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Who WillWn the

DuPont Pnze?,

Drag vs, Power at 65 Mi/hr

DouglasJ. Malewicki

Editol's hote: Ii Januøry, 1984, ttu E, I.
DuPont dz Ner ours Cotøpany established a
substantial $15,000 cash rrize for the filst u-
hicle pouered b1 a siagle human rider to /eaNh
65 mi/h/ aoerage sreed thtough a 200-mete/-
hhrg tirning tlaq. At DuPoflt's lequest, the In-
terfiational Hurfian Powend Vehile Associa-
tion (IHPVA) lras dlawn u! tules lo gooerrt
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com\etitian for the lrize.t* If thz 65 mi/hr
limil is flot attøined in four years' time, lhz
ilize ,nofiz! lDill go to uhoerel has reached the
highesl sleed in an olfcitl record allemtt.

Shartlf øfier the trize was annouficed, we
started to receioe a steadt stream of qtestiarrs

from readen. Hou wos the 65 øi/hr lbnit cho-
sen? Is the comtxter sirhu.lqtion that was sup-
?osedlJ øs.d to set tha linit ad all! oald? Do
the laøs of rhtsics eoeh albu the fussibility of
reøchittg 65 mi/hr urith h mafi. iouer? Sorne
artiles ue sau) sd;d "No." bul, lhen again,
sheltics questioneL thz huma -lo )ered flight
objectioes of the Kremel Prize, ot leøst until
lhc oinning flight of Dr. Pøul MacCrcadl's
Gossamer Albatross m 1979-

To clear uP thz quesliabs about the DuPor,t
Ptize, Brke "fech conmissioned Doug Male-
ttichi to do the eagineering studt tinted herc.
No st/anger to hurnofi-powered sfeed. Doug is
the ststeits errgi eet fol John Houard's 150
mi/hr Motor-Pøced Biqcle SPed Record al-
teitlt slated fol lult, 1985. His worh in aero-
dytømics is rccogniaed by a listing it the

'Footwte kunbeÆ rulet to ,eleftnc.s listqi at tha end of
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SHORT TERM
HUMAN POWEN

CAPABILITY

Figuro 1. §ho .Tem Human Power Capabilily valios widely among tndividuals. A ,,li]st.clæs

alhlslo" can pmducc 1.0 hoBepower lor some 3ll soconds, whils "healthy humans,' Gan suslaln
this power levcll0r a mere 12 seconds. Usually a conslant p0w0r oulput lmm thc d8r0li.0hp
is assumed l0r making predictions ol the top spood ol strcamlinsd Hn ,s. Agrecment bolween
lhese specd prsdictions and aclual mGasutad speeds at tte lllPUA Annual Speed Championships
has been quits good. (Adapted lmm Rel. 3; see also Rol, 4, Ctapt8r Z.)
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Guinness Book of World Records /o/
gdsoline- arrd dizsel-etgine-rouered fuel econ-
ofit lecords set ø.t freeuø! sfueds. In the ct-
cling )orw, fu's an eoert coorditøtor for thø
IHPVA, and a co-outhor of the Sclentlfic
Ameican alticle o HPV aerodytømics-'
Do g halds the M.S- degree in Aeronautical
and Astrcnautical Engin eitg from Stanford
Ur,ioelsit!.

I was talking recently with my tiend Ches-
ter R. Kyle, Ph.D., (a co-founder of the
IHPVA, the plimary instigator of the frst
HPV competitions ten years ago, and the ac-
knowledqed expert in HPV research,) about
what it will take to win the $15,000 DuPont
Prize. Chet quoted me some interesting
results, which appear later in this article,
tom his ovn research at California State
University, and also made these predictions
for this Bihe Tech alticlel

. tle 65 mi/hi limit won't be broken
within the four year period;

. the DuPont money will finally be
awarded for a speed of onJy 60 mi/hr.

As of this witing, some nine months after
the prize was established, only three official
attempts have been made on the DuPont
Prize, alld a[ were unsuccessful. I assume
many entrants in the Tenth Aruual Interna-
tiona.l Human Power Speed Championships
(September 27-æ, 1984, at tie Indianapolis
Motor Speedwa, were motivated by the
Prize. But the current single-rider record
(set in 1980) remains intact, ard the 65 mi/hr
prize seems all the more untouchable.

Is 65 Mi/k Possible?

The current speed record of 58.89 mi/hr
over æ0 metels is held by the Vector Single
strean ined fiicycle, a creation of Versaton
Research Coporation of Geyserville, Cali-
fornia (headed by Al Voight, John Sæicher,
and Doug Unlrey). This record was set irt
1980 at Ontario (California) Motor Speed-
way by rider Dave Grylls, a top track cyclist
who rode for the U.S. silver medal-wiruring
4000-meter pulsuit team in the 1984 Olym-
pics.

Achieving 65 mi/hr requles a whopping
1070 improvement in speed over this current
record. This fact disturbs knowledgeable en-
gineers, because the horsepower required to
overcome air drag (the major retarding
force) increases with the cube of the speed
increase. Therefore, a 1070 speed increase
actually represents a 3Bq0 increase (approxi-
mately) in required porÅ,er with today's best
HPVs. This is why some informed observ-
ers have said the 65 mi/hr speed is "impos-
sible. "

ln the research for this article, I have gone
back to the basic physical laws that relate
speed, d!ag, and power of a human powered
vehicle, to see what is really possible within
the consftairts of the DuPont Prize competi-
tion. (See accompanying sidebar for rnathe-
matical derivations.) We all know intuitively
that top speed of any yehicle will be much
higher going down a grade with a tail wind,
compared to traveling on level ground in still
air. That is why the IHPVA has established
rules regarding maximum slopes and winds
for DuPont Plize attempts. Without such
rules, for example, tle Vector Shgle would
reach a sl.eady 90.1 mi/hr by merely coasdng
down a long 5øo grade, by my calculation.s

Even within the confnes of the DuPont
n les, many factors can be varied to improve
the odds of winning. For instance, all of the
following options are allowed:

- tires with superJow rolling resis-
tance;

- strearnlined faftirgs with super-low
air drag;

- riders of world-class sprint caliber;

- scientifc training of the rider in the
specifc vehicle afld Ior the speciic
task;

- selechon of high-altitude sites with
favorably low air density.

Which of these factors are most impor-
tant? Where should the designer concen&ate
his efforts? These are precisely the ques-
tions that I've tried to answer in the "speed
performance" graphs accompanying this ar-
ticle (Figures 5-9). These graphs will cer-
tainly be useful to alyorc pursuilg the Du-
Pont Prize. Even if you're not iII competi-
tion, they'll help your understanding of these
variables in ordinary cycling,

The bottom line, folks, is good news!
?here are engineering loopholes! The exist-
ing 58.89 mi/hr Vecto! SMe, and many of

its look-alikes, cao go 65 mi/hr and sti[ be
totaly "legal." h fact, under idea.l condi-
tions, the Vector should be able to reach al-
most 74 miihr. I predict that the 65 mi/hr
limit can be reached, but it will take a lot of
hard work by a team that urderstalds how
to use all the tradeoffs between dlag, power,
physiology, and hardware design. And I pre-
dict that it wil happen before the four-year
deadline. If I'm wrong . . . I'll have to buy
Chet Kyle a couple of beers at tie establish-
ment of his choice.

The Hunran Engine

The ftst facto! to corcider is that the hu-
man engine can produce a high level of
po\i/er output for only a very short period of
time (see Figure 1). For example, a "frst-
class athlete" can produce 1.0 horcepower
(hp) for only about 30 seconds until ex-
hausted. However, he could alternatively
produce 5070 of that value for a vhole 30
minutes, or 40% all day long!

During a record HPV attempt, the dder's
high power output capability is conserved
until the very end of the run. T]?ically, the
atl ete starts with a low power level just to
warm up his leg muscles. An easy 1L-hp

would get an HPV such as tle Vector Single
up to 35 mi/k. Next, the rider commences
to produce about 1/2 hp, a level that a fust-
class atl ete can generrLte for about half an
hour. This effort $.ould bring a Vector Si[gle
up to about 48 mi/k. The rider then hcks in
his maximum hp, to bdng the vehicle up to
peak speed though the timirg traps. Note,
howeve!, tllat the frst-class athlete probably
won't be able to produce a full 1.0 hp for the
full 30 seconds shown on the graph, because
of those previous exertions.

Æl of the calculations in this article are
based on a simple "steady-state terminal ve-
locity" equation that assumes coøsrød
power input tom the rider (see sidebar).
But this assumption is not totally realistic at
high power levels because of limiøtions of
the human engine: the rider simply carmot
sustain his highest level of power output long
enough for the vehicle to reach its 6nd
steady-state velocity. Nevertheless, the
simple steady-state velocity equation, and
the speed performance graphs in this article
that are based on it, will indicate the same
rradeoffs (between drag reduction, rolling
resistance, weight, etc.) that a more com-
plex calculation (which included limitations
on the rider's power output duration) i{ould
find. I'll return to this point later in this arti-
cle-

Training

The athlete who is used to riding a stan-
dard bicycle can produce only about 9570 of
his full power level in the recumbent or
prone position wil.hout retraining.' He must
become accustomed to riding in a new posi-



tion, and David Gordon Wilsorl estimates
that one to three months of training will re-
coup most of the loss.6

Record attempts at high altjtudes (without
oxygen apparatus) will also require a short
acclimatization period of generally hard exer-
cise. Most of the 5% power capacity that is
lost coming from sea level to Denver (6000

feet elevation) can be recouped in a week,
according to Kyle.

Perhaps even more imporlant is a s.ien-
tific training program such as that outlined by
Dr. Joseph Mastropaolo.' In four studies
with akeady well-trained elite athletes, he
found the average gain was 11.2% over a pe-

iod of 7.6 weeks of training without signs of
a plateau. The sequence of power input re-
quirements for an HPV record run is differ-
enl &om anything a racing cyclisl has previ-
ously trained for. Thus, a few weeks of
scientifc training would certainly help any
athlete in the DuPont prize attempt.

A word about using the arms for extra
power in addition to the legs: Kyle's re-
search shows about 2010 more power is
available for a short time. Steve Ball's suc-
ressful Dragonlly vehicle. for example. is
partially arm-powered. The mechanisms are
complicated, and steering while arms are
pedaling becomes i[teresting, to say the
Ieast! Personally, I'd prefer to have a recum-
bent or prone ider using an aims-overhead
position witl no arms pedaling. The arms-
overhead posrure reduces a human s majo-
mum width across the shoulders by 20%. An
HPV with 20øo less frontal area requites
rougtrly 2070 less power input. The final
result is the same as adding 20% power with
pedaling arms with much less mechanical
gimmickry.

Air Drag

The single most important factor to con-
sider when designhg a high-speed HPV is

aerod],namic drag and how to reduce it. The
importance of streantlining is shown in Fig-
ure 2. For hstance, a cyclist riding a tradi-
tional racing bike and exerting 1.0 hp can

barel) reach 35 mi/h-r. Bur the same rider in

a highly strean ined Vector-type recumbent
can travel at 60 mi/hr, maybe even faster,
with the same level of exertion. I plotted the
curves of Figure 2 using the basic equation
(see sidebar) that gives lhe biclcle s termi-
nal (maximum) speed as a function oI power
input from the ider and the mechanical prop-
erties of the cycle. I've also used this equa-

lion to generate lhe four "speed perfor-
mance graphs" (Figures 5 through 8), which
focus on conditions at the magical 65 mi/hr.
The numerical quantity which best ex-
presses lhe \ehicle s streamline properttes
is the "effective frontal area" (abbreviated

CDA. See Figures 3 and 4). In Figures 5

though 8, effective frontal area appearc on

the horizontal axis, afld the heavy black
cuNes represent the following baseline con-
ditions:

- 220 pounds total weight (vehicle pius

rider);
1.0 hp irput to the pedals;

- 0.0045 rolling resistance coefficient;
level road:
no winds:

- standard atmosphere (59"!-, sea level).

For reference, the effective frontal area of
the existing record-holding Vector Single
(CDA = 0.5 ft2 according to Versatrons) is
shown on these graphs as a vertical dashed
line. Also, the 65 mi/hr goal is indicated by a

horizontal dashed line.

Starting with Fig!rc 5, and looking at the
hearT line that represents "baseline" condi-

tions, we can see that the existing Vector
will reach 61.4 mi/hr y'tne dder could pro-
duce 1.0 hp continuously. But if the vehicle's
effective ftontal area were reduced by 2070

to 0.4 ft'z, the top speed would be 66 mi/hr. A
40% reduction in effective frontal area. to
CrA : 0.3 ft'?, would increase top speed to
a.lmost 72 mi/hr (still assunring a continuous
1.0 hp input)! These are the sorts of speed
improvements that HPV builders get excited
about.

There are basically two ways to reduce a

vehicle's effective frontal aiea:
. Make it more strearnlined, which means

reducing the aerodynamic drag coefficient
(CD) by improving the external shape of the
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Figule 2. Streamlining improv8s lhe pe omance 0l human-poweled vehicles al all p0w81 lev'

e6. Etleclive Frontal Area (C,A) expre§§es the aelodynamic qualities ol lhc variou§ uehicles.

Ellective Frontal Area is the pl0duct ol the aelodynamic dng coellicienl Co, a measule ol lhe

streamlining elliciency 0l the shape, and lhe pmiected llontal area ol the vehicle A, which

meiiu[s i6 size. nn rip]ioht roadsieicyclisl hai ab'out lhe sams elfective lrontal area (6.0 lf) as

the 1984 Corvetle autom0bile (6.5 ff). Nole iiom the curves that a vehicle with highly §lr8am'

lined lahings, such as the vecl0l, can llavel aboul iwice as lasl as a tou ng cyclist riding a

conventional bike. (Adapted lmm Bel. 3)
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vehicle while paying attention to internal
flows and interference fuctols. Glen Brown
has outlined some important points in this di-
rection.e Designers oI the Vector Singles
claim that its CD is 0.U. A much better
(lower) value is theoretically possible (CD =
0.07), based on dataro for idea.l airfoil shapes
with length-to-width ratio of 3.5. But in prac-
tice, it's impossible to achieve this low theo-

retical value due to complications such as
wheels protruding tom the fairhg, wheels
churning up air, imperfect seams and joints,
and tle need for airf,ow over the rider (1or

respiration and cooling). Clever techdcal
tricks also enter the picture. Forexample, to
reduce drag ftom internal flows without suI-
focating the rider, Steve Ball's Dragonfly,
the fastest single-rider machine at the 1983

THE THE
SHAPE EFFECT SIZE EFFECT

A MEASURE OF HOW STREAMLINED DENSITY (P )ARE
TAKEN INTOACCOUNT
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Fig0ie 3. Gomponenls ol Aerodynamlc Draq (BGl. 3)

Flo0re 4. Tradcolls Betwoen Size and Shap6 in HPU Faidng oeslgn (Bel. 3). Thc product CoA is
called lhe EtrectlYe Frontal Area.
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Championships, has a ventilation flap that §
closed by the rider during the last few hun-
dred mete6 before tlle timing traps.

For some new ideas on strear ining, look
at the moto!-powered Bonnevile Salt Flat
Land Speed Record racers: they make the
smallest possible ftontal area package for the
madmachine, and tllen ge ly round tie cor-
ners alld nose, I can't recall a single laminar
airfoil machine in the Bonnevrlle 200 mi/hr
ciub. Of course, these motorized racers are
workiry sell into the turbulent flow regime.
But it's easy enough to calculate tlut a ten-
foot long HPV traveling at 65 mi/hr rvill have
a Reynolds [umber on the older oI 6.106
(see Ref. 12, Chapter 11 for formulas),
which puts it smack in the turbulent regime,
well past transition. The ia,hole subject of
HPV aerodynamics at 65 mi/hr becomes
quite complex at this point, and wor:ld re-
quire a separate article to cover it properly.

. The second way to reduce the effective
frortal area is simply to make the vehicle
smaller, which means reducing both its ac-
tual ftontal area (A), and its "wetted" sur-
face area that contributes to skin-friction
drag. There's no reason for the vehicle to be
any larger than the spatial envelope occupied
by the rider moving through the normal
range of pedaling motions. But who says the
rider must pedal with his whole leg? A much
more compact capsule would result if tie
rider kept his legs straight, and simply "an-
kled" his feet back and forth, as in pressing
a clutch, to provide power." This is far-
fetched, of couse, but before you laugh,
look at the numbers: a supine human vith
arms overhead and legs straight can be en-
closed in a capsule of slightly less than 1,0 ft'z
actual fontal area. By contast, the \tctor's
actual ftontal area is about 4 ft'7. tf the bullet-
shaped "capsule" vehicle had the same dlag
coeffcient as the Vector (Cp = 0.11), its ef-
fective frontal area would be so small
(CD A = 0.1 ft) that it would take only 0.26
hp to suståin 65 mVhr. The big question is:
can the anldes do it? We'd love to see some
ergometer data for the power duration capa-
bility of the recumbent frst-class athlete,
just ankling back and forth with no knee mo-
tion.

Power Variations

Figure 5 shows how small variations rn

rider horsepower affect maximum speeds. If
the rider could exert 1.10 hp (a 1090 in-
clease over nominal), the Vector Single's
theoretical top speed would increase tom
61.4 to 63.7 mi/h!, a meager 3.290 increase
in speed. Similarly. a 1070 reduction in
power (to 0.9 hp) would reduce the theoreti-
cal (top) speed from 61.4 to 58.9 mi/hr.
This, by coincidence, is essedially riSht at
the 58.89 mi/hr actual Vector Single record.

Remember t-lut recumbent and prorc !id-
ing positions initially incur about a 590 pen-
alty in powe! output. Regaining fu.ll power
requires a muscle, retraining program of one
to tluee months.o Never in IHPVA history



has a top-caliber bicyclist been available for
even one month of serious training h the
specifc competition vehicle of interest. The
speed records seem to be held by top cy-
clists who get their fust ddes in the ma-
chines the day before tie event, and merely
pump as best ttey can on firce day.

Rolling Resistance

In Figure 6, the horsepower is now fixed
at 1.0 hp (746 watts), and onJy rolling resis-
tance is allowed to va!y. Kyle's tests of high-
pressure sew-ups on polished concrete show
that a rolling resistance coefficient (CR) of
0.002 is the obtainable state-of-the art for
27-inch-diameter tires. The Vector Single
has smaller tires, and real tack surfaces are
not nearly as perfect. Versatron's published
data' show a CR of 0.006. Kyle believes a

somewhat lower Cn of 0.0045 is realistic for
the Ortario Motor Speedway surface where
the record was actually set.

But these folling resistance improvements
mean a speed iflcrease of only about 2 mi/hr!
Runniag on a straight and polished smooth
surface with CR = 0.002 would bdng the top
speed up to only 63,5 mi/hr, compared to
61.4 mi/hr with CR = 0.0M5. This is only a
390 increase in speed for a 55% decrease in
rolling resistarce!

There is nothing in the rules that prevents
using tires that are different ftom standaid
bicycle tires. The C* for polished hard steel
wheels on a polished steel track is about
.0002 to .0004.r'? What would be rhe benefit
of using such a nikoad-type wheel and track
system? To carry this idea to the extreme,
eve[ if rolling tesistance were reduced to
zero, the top speed would inclease to 65,3
mi/hr. This will win the pdze, but who can
afford to lay out tlree to 6ve miles of rail
track for such a performance? The message
should be clear: tlying to leduce rolling re-
sistance below that of conventional high-
quality bike tires, does not yield an adequate
return lor the amount of effort expended.

Choice of Road

The prize rules state that the slope must
be flat to within ?s of 1%. This means yø
are alloued lo frndaroad that has up to 2 feet
of drop in every football 6eld of length (300
feet). This might not sound lilrc much, but its
effect on performance is signifcant (see Fig-
ure 7). For example, the theoretical top ve-
locity of the efsting Vector Single, with a
cortinuous t hp input, increases from 61.4
mi,/hr to 67.3 mi/hr on the maximum a.llow-
able dowrlill slope - almost 1090 faster.
One would have to reduce tle effective fron-
tal area of the Vector Single by a phenomenal
2270 to obtain the same maximum speed on a
level surhce!

Or, to look at it another way, riding on the
maximum legal downslope provides the
same boost in speed as adding a 'ir hp engine

to aid the rider (which is quite illegal!) on a
level run. This is calculated by use of the for-
mula:

power: force . velocity, where
force = 0.00667 slope . 220 lbs weight
velocity = 65 mi/hr

and the result is divided by the numerical
constant 375 lb.mi/hr/hp fot conversion of
units.

h other words, forget about trying to wifl
tle DuPont Pdze at the near-level India-
napolis Speedway during the IHPVA A.ruual
Speed Championships. Instead, learr about
surveying and topographic maps, and 6nd
yourselj a properly sloped, smooth paved
road.

One slight complication found in the rules:
the total drop tom one end of the course to

the other cannot exceed 30 mete6 (98.425
feet). This meals tlut only 2.8 miles can
have the maximum amount of downslope.
This makes fading an acceptable long course
more diffcult. But since the initial accelela-
tion phase is the rider's warm-up period, it
will be quite acceptable to perform this
warm-up on a level section of road prior to
entering a couple of miles oI downslope.

Don't run out to search your state maps
until you read the rest of this article about
the effect of air density. You may be in the
wrong state!

The graph of Figule 8 shows the effect of

Winds

Duivation of Terminal Velocity Equation for an HPV

Termina.l velocity, also ca.lled steady-state velocity, for any vehicle is defined as that speed at
which the propulsive power input (usually from the human rider) is exactly in balance with the
power consumed by letarding forces such as ait drag, rolling resistance, uphill slope, etc. The
net sum of all these quantities will be zero, which means that the vehicle will not accelente, but
will simply maintain a steady speed. We'll now assume, fo! the moment, that the road is level,
there are no winds and we're at sea level at 59oF. The equation that expresses the "balance of
power" just described will be:

A more detailed explession cafl be wdtten for each of these quantities, as follows;

(1) Propulsive power
to the wheels

(2) Propulsive power
to the wheels

Powe! coNumed by
rolling resistance

- Power coNumed by
' aerodynamic drag

Mechanical

,, e6ciency of" the drivetrain
(trpically 9590)

(3) Power consumed by l
rollilg resistance

Power i[put
to the pedals

by the rider
(horsepower)

P

Rolliq lesistarce
force 0b)

x

'. 
Speed" (mi/hr)

n

, Conversion/ 
factor to hp

= (C^XW) X V I 375
(4) Power consumed by - Aerodynamic drag - Sæed , Conversion

aerodynamic drag - force 0b) ^ (rilhr) / hctor to hp

= (cDxAxv'?/391) x V I 375

It's now a simple matter to substitute equations (2), (3), aIId (4) into our "balarce of power"
equation (1), and then divide both sides by the qualtity T, to solve fo! the rider's gower input P:
(5)P: LCR.W+CD. A.V'i 3911 .yI(375.q)
This equation gives power input P as an explicit function of vehicle velocity V and all the other
quantities on the right-hand side. This can be solved for P on a pocket calculator; no computet is
needed, It's also possible to go the olher way, to solve for yelocity V given power input B
witlout a computer, by using the known formula for the roots of a cubic equation (Ref. 12,
Chapter 2).
Fo! the more realistic case ol no[-level roads, windy conditions, and sites at yaious altitudes

and temperatures, the equation for the rider's power input P becomes slightly more complicated:
(6) P = (C* + a) . W + d . CD . A . (V+tD'? / 3911 . V / (375 . l)

where a = slope of road tom horizontal, positive (*) for uphill
W = total weight 0b) of vehicle plus rider
d = air density correctiol factor (percentage), fron Figure 9

(air deNity at stated conditions / air density at standard conditions)
U = windsæed (mi/k), positive (*) for head wind

I used equation (6) to gererate a.ll the curves plotted in Figures 5 through 8, ard I Iound it
convenient to write a short computer program to automate the calculations, (See Ref. 4, Chapter
7, for more inlormation concerning power vs. speed equations.)



the maximum legal wind speeds of 1.67
meters/second (3.73 mi/hr). Note that this
limit applies to tåil, head, or crosswinds.
Why restrict head winds? Because some
HPVs are wing cross sections and might ob-
tain a slight forward component of thrust,
like a sailboat, in the right head/crosswind
condition. (Witness wheeled land-sailers.)
Personally, I'[ take the legal tail wind and a
low C, A-designed HPV instead of a sail any
day.

On level ground with 1 .0 hp input, the 3.73
miihr tail wind would raise tle Vector Sin-
gle's ultimate speed ftom 61.4 to 63.7 mi/hr,
a 3.770 increase. This result agrees well
with Kyle's rule-of-thumb, given more than
ten years agor3, that ''a bicycle is afiected by
about ha.lf the \r,ind speed. " Thus, a 4 mi/hr
tail wind produces about a 2 mi/hr speed in-
crease. This result also shows that simply
waiting for the perfect tail wind will not en-
able you to win the DuPont Prize. But if all
other conditions are right (e.g.: lov,r-drag ve-
hicle desigl, maximum legal dowrlslope,
etc.), that tail wind corid be just enough to
push you into the money.

Altitude and Temperature

Bicycle record-seekers aie well avare
that they can improve their times by racing
at higher altitudes, and the Air Density
Gnph (Fieue 9) shows why. For example,
tlle air density at Denver (6000 ft altitude) is
oItly 80% of that at sea level (*ith 60"F tem-
perature at both locations), and this tlans-
lates into a direct æ70 reduction in air drag
force. On a 90oP day, air density decreases
by a further 4 to 590.

How can we use this hformation with our
four Speed Performance Graphs (Figures 5
through 8), which were based on standald
sea level 59'F afu, to calcu.late the vehicle's
top speed? According to the equations given
in the sidebar, it turns out that a given pe!-
centage change in air density has the exact
same efect on the top speed as the sarne
percentage change in the vehicle's efrective
frortal area (CDA), For example, a 2070 re-
duction in air density Going tom sea level to
Denver) has tle same effect as a 2090 reduc-
tion in effective ftontal area. Thus tlrc Vector
Siagle's performance in Denver can be esti-
mated from Figue 5 by looking at an effec-
tive tontal area ol 0.4 ft, which is 20%
smaller tlEn its actual 0.5 ft'?. The result, fo!
lowing the heary line of 1.0 hp iryut, is an
increase in speed from 61.4 mi/hr to 66.0
mi/hr, lt looks like we have a wirmer! But
this assumes that the human engine could
produce the same 1.0 hp in the thinner air.
Kyle's analysis of speed records set at 6000
to 7500 ft altitude indicates that riders suffer
a 59o to l0%t decrease in power capacity,
which partially offsets the 2090 lo Z49o re-
duction in air drag forces.ra

Chuck Champlin, oI the IHPVA Rules
Committee, is iry on whether or not carry-
ing breathing oxygen on board an HPV would

km/hr
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be in the spidt of the nr.les. Regardless,
proper scientifc training at altitude should
acclimate tie rider nithout supplementary
oxygen to within a couple of percent of sea
level performance, so it may be a moot
point.

Wurning the Prize

Up to this point, I've looked at how each
main facto!, by itsef, affects the vehicle's
top speed; what happens when we put them
all together under the most favorable co[di-
tions? We'll have a real winner, I'd say. The
existing Vector Shgle or any of its clones
should be able to reach 65 mi/k by using the
legal "loopholes" available, with no need for
new hardware design or new technology.
Here's how:

. Select a top rider who can devote a
month or two to a scientifc retraining pro-
gram in the specifrc vehicle for this specific
task. Hov about recruiting a cyclist who al-
most made t.he Olympics and is stil hun8ry
for fame and glory? The rider must also tlain
at altitude to acclimate to the thin air. This
combined program should bling the atl ete
back to within a few percent of his sea-level
power capability. Without such training, the
hurnan engine will be 1090 under-capacity for
the attempt.

. Select the right coulse, You must nm at
6000 feet above sea level or higher, and find
a course with close to the maximum legal
downhill slope, The Reodet's Digest World
Arlas shows roads above 6000 feet irl the
states of Arizona, California, Colorado,
Idaho, New Mexico, Nevada, Utah, and Wy-
oming.

A Vector Single operating at 6000 foot ele-
vation at 60'F, on a maximum legal downhill
slope with a ride! who can produce 1.0 hp at
that altitude and in that riding position will
achieve 73.5 mi/hr!

Under these same (ideal) conditions,
reaching 65 ,ij,ilfu to just wia the prize will
take a much ,oø?/ sustained power irput:
only 0.7 hp, which a top atl ete can produce
for alrnost two minutes. To reach 60 mi/hr,
tlle lider must produce 0. hp, which a top
athlete could hold for some 10 mhutes while
covedng 10 miles. Thus, there should be
ample time to accelerate ftom 0 to about 60
mi/hr, nithout the ridet exhausti[g himself
before that 6nal blast up to 65 mi/h and the
Ilash 0asting 6.88 seconds) through the tim-
mg ftaps.

The ideally sloped smooth road wil be dif-
fcnlt to find, but roads at higher altitudes can
be selected to compensate. Improving roll-
ing resistance is not necessary, nor is im-
proving the maximum tail wind condition.
But note that the 65 mi/hr run, which !e-
quired 0.7 hp in stil air, would require only
0.61 hp in presence of a legal maximum
tailwind. This slightly lower power level can
be sustaircd for about 3.7 minutes by a top
athlete, and this almost doubles the ti,Jrllle

available for acceleration up to 65 mi/hr, be-



fore exhaustion sets in.
Since the rules do not explicitly restrict

competition to sites within the United
States, consider that in La Paz, Bolivia, ol a
90'F day, a top athlete could lide the Vector
at 65 mi/hr on the maxirnum legal downslope
with only 0.48 hp expenditure. I{ he were
breathing sea level air, he could sustain this
effort ard the 65 mi/hr speed for as long as
40 minutes. Why be content to just break the
record, when you can really demolish it!
Anyone for an orygen bottle?

A rtnal corn nøøt: all the results calcu.lated
here and the equations in the sidebar, ale
based on a corlrru d level of power input from
the rider. These calculations do not account
Ior the details of what happens \r,hile the
rider is warming up and accelerating to top
speed, and also ignore the very real fact that
the dder's peak output can be dimiished
due to tlre fatigue he accumulates x,hile ac-
celerating. For example, I've shown that a
1 .0 hp effort can propel the right HPV under
the right conditions at 65 mvhr; but top ath-
letes carl produce 1.0 hp for only about 30
seconds, while it can take a considerably
longer time, on the order of 2 to 5 minutes,
to accelerate the vehicle tom 0 to 65. This
problem should be treated as a golden oppor-
tunity for collaboration between a physiolo-
gist and a mechanical engineer to produce
some useful "pacing" guidelines for the
rider. In any case, the speed performaflce
graphs in this article, despite the limitations
I've mentioned above, should be accurate
enough for setting tie correct priorities to
produce a winning design.

The Winner

II you're a realist like me, you might con-
clude that the time, effort, and resources
needed to \yin the DuPont Pize are tar in
excess of the rewards you'd ieceive. But
watch out fol a small group of college stu-
dents who are willing to devote countless
hours to building their vehicle, surveying
their sites, and then liying in telts next to
that perfect road in the mountains, with their
dream machine and one alrnost-burnt-out,
Olympic-class cycling buddy. They'll do it,
and come out $15,000 richer with fame,
glory, and quite a story to tell!
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BOOK REUIEW

The Cu$om Bike

. . . Demystified

AngelRodriguez

Designing and Building
Your Own Framesei

(An Illustrated Guide
for the Aroateur Bicycle Builder)

R;chard P. Talbott, P.E.
Second Editian, 1984. 161 ,øges

$26 Postfa.id fum:
Thc Manel Guild

Bo, 73
Babson Pøh, MA 02157

This book is essertial reading for fust-time
framebuilders, and fo! cyclists who ale
thinking about having a ftame custom-built
for them. In my own framebuilding business,
I know that there's a temendous curiosity
on the customer's part about the work that
goes into his or her particular ftame. In fact,
many of my customers actua.lly want to stand
by and watch their ftame being built - a re-

Brøing the Crowr/Blade Joints

Thorouglrly heat the joint to proper tem-
perature (you may need two torches plus
some heat reflectors), and feed fod into the
joint crevice. (P7.27\ Braze one blade at a
time starting at its outside surface and 64ish-
ing on Lhe inside. A 6nal caution: the jig is
combustible so do not be careless with the
torch. The jig will be of [ttle use if you incin-
erate it on your first pass (l almost did).
(P7.28) After brazing, set the fork assembly
aside in a draft-free area, ard let it cool wNe
it is stil clamped in the jig.

quest that builders seldom agree to, for
many reasons. This book provides a good
close-up look at a.ll of the basic steps that go

into ftamebuilding. If you're buying a custom
tame, this book will help you communicate
with your tamebuilder. And if you're think-
iry about building your own ftame, this book
will get you started.

In this second edition of his book, T:dbott
has oot changed the text very much ftom the
originat 1979 edition. but he's made major
improvements in the graphics. The new edi-

tion includes over 120 clear photos and a
dozen techdcal drawings showing every
step in the framebuilding process. (See illus-
tIatio,ls accompanying this review.) Talbott
has updated his table of professional custom
framebuilders, listing over 70 names and ad-
dresses. He also lists over 50 professional
ftame pahters, and ten sources for frame-
building supplies such as tubing, lugs, and
brazing materials .

Chapter l, "Frameset Design Princi-
ples," is the weakest section ofthe book be-

Flulsd lhlian Faslbacl Allen

cor{sTBUGTtol{ IoTES

Pa ial Wrap and Full Whp Around Dosigns
(only tull wnp ls illustrated.)

Eilher dosign may iG labricated by beueling
lhe slay 6nds, th6n brazing on llat plates. A
popular and much eæier method ls l0 pur
chæe pr€linished, beveled, braza.0n pi6c0s,

th6n brazc lhem l0 straighl cut day ends. ln
thG lull wrap around design, beveled ends
arc len eflra long, hcated, then tappod with
a hammGr t0 lom an overlap on top ol ths
lug. When slays are brazed to thc lug, cxlra
bralng malerial is used l0 build up lho ovor-
lap, and il is then filed lo eilher a lound 0r
llat shape. For pa ial wrap dBsigns, bov8l
can b6 madG any len0th desired.

SEAI STAY ATTACHMENT DESIGNS
(Nol lo Scale)

Round Type lttaD i,.1"i] Flat Type Wtap

Blæe-on Piece -q)
Sect- B"B

Full Wrap Using Eree-on Piece
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cause it is based on the C.O.N.I. publication
Cfcling, al out-of-date ltalian book that is
hald to 6nd and even harder to understand.
Te[, or even five years ago, the C.O.N.I.
book was tie state of the art in design mea-
surements. Today, we have more exact
methods of determining frame dimensio[s,
such as The Fit Kit system (see Biclcling,
May 1983). In addition, it would have been
helpfirl for the autho! to include a sample
measurement worksheet like the ones that
many ftamebuilders use. Worksheets make
systematic taking of measulements and arr-

notation of desired braze-ons easy, so tllat
nothing will be omitted durinS the drawing,
purchasilg, ard construction steps. It's also
worth noting that Talbott's discussion oI
frame design does not venture into struc-
tural analysis. Questions like, "What ale the
forces on the down tube?" or "How stong
must the head tube be, and why?" are not
mentioned. Maybe it's just as well, because
discussions of these questions could easily
6ll a book by themselves. Despite these limi-
tations, Talbott conveys a clear qualitative
sense of how the completed frameset must
perform, which the novice should 6nd worth-
while.

The heart of the book is the hands-on sec-
tion, Chapters 3 through 12. Here, Tblbott
sets forth a step-by-step procedure for
building a conventional steel Irame with
brazed lugged ioints. Talbott's system of
simple brazing jigs, built with common shop
materials. ulll be very helpful to the novice
builder. This section is so well organized and
clearly vdtten that anyone who can maste!
the brazing process (tie hardest part, ac-
cordi[g to Talbott) can complete a frameset
with a minimum of wasted effort and
" headscratching, "

When I spoke with Talbott, he pointed out
that building your own ftame is not an eco-
nomical thing to do. He says there is no way
to justify the expense of building just orc
foame, and the methods he uses are not pro-
duction methods. If you add up the cost of all
the necessary tools and supplies, and com-
pare that to tlle price of a custom ftame, you
immediately understand that the real reason
for builriing your onn frame is for the joy of
having done it yourself.

Talbott says that his main purpose in writ-
ing the book was to dispel the mystique
which su-rrounds tamebuilding. There is too
much of what he calls the "decal philoso-
phy": A way of thinking about tames as a

mixture of art and magic - the attitude that
if the name on the frame is light, nothirg
else need be questioned, Talbott $rants to
give cydists the tools to design and build
their own frarnes, and more than that, he
wants cyclists n'ho have no intention of build-
ing frames to uderstånd the basic construc-
tior steps ard design apploaches used by
builders.

Argel Rodriguez is ø ,lof.sriofi,l builde, ol bi.!.le ann
tandali fun2sets, øid o@ns R & E Crcl2s Co. in
S2attb, Washingtn.

PHYSIOTOGY

Findinq Your Own
"Ootirn'um Aerobic

'Cadence"

Robert L. Boysen

Editor's Nolz: The ø@stiofi of oilifium ca-
dence has a fairb d.isretutable history. As re-
cefitl! os ten wrs ago, mory lhfsiologtsts
were bofrlad os to uhy ncers were successful
with high cadøces tløt uere, to the fhtsiolo-
gists, not elfieient- It t m?d wt thot the fhtsi-
ologists tuen basihg thcir awnLent ofi l.ab er-
lerimnts with isolated muvlc fibers, while
the rdters uere E idzt bf uhat thef hneu
worhd for them in com|etition; ø classic case

ol tuo banizs "talhing fast" each othar. Tfun
the lhfsiologish tumed to ,ttorc realistic ,rreø-

flres of the ifitensit! of *eiion (orygen con-
$.rnpt;on, heart rute, and blood lactate leo-
ek), aad still said that /acers u)ere spinning
too fost to be effuied. This controners! uøs
resoloed od! afizr it was rcalized that terrns
lihe "efiricttl" and "optimum" were being
wed ii iwonsistent qnl souetimes loorb de-

fined u)ats bf oario s uitzrs ofl the tolic.
At th;s bo;nt, ,rosl of th. conf*sions haoe

beei ilor,ed orrt. Hol Klool (il June 1983
Bike Tech) , Datid Gordot Wikot (in Decem-
ber 1982 Bfte Tech and ir his booh, Bicyclioe
Scb,ice, MIT Pless, 19@), a loha Fot-
ester (inA?ril1 3 Btke Tech and i1 his booh

Effective CyclinS, MIT Press, 1983), to
fiante jøst three, haoe reoizwed mofi, of the
pretious studizs and claifud r,ost of tha tlou-
blesorne issuzs-

We cab ,lou safel! sq! th4t the "øost effi-
cient øfuncz" is hrown, fror llactbalerrer-
i.ments, to lie u;thi the 70 to 100 RPM
ratge, for mant comøon cycliøg sitttøtions-
To get a more tlecise fi.i on lour oun "mosl
e[ficient" cadence in yur oøn cycling situa-
tion, ht n to Robed Boysen's artitle ptiøted
here. Boysen's sirnPle trocedure, de\elo,ed
uhile anafizing data oh hill-clirnbing ca-
dances (see tha "Idus ønd Otinions" sedion
in this issuz), uses minimal eqtitmerrt øtd
should tell W a lot about wrsev-

BolserN uses the tent "opthnum ozrobic ca-
fu ce" to rwan lhal cadotce which minimizes
the clclist's heart rute, dt a slecifred arrd cofi-
slont leoel of pouer ouwt dt the fudalÅ. Bt
"oltirnum," he meøts "rhost energ!-

10

elfrcipnt" in tte sense thot lhe cfclist obtoitls
the gleatest lesult (matimum sleed and dis-
tarrce) Per ,tit d muscle tou)er errehdd. A
slnonymous tø'tn, lmm the løaguage of erer-
cise lhtsiologt, is "'erergy-economic ca-
dehce. "

n's tu z that "obtimum" can mean rnole
thon just "elftieht." Afiel all, otae leasok for
leøming to slin (usittg high cødzrce and lou
,lu-scle forcet k to leduce thz rkk of hrue in'
luO. And ix cornletitiae racing, constrøir,ts
surh øs strotegt, pøcing, ød drøfihry enter
the equation. Energ elfrienq mal haoe little
meaniag for the ncer: he doesa't cøre if hz's
erhausteL ot the fiish, as loøg øs he uins!
B t a larce,tu ber of clclish, Pørtic1tl4lly
tat lists a l corfirfiuters, haoe a greot intalest
in høoeling the lo gest distawe with tfu least

effon. For these §tudilrns, the most fficie
cadenre is hdeed the "oitirnøfl, øerobic ca-
dence" dzfined here.

Robefi L. Boysen is Prusidznt of the West-

en Jel§E Whzelnen Biclcle To ring Ch.b,
a d clcles øbo|,tt 7,000 niles fur t /. He
holds a B.S- in Mechanical E*gineeirg
(Rutged and øn M.S. ir', Mdnagefiøt Etgi-
nzerilg (NJIT), and worhs as Drøctttt of
R & D irl Pobolefin S|ecialties fot Uttiott
Cafiide CoQotøtbn.

Wlile reading Alan Hammaker's article,
"Perspectives on Gearing," in the May
lg84 Bi.lcliflg, it occured to me that most
serious cyclists aheady have the equipment
they need to detelmine their optimum aero-
bic cadence. Mr. Hammaker obtained some
very interesting data on the effect of ca-
dence (and gear ratio) oII hill climbing with
the use of notiing more complex than a hill, a
bicycle, a ftiend, and a watch.

This article describes a simple method
I've developed for determining optimum
aerobic cadence; anyone witl access to a
stationary cycle, torque wrench, and heart-
Iate monitor can collect his or her o'r,n data.
The numbers reported here were obtained
on the author at his present level of 6tness.
Other individuals can expect to obtain differ-
ent numbers, but should see the same pat-
terns and trerds as I describe below.

Stationary Cycle

For collecting the data, I used the follow-
ing straightforward method: I recorded my
heart rate while pedaling an irdoor station-
ary bicycle at vadous cadences and torque
settings. From t-lis data, I could easily calcu-
late the heart Iate hcrease per urit of porver
output at each cadence and torque setting.
Plotting these data on glaph paper showed
that the curves do indeed exhibit a minimum
poht, which I could identi§ by visual inspec-
tion.

The stationary cycle that I used, the
Schwinn Ezcsrsiol, has no calibration for
torque, and has no instrumerts other than a

"speedometer." I borrowed a tolque
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wrerch (the 0 to 50 ftJb type used by mam-
tenance mechanics) to measure the torque
required to turn the pedals oI the stationary
cycle at several settings of the tensioning
knob. The tensioning knob sets spdlg ten-
sion on a ftictiol brake. The torque wrench
was attached to the cycle by removing a
pedal and theading a bolt to the crank arm.
The torque wrerch was then ftted to the
bolt. The resultiry calibration cuive is shown
in Figure 1.

To test whether the friction brake main-
tained constant torque regardless of speed, I
rotated the crank witl the torque wrench at
various speeds and noted the resulting
torque. I found that speed had rlo measur-
able effect on torque of the friction brake,
which is fortunate because it greatly simpli-
fies the subsequent calculations. After the
data-collection session, I rechecked the
torque calibration curve and found no mea-
surable differences. Thus, any wear or heat-
ing oI the friction brake that might have oc-
curred could be safely ignored. Other brands
of stationary bike might yield different
results on these two pieliminary tests; it's
always best to check.

To measure heart rate, I used a Sears
"Digital Elecbodc Pulse Monitor" with a[
earlobe transducer. Any reliable monitor
could be used. After several short sessiom
of pre-exercise, my hea-rt rate was taken
with the monitor. A quite consistent "base"
of 70 beats per minute was found. The rate
tended to dlop rather quickly after an exer-
cise session to 70 and remain there for sev-
eral mirutes, after which it began to drop
slowly. My usual zoiøiørØ, rate is about 53.

The main testiry went like tiis: A torque
was pre-set with the tensioning loob and
kept constant thouSh a series of test nms at
sevelal cadences. To obtain each data point,
I pedaled at a constant cadence as indi(ated
by the cycle "speedometer," until tlle heart
rate stabilized at a steady value (plus or mi-
nus two beats) Ior about thee minutes. It
took anl'where from 6ve to ffteen minutes of
peda.lnå for the heart rate to reach this equi-
librium. Cadence was held to about plus or
minus one RPM during the test, and heart
rate was monitoled continuously, After each

test !ul, I rested until my heart rate re-
turned to 70 before starting the next test. In
totat, I did seventeen test runs, recording
heart rate at most combinations of five ca-

derces (42, 72, 90, 108, and 125 RPM) and

four torque settilgs (1.02, 4.25, 10.62, ard
%.58 ft-lbs). It's worth rcting that I was
pedaling in the sitting position throughout
the tests. None of the conclusions of this ar-
ticle should be applied to the statding or any
other positiol, without running further
tests.

Curiously, at moderate exercise levels,
my heart rate terded to overshoot the fnal
equilibdum value, followed by a smaller un-
dershoot, et cetera, 6mlly approaching an

equilibrium level. Classic feedback control
systems used for process contlol in industry
act in the same mamer.

'10

0L-
o\78

Turns on Tension Knob

tigurc 1: Torquc Galibratlon ol Slallonaty CJGI0

1m

c,

§ rro

1m

15ll

140

130

100

90

m

70

60
mm4020

/a
a

=z:(

11



I
a

I
a

/,.*n,
/

{.. 
'\.-.4.zstt'tt

\.-.-j'J)'2"-\o-.----
24.58 lt.lb

I
\
a

\

\.-.j:!:'t''-

\\
\I

13m

1200

500

400

G,

!,

.

16m

1500

141t0

3m

m0

tm

600a
I soo
.9
G,

E 400
.g

E soo
c!
.:'
3 200
cB

100

40 100 1m 1{0

Gadsnco (RPM)

Flgure 4: Powcr-Specilic Hoad RatG (al Gonslanl torqus)
3hown I the sum ol lwo hypothotcrl compon8nb:
leg.musclo tension and lo0 m0uom6nt.\

80602A

å

The data I obtained are shown iII the ac-
companying table and are plotted in Figure 2.
I measured several of the data points out of
sequence to determi[e whether my increas-
ing fatigue was affecting the results. As far
as I could tell, this effect was negligible.

Heart mle measuBd at va ous
Gadences and lorque setlings
on slalionary cycle.

The "S" shape ofthe curves in Figue 2 is
the fust clue that ao optimum cadence proba-
bly exists for each torque level. S-shaped
cuives have whal's called ar "iniection
point" where the curvature changes tom
concave downrvard to concave upward. This
is precisely the condition tlut's needed for
an optimum (in the mathematical sense of a
minimum) to exist.

Power-Specific Heut Rate

For each of the heart-rate data Doints, I
could calculate the power being transmitted
to the bicycle. Power depends orrl, on
torque and cadence, by the formula:

Power = Torque . Cadence . 2rl 33000

where power is measured in horsepower,
torque is measured in foot-pounds, cadence
is measured in revolutions per minute, and
the 2r and 33000 are numerical constants.

Cdonco
GP)

020 4(l m mlm120 1{0

Gadcncs (BPt[)

Figul8 3: Powsrspocilic Haarl Bat6 veBus Cad0nc6 at Gondant lorque

(To convert horsepower units to watts, mul-
tiply by 745.0 For the data points I col-
lected, power ranged from 0.008 to 0.421
hp. I don't mhd admitting I had a lairly hard
time producing over 0.42'l hp for ten min-
utes.

To determine the optimum aerobic ca-
dence, I conceived of a new hctor called
"Power-Specifc Heart Rate" - 'PSHR for
sho . This factor is defned as the inctease
in heart rate (above resting rate) divided by
the rider's horsepower output, as follows:

PSHR _ Heart Rate-Resting Heart Rate

Horsepower Output

I calculated the PSHR for each of the heart-
rate data points, and plotted the results in
Figure 3 as PSHR versus cadence at con-
stant tolque. Since readings were talen at
four separate torque settings, four separate
curves result. I was pleased to see tlnt the
mhimum point on the four PSHR curves fell
at a cadence between 70 to 90 RPM, which
is the ruge that other studies have found to
be "most effcient" or "most preferred" by
the dder.

But what do all these PSHR numbers tell
us? From the definition of PSHR, it's clear
that a cadence which minimizes PSHR will
minimize heart rate for a given level of
power output. Heart rate is a good indicato!
of the muscular effort beinS exænded by the
cyclist. And holsepowe! output is a perfect
indicator of the late oI progress of the cyclist
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under any specific set of road conditions
(wid, slope, air drag, etc.). Thus, riding at
the cadence which mhimizes Power-Specific
Heart Rate results in the most dista[ce Eav-
eled with the least exhaustion, for any given
level of power output. In other words, it's up
to the rider to choose how hard he wants to
work; say, 0.05 hp for a leisurely tour, or 0.2
hp for a short intense workout. Once the
level of power output is chosen, the rider's
individual curves of PSHR versus cadence
hdicate which cadence to use to get tie
maximum results (distance traveled) tom
the muscle effort expended, This is the
meaning of "optimum" in the term "opti-
mum aerobic cadence. "

Fine Tuning

The shape and location of the curves m
Figure 3 suggest some irteresting conclu-
sions about optimum aerobic cadence:

- Optimum cadence increases with in-
creasing torque. In my own case, optimum
cadence is 70 RPM for very low torques
(1 ftlb), increasing to about 120 RPM for
high torques (24 ftJbs).

-The curves become quite flat at very
high torque levels. For example, at more
than 2.4 ftJbs torque, any cadence be-
tween 70 alld 140 (and perhaps even
higher) would yield the same near-
optimum level of efficiency.

-Cadences much below 50 are disastrous
to cycling efficiency.
The genera.l shape of the curves in Figure

3 would likely be the same for all cyclists, but

the actual location of the optimum aerobic ca-
dence on each curve ivill probably be difrer-
ent fo! diferent cyclists, and even for the
same cyclist if his or her level of physical fit-
ness changes. In fact, tlre PSHR curves such
as plotted in Figue 3 could provide a usefirl
tool for fine-tuning an aerobic training pro-
gram, or for comparing different fiders of dif-
ferent pedaling styles. (Editor's rcte: Is
alyone interested in compaling oo[-circular
chainwheels or cam-driven linkages using
this procedure?)

Why an 0ptimum Cadence?

I tried to understand why an optimum en-
ergy cadence exists, by the following rea-
soning. Minor projections of the data show
that: (a) heart rate increases with increasing
cadence even at zero torque level, and
(b) heart rate a.lso increases with increasing
torque even at zero cadence. Item (a) cao be
interpreted as "it takes more energy to flail
your legs faster, even with no usefirl out-
put." (You would get tired at 150 RIM ca-
dence even if tie chain were disconnected.)
Item O) can be iDterpreted as "isometric
exercise nises your heart rate, even though
nothing moves." (Did you ever tly, unsuc-
cessfully, to push a car uphill?)

In concert with this explanation, the PSHR
culve caII be thought of as the sum of two
other curves illuskated in Figue 4. These
two hypothetical curves are: (a) PSHR due
to leg movement alone (no-load spinning),
which increases with increasing cadence,
and ft) PSHR due to simple muscle tension

(isometrics), which decreases witl cadence
at coostant torque.

My next project is to try to substantiate
these two curves by experiment. I can mea-
sure hearl rates under noJoad spinning
conditions (at valious cadences), and under
isometric conditions (at various torque set-
tings), using the same stationary bike artd
pulse monitor equipment, After all, it's easy
enough to take the chain off the stationary
bike, and to push against the torque wrench.
I hope tlis data will result in curves similar to
the hlTothetical ones sketched in Figure 4.
Ifit does, I'll have some basis for expressing
the porver-specifc heart mte as the sum of
two components:

PSHR =

lsometric Effort Leg Movement
Heart Rate + Heart Rate

Horsepower Output

In fact, I expect this relationship will have
the following form:

PSHR _ a. (Cadence)- + b . (Torque)Y

c . Cadence . Torque

where tlle letters a, b, c, x, and y designate
numerical constants to be calculated by a
curve-fit to the expedmental data.

Note: Dw to sla.e lirÅitations, he test nlort on cmnk-
setfuriHliq, otigino t a*noøcct lor lhis issue ofBike
Tecn, has b..fi bostton n n6l th. nert ;ssuo.

IDEAS & OPINIONS

High-Cadence Data Questioned

Editor's Note: This discussion had its be-
gina;ngs on a steep hillside in Mofilreal, øheh
Alafi Harrmaher ues fuNng rneastremefih to

fikt uhethet clifibiøg in a l4-irch gear or a
40-;neh geor W him more ahausted at the

toq. He found that his h.art rate uøs louel
whcfl he used ø hieher caderce (hence a hwer
geal rutio) , ttith the com$aison bøiøg nadc øt
the some leoels of Potuer outlltt- He concludod.

thot louer gear røtios nadz fot ,nore "effi-
cienl" hilhlit tb;hg, ønd P blished the result
in Maj 1984 Bicycling.

Robert Bopen rcad th4 article, but wasn't
contirtd that Homt wher's data subrottzd
his coficlusiai. Bolseb didfiI xecessarill dis-
agree uith the co clusion itself; he just uasn't
hoPP! lt)ith the statisticøl basis for lhe ørgu-
ment,

Thz ,tfshot of oll this is the tuo lefters

Pinted here: tlpt both mahe good fofuh about

!rurt;.al notte$ to considcr when collecting
and arralyzirrg Phrsiologt data- Afier rcadbtg

thzse lefters, Ne're ihrliwd to sa! that Harn-
maher's conclusiott still stands, (i.e., it leøll!
is less effort to siin urhill in the 14-inrh gear,
røther thal stotQ up in tfu 40-ircher), bttt
we'd.lihe to see more cohnincihg data. In føct,
Hafifioher is ilan tiig another loukd of lau)-
geør testing u)ith better ifstrumerrts, more
ridets, mote rePetitions, etc. We'U heø| W
losted.

Afil the other uishot is Boyser.'s discoaery
of a wantit! he colls "rouer-Wcifir heart
rutz": his øttile iø thk r'ssae o/Bike Tech, iø
the "Phgsiolog" sectiorr, sr,,Æests hou to use
this øiantitt to find thz "mast efrcient" -
dohc. at ah! ,oøet let)al.

In the article titled "Perspectives on
Gearing" in the May 1984 isste oI BicNlilg,
Alan Hammaker reaches the conclusion that
ultra-low gear ratios, and hence high ca-
dences, result irl greater pedalillg effciency
wh.ile climbing steep hills. The hill-climbing
tests which provided the data for Mr. Ham-
maker's alalysis were done carefully
enough, I think, but Hammaker's arulysis of

the data appears to be faulty. A proper analy-
sis would reveal that Hammaker's data show
no direct relationship between cadence and
pedaling effciency. In any case, more tests
should be run before reaching a 6nal conclu-
sion.

I have plotted in Figure 1 a[ the bicycle
hill-climb data presented by Mr. Hammaker.
Heart rate is plotted versus horsepower
generated. The cadence at each data point is
indicated by the small number near each
point. If the conclusion that heart rate is de-
perdent orl cadence (in addition to horse-
power, of course) were supportable, a fairly
clear pattern of cadence numbers would
emerge. All the higher cadence numbers
should lie near the lower dashed line, while
all the lower cadence numbers should lie
near the upper dashed line. This is obviously
flot the case. In fact, we have two points
with almost identical horsepower and heart
rate, but one shows a cadence of 41, the
other a cadence of 63. Also, the cadence
poht marked 57 lies well above the point
marked 58 - the opposite of what is needed

13
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output) is independent of cadence. The indi-
cated advice to the cyclist is to choose any
cadence tåat feels good between 30 and 80.

To obtain a further check of the data, I in-
vented a Iactor - let's call it "Power Spe-
cific Heart Rate" (PSHR) - which is equal
to the heart rate (in excess of 80 resting
heart rate) per unit horsepowe! output.
(Note: See the article by Mr. Boysen in this
issue of Biåe Tech tot morc details.) I have
plotted this factor against cadence irl Figure
2 using a resting heart late of 80 as lepolted
by Hammaker. If the data supported the con-
clusion that heart rate efficiency imFoves
with increasing cadence. a clear correlation
should appear on this plot. However, no such
correlation is apparent.

Again, the or y valid conclusion is that
heart mte is independent of cadence at a
given power output,

I have read often that "higher cadence is
better caderce," but I have yet to see a]Iy
defritive supporting data. Can it be that the
statement is a conlession of "faith, " rather
than fact? Does anyone have the data?

Robert L, Boysen
Lebanon, New Jersey

Aløn Hømnaher resfonds :
Mr Bolsen's thoughtful aaalysis stiruu.-

lated ,rrz ta lercød the literuture I hooe ofi cu-
detce, and to tahe a tuentizth looh at ,nt data.

I )orld hhe to sa! at tha outset that m! arti-
cle ,hahes no tletensians at scbøtifu rigot,
ønd ih the terl one rcad$ that it is a "tentatioe
stud!" which " suggests " celtaih Possibilities.
My desire k that its lublicotiott wuld stimu-
late a nare thotwh elfort uhi.ch might reoezl
,nale c tmc lLs;t e fis ulls.

Tht shortcomings of the arlicle øre due løss
to iisufrci? t arraltsis of the data than to i$-
suftient data to andbEe. Stalistical ana$sis
of lhtsioloeicøl data r.4 iles før more fieø-
su/emenh thø I was able to tøhe, and æ-
quiles gredter rigor ;n regard, to feliabilit! a4Å
oølidig. Afier all, I did this studf essentiallj
ahnz: I øas the ridzr, time-heeber, and tulse-
taher, etcelt fol tha occasional lulp of ø feu
hien^, Puke-tahirg is,totorio slt ihactu-
/øtz, though t hare takefl tuhes for mant
jetn ir ø medical seftifig. lnst/ame tation,
øs the artble s ggested, is a mzans to imtlooe
th;s astert of data-collectiott fot futuæ shndizs.

Rigomus scientifu studies haw shaw lhot
tha linh betweøn high cadence and high eff-
cieøcy is »øre than just an unfoundcd "be-
lief." Thtse studies also ,oint orrt lirrrits to
how føst a rifor car spit and still naintaht
high?st efficienq. Elficienq beg;ns to dzcline
aboæ 80 to 85 rt fl or tlør?about. I flgest the

followirg ørticlcs:
1- Diego Gueli a*d Ro, J. Sherhard,

"Pedal Frequenc! in Bicylc Ergometry,"
Carndian Journal of Applied Sport Sciences,
Uol. 1, 1976, rP. 137-141.

2. Darid Gordon Wilson, "The Peior-
mance of Morhines afid Ridars on Hilh,"
Bike Tech, 7ol. 1, No. 4, Decerfibel 1982,11.
4-5. (See baiiølarb Fig. 1, uhich ølso øl-
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Psdaling Cadonco, calculal8d lrom dala
shown ln flguro 1.

to support his conclusion.
The only conclusion supportable by the

data is that heart rate (at a given horsepowe!
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fu4rs on 0. 66 of the 2nd editiox of t ilson's
Bicycline Science.)

3, Han Kroon, "Tfu OPlinun Pedaling
Røte," Bl<e"lech, Vol.2, No. 3, lune 1 3,
pl. 1-5 te$ellent bibl;ogla\hf aBd disaassiort
oJ why racøs slin fastzt than u,hat nøhani'
cal effcizncy uould dictata).

4. Roi Sherturd, letter to Bicycling, Jul!
1977, !. 71. "Our tøsh is to er|lain hou the
desctibed lhcnomenoa haffexed: ulry uere

tourrget riders, closer to their pfusiologbøl

,irre, liding much higlur gean trith louer
cdil2rrce on a tlotracted steel gradicnt, wøble
to maintain tha søme Pouel o tøat as øfl older
clclist slin ting lou geq/s?"

I uo,tld lihe to , ahe the follouing loirrts
øbout øy ørticle ønd Mr- Boysen's critique:

A. Bf using fulse, I uas emplø1ing on$ øx
ihdircct ,fleosulerter,t of oxlge uitø.he,
(thowh rcferunce kn. 1 øbooe shous thzir close

cofteslofifo .e). Deterrrrixatitn of actual pel-
øliry elficienq reEtirø dire.ct mzasulemer,t of
orygen uitahe ørd corbott dioifu froduttiotr.

B. M! afii.le addftsses o 1efficiencl on
hills, wt the larger genzrøl questioa of eff-
ciew under øll "nomøI" qcliag conditions.
Mt tests uere dofie on afi unusuall! stee| gra-
dient, ønd I doø't beliew ue let hnou hou this
comioæs to idirg or, tht "fiab," - different
in/luences of witd resistørrce ønd dacelerøtiort
d{e ta grøtit!-

C. Th4 hill I sed in Montreal øqs iust
loag ehough fot the tulse to ottair, d qlatea ,

ol "deadt state" of ødaplatiofi to tfu worh
load. D.fiflit;oe studies urill hLoe to entølo!
muth loryer ridts ta elirr;nate an! doubts øs
to reach;ng ø lhtsiahgicøl flatzo.a,

D. Hafi Kroon (reference no.3.) indicates
that efføienc, of caderrce aaries with uolh
laal. His fE re 1a "shoøsthat ,ith inNnøs-
iLg Powel o .Wt tfu ider hos to i crease the

bedoling rute as u)ell (as ,edalbtg folce) ifi or-
dzt to obta;n the highzst fossible effrciencf."
The ;n@ad corrclusbt la be druwa from
lhk is that o e,4 st corniarc dfcianc! at sim-
ildr leoels of iouet o Wt. This is uhat I øt-
terntted ih irrterfietirrg the data ir. rt! a.rtble.

E. I uould agee uith ML Botsen as to
chøice of au cadence betu)eerN 30 ønd 80 th4t

leeb good - rt tfu geaiag allows the dtoice.
Ifl fi! test, the 14.5- ønd 18.3-inch geørs øl-
loued thz itur that choice. I belieoe that gears

uithin the 30-inch ra ge (arrd dbooe) øotld
ot be cornfodable fo/ most ridzls ofl lorg,

stzeb hills sueh as oø test hill. Aflo ur Poitt:
Wbh 45 founds of baÆoge ii a 39.9-inth
g?t/ oh otr test grødizfit, an, clclist hyiflg to
siin at 60 rqm uould have to tmduce a con-
tihuous 0-64 horselouer - shadas of Eddf
Merckr h Merico Citg! Most of us mere ,rro/-
tals cannot do this - the ioi t beirrg thal the
high geørs, rulotiae to the grødiznt, lestrbt the

idef 's choice, W! rot use o louør gear, stin
fastel, aldide P the hill at a si.,a,ilat sleed irt
reløtioe comfort? I found tha 22,5 cøde ce ag-
onizing - ceitittlg ,tot sornzth;ng I uo A
choose on rcally long hilk on a tlotrøcted tour.

F, I cofittot erllait all tlu ttoblcrrrs Mi
Bolsen foød itt his plot of ttealt rate w$us
horse,o )e/ (Figxrc 1). Measuleme l inoc-



curacios celtaibb ehter the lbtun. Thz 57
arrd 58 calcrces he ,oifits out os bebrg re-
oersed couø be related lo lhe,neas lements,
but I wo ldn't errect a cadeh.e diferehce of 1

,?fi to reoeal æry ,nuch dwrence i efr-
.cierrc!.

If .)e da lestict ourseh)es to cornlaing close

lot )e/ lewls, hoøetnl moting to the tbht of
the 57 aid 58 cadences ue see that thz hert
closest touer leael, at a cadarce of 23, cer
tiinl! has a higher heatt rote. Similarfi, on
the ui'Pel ight end of thz groih, the linh be-
hneet louer cadorce afid higher haalt rate is
etident.

G. I tuied a Last sq,,afes cLfle-fit of ML
Bolsev'§ datø in Figvre 2, uhich llots
"Power Specific Hedrt Rate" øgoirst co-
dznce. Eoen thot gh the h mber of data loints
U2) is reall! too sfiall fol d reliabl. ftgl?ssiart
ørtl»;s, ,n! cølc{latiahs ,tetted ø slofu of
- 1.4, using seoeral diferent regression eqaa-
tions.

(Editor's ,rote: It's signifuafit thø.t the cal-
tulated slale ;s a hzgathe number: this indi-
cates that higher ledalirg caderce means
lo'net lo )el-siecific heørt-rate, ahd thus
lawer aerobic erertiot needed Nl unit of fuael
delioered. You cqn see this in Figure 2 b! not-
ing that the data fuints are fiot to$dor l! scøl
tered amund the chort, b t fall irN a broad
band lrorn uiful W to louer right- A statisti-
cøl number cølled the conekttion coelficient (r)
shous hou strong this relationshib is. For
Harnmaher's 12 data loints in Figare 2, ttu
lineør corlelatiofl coefficient is -0.82,
accoldiøg to our colcLl4tion, A r oalue of
-1.00 ,neahs a lerfect lineal relationshil,
øhile an r oølue of 0.00 fl?4ns a lel4tion-
shb.)

A ol this suggests that the ksuz k not dead,
and thøt for clinbing long stee, hills, ultra-
hw gearc ønd. higher cadar.ces fi,oll! are ,no/e
e/fcierrt.

Anodized Rim Sffiess:

Bending vs,

Compression vs.

Spray Paint

The article in tle April 7984 Bihe Tech,
"Anodized Rims are More Rigid," tells only
part of the story. The auttlor's basic point is

correct: adding a layer of anodizing about
0.001 inch thick aa, increase the stifftrcss of
rhe rim, since the stiffness of the anodizing is
greater than that of the aluminum alloy. But
his evaluations cover axial compressive loads
only, while the rim is actually experiencing
bending itr addition to axial compression.
Chris Juden's article in the same issue, for
example, deals entfely with the bending
loads. So I rewo*ed the calculations to see
how anodizing affects the rim's stiffness in
bending.

The bending stiftress is proportional to

T
0.40"I

E X I (Modulus of Elasticity times Moment
of Inertia), so I calculated these quantities
for both the unanodized rim aad the anodized
one, and compared the lesults. Unfoltu-
lately, the calculations are much more com-
plicated than for the simple compression
load.

FiOuiE 1: Flamme Bed Lah8l lubular rim.
CrmB seclion area = 0.1m1 lnr.

Fo.zs"-1

l--o Åi"-----l

Figure 2: Reclangul approximati0n to
tiamme Red Labcl rim (unan0diz6d).

Figule 3: Fiamme Red tabel m with
anodizing 0.001 inch lhick. T0 calculate
moment ol lnerlla, thc anodizlno is
incrcased in widlh by a lactor 0l 5, sinc8
the anodizing is 5 tlmes stiller lhan
aluminum. Tolal momsnl 0l inortia ol
anodizcd rim = 2.8s23 . 1Or in' (14%
incrcase over unanodized),

For the unanodized rim, I used the stan-
dard beam calculation given in many engi-
neering texts. An assembly oI simple shapes
(rectangles, circles, et cetera) is used to
closely approximate the rim's cross-section-
al shape and size. (See Figures 1 and 2.) One
easy method for measudng the rim's cross

T
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a

section is to hack-saw a section out of the
lim alrd use it as a "rubber stamp" to [ans-
fer the shape onto fine graph paper (20

squares per inch). The rim's total moment of
inertia is found by summing the moments of
inertia oI the simple shapes, taking care to
calculate all moments of inertia about the
cross section's cenhoid.

For the anodized rim, I used the standard
techdque for dealing with what's called a

"composite beam" (a beam made of two
materials). The extra stit&rcss is calculated
by converting the anodized area to an equiv-
alent area of aluminum, but with extra ,rrdrrr.
For anodizing 6ve times stiffer than alumi-
num, the width of the anodizi[g must be mul-
tiplied by five. (See Figure 3.) The new ef-
fective moment of inertia can now be
calculated by treating this traosformed cross
section as though it were entirely aluminum,
since the effect of five times more width is
the same as the effect of five times more
modulus of elasticity.

I have done the calculations for two
shapes: a hollow rectangle whose dimen-
sions approximate a Fiarfine Red Label tu-
bular rim's cross section, and a much more
complicated approximation of a Super Cham-
pion clincher rim. The tubular rim showed
1490 increase in bending stifhess due to ar-
odizing, and the Champion clincher rim
showed a 27qo increase, assuming that the
anodizing applied to both rims was 0,001 inch
thick.l These percentages agee fairly well
witl the result given in the April 1984 B#z
Teclr. (The author reported a 2190 increase
in compressive stiffrrcss due to an anodized
layer of approximately tie same tiickness.)
However. the agreement is emirely by coin-
cidence! Remember that bending stiffiess
and compressive stif&ress are two different
animals!

My second comment concerns the inter-
pretation of the numbers once they are cor-
rectly calculated. The dm is but one palt of
the Iotal system, which includes tire. rim,
spokes, hubs, bearings, et cetera. The de-
flection (or lack of it) sensed by the rider is
that of the ertire system, and increasing tlre
nrø t stifhess by 27øo will certainly not in-
crease tie srsrzrn's stiftress by 27%. In fact,
since tire deflection is probably 30 limes rim
deflection, I would guess the overall charge,
due to anodized rims, ,r,ould be unmeasur-
able by the rider. In otier words, riders who
are faster on anodized ims might be just as

fast if the rims had been spray-painted a dull
gey.

Frank Krygowski
Elgineering Technology Departmert

YourSstowr State University
Youngstonn, Ohio

laditor's Note: To cross.chech these calaiations, e

conpaled Chtis l den's nedsurcd ratue oJ bndins
still'trss lot the u a odian tutur Char"nkt ctihchet
it (3.2754.104 i],l) acainst Xrygottshi's eah latpn
nahu (3.58s8. 103 ik4). Tho tuo nu,,/'be$ dilfer br
about 9.4%, uhith is reasotLt blt cbse, gil)en the or-
lmti ations ol yAgooski\ cross-se.tian llotlhg

F_5 x 0.75" = 3.75"_____-l
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newsline
INTBODUCING 'NE\[SLINE"-A NE\ry BIKE TECE FF.IfURE: The latest devel-
opments h cycling technology will be highlighted regularly on this page m Bihe Tech, We see a
steady stream of technical news items that Sile ?ec[ readers should know about: items such as
test reports, research projects, patents, inventions, rcw books alld standards, and conlerence
reports. But, for one reason o! another, many of these items are not suitable for a regular 8iåø
?crr alticle. So we created "Newsline" to bring tlrc best of these items to you while tåey're still
tesh. We'll publish the higtrlights, along with access information (names, addresses, phones,
prices) so you can follow up on your own if you're interested. And we welcome your contribu-
tions to "Newsline," too. If you come across information that's technical, new, and interesting
to Bihe Tech readers, send it in. We'll pay $10 for each contributed "Newsline" item we publish.
We're workiflg to make Bihe Tech aneyenbetter information exchange for the bicycling technical
community, so let us hear ftom you soon. Robert G. Fhuer, Jeff Datis, Jim Redcat, Susar
Weaoer-

HELMET UPDAf,E: POLYSTYRENE LINERS SHOW BEST IMPACT PEBFOR.
MANCE IN CANADIAN IESTSHelmets maaufactured by Bailen, Betl, MSR, Norco, Pro-
tec, and Skid-Lid were tested in the Biomechanics Laboratory at the University of Waterloo,
Ofltario, with fimding from Fitress Canada, a goverrunent agency, In the tests, each helmet was
fitted on a headfolm and dropped oo the front, rear, side, and corner from heights of 1.00 and
1.75 meters. An accelerometer in the headform measured peak accelemtion, from which tie
helmet's capacity to cushion the shock of a dilect impact was calculated. The test is similar to
tlose run by the Snell Foundation atd reported m Biycling (March lg83). The Canadians found
that helmets with expanded polystyrene liners transmitted much less impact to the headform
than did those rvith soft foam lineE. But the performarce advantage of polyssrene disappeared
when the helmets were dlopped a second time on the same spot. Researchers believe that tlrc
polystfene liners were crushed by the 6rst impact and didn't bouce back. They also found that
all of the helmets provided much less protection against impacts to tle corner of the helmet,
compared to direct impacts on the front. Factols of weight, vertilation, comfort, aDd security of
fit were not tested. ("Impact Performance of Bicycle Helmets," by P J. Bishop and B. D.
Biard, Canadiat Joumal of Applizd S@rt Sciences, Yol. 9 #2, 1984, pages %-101).

ANSI 290 STANDARD NOW AVAILABLE: In March 1984, the American National Stan-
dalds Iflstitute (ANSI) Save fina] apFoval to its volunt ry standard for bicycle helmet perfor-
mance (ANSI Staldard Z-90.4i Plotecliae Head,gear for Bicyle Ilsers). The Standard's require-
ments include that each helrnet must reduce the impact of a øll from one meter height to less
than the 300-G limit. In the future, consumers can expect to see helmets appealing with stickers
stating that they pass the ANSI test. Copies oI the Standard are available for 99.00 from ANSI,
1430 Broadway, Nenr York, NY 10018. Telephone 2121354-3300.

NEW CONSUMEB GUIDE FROM WABA: A handy pamphlet, A Consuner's Gr.ide to
Biqcle Helmeh, s r.ow available fiom the non-proft Washington Area Bicyclist Association. The
Gøri4ø rates 14 helmets tom "Excellent" to "Fair," and explains what to look for when buyi[g a
new helrnet. Single copies are available tree with SASE from WABA, 1332 Eye St., NW, Wash-
ington, DC 20005.

MLNUT HULLS CLEAN ALUMINUM BEST, SAYS NASA: Walnut hulls are the best
abrasive for cleaning aluminum stluctural components prior to painting, according to a technical
report from NASA s Ma$hall Space Flight Center. Samples blasted with walnut hulls showed no
compressive stress of the surface, while samples blasted with abrasives such as silica salld,
silicon carbide, or garnet showed considerable warpage due to compressive stresses of 24 to 33
thousand psi. Although the NASA report deals with aluminum components used in aircraft and
space vehicles, its results could be useft. to builders and refnishers of aluminum bike ftames.
The quality of surfaces repainted after blast-cleaning with walnut hulls, says NASA, was equal to
that of a fust-time painted surhce, witl no loss in structual properties. (For further inJorma-
tion, order NASA Technical Support Pacl€ge #MFS-27012, by Wende[ R. Colb€rg and Charles
H. Jackson, tee from NASA Scientifc and Technical Information Facility, PO. Box 8757,
Baltimore-Washington Intemational Airpod, MD 21240. Telephone 30U859-5300.)

SHIMANO UNVEII^S "NEW DUBA.ACE" LINE OF BACING COMPONENTS:
Fundamental re-tlinking of how each component must fimction "in real racing conditions" is the
basis for the new line, according to John Uhte, Technical Manager of Shimano Sales Corporation
(Califolnia). The "New Dura-Ace" series includes deraileurs (front and rear), shifters, brakes,
fteewheel, crankset, pedals (see illustration) hubs, and headset. Dfuect inter-

§

ts

changeability with other brands of components, including Campagnolo, is possible with most of
the New Dura-Ace parts, according to Uhte. Other features are said to include lubricant-
impregnated nylon sleeves and titadum-dtride coating at most points of moviry contact, to
minimize tiction. New bearing-seal desigts were used in the pedals, crank, and axles, to resist
the effects of mud ald vibration typica.lin Euopean road racing. The New Dura-Ace components
will be available in the U.S. in February (Shimano Sales Corporation, 9259 San Fernando Road,
Sun Valley, CA 91352).
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