, achieving a
wpeed increase of some 2.5 m.p.h. [or
i {-h.p. input.

Another effective way of reducing
terodynamic drag is to ride a recumbent
bicycle. (The machine would cost sever-
il hundred dollars more than a basic
ltouring bicycle.) The pioneers in this
field are Gardner Martin of Fresdom,
iCalif., designer of the Easy Racer, and
'David Gordon Wilson of the Massa-
chusetts Institute of Technology, design-
er of the Avatar 2000, Because of the
smaller frontal area presented by the re-
tumbent rider, wind resistance decreas-
ts by 15 to 20 percent, resulting in about
the same speed increase as is achieved
by the Zzipper [airing.

The recumbent bicycle offers other
idvantages. [t is more comfortable to
fide than a standard bicycle. In acci-

cords could ﬂ't:-:-r:l::ca]lf h: u‘nprnved :

SFEED {MILES PER HOUR)

HENERE ]

1955 19680 1385 1970 1975 1280

1954 1585

1920 1835 1240 1945
SPEED RECORDS of human-powered land vehicles have risen rapidly since the formation
in 1976 of the International Human Powered Vehicle Association, which puts no restrictions
on design. The time of the founding is indicated by the broken line, For many years before
then the rules of the Union Cycliste Internationale, which banned streamlined vehicles from
sanctioned bicycle competition, had kept speed records virtually unchanged. The curves repre-
senl records for multiple riders for 200 meters with a Aying strt (cefor), single riders under

the same conditions (gray) and riders who pedaled for one hour at the maximum effort (diack).
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EFFECT OF STREAMLINING s to improve the performance of human-powered vehicles
at all levels of power input. The upright roadster is the least streamlined vehicle, the Vector
thape the most streamlined. Drafting means to follow closely behind another vehicle, here a bi-
cycle. A good athlete can produce | h.p. for about J0 seconds, a healthy nonathlete for about
12 seconds. They can sustain an output of .4 and .1 h.p. respectively for about cight hours. The
effectlve frontal area s the product of the drag coefficlenl and the projected [ronial area.
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FOACES AERAODYNAMIC DATA
AT ROLLING
DESCRIPTION 20 MPH. | DRAG | FRONTAL AREA | pacural AREA AESISTAN
(POUNDS) | COEFFICIENT | [SQUARE FEET) e iane FeeT) COEFFICIE
20-LB. BIKE
BMX :
YOUTH 120-LB. RIDER, 5.52 1.1 4.9 5.4
KNOBBY TIRES, : . ; 04
" OFF-ROAD RACER) 5050 BIA. 40 5. e 2,10
ald
o 40-L8. BIKE,
2 | eAiGHT 160-LB. AIDER, o14
O | coMMUTER TIRES 27-IN, DIA,, Ti¥ . 8 008
= 40 PS.. O 1.20
'
z 25-L8. BIKE,
< ;':E;-{fsf”ﬂ 160-LB. RIDER,
Z | STRAIGHT) CLINCHER TIRES, 4.40 1 43 43 -0045
= 27-IN. DIA., 90 P.S.L { 83
(74 ]
| 20-LB. BIKE, |
:ltﬂfrﬁ 160-LB. RIDER, -
CEOLCHED) SEWUP TIRES, 348 88 | 3.9 14 P 003
27-IN., DIA., 105 P.5.L. 54 |
AERQDYNAMIC £0-LB. BIKE, | i | I
COMPONENTS 160-LB. RIDER. | I
(FULLY SEWUP TIRES. 3.27 a3 3.9 , 12 003
CAOUCHED) 27-IN. DIA., 108 P S ! | s ] I !
21-LB. BIKE |
PARTIAL FAIRING -
160-L8, RIDER, - |
0 E:zﬁ:'r::ﬁg:ﬁu SEWUP TIRES. CE_ ) | 2.97 70 4.1 . 2.9 003
= ’ 27-IN. DIA., 105 P.5.i | =4 ! !
3 27.LB. BIKE, 160-LE. RIDER, -
| RECUMBENT CLINCHER TIRES, 4 -
S | (EASY RACER)  2G-IN. FRONT, Qh‘: e ., 38 24 008
l 4 27-IN. REAR. 20 P.5.1. 94
3 ;E-LE. BIKE, 5,32 i ’.
= WO 160-L8. RIDERS, 2,66
™ | T CLINCHER TIRES, 163 ) : 5.2 52 0045
27-M. DIA., 90 P.5.1, 81 | |
ORAFTING 2-LE8. BIKE, |= | |
(CLOSELY FOLLOWING .B3-L8. RIDER, = I' 1.94 s | 1.9 15 503
| ANOTHER BICYCLE)  oovur TIRES. 2 " ' [
- 27-IN. DIA., 105 P51, : >4 |
40-LB. BIKE, 160-L5. .
S WhEELs, = PIDER.SEWUP TIRES, ; . " | i !
ONE RIDER) | 20-IN. FRONT. ®) - ‘ I & 004
_ 27-IN. BEAR, 105 P.S.L 8 ! |
o 52.L8,. BIKE, TWO 1.44
T | wvLE , 1 ': '
[ 160-LE. AIDERS, T2 | |
= | (TWD WHEELS, 1 ' 2 7
- SEWUP TIRES \ 4 1.4 003
2 TWO RIDERS) 105 P.S.1. | pr .
s 68-LE. BIKE. 160-LB. RIDER, . ]
& | VECTOR SINGLE  SEWUP TIRES. ' |
S | (THREE WHEELS) 24-IN. FRONT, @ 5 " 4.56 5 0045
R 27-IN. BEAR 1.02 |
62
VECTOR TANDEM LiB. BIKE.TWO 160 LB, RIDERS, kX 5 ,l
(THREE WHEELS) 321 DIA @ v7s _ 7 6 0045
; ] !
ROLLING I
| PERFECT NO | ;
! RESISTANCE, i, - A 3.07 a 3, f
rE"‘E NO DRAG ON BIKE & p : > 2 -
e i
ROLLING RESISTANCE = !
b INCLUDES RIDER'S (-5"1?" [ 133 | 1.2 1.3 0045
WEIGHT AW &
| PERFECT CRAG ON ' !
E | RECUMBENT AIDER ONLY OO 7 w ] 13 ? 0
8 - |
i | |
< | PERFECT DRAG ON SMALL I
2 | PRONE BIKE BUT STRONG RIDER 51 -8 | 8 5 _ 0
£ : |
kid
T | PEAFECT PRONE
E | STREAMUINE ar 05 1.4 07 o
: i @
i!l-:E..Elﬁ BIKE, 15@13- - R -
RIDER, MOTORCYCLE ES
MOTOR PACING  pour o e TIRES, 0 = - WITH _pos -
- 70 PS5 s 1.21 : ' SPEED
r . . 25-L8, BIKE, - g
MOON BIKE ' * ' 180-LB. RIDER, RN LS R N R :
Coo.o T it 15-LB, SPACE SUIT LI BT 28 SIESSE i d 0045
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maxivum | sTEADY | SIEADY
SPEED 7| SPEED UP | coasTiNG
278 -7 122 198 -
ITE 10.9 24
1.1 12.2 27.7
13.9 13 3.2
| |
4.8 12 | ap2
| |
157 31 | 338
I |
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i b7 s L 1386 a1 7
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! il Imeg 58,8 12.9 T4
2% I 3 568 14 69.9
' I
Hina §1.2 1.2 30,1
————
i 2 s g 2.5 12 108.4
| _ |
i i
| L
i gy 159 124 U7
——l
‘ ".lm.q 45.8 13.3 50.3
#ln, 58.3 16.8 65.9
¥
_._—-—-_",'_-_
| a
' g 04 853 .2 653
—_—
a3 125.9 5.8 174.5
PR
_l_—-.-.qh.-
3
Plma 204 12.8 7
5 2375 TB.4 7

Ve
-.:'FJ LAL

o s ol % 'I."-H .‘- s 2 ey .H ':__uh_'. = .-.::
e oHr T Sa g S & b S ey

dents that do not involve an encounter,

k= "

with an automobile it.is much safer,

., - since the rider is closer to the ground
-+ {making falls less serious) and the feet

are forward (making a head injury less

_likely in a fall). A problem is that a re-

cumbent is hard to see"on a goad and
50 is perhaps more vulnerable to auto-
mobiles: the problem can be relieved
somewhat by mounting on the vehicle
a long, thin pole with a flag.

At the top of the expense ladder is a
bicycle with a full fairing. The Vector
Single, a one-rider version of the Vector
Tandem, is the best example of a [ully
faired, enclosed, pedal-powered vehicle.
{1t is the machine portrayed on the cover
of this lssue of Scienrific American.}) Ac-
cording to Voigt, the vehicle is theorel-
ically capable of reaching 61.7 m.p.h.
with a I-h.p. input, an increase of 15.2
m.p.h. over what has been done with a
standard racing bicycle. A Vector 3in-
gle costs about as much as a first-class
racing bicycle.

In going up or down & hill a fully
streamlined vehicle retains its advan-
tage over a conventional bicycle. Al-
though the Vector Single weighs about
80 pounds, compared with aboutr I3
pounds for a standard bicycle, it can
climb moderate hills as fast as or faster
than the bicycle. With an input of .4 h.p.
a bicycle can climb a 2.5 percent grade
at about 16 m.p.h. and a 6 percent grade
at about 11 m.p.h. With the same input
the Vector can climb the two grades at
20.5 and 1] m.p.h. respectively.

Downhill the difference between the
two machines is remarkable. The bicy-
cle can descend a 2.5 percent grade at
29.5 m.p.h,, the Vector at 54. On a2 6
percent grade the bicycle can reach a
speed of 39 m.p.h. and the Vector can
exceed 100. Such potential speeds mean
that if streamlined human-powered ve-
hicles become common, carsful atten-
tion must be given to the design of
brakes and suspension and to the sia-
bility of the vehicle. =

Sim:.: the aerodynamic drag force is
proportional to the square of the rel-
ative velocity, head winds, tail winds
and even crosswinds can drasticaily
change both acrodynamic drag and the
power requirements. For example, a bi-
cyclist going at 18 m.p.h. in still air must
increase his power output by 100 per-
cent to maintain that speed against a
head wind of 10 m.p.h. Usually a bicy-
clist confronting a head wind slows
down and tries to maintain his custom-

i
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. ary leg force and. pedaling cadence. by
-shifting gears.. This is one reason bicy-
cles with multiple gears are desirable
even for level country. -

- A tail wind makes the bicyclist g
faster with his customary input of pow-
er. [n general moving air will speed up
or slow down a bicycle by about half the
wind speed. When one bicyclist rides in
the wake of another, the power require-
ments of the drafting rider are reduced
by about 30 percent. The forward bi-
cvclist creates an artificial tail wind.

The closer the rear bicycle follows the
leader, the more pronounced the drafr.
ing effect is. One can think of the rear
rider on a tandem bicvcle as drafting
extremely closely. Tandem riders use 20
percent less power per rider than two
separate cyclists.

When the riders in a line of draiting
bicyclists take turns in the lead position,
the entire group can travel much faster
than a single rider. In a pursuit race of
4. 000 meters (almost 2.5 miles) a four
rider team can go about 4 m_p.n. fasier
than a single bicyclist, Typically a group
of bicycle tourists of equal ability can
travel from | m.p.h, to J m.p.h. faster
than any nider alone. The larger the
aroup is. the faster it should be able to
travel (up to, say. a dozen niders).

Artificial winds created by passing au-
tomotive raffic can increase a bicyclist’s
speed from | m.p.h. to 3 m.p.h. for peri-
ods of about seven seconds, The larger
the passing vehicle, the mors substan-
tial the effect. A steady stream of trathic
can enable a bicyclist to susiain a speed
from 3} m.p.h. 1o 6 m.p.h, higher than
would otherwise be possible for a given
energy input

When a bicyclist rides directly in the
wake of a motor vehicle, quite remark-
able speeds can be attained. The prac:
tice is called motor pacing. On Au-
gust 25, 1973, Allan V. Abbott, a physi-
cian in California. achieved a record of
138,674 m.p.h. motor pacing along 2
measured mile at the Bonneville Salt
Flats in Utah. John Howard. a L.3
Qlympic cyclist, is attempting to break
Abbott's record and to achieve @ motor-
pacing speed in excess of 130 m.p.h.

lthough the findings we have de-
scribed are significant in their own
right, one wonders if they will have any
practical application beyond their effect
on speed records. For a large [raction of
the world's bicycle riders it seems un-
likely that the work will have much
immediate utility, For example, in the

PERFORMANCE OF HUMAN-POWERED YEHICLES ls summarized. The numbery list-

od under forces for each vehicle represent alr resista
The Gve columas al the far right represent respectively the horscpower required ot

s n perceniage of the louriag rider's performance;

mce and rolling resistance reypectively.
20 m.p.h.

the all-doy touriag speed in miley per hour

at am output of .1 hp.; the mazimum speed at an oufput of 1 h.p.; the stendy speed in miles per

bowr up & 5 percent grade al an output of 4 b

p-, and the coasting speed down the same grade.
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many devcloping countries where the
bicycle is the chiel means of transporta-
tion most riders travel at aboul T m.p..
often with a substantial leac: aerody-
namic drag becomes more important
than other impediments to bicycle mo-
tion only at speeds above 10 m.p.h. Even
here the work on aerpdynamics makes
4 contribution, Without it designers
would pot know why they should large-
ly ignore gerodynamics for slow-mov.
ing human-powered vehicles.

For bicyecles intended for siow but
sure progress it makes sense 1o decreasc
rolling resistance by improving tires and
by paving roads. Designers should also
reduce the bicycle's weight to facilitate
climbing hills. The recent introduction
of “mountain Sikes” in the U5, 18 a slep
in the direction of making lightweight
bicycies durable crough for rugged of
unpaved roads,

In several ways the knowledge gained
by the recen: research on the aerody-
namics of human-powered vehicles can
be directly uscful. Although the stan-
dard bicycle is likely 10 be the predom-
nant representative of the class for
many more years because of its pubiic
acceptance, low cost, simplicity and me-
chanical reliability, it offers plenty of
scope for innovation. For example, 2
light, simpie and inexpensive fronat fair-
ing witl substantiaily 1mprove the per-
farmance of the syandard bicvele. The
recurmbent bicycle may come into great-
er uge by commulers anc tourists be-
cause of s =fficizncy and comfor:

A further application of the technalo-
gy would be o fit 3 recumbenl with &

small, lightweight meotor of low horse:
power. The motor would serve mainly
4 an 2id in accelerating from a stop and
in climbing hills. Fitted also with as
much streamlining as would be consis-
tent with the need for ventilution and
stability, the machmine would be a true
moped. (The machines now sold under
that name are nol really motor-pedal
vehicles but merely underpowercd mo-
torcycles.)

The recent research has inspired in-
ventors 10 develop several special-pur-
pose human-powered vehicles. Paul
Schéndorf, a professor of engineering
at the Fachhochschule in Cologne, has
huilt a series of easily pedaled, all-
weather recumbent tricycles for the el
derly and the handicapped. Similar ve
hicles would serve well in retirement
-armmunities. Douglas Schwand! of the
Velerans Admimsiration’s Rehabuia-
tion Engineering Research and Devel-
opment Center at Palo Allo, Catiif., has
built hand-cranked tricycles and bicy-
clas for paraplegics. Willam Warner,
a paraplegic who once held the record
for hand-powered vehicles in the racss
sponsored by the International Human
Fowered Vehicle Association. says 2
disabled person can prope! such a vehi-
cie much faster than a standard whest
chair and therebv can zamn a new scase
af frezdom and mobility. (The preseni
record of 25.09 m.p.h. wassetin 1981 2¥
As=her Williams of the Palo Allo rcha-
Bilitation center.)

ia principle a fully enclosec, stream-
tined human-mowersd vehicle could be
quite ussful in trapsporiation. A rider

could travel at speeds of from 2l 1q 3
m.p.h. in ull kinds of weather. As s
vehicles are now designed, hnwuu.;
they would not serve on the open rog;
They lack adeguate ventilution, visib,
ity, mancuverability and such yu e
{oatures as lights and windshield i
crs. Most of them arc not casy 1o p;
into or out of.

To produce a practical vehicle vi 1h
kind would require an investment ur,
an engineering cffort comparable toth,
made in producing 2 new autemaobil
Even then the pedalec vehicle would ng
he safe in traffic that included a lar:
aumber of motor vehicies. One rrELs
conclude that a fully enclesed humu:
powerad vehicle will not be a praciic:
iorm of transporiation wntl fucl shor
apes remove most motorizad veh:sl
[rom the roads or until special roud .«
are built for pedaled machines.

Far likelier is the Jevelopmer:
lizhter and more fuel-efficient autam
biles employing much of the wechnoicy
we have described. One of us (Ma,
wicki) has already built such a ven
cle, a single-passcnger machine weig
ing 230 pounds. [t holds records for Tu
sconamy al the fresway speed of
m.oh. with a gaseiine cngine {3
miles per gallon} and with a diew
aine (1563 mp.g) The diese] ro.c
was set on 2 trip {rom Los Angeiss
Las Wegas, during which the avery
speed was 36.3 moph. A trend tows
such vehricles zould help to exiend i.
sespurces and ironically might posizo
the time when the human-powerad V&
cle will have come fully into its owe.
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to back, set the specd record of 62.92 m.p.b. for 20

)

0 meters in 17

VECTOR TANDEM is showan in plan and elevation. It is & compan- HE .
_ -jon vehicle to the Vector Single portrayed on the cover af this igsue = (The riders had a dying nart of more than one mile) Travelnt

= of SCIENTIFIC AMERICAN. The Tandem, receiving an input of a bit ¥ an interstaie highway in California later that year the Vectof i
mote than 1 b.p, from each of its two riders, wha are positioned back >+~ dem managed an ‘avernge fpeed of 50.5 m.p.h..on & wip of 40 mi
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