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PROTOTYPES

lolded Comoosites:

The Next Steo in
Frame Design?

Getting Ready for the '88

0lympics

TheBike ?ci Editors

In the aJtermath of the 1984 Olympics,
Mike Melton, builder of Raleigh's glued alu-
minum "furLny bikes," predicted that the
next wave of Ofnnpic machines will make
extensive use of $aphite and composite fi-
bers in the framel. He didn't say exactly,oø
these frames will be made, but we are now
beginning to see a few clues as to what he
might have meant.
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Dan Darancou's prololype: a Kevlår mal lay"up consttuclion wiih a flat carbon tibet layel
in the center plan8.

Bicycling Magazine's Newsletter for the Technical Enthusiast

Frames built of composite tubes are not
big news anymore, of course. The Alan
"Record Carbonio", the Vitus "Carbone"
series2, and the Peugeot PY 10 FC (assem-
bled by Bador)3 are tkee examples of the
composite tube design that have been mass-
produced for several years. The tubes of
these frames are made of carbon-fibers or a
woven mix of carbon and Kevlar fibers: the
fibers are bonded together by a "resin ma-
tjix", usually a two-part (chemically-curing)
epoxy. The frame is tlen assembled by glu-
ing the tubes into cast lugs, usually using a
one-pårt (healactivated) epoxy adhesive.
From a distance, these frames all look like
the conventional 7-tube steel or aluminum
vaiety.

But there's another way to get the light-
weight strength of carbon and Kevlar fibers
nto ablke kame: mowzil cohtpos;te consti|l.-
tion. With this method, there are no tubes;
the frame is "al.lone piece." And, as you can
see from the photos in this article, you'll
never
else.

mistake such a frame for anything
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Molded composites are on the verge
of becoming tnrly practica.l materials
for building bike frames. In this
article, we look at prototlpes that
were recently tested by the US
National Cycling Team, and provide a
wealth of resources to help in your
own investigations of these materials.

DESIGN

Birycle chains are the subject of
metallurgist Mario Emiliani's look
tkough the scanning electron
miscroscope. Steel chains have their
limitations, but what about aluminum?
Or titanium? Or plaslics? Here are
the pros and cons.

æMPONENTS 11

The real weak point in brake design
may be overheating on long hills, not
pånic stopping ability. To help solve
this problem, Alan Williams calculates
exactly how much heat is produced
under various conditions.
Surprisingly, some common beliefs
about brake heating don't hold up to
his analysis.

PHYSIOLOGY 12
If you want to know how much
muscle power you exert on training
rides, all you need are a stop watch,
cyclometer, topo map, and this article
by Bob Boyson.
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The main advantage of molded construc-
tion is that the frame's shape, cross section,
and wall thickness can be "tailored" at ev-
ery point to exactly match the strength and
stifhess requtements at that point. For ex-
ample, bending moments are t)?ically much
higher at the ends of the tubes, where one
frame member joins alother. This is exactly
why double-butted tubing was developed; to
put more material at the joint areas to resist
the higher loads. But witi molded composite
construction, you are not limited to just one
or two discrete steps in wall thickness, as
you are with double-butted tubes. Instead,
the wall thickness can be vaied contin&1usl!
to match the continuous distribution of loads.

Molded bike frames are certair y not a

new idea. In the 1970's, a few molded fi-
berglass prototypes were built, but they
were too flexible and/or too healT to be
practical. The problem was not in tie molded
construction method, but rather in the
choice of reinJorcement: glass fibet the or y
material cheap enough for bike ftames, was
simply not stiff enough witl respect to its
weight. If the frame had enough glass fiber
to be rigid, it was too hea\,ry.

Highly Specific Properties

The solution to this problem appeared in
the early 1980's: high-modulus materials like
carbon fiber and Kevlar became available at
relatively low pdces. What does "high,
modulus" mean? Basically, it means exceed-

ingly strong and stiff, not or y in absolute
terms but also with respect to the material's
own weight. In the accompanying 6gure, the
stress/strain properties of various fiber
types are plotted. The slope of each line rep-
resents the material's elastic modulus in ten-
sion (E.r). Note that Type HT gaphite yarn,
typical for bicycle applications, has a tensile
modulus of 38 x 106 psi, which is about the
same as that for garden vadety CrMo steel
frame tubing; the modulus of Kevlar 49 yarn
is about half of this value (18 x 106 psi).

The figure also shows the materials' sru-
crr. tensile properties, that is, the modulus
and tensile stuength ,er kit tueight. Fot HT
graphile, the specific lensile modulus is
ro]uglly frw tit tes that of steel, while its spe-
ci6c tensile stength is about 31/, times that
of steel. Compared to aluminlrm, HT graph-
ite is about set,en t;mes stiffer per unit
weighr. The implicarion. in theory at least, is
that a graphite fiber Aame could be made as
strong or as stiff as a steel one, and yet have
only about 1/5 to 1/a of the weight.

In practice, the picture is less rosy. For
one thing, the epoxy resin matrix, needed to
hold the fibers in place, adds considerably to
the weight but almost nothing to the
stlength. Still, the advantages of hiSh-
modulus fiber materials are signifcant. Con-
sidedng that graphite and Kevla-r are already
commonplace in other types of spofls equip-
ment (tennis rackets, skis, and fishing poles,
for example), it's more than likely that
molded-composites will play a role in the
next generation of bicycle frames.
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Here is a brief look at two molded-
composite prototypes; they illustrate the
late-1985 state-of-the-art quite well.

The Duancou Design

Dan Darancoua, now a designer in General
Motors' Pontiac division. hand-built the ma-
chine shown here for a student design proj-
ect last year. The frame is made of two
"half-shells" of Kevlar 49 fabdc, and is filled
with urethane foam, with a planar layer of
graphite 6ber sand,,ir'iched in the middle.

We found the proiect interesting, not be-
cause of the bike's outrageous shape, but
because the fabrication prccess Dan used,
hdnd la!-ul, is fundamental in all molded
composite construction. Here is a step-by-
step description of the procedure:

-The starting point is to make two clay
models (a left half and a right hal0 of the ex-
act size and shape of the finished frame. At
this stage, it's easy to sculpt the clay into
whatever aerodynamic cross sections or
floving curves are desired. Accurate mea-
surements, using templates and calipers, are

essential to insure symmetry.

-Next, molds are made by pouring a non-
shrink plaster slurry over the two clay mod-
els. Hemp fabric is pressed into the plaster
for reinJorcement. When the plaster cures,
the clay is scooped out of the molds, and
they are then ready for making multiple cop-
ies of the frame.

-Nexr, Kevlar fabrjc is cut inro appropri-
ately shaped strips (ceramic scissors are es
5cnlial), and are saturaled wilh epoxy re.in.
The main trick here is get the right amount
of resin into the fabric: too much resin means
excess weight, not enough means poor
bonding.

The saturated Kevlar strips are pressed
into the two molds. Several layers are built
up, with extra thickness in areas of greater
stress. When the epoxy fuUy cures, about
four days later, the two Kevlar-fiber
"shells" are removed from the molds, ready
for assembly.

-Aluminum inserts are nolv placed at the
hard points: bottom bracket, dropouts,
headset, and seat. Hollow guide tubes are
installed for routing brake and shifter cables
inside the kame.

Each hatf of the frame is now filled with
closed-cell urethane foam. then shaved flat
at the mating surface. Finå1iy, epoxy-soaked
carbon-fiber str:ips are placed on the mating
surfaces, and the two halves are pressed to-
gether until cured.

Dan admits that it takes a long time to
build a frame this way. He spent about 400
hours just to make the plaster molds, and a

further 200 hours to do the resin lay-up. But
if you're making three or more identical

aDaniel Darancau 3260A Cancortl St. #708
Madison Heights, MI 48471

Two Trimble Bikes: Heidi Hegg with the 12 lb. pursuit version (above), and the
20 lb. time lrial velsion (below).



frames, for example, Dal fgures you could
justify tle effort tlat goes into making the
molds.

The big adlantage ro molded construction.
Darl says, is that you can get strength and
stiffness properties that are impossible arly
other way. In his next frame, Dan plans to
incorponte "structural cables" of Kevlar or
carbon inside the molded frame. These ca-
bles will be øp st/esspd and held in a tension-
ing fixture while the resin cures.

By now, it should be clear that composites
offer some interesting new design options.
But is it really practical to make bikes this
way? The work of Brent Trimble suggests
that it is-

Composite Materials:

A Source Directory
The ,rrost fot&lal to?ir of letters to Bike Tech
these dats is coupos'ite rnaterials. Eoeryo e

uants to hhou) how to build carbon-fiber
uhzels, or where to but Kealar Pre-tregs, or
hou to cure heat-setting elory. For some of
these quzstians, there øre no halrd. ønd fast an-
soers !et. The colnflercial sources of compos-
ile frurnes (Alon, Vitus, Peugeot, for e@rrrrle)
ard lheir supfliers (TW and Bador, lor in-
stance) are tulu.ta.kt to talh about tloductioL
methods in detail. Irulzed, thel are liheLy to be

inllouing lh?it lcehniques as exleiefice k
gøiøed. In an! case, the field is still uidz o,en
to ittnooators of øll lels osio s, Here ;s d list
of rcswrcøs, aith bief cornmehts, that ma!
fuolride some ansu)ers to yur questions.

-" Human-Powered Vehicles Source Di-
rectorf,," compiled by Mike Eliasohn, Hu-
man Power (Technical Journal of the
IHPVA), Vol. 4, #4, Fd[,1985, pages 10-
25. lSee especially Category 4 ( Con-
struction Materials"); here is a hard-core
list of more than 60 hardware suppliers,
mostly industdal, many wholesale, of the
specialized foams, metals, plastics, fit-
tings, and tools needed to work with com-
posites.l Human Power is available by
subscription ($15/yr, quarte y) from:
Intemational Human-Powered VehicleAss'n.
PO Box 2068
Seal Beach, CA 90740

-Composite Basics. A.C. Marshall (1985,
212 pp., $30) [Solid introduction: core
mate als/honeycomb sandwich, fibers/
fabrics, molding and tooling. The pub-
lisher, T/C Press, also lists a huge selec-
tion of other interesting titles like
Haadbook of Surface Preparåtior (594
pp, $40,), Technology of Carbon and
Graphite-Fiber Compo6ite6, Advances
in Adhesives (1983, 306 pp. $56.), and
dozens of others. We have not seen all

The Trimble Machines

Brent makes structural'composite parts
for small aircrafr at his one-man machine
shop operation in Anchorage, Alaska.s He
started building bikes about three years ago,
"as a hobby," he says. To date, he's com-
pleted five frames. He sold the last three of
them to top-class riders including Steve
Hegg and his sister Heidi (see photos). But
Steve Hegg resold his frame. . . . not be-

sTifibte Prod tts Com,orr!
8025 Sundi War

Archoragq AK 99502.
Ph_ 907-243-7120

these volumes, but the general tone
sounds like an industdal-training approach
that should contain some well-tested pro-
cedures. Ask for tle complete catalog of
books and literature searches.l
Technoiogy Conference Publications
PO Box 842
El Segundo, CA 90245

KEVLAR Bulletin K-5 ("Characteris-
tics and Uses of Kevlar 49 Aramid Organic
Fiber"), KEVLAR Brochure 1E38532,
and KEVLAR UPDATE Newsletter
KEVLAR Special Products Dept.
DuPont Company
3879 Excelsior Center Building
Wilmington, DE 19898

-Scotch-Weld Structurål Adhesives
(Buletin #Z-SWPB-63I-vP), Innovative
Adhesive and Sealaat Products for In.
dustr5r (Bulletin #78-6900-0203-1), and
Tbchnical Data Sheet for Epoxy Adhe
§ive Series #2214 (Buletin {Z-22145).
[3M's Scotch-Weld #2214 series is a fam-
ily of widely-used industrial heat-setting
one-part epoxies. They cure at 250 to 300
degrees B and are available in quantities
as small as 6 oz. tubes. There is evidence
tlat this t ?e of adhesive is used in manu-
facturing the Vitus 979 aluminum fiame.
The 3M Bulletins listed here are a good
source oI data on joint design and surface
prepalatioll foi bonding a variety of mate-
rials.l Bulletins are available from:
3M Company Adhesives, Coatings,
and Sealers Division
223-1N- 3M Center
St. Paul, MN 55144

-FIBEBITE Compooite Materials Se
lection Handbook. (Detailed technical
specifcations on Kevlar/carbon/fiberglass
composites in form of fabrics, tapes, and
prepregs).
Fiberite Company
501 West Third Stleet
Winona, Minnesota 55987

cause he didn't like it, but because the sec-
ond buyer, the United States Cycling Feder-
ation. wanred to check out Trimble's design
for use in the 1988 Olympic bikes (see inter-
view in sidebar). Not bad for the fifth frame
from an "amateur" builder.

Trimble uses essentially the same hand
lay-up procedures as Dan Darancou, de-
scribed above. But he uses mixed-weave
fabrics (averaging 25 percent carbon-6ber,
75 percent Kevlar) in a computer-calculated
lay-up pattem. He says that it's important to
"keep the carbon fibers in tension," and that
stitrress, not strength, is the controlling de-
sign factor.

Many of Trimble's methods are taken di-
rectly from his aircraft work. His fiame

-Eucyclopedia of Composite Materials
and Components. Marth Grayson, Edi
tor John Wiley & Sons, [nc., New York,
NY. 1983. (1161 pp., $125.) See especially
the chapters on "Carbon Fibers and Fab-
rics" (p. 221+), "Aramid Fibers" (p.

97+), and "Laminated and Reinforced
Metals" (p. 609+). [This is probably the
single most complete source on the chem-
istry and physics of composites. You may
not actually want to buy it, but spending a
few hours with it in the local engineering
library would be a great help ifyou're buy-
ing materials and dealing with industrial
suppliers.l

-Composite Materiale Handbook. M.M.
Schwartz. McGraw-Hill, Inc. New York,
NY 1984. (672 pp., $62.50) Available from
McGraw-Hill and ASM.

-Fabrication of Cornposite Måterialsr
Source Book. M.M, Schwartz, editor,
1985. (432 pp., $54.) Available ftom ASM
(ask for their complete catalog):
American Society for Metals (ASM)
Metals Park, Ohio 44073

-Design, Fabrication and Mechanics of
Composite Structures (reference mate-
rials for Seminar of May 1, 1984,
Arlington, VA), Brian Jones, editor. 1984.
(352 pp., $150.) [State-of-the-art aero-
space goings-on.l Available from ASM
(see above) or:
Technomic Publishing Company
851 New Hollaad Ave., Box 3535
Lancaster, PA 17604

-Primer on Composite Materiols: Anal-
ysis (second edition), John C. Halpin,
1984. (187 pp., $25.) Available from ASM
or Technoinic Publishing Company. [All
mathematics, matrix and tensor algebm.
An excellent source if you're working on
design equations for composites, or need
some "acceptable" quick and dirty short-
cuts.l



cross sections, for example, are derived
from lorv-drag airfoil profiles. And his lay-up
process uses "prc-pregs" (fabric sections
ple-saturated with a controlled weight of
resin at the factory), a standard aircraft
building procedure. But Trimble is reluctant
to discuss lurthcr dctails until his patent ap
plication, now pending, is granted. In any
case, it's clear that the small-scale aircraft
industry has already developed the materials
and methods that bicycle framebuilders can

\\i. rode thp Trimb e t me trial bike prc

tured here, serial #1 oul of Trimble's mold,
and found it acceptably stiff and comfortable.
It is a bit heavl, for its class (20.55 lb. with
two disk wheels), but a {ev/ pounds could

The View from Colorado Springs

Steæ Bishoi, Heod Mechanic for the US Na-
lional Cyling T?am at th? USCF trainng
cam? in Cololado Slings, made these com-
me s to Bike ^fech abo t the Tirnble bihes.

B'1, What ere !ou/ etleiefices uith the
Trimble bihes?
SB: We had three different bites out herc
this past summer, and they were all carbon
fiber and Kevlar composite work. One of
them had fully enclosed Iront and rear tnan-
gles, and one of them had just a closed rear
triangle. One of these bikes was used down
in the sports festival irl a kilo and also in a
purcuit event. Heidi Hegg has one and Kit
Kyle, who's about the same size, rode her
bike and liked it a lot.

We had a road bike here too, and every-
body was suryrised how well it r!ns. It had a

Vrtus fork, and was a really fun ro ride. Il is a

different shape than the pursuit bikes that
we got later in the summer though.

BTi HoN do the comlosite bihes ride, coa-
,ared to joul stakdard lightu)eights?
SB: There were interesting parts on each
one of these bikes, and each one rode differ'
ently. But I have to say thai they were all on
the flexible side. I don l mean lo be negalive
about them, because I think they were a re-
ally good efJort for the first batch of all-
composite bikes. I'd even say the road bike
rode better because it was on the flexible
side. But in the pursuit bike, it seems that
the Iront triangle could be beefed up a bit.

BTt Could thq ddd tuo/e ,na.teial a.td still
keet the &eight doun?
SB: Probably. One of desigqs was incredibly
Iight, and we all de§nitely {eel like going with
the lightest possible equipment. It's to our
advantage because of being able to acceler-
ate the bike faster. But the lightest bike
didn't seem to have enough matedal to be
really rigid, so it may have to be beefed up.
Maybe internally, or by adding different ma-
terials. It's all new technology, and these are

easily be shed by switching the steel fork to
aluminum, and using a spoked front whcel.
The real low-weight story is the pursuit
bike: it weighs the same as the 12-pound
Olympic aluminum lunny bikes. The next
batch of frames will weigh even less. Trimble
says, lhanks to 2 narrower c-oss se.Iion,

Trimble is also working on an all
composite all terrain bike, ånd an all-
composite front fork. He says he has
"birel) s.rar.hed the sudi.e in appvine
composite technology to bike design, and
we're inclined to agree. Composite con-
stnrction, whether molded, tubular, or a hy-
brid, nright be iust what's needed to make
Mike Melton's prediction of a nine-pound
track bike come true.

just the very first efforts. The people seem
to know their materiais and processing and
do a fine job of construction. All the bikes
had an excellent finish and surface.

BT. Hou in orta .t are the enclosed lian-
gles?

SB: There seems to be a big improvenent in
the aerodynamic characteristics. This still
has to be measured with lab tests and wind
tunnel information. But I'm sure you'll see a

lot of designs in the future with the rear tri-
angle enclosed from the seat tube. The seat
tube, the seat stay, and the chain stay are all
enclosed and the wheel fits inside. You get a

lot more strength in the rear triangle. I think
they are on the right track with the basic en
closed design.

Bll Are moldetJ cor tosites leallJ goitNg to
challenge the llace of aluni uu a d steel in
bike hanes?
SB: I'm sure ofit. Look at the aircraft indus-
try and motor racing industry. They are all
racing with the composite materials. All the
Indy cars have composites in rhe.hassis.
That really changed the way those cars
worked. They got much faster cars immedi-
ately just because of the extra rigidity and
weight savings,

B'lt Hou much difference uiLl a cornlosite

ftame make?
SB: lt depends mainly on the weight sav-
ings. The more weight you save, the more
advantages there are. There's so little
weight to a bike frame to begin with, it's
hard to reduce the weight much more. A half
pound [savings] is significant and a couple of
pounds is pretty extraordinary. But now the
weight of aluminum bikes is the standard.
Still, I think we can push the envelope a bit
more and squeeze something out of the new
fiber materials. lt's not goiog to drop a cou-
ple more pounds again, maybe just a pound
or a half-pound. A lot of people will choose
the lenclosed trianglel aerodynamic design
and live with more weight, thinking that the
bike moves tkough the air faster. I think
the.e will be sigliicant advantages to these
enclosures.

DESIGN

Bicycle Chains

Materials, Chain Wear,

and Lubncation

Muio Emiliani

Bicycle roller chains must be strong, dura
ble, reliable, easy to måintain, and inexpen-
sive. These requirements might seem easy
to satisfy, but they're not. This is why mod
ern roller chains are made from steel. and
why their design differs little from that de-
veloped some 450 years ago by Leonardo da
Vinci. And while today's roLler chajns work
well in many applications, they seem heavy
and even antiquated for modern lightweight
bicycles.

Other materials could be used to make bi-
cycle chains. A titanium or aluminum alloy
chain, for instance, could be several ounces
lighter than the typical 380 gram (13 oz)
steel chain. Even composiie plastic/metal
chains, or all-plastic chains, could someday
see widespread use. But before any of these
become praclical. -omp major advance. rn

design and manufacturing technique will be
needed. In any case, the finål test for a ne\u
chain design will be whether it works as well
as existing steeL chains do.

In this article, we will look at steel bicyrle
chains, their pedormance and limilations,
and the opporlunitie< for u.ing ne\r'm"teri-
åls in the future.

Mosl bicycle chains sold today are made
entirely of steel, since few other materials
are as strong, resistant to uear, eas-v to fab-
dcate, and inexpensive, as steel. A wide se-
lection of steel alloys, with a variety ol heal
treatments. is available to manufacturers of
bicycle chains. Pråclical conslraints, how'
ever, limit their choice to a few specific ma
terials.

Low cost is a prime requirement for a bike
chain, since it must be replaced often. Thus,
stainless steels and other so-called "high al-
roy :leel: are nol ured. since they contarn
large amounts (i.e., more than 5'70 to 1070)
of expensive alloying elements like chro-
mium, nickel, and molybdenum.

Two orher prime rFqurremenlc lor charn5

drc .rrpnglh. ro re-i.l high operdring
:lre.se\, "nd hardnc.', to re.ist §ear. For

T.i a"d rhotostutbhs al this urticLo, etult Fisltr.s t
a d2,a dEditat s Note,a/! CaiJnsh C 1985b! Ma-

Steel



roller link components

-roller 
link plale

tunately, tlese properties are inseparable:
the stlonger the material, the better it's
wear-resistance,

An outstanding combination of strength
ard moderate cost is found in the so-called
"low alloy" steels (they contain less than
about 290 of the expensive allofng constitu-
ents). This class includes the AISI 4140 and

4130 steels (the maLerial commonly used in
bicycle frame tubhg).

Fortunalely, some of the least expensive
varieties olsteel, namely the "plain carbon"
steels such as AISI 1040 and 1060, work
well in a bicycle chain. These steels contain
ahout 0.670 to 1% carboD. and are in the
same class as AISI 1010 and 1020, which are
often used for frame tubing in inexpensive
bicycles.

Most bicycle chains curently on the rnar-
ket are made from plain carbon steel be-
cause. besides its low cost, its strength and
hardness are adequate. lt is true that a low-
alloy steel would be stronger and harder tlan
plain carbon steel, Proo;ded that both re
ceived the same heat treatment. Its also true
that a plain carbon steel, if fuofell! heat-
tredted, co\ld akrlost equal the properties of
some low-alloy steels. For this reason. in

trying to compare the various brands of bike
chail, it is not sufficient merely to know the
chemical composition; the complete history
of processing and fabrication must be known.

It is not practical, in this ar.ticle, to analyze
every make of bicycle chain in such detail.
After all, there are many bnnds worth men-
tioning (including tle new ATB chains) , and a

minimum of four non-redundant parts per
link would require testing, Instead I'll use
the popular Sedisport as an example when I
talk about how chains withstand wear.

Roller Chain Design

Chain drives of vadous forms were known
for at least 2000 years, but da Vinci's de-
signs were the first ones put to pnctical use .

Even tien, chains were expensive and diff-
cult to male. And because the quality of
steel available at that time was poor, early
chains often wore out after a short period of
use. lt wasn t until 1895 lhåt roller chains
came became truly practical, when they
were first inuoduced on the rear-wheeldrive
"safety" bicycle. Better quality steel and
this new application brought a renewed in-
terest in roller chain design and its other po-

tential uses.r
The chains we use today are remarkably

similar to those on the eady bicycles. The

lDeeign Manual: Roller And Silent Chain
Drtves (tud et1.), bt Jackson ahd Molelafld: Wash-

ingtorl. DC: Assotiatiotl ol Rollpr and Silent Choit
Maklrlactu/els; 1958. ?he cufient velsion of thb

anual is Chairr, tor Power Tlan'mission anil
Mateial Handliag (1982), aaaibble lor $20.

from: Ameria* Chdin Associalion, 152 Ro ins
Aae., Suite 208, Rochtlilb, MD 20852 (30LgA'
9080).

Figure l: A standard
rollGr chain. (Adaplod
wilh pomission
lrom Rel. 1)

pin link componenls

pin'in*pr.,.-CXA

6€-rorrerrintPtae-J'--il!
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s fl-'*^-
§ §-**,*
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pin pEss.liltod in link platc
osclllates lnside busiing



Figure 3: §elGcted dimensions 0l poDular dsrailleur chains.
standard roller chain is made from two basrc

sub-units: a rollel llnk and a pln link, which
are spaced alternateiy along the length ofthe
chain (see Figure l). When adjusting a

chain's length, both a roller link and a pin link
must be added (or removed). Since the pitch
(pin-to pin distance) of bike chains is a stan-
dard 1/, inch (12.7 mm), length adjustmerts
must be made in disc.ete f-inch steps.

Figure 2 shows the smallest segment of
chain (one roller link and one pin link) in de-
tail. Note that this segment consists of ,rz
,a/Is. Thus. lhe typi.al 56-inch bike chain
contains some 560 individual pieces: perhaps
more than allthe rest ofthe parts of the bike
put together! A medium-priced chain today
costs about $8., so you're paying less than 2
cenls per piece; a tribute to the economies
of mass production.

The plates are stamped fiom sheet metal,
the bushings and rollers are made by rolling
up small sections of sheet metal. and the pins

are simply small rods. Each link is held to-
gether by press-6tting lhe bushings and pins
into the roller and pin linl plates, respec
tively. Each roller link and roller is sized so
that it will move easily between each fixed
pi, link. This gives the roller chain the flexi'
bility it needs to freely engage with the
sprocket.

So-called "narrow" chains like the Sedis-
port are different in tkee major ways from
the "standard" roller chain just described.
First, the Sedis chains have no sepaEte
bushings at all. Instead, the roliers roll di-
rectly on integral "bushings" that are
stamped directly into the roller link plates.
Thus, the smallest segment (i.e. two linls)
of a Sedis chain contains only erghr parts.

The second diflerence is lhat the chain
width (i.e. length oI the pin) ard height ofthe
Sedis chain are less than in regular roller
chains. These smaller dimensions, coupled
with close tolerances, allow 6-speed free-
wheels to be used on standard 120 mm wide
rear chainstays. The table (Figure 3) shows
some dimensions of the narrow Sedisport
comDared to two regular width chains.

The third difference is that the narrow
chain has more side-to-side play compared to
regular bike chains. For example, I mea-
sured 4.1 cm side-play over 15links in a new
Sedisport chain, compared to or y 2.6 cm in
a new Regina Oro. The Sedis has greater
side-play because the roller link plates over-
lap each other less thm on the Regina Oro.
This is the reason for the Sedisport's much
ralked-abour "smooth shifting characleris
tic over nanow gear ranges, and its poor
shifting over wide gear ranges. Finally, the
Sedisport's roller link plates are flared at the
edges, to improve the chain's ability to en-
gage wirh sprocket teeth during shifting.

The desigyl of Sedisport chains seemed
quite novel when it was first introduced sev-
eral years ago, but it isn't really new at all.
The same general design (except for the
flared roller linl(s) is at least 89 years old,
arld can be seen on page 400 of Archibald
Sha4's book, Bicycles & Tlicycles'.

Dimension SEDISPORT REGINA ORO REGINA TITANIO

nominal chain pitch 12.7 mm 12.7 mm 12.? rrmt

pin length (chain width) 7.3 mm 8.1 mm 7.9 mm

roller plate: qridth

thickness
length

4.4 rn,]l,
1.1 mm

20.9 mm

4.5 mm
1.0 mm

23.1 mm

4.3 mm
1.0 rnm

23.3 mm

pin plate: width
thickness
length

6.7 mm
1.0 mm

20.8 mm

6.7 mm
0.95 mm
20.1 mm

6.9 mm
1.0 mm

20.0 mm

Chain Wear

Of the many wear processes which con-
spte together to remove metal from your
chain, the major malefactor is abrasitrc near.
This type ofwear occurs when "hard" parti-
cles (typically sand) become trapped be-
tween two sliding surfaces (see Figure 4).
The small size of these particles (typically
0.0002 to 0.010 inch) makes them virtually
invisible, but allows them to easily settle into
even tight-fiiting joints. The particles then
gouge metål out as the parts slide past each
other.

To make matters worse, the products of
abrasive wear cause further abrasion. In
time, the gouged out metd fragments accu-
mulate and do their own share of gouging,
while the iarger sand particles are crushed
into smaller pieces, each with fresh, sharp
cutting edges. Clearly, the best wav to mini-
mize abrasive wear is to keep the 'invisi-
ble" sand out in the first place.

Bicycle chains are also subject to ddlrasrr?
,.,r4l, but this is much less of a problem than
abrasive wear. Adhesive wear occurs when
tle layer of lubricant on the surfaces is either
too thin or is absent altogether. When the
two surfaces were p(essed together, the
high points come into direct contact and be-
come, in effect, welded together. When the
surfaces are later moved apart, the high

'zBicyctes & hicycles, b' Afttibatd ShaO:
Ca bridge, MA: The MIT Prcss: 1977. Relint ol
the 1896 edition pablished br Lohgmans, Gr.en;

points remain welded together, and small
preces of metal are iorn away from the adja-
cent surface in the process. ln bike chains,
adhesive wear removes much less metal
than abrasive wear. because there usually is
enough lubricant to prevent it.

A Closer Look

Figures 5 to 9 are scanning electron photo-
micrographs showing parts ofmy own Sedis-
porl derailleur chain. Chemical analysis
showed that all parts ofthe chain were made
from a plain carbon steel, perhaps AISI
1050. I was surprised at how little wear I
found on the chain. It had about 3000 miles
on it, and I hadn't given it particularly good
care. lt's true that I rode it mainly in dry
weather, but the only cleaning I gave it was
an occasional wipe and a relubrication when
it seemed necessary.

Figure 4: Abrasivo wear starls when hard,
sharp pa icles ale trappcd bGtween sliding
sudaces. These particles cut metal llom
tolh su aces, and the molal lragments
conlribute t0 lunh8l abrasivo wear.

'Erlilor's Note: Sl/esses on the thai carl be estimaled using fie /ollou)ing lonnulas:
1. /adius ol lront chai u)heel = chain lilch , Sear teeth / (2 11)

Era rle: rudh.s ol52T thltinuhæI = 12.7 mtk t 527 / 6.28 = 105.1 ttu»
2. Ltcchant at Attuntas, olfront thainuheet = c/anr,;r;1:r!:!#y"l:;1,-

3. chain tension : ledal lorce , M.A. o.f ftont chaiw)h?tl = 250 lb t 1.62 = 100 h.
1. sheat slftss acloss each ri (at ror. 0.15" dit.)

: chain tension / ( 2 r tirl closs-saction area)

= 100 Ib / ( 2 r Il r diahetef/4
: 100 lb / 0.035 sq in
= 1130A $i

5. comlressiue st ess ofi iin's surfaæ

= chain tensiat / 60Ea ol rin's &idlh , 20q. al ltn's diamete/
: 400 lb / 60% x 7.3 ,nn , 20qa r 0.15"
= 400 lb / 0.0052 sq i
= 77,300 asi

(fhe lactors 60% and 20% are ariroxi,iations i te ded tn rctrcsent the in's ".llectite" arca in carry-
ing the chaih-tensio load.)
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Figure 5: Chain misalignmenl is the cause 0l lhis uneven wBaI
pallern 0n the pin link plate, where the roller link plate rubs
against it. I'lole lhal area close l0 hole (A) is not wom, but the
outer area (B) is. 40X.

Figurc 6: A closer look al the scoured area (8) shown in Figure
5. The deep gouges (upper ghl) are typical symploms 0l
abnsive wear. Nole lhal the gouges are all approximately lhe
same size and depth, an indicati0n that the sand which caused
lhe wear was crushed into small particles which did not
decrease lutthff in size. l{ote als0 the lip curling ont0 unworn
melal (near center). 970X.

Figure 5 shows the inner surlace oI a pin
link plate. It is apparent that the outer third
of the plate wore the most, and that this was
due to chain misalignment (rubbing between
the inner surface of the pin link plate ard the
outer sudace of the roller like plate). A
closer look at the worn region is seen in Fig-
ure 6.

Figure 7 shows the roller link plate and its
integral bushing. The sides ofroller link plate

are worn over most of the surlace where it
contacls Lhe sides of lhe roller. Figure 8 is a

closer look, showing a scoured region with
slight, uniform wear.

A polished cross-section of the pin (Figure

9) revealed that it had been electroplated.
Chemical analysis oI the surface of lhe pin

showed a high chromium content. Chrome
plating, as found on Sedisport and some
other high quality chains, produces a very

Figure 7: 0n this roller link plate, the wom region at A is
expected, since this is where lhe side ol the roller contacts the
plale. The plate's edge (B) is noliceably l]actuled, indicating
that it was stampcd ftom sheet metal prior t0 heat tleatment
(when the metal was molc formable). 38X.

Figure 8: Close-up 0l the roller link plate shown in Fiqure 7. The
scoured region (upper lelt) shows slight, uniform wear, an
indicali0n that the lorces between roller link plale and roller are
lairly low. The original su ace tinish 0l the chain, with no wear,
is seen at lower riqht. 1000X.

hard surface. This hard surface inhibits abra-
sive wear and, as a result, decreases friction
between the pins and bushings. The chrome
plate really seems to help; my pins had so
little wear that the photomicrographs
showed nothing of interest.

Pins are usually the most highly stressed
part of the chain.* (Ho{ever, if the centers
of rhe pin lin-k plales have holes drilled in
them, ,rq, could be the highest-stress re-



gion.) In any case, chrome plating on the
pins can prevent that incurable malady:
"chain stretch."

Actually, "stretch" is a misnomer, since it
implies lhat the chain stretches elastically
Iike a mbber band. In fact. the chain elon-
g tes temanentlt, and the chain pitch (dis'
tance between pins) increases. The elonga_

tion is caused by wear: the outside diameter
of the pins decreases and/or the inside
drameter oI the bushings ard rollers in_

creases. As little as 1/1000th inch change al
each of rhese surlaces can make the chåin
almosi ro in.h longer. Excessi!e charn

stretch causes poor shifting: the chain no

longer engages prope l, with teeth on the
freewheel or "hainring 

berause each link is
longer than the sprocket tooth spacings. In
extreme cases, the stretched chain hops

over smali diameter freewheel cogs like a

toad hops over a hot rock.
Coatings other than chrome plate are

somelimes used on chains. For instance, I
found by chemical analysis that the gold-

colored Regina Oro chains are brass plated,
while Shimano's silver-colored Dura-Ace
UniGlide chains are nickel plated. In both
cases, the electroplatings probably have
some beneficial effects in reducing wear.
Electroplated brass coatings are soft, so

they serve as a solid lubricant. On the other
hand, nickel plating is hard and, like chrome,
reduces wear by virtue of this hardness. As
the coatings wear off, of course, the wear
resistance is lost.

0ther Metals

What are the prospects for metals other
than steels? To my knot\lcdge. no major
charn manuta.lurer currenlly sells anyrhrng

besides steei chains. Nevertheless, titanium
and pos.ibly aluminum.ould be u.ed in

chains in certain circumstances and sold, I
believe, at reasonable prices ($25-$50)

Aluminum is an obvious choice because it
is only one-third the weight of steel, and cer-
tain alloys could be made strong enough, by
proper proce.sing, for 'ideplales. 

Bul feu
aluminum alloys are hard enough to take the
abrasion that pins, rollers, and bushings re-
ceire. A workable de.ign might use alumi-
num side plates with integral bushings (a la
Sedis), plus steel rollem and pins.

AnoLher factor to consider is sideplate rub-
bing due to chajn misalignment. This night
be reduced by hard anodizing the roller and
pin link plates. (Anodizing produces a hard
surface layer of aluminum oxide, about 0 02

mm thick, which helps resist wear.)
Such a chain should be used only with an

aluminum freewheel (and aluminum
chainrings, or course), since hard steel
sprockets would quickly rirear through the
chain's oxide layer. If the chain was cleaned

and lubricated regularly, i1 wouid probably
$orl tcry wcll. The mosl surldble applira
tion for aluminum/steel chains would proba

Figure 9: Cross-section ol a
pin from a Sedis chain,
showing chrome plaling on

the surlace. The plaiing is
aboul U40th mm lhick. t'lote
how the chrome plating

appear§ to have Penetrated
into the steel (i.e. lhe silvery
whiske$). Apparently, the pin

developed sudace cracks due
lo high thermal slresses
during heat treatment or
quenching (rast cooling)
lrrhen lhe pin was hardened.
The pin was lhen plated, and
the chrome lilled into the
cracks, producing whiskers
below lhe surlace. The surlace
Gracks Gaused no problems

during the liletime ol my
chain, but they may be lhe
cause ol some othent ise
mysterious chain lailures.
270X.

bly be pursuit bikes, where extreme light
weight is a virtue, and road grit is not a prob-

lem.
Titanium, which is also strong and lighl (al-

most one hatf the weight of steel) could also
work well, especially in the sideplates. The
main drawback to titanium is that it costs
about 10 times more than steel, partly due to
the special requirements for processing it.
As with aluminum chains, the pins. bushings,
and rollers would probably have to be made

of steel. Unfortunately, this necessary use

of steel parts in an aluminum or titanium
chain puts a severe Iimit on the overall po_

tential for weight savings.
Regina apparently discovered this when

rhey made the Titanio" titanrum .hain.
This little gem, with a retail pice of about

$200 (before it disappeared from the markel
seveml years ago), had the same dimensions
as the Regina Oro (Figure 3).

I recently examined a few links from a

used Regina Titanio. The side plates are

made of a heavily cold-rolled titanium alloy
containing small amounts of aluminum and

vanadium, probably less than 10q0 total.
(Cold rolling, one ofseveral methods used to
strengthen metals, is accomplished by de-
forming the metal below about 1/3 its mell
ing temperature.) The titanium sideplates do
not have any special sudace finish, and steel
is used for the rollers, pins, and bushings.
None of the components were excessively
worn, but I don't know how sevcrely it was

u,rd. I håvl' been rold I hal Ihe Tilanio chnrns

wore out rapidly, bul ['m more inclined lo
believe that their hieh price was lhe cause of
fheir demise.

Reinlorced Pla$ic Charns

An essential ingredient of Brian Allen's 22-
mile flight acros. rh- English Channel in

1979 was a reinforced plastic chain. Allen's
aircraft. the Gossamer Albatross, needed an
18-foot long chain to connect the pedals to
the propeller. A steel chain was unthinkåble
because it would have weighed about 6
pounds-nearly 1070 of the weight of the en-

tire aircmft. The solution was a light poly-

urelhane.hain reinforced rLith r- lnch slain_

less steel cables. Eighteen feet of lhis charn

r eighed only 20 ounces.
This and other types of reinforced plastic

chains have undeniable advantages. They
are light, cheap (a few dollars per foot), have

no moving parts, require no lubrication, and
do not wear (if kept clean), stretch, back

lash. make noise, or corrode. Even so, there
are at least five reasons why reinforced plas_

tic chains aren't yet on bicycles:
1. The Consumer Product Safety Com

mission requires that bicycle chains be able

to support at least 1800 pounds of tension'.
The best plastic chains with rh6" stainless
steel cables, can support a maximum of only
about 400 pounds when sprinting or hill
climbing.

2. Srarnless sreel cable: in plastic chain.
are prone to lail prematurely by fatigue. The
severe flexing, as the cables in a bicycle ap-
plication passed over small diameter free_

scode ot I'edeHI ResulatioDs, Connerctut
Pltlctices, #16, Published br U itrd S ttcs Galem'
nent Pintins Olfice.



wheel cogs and derailleur pulleys, would
pose fatigue problems.

3. Dimensions of the reinforced plastic
chains that are curently available are wholiy
incompatible with the sprockets used on bi-
cycles. I don't expect the derailleur/
cranlset/fteewheel manufacturers to re-tool
just to use plastic chains.

4. The splice design currently used on
plastic chains is neither narow nor flexible
enough to go through the twists and turns
imposed by derailleur gearing.

5. While plastic chains won't rust, they
could suffer other types of envtonmental
degradation, including attack by sunlight,
ozone, water, road oil, road salts, and tem-
perature extremes.

The Black fut
of Chan Lubrication

Regardless of the alloy or surface plating that
is used on a chain, friction between moving
parts would ruin it in short order were it not
for the lubicant on (we hope) all the sur-
faces.

Lubricants come in many varieties: solid
(such as graphite), liquid (WD40, LPS-1,
and LPS-3), and liquids containing sus-
pended solids (Teflon or molybdenum disul-
fide in TRI-FLOW. Super Lube. and Chain
Life). Besides inhibiting wear, lubricants
may protect against corrosion, form seals
against the intrusion of contaminants, and
dissipate heat. In addition, some lubricants
penetrate into close-fitting surfaces better
than othe6. Different areas of the bicycle
operate under dif{erent conditions, and so
the choice of lubdcant varies with applica-
tion.

The single most important property of a

lubricant is its rri.osirr. This is a measure of
its abilty to resist 0o$ when a pressure is
applied; greater viscosity means that the lu-
bricant is "thicker" and resists deforma
tions better.

Placed berween bearing surfaces, a lubri-
cant forms a thin film which holds the sur-
faces a (smdl) distance apart. The layer of
lubricant can carIy Iarge loads in compres-
sion, but can also be easily sheared by a rela-
tive sliding motion between the parts, thus
minimizing friction. The more viscous the lu-
bricant, the greater the compressive load it
can sustain before "bottoming out" (when
the metals parts come in contact), but the
more fiiction it causes unde! sliding motion.
The ideal then, is to choose a lubdcant that is
no more viscous than is needed to support
the compressive load between adjacent mov-
ing parts.

By this criterion, many bicycle manufac-
turers could be guilty of lube overkill: their
chains, when shipped from the factory, are
coated with some ofthe highest-viscosity lu-

Clearly, it's no simple task to develop a
reinforced plastic bicycle chain that could be
sold to the general public. Still. it's not im-
possible. As a starting point, the loads on
chains must be better defined. Then, a new
splicing method would have to be developed.
Most important, new materials would be
needed to meet the extreme requirements
listed above. I expect that the reinforced
composites used in tie aerospace industry
(Kevlar, graphite fiber, and silicones, for ex-
ample) will be the §/ay to go.

I am convinced that practical reinforced
composite chains will be with us in the near
future, and could even replace steel entirely.
Light metal chains (titanium, aluminum) will
most likely remain a novelty, like the Regina

bricants imaginable. The heavy lubficant ls
surely effective at preventing chain weat but
it is far ftom the minimum-fiction solutiol.
In addition, this may mislead some riders
into thinking that their chain never needs
cleaning and relubrication.

Those who do clean their chains are usu-
ally motivated into action by the sight of
grimy sludge building up after a few hundred
miles oi riding. Some r,rait until rasprng
noises from the chain become unbearable. A
sma.ll virtuous minority, including chain man-
ufacturers, insist on cleaning the chain at
rtted inteøa.ls. For instance, the small print
on the Sedis package suggests a cleafling ev-
ery 300 miles, but gives rlot a hint as to ro&.
What, then, is the best way to clean and re
lube å chain?

Choosing Your Poison

Soaking the dirty chain in Kerosene (or
parts-degreaser solvent) is common. II done
improperly, however, this may be worse
than no cleaning at all. Kerosene provides a

satisfuing cosmetic removal of visible road
grit, but also strips the heavy factory grease
from the chain. including that inside the pins
and rollerc, where the stresses are highest.
When you reJube the chain, the lubricant
may not totally penetEte into these crev
ices. And even if the new lube makes it into
every crack, residual solvent may thin it (re-
duce its viscosity) excessively. At every
hafld, you are faced with the potential of a
new wear problem in just a few miles of rid-
ing.

What to do in this grim situation? If you are
not concerned with grease accumulations on
your chain, tlejust wip€ it down with a clean
rag and lubdcate it after every couple of
rides. After a season or so or riding, throw
the chain away and buy a new one.

The other approach is to soak the chain
6rst in kerosene, then in a more volatile sol-
vent like naptha (white gas). The latter sol-
vent vrill remove kerosene residue, and will
quickly evaporate from even the tightest

10

Titanio. And meanwhile, when your steel
chain develops that distinctive rasping sound
that says "clean me" . . . , grit your teeth
and do it.

I d lihe lo lhanh lh? lollowing lor thcir assis-
tabce ui.th this atticle: Chis AlLen (Sun-
Toxt): Cec Behinger (Behinger Comfany,
Inc.); Bill Fiss (W.M. Berg Co,, btc.); Angel
Rodrig es (R+E Clcles): Peter Wei.gle 0,P,
Weigle Ctcles): Shilkano SaLes Corr,

Maio E liliani. a Prarliring makial ugi-
aeer in Protidence, RI, has b ilt a turi.tJ of
biclcle frar es ot)et the Past ten lears. He has
ilpgftes tk Mech1fiical and Chemirul Engi-
,u?ing, dnd ts now contlclitlg hls Ph.D. irl
Mateliols Ekgi eeirrg at Broun Unitersi$.

cracks, thanks to its volatility, At all costs,
aroid setting yourself on fire. since naptha is
highly flammable. You might want to repeat
both soaking steps to ensure that all dirt and
grease is removed. Then the chain can be
relubricated as usual.

Here are some additional points to con-
sider. In the no-soak wipe-down approach,
relubrication may be ineffective because
small passages are likely to be clogged with
old grease and road grit. Your lub.icant of
choice, then, should be one with lou ni,scos-

iry, such as WD-40 or LPS-1. This will act as

a solvent, soften the heavy grease deposits,
and maybe even reach those close-fitting,
high-stress areas.

In the Kero/naptha double-soak approach,
you should use a moderate to high viscosity
lubricant. HealT gear oil (abour SAE 80 vis-
cosity) or paraffin are ideal, provided they
are heated lirst to reduce the viscosity.
(Caution and good ventilation are appropdate
when working with hot oil.) An alternative is

to use LPS-3 or TRI-FLOI which both be-
come quite viscous once their volatile con-
stituents have evaporated. Using the high
viscous oil, and making sure it reaches every
surface , will give you the longest-lasting lube
job possible.

Which approach is best? I used to be a fan
of fixed-interval cieaning. For several years I
cleaned my chain regularly in kerosene and
naptha. and relubricated it with excessive
amounts of LPS-3-even when it (probably)
didn't need it. I now perform the ritualonly if
I get stuck riding in the rain, or ride on un-
paved roads, or find a really objectionable
amount of grime on the chain. Otherwise, I
just wipe it do$n every couple of rides, and
give it a light lube.

To those who ve put off cleaning the chain
for too long, remember: your chain is not the
only potential victim of grime. Aluminum
chainrings and Ireewheels, rear derailleur
pulleys, and both derailleur cages are made
of far softer materials than your chain.
Wouldn't ir be an outrage if rhese expensive
compone[ts were destroyed by a dirty $10
chainl

-Mario Emiliani
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0verheating Brakes

Some Common Beliefs

Don't Hold Up

Allan Wiliiams

In many parts ol the countr-v, including
.entral California uhere I live. there are
steep hills which descend 500 to 2000 feet in
rhe rnur-e oIa [pu mrle-. Brak. "r.rh-"ting
is a serious problem on these bills, particu-
larly for heavy iders ånd in warm tempera-
tures. I have made a fe$ calculations to see
if there is an oplimum speed of descent
which rvould minimizc brake heating.

To my surprise, I found just the opposite:
there is a "wo1sl case" speed aL which
brake hcating is mutitntzeLl, and this turns
out to be slightly less lhan half of terminal
speed (i.e., the specd -vou would reach h-v

coasting freely §ith no braking).
Jhi: r--Ltlt rc .pr rrinl!' ,'unrrar\ lo Lhr rn

tuitive notion that "braking harder makes

the brakes holter"; some c-vclisls lake this
notion for granted, but it's just not true. \'ly
results show that braking at a modtldta
speed produccs the most heat.

Furthermore, the slope ofthe hillis a criti-
cal factorl doubling the slolte more thdn dau'
ålrs the anount of heat that lhe brakes must
dissipate to hold a constant speed.

I have to $onder if manufacturers take
overheating inlo account in the design of
their brakes. lt seems lhat brake per{or
man.r le5l\'.Cu- onlt'Or -\O'- inc rnric
stopping ability. lf bicycle brakes had a large
thermal capacitl', or could dissipale the heat
more effecti\'cl,v, then melted brake pads and
tire blowouts \r'ould not happcn. But I've ex
perienced these problems often cnough to
know that poor heat dissipation is a weak
puinr '1h"r' rl r tl). dc-lgn ot rim Lrake'.

In this article. I show how to calculate the
amount of heat produced by bftkes under
vanous conditions of speed, slope, and rider
weight. This is just the starting point in tr,v-
ing to corect lhe problem. Expedments are
still needed to frnd ort uh.le the heat goes-

But we have lo start somewhere,

A X{atter of Gravity

The force r-hich propels a bike down a hill
is determined entireli' b"v the slope of the hill
and the weight of the nder. Consider this ex'

ample: a bike and rider togethcr weighing
170 lb are coasling down a 150/0 slope (a hill
§herc the road surface falls 11/, feet for each
ten feet of horizontal distance).

The gravitational force which propels this
bike and rider down the hill is equal to the
slope times the tolal weight; in this example,
15% r 170Ib : 25.5Ib. This propelling force
remains constant regardless of the ider's
speed (assuming the slope remains con-
stånt ).

If the ridcr simply coasts without braking,
lls spc*d wirl ircrease urti' lhe ["rce" of air
drag and rolling resistance sum to equzl the
propelling force (25.5 lb). At this point, the
rider is in "free fall" and has reached what's
cal)ed tertninal sr.?d. For any given set of
conditions (slope, ueight of bike plus rider,
and rider's air drag characteristics), the ter
minal speed is uniquely determined.

To calculale lhis tcrminal speed, I used
simple formulas to express rolling resistance
and air drag as functions of the rider's speed-
A good approxinution for rolling resistance
force per pound oI weight is given by (Ref.
t):
rolling resistance =

0.005 + 0.Is/tire inflation pressure (psi)

tEq ll

tl.'.R. n'hitt, "A Not. ou lht t,stDratbn oJ tho En-
eq t ltu"nitul. at Slotti"s Cldists , Ersonom-
ics, lbL. )1, 1971. fO. 119 a2,t.

Brake p0wer as a lunction 0f speed maintained by rider 0n conslanl grades.
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For the 170 lb bike ard dder, with tires ln-
flated to 100 psi, rolling resistance equals 1.1
lb. (ln this formula, rolling resistance is inde-
pendent of speed. Actually, rolling resistance
increases slightly with speed - a factor to
consider in conducting accurate tire tests,
but something I neglect for the purposes
here.)

Air resistance does vary with speed, ac-

cording the aerodymmic Iormula (Ref. 2):

air resistance = 0.00Æ x frontal area
x speed'z tEq.2l

If our sample bike/rider combination has a

frontal area of 3.65 sq.ft., a typical value,
then:

air resistance : 0.008395 x speed'?

tEq.3l

Total resistance of the 170 lb coasting bike
and rider, is the sum of rolling resistance
plus air resistance:

total resistance : 1.1 * 0.008395 x speed?

tEq.4l

This equation may be rearanged to solve for
spe"d. since the "iotal resislance'term is

known:

speed : 10.91 x (Total resistance 1.1)1/'z

lEq.5l

At terminal speed, "total resistance" equals
propelling force (which is 25.5 lb for the sam-
ple 1701b bike plus ider on tie 1570 grade).
Plugging in this value to Eq. 5 shows that the
rider will reach a snappy 53.9 mph terminal
speed.

Incandescence of the Pad

Now suppose the bmkes are applied to
maintain a constant 45 mph. How much
brake force is needed, and how much heat is
generated? At 45 mph, rolling resistance
plus air drag will sum to 18.1 lb, according to
Equations I ard 3. The propelJing for"e is

'F.R. Whitt abd D.G. Wilson, Bicycling Scierrce
(Second. ed.itbn), Canbridee, MA: The MIT Press,

1982,l. 92.

PHYSIOLOGY

Free Fall

Practical Application of

The Bicyde Powet Equation

Robert L, Boysen

If you have access to a Iew unobstructed
hills, you can do a variety of simple tests,

still 25.5 lb. So the stopping force, supplied
by the brakes, must be 7.4 lb (25.5 - 18.1)

Brake power, the rate at rrhich the brakes
convert mechanical energy to heat, is com-
puted as the stopping force multiplied by the
speed of the bike:

braking power = braking force x speed
tEq.6l

In this instance, we have a braking force of
7.4 lb and a speed of 66 feet/sec (45 mph),
giving a braking power of 488.4 ft-lb/sec. In
other units, this equals 0.89 horsepower (1

hp = 550 ft-lb/se.) or 662 walts f1 watl :
1-3564 ft-lb/sec).

If the rider brakes more nrmly to maintain
30 mph (44 ft/sec), then through similiar
math, his total air drag plus rolling resistance
is 8.7 lb and the brakiry force is 16.8 lb, with
the result that braking power is 1.34 hp or
1003 watts. In other words, his brates are
putting out more heat than two 500 watt
light bulbs, and no wonder they're hot!

Now, if he brakes even harder to maintain
20 mph (29.3 ft/sec), his air plus rolling re-
sistance equal4.5 lb, brake force is 21.0 lb,
and brake power is I.12 hp or 835 walls.

The important point is this: slowing down
from 45 ro 30 mph caused a big increase in

brake heating (from 662 to 1003 watts), but
slowing fifther to 20 mph caused a decrease

in brake heat (to 835 watts).
Clearly, there is a maximum in heat pro-

duction somewhere in the vicinity of30 mph.
The moral is: if your brakes are melting on a
long grade (and you're already going too fast
for cornJort), then brake harderl It's true
that your brakes will then have to convert a
larger portiofi of energy to heat than before.
However, this conversion will proceed at a

shuer rute; the result is, your brakes aod
rims will be cooler.

To get a better picture of all these factors ,

I generated a plot of power dissipated in the
brakes ,?/srs speed for three different
grades (590, 1070, and 1570) and two differ-
ent ders (170 lb and 210 lb weight of bike
plus rider). For the 210 1b case, I assumed a
frontal area oI 4 .2 sq k (proportional to the
2/3 power of the ratio of weights).

In the accompanying figure, you can
clearly see the maximum in brake heating

basically coast-downs and uphill sprints, that
will reveal some important characteristics of
your bike and your riding style. I originauy
developed these tests in connection with a
ftoess trainiflg program: I wanted to know
how much muscle power I was generating on
various training rides. But you miSht want to
use the tests for other purposes as well: for
example, to compare the aerodynamic ef-
fects of different riding postures, or to com-
pare the mechanical eficiencies of novel bike
transmissions, wheels, and other drivetrain
components. Here, I'llsimply explain how to
run the tests and analyze the results,

To keep procedures as manageable as pos-
sible, you need to make some simplifying as-

sumptions. The full-blown bicycle power
equationr shows that at least irelr? indepen-
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which occurs at "moderate" speeds. Zero
brake heating occurs at a mirimum speed
(zero mph, i.e., stopped) and a maxium
speed (i.e., the terminal speed, with no
brakes applied). Note also that doublirg the
slope, say from 570 to 10%, more thart dou-
bles the power dissipated in the brakes

To Pump or To Jump

We all supposedly "know" that it is better
to pump the brakes on a steep hill than to
hold them on constantly. But why? Can the
brake-heating analysis given here explain it?
In fact, the equations above say that pump-

ing makes no difference in the amount of heat
dissipated in the brakes. This amount ofheat
is deterrr:ned qntireb by the rider'§ weight,
the slope, arld the average speed of descent.
Whether this average results tom a fluctuat-
ing speed (as in pumping the brakes), or a

constant speed (as in riding the brakes)
makes no difference in the average amount
oI bIake heat generated.

why. then, do many riders (myself in-
cluded) think that pumping the brakes is bet-
ter? The answer has much to do with details
of the coolizg process at the brake shoes, I
believe, That is, evefl though the brakes
generate the same total amount of heat en-
ergy, whether they're pumped or not, that
heat may be di,ssilated bettet when the
brakes are pumped. I cou-ld imagine that
pumping the brakes will periodically expose
rhe (hot) friction surfaces to a cooling air
stream. But holding tlle bBkes on constantly
will not allow the cooliflg air to pass over the
pads at all.

But to find out how tle cooling process at
lhe brale pads really works, a good empiri-
cal 6eld test is needed. For irctance, if most
of the heat energy is conducted into the
rims, then "cooling fins" for brake blocks
would be pointless,

In any case, the analysis here tells us the
amot$t of heat int&t sthich the brakes must
handle. And we now understand better why
braking to maintain moderate speed on a
long, steep hill gets us into trouble. particu-

larly if rhe rider is heayy and the day is

warm.

dent variables must be measured if the goal

is to account for every last watl of power in
the system. Such fine detail is needed, of
course, in certain types of research. For ex-
ample, the coåsl-do$m methods developed
by Glen Brown'?and Chester Kyle'are both
very accurate, but they require specialized
equipment such as an on-board accelerome-

IIh,tofi 
Nk taw rrydiB kt th,tiawk ssrlr{, m ts8, IJZ0lBrcvclrng

Scieme b I X. fllrx ,rd ,. C. lti]iso, , IMIT PtN§ 19&, su1hd dt
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ter or a computer, As a recreational rider
without such equipment, I am more iDter-
ested in how my routine measurements of
overall elapsed time and distance might
yield, under careful analysis, insight into the
sources and uses of the rider's muscle
power.

Sinks and Sources

In most commofl cycling conditions, the
greatest proportion of power by far is con-
sumed by wind resistaDce. In equation
form, we can say P** = K x Vr. meaning
that power consumed by wind resistance is
proportional to the rider's velocity cubed.
The proportionality constant K expresses
the overall aerodynamic properties of the
bike and rider taken together as a system.{
Because of its importance, the constatrt K
must be known or measured for any mean-
ingf.rl analysis to proceed.

In fact, this is the purpose of the coast-
down tests described below. By measuring
the speeds reached during a "free-fall" of
known elevation. you can easily determine
the value oI K that pertains to your own
case. To minimize random fluctuations, I
usually work with velocities averaged over a

distance of at least one mile. For this pur-
pose, distance is determined by a cyclome-
ter on the bike, and elapsed time is mea-
sured by a stop watch.

Power consumed in climbing hills is the
second most important factor to consider.
This quantity is equal to the weight being
raised (rider plus bike plus equipment) times
the rate of ascent: P"*."i:W X A. Weight
W is easy to measure on a common house-
hold scale. Rate of ascent A is found by
knowing the starting and ending elevations
for each leg of the course, and the elapsed

t Editot\ rlta: Ba!s.,|\ coLttnnt K ts §øk t0 k kt ltodtrt ol ln ttol rffi, 0

tdi rÅi, t's, dtlsattuiuL andon tunsi!,tu rtun tithsatfls

Auninfaatn0k l. Ibtndun olist tu Jnntol awt ant kr tuag cwfittrt
i! tanrd '{lutit hM!' oM.'

Fisure 3: Uphill §print Data (Iohl wsight W =

FiCure 1: Free hll data lrom thlce test ]uns.
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time required to cover the course. (See Ta-
ble 2 for a sample calculation.) I use USGS
lopographic maps to determine elevations.

Other dissipative forces also consume
pnwer: lire rolling resistance. drivetrain fric-
Iion, and energy lost through flexing of \ari-
ous parts of the bike (frame, crankset, etc.)
may all be lumped together as "dissipation."
I will leave these forces out of the calcula-
tions because, under typical road-dding con-
ditions, they consume much less power than
either wind resistance or ascent of hills.

The major soørres of mechanical power rn

cycling are pedaling and descending hills.
The power gained in a descent is exactly the
same as that used in an ascent; thus, Pd.s..i,

= W X D, where D is the rate of descent.
The power generated by pedaling. P*,, is
the quantity rre are trying to determine.

When the amount of power added to the
bike/rider system equals the amount of
power consumed, then the bike will move at
a constant speed, neither accelerating no!
decelerating. This is expressed in the law of
conservation of energy:

where the sources on the left side are bal-
anced by the sinls on the right. Solving for

P!.d, = KvVr+ W, A - W\D [ll
We can now set up the coast-down lests.

The Wind Resistance Constant

Each combination of rider and bicycle has
its own constant of wind resistance because
each presents a different size and shape to
the wind. To find the constant oI proportion-
ality (K) for your own specific case, you will
need time and distance measurements Irom
several coast-down runs in free-fall condi-
tions. When you are in Iree-fall, Equation [1]
becomes very simple. In free-fall, you are
not pedaling, so Pp"d,r = 0. Also, you are not
ascending a hill, so A : 0. This reduces
equation [1] to:

0:KXV'-WXD.
which is easily solved:

K:WXD/T' Ql
Some care is needed to collect reliable

data, Here are the points I consider impor-
tant:

-The hills you choose should be 1 to 5
miles long aad as straight as possible. Be
certain thal lhe course requires no braking
or pedaling anywhere along the route.
Grades in the range of 190 to 60lo should
work well. Make some dry luns to become
familiar with trafic hazards that could de-
velop during a test.

-The test hills should have as cofistant a

slope as possible, to minimize acceleration/
decelention during the runs. You can check
this on the topographic maps by looking for
øqzal spacing between the elevation contour
lines over the entire route.

-At least two, and preferably three to

Fi0ure 5: Sources and Uses ol Power in Uphill Sprints and Free Fall Tests
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five, different hills should be used for collect,
ing data, and the results averaged as dis-
cussed below. Seveml trial runs on each hill
are also desirable.

-Hold a constant riding posture during
each trial.

-Start each run at about the same speed
as the average speed you will attain during
the run. Go through the starting point at that
speed and then stop pedaling. lhis mini-
mizes acceleration dudng the run, which the
equations given here leglect.

a: Power Sources
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-Choose as smooth a road as possible to
minimize rolling friction.

-Be sure the wind is either very light or
across your direction of travel. Since wind
resistance is a major consumer of power,

signifcant head- or tailwinds will substan-
tially afJect your results.
Figure I surnrn6ri2g5 the data I gathered on

tkee different free-fall courses in Hunterdon
County, New Jersey, and shows how the
analysis is caffied out. The actua] measure-
ments are listed firct: change in elevation
(E), distance covered lL), and elapsed time
(T). The three calculated values of K are
nearly equal; a good sign. I obtained the final
result, K : 1.49, by averaging these three
values together.s 6

Figure 2 shows the theoretical curve relat-
ing velocity to power consumed by wind re-
sistance, based on my empirical value of K.
The three data points fall very close to the
curve . You can test the accuncy of your data
similarly.

Pedaling Power

Knowing your personal wind speed con-
start, you can determine the power you ap-
ply to the pedals in other riding conditions.
Here again, measurements of only time, dis-
tance, and stattinS/ending elevations are
needed. To illustrate how,Figures3and 4 list
data that I have collected on my own uphill
sprints and longer distance trips. On a five-
to ten-minute sprint, my output is about 1/3
hp, while in longer distance runs, my output
is about I/4 hp. That these results are fairly
constant over several trial runs, with my
subjective level of eiforl aboul the same in

each. suggests that the method of analysis is

acceptably accurate for training purposes.
Figures 5a and 5b combine all of the sprint

and free fall data into one graph to compare
the sources and uses of power in various up_

and down-grade conditions. Note that at
greater than about nine percent up_slope,

the lack of low enough gearc on my bicycle
make it almost impossible to continue riding.
Thus, there is a drastic drop-off in power
source and use. At down-grades of more
than about six percent, my speed exceeds 40

mph and I worry more about crashing than
about.ollecting data, and starl consuming
some of the available power in my bmkes.
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IDEAS & OPINIONS

Bike Headlights Revisited

To the Editor:
The recent arl,']'c]'es ln Bike Tech (Winter

7985) and, Bicfcliw n\agazine (luly 1985) on
bicycle lights will assist me and other makers
of bicycle lights to improve our products.
Your measuements appear reasonably accu-
rate. but there are some minor erIorc that
should be corrected:

-Your comparison with car headlights may
be misleading. The Biåe Tech afiicle (page 7\
says that the wattage rating of the so-watt
GE #7610 bulb which I use in my headlights
equals that of "a small cår headlight." True,
50 watts compares favorably with the 37.5 to
75.0 watt lamps used in all motor vehicles,
large or small. But the cafidle,ouer /a. g lot
the #7610 is considerably louel Lhan fiotot
vehicle headlights.

-The Bihe Tech article does not list the fact
that I offer systems using øi-cød battedes as
well as lead-acid cells.

-Batteries are not necessarily heary, and
do not need to be taken off the bicycle for
recharging. contrary to the statemenl in
B;he Tech (page 8). My 1.2 amp-hour ni-cad
battery weiShs little more than a generator.
And I have not removed the battery ftom my
own bike headlight h more thar six months,
even though I use it daiiy.

I started manufactudng bicycle headlights
because I found, duing the winter of 1973-
74, that lights sold in bicycle stores did not
enable me to see the roadway ahead, nor
could I see a pedestrian 20 feet h front of
me. The lights also performed poorly in
terms of other people seeing me. My ap-
proach has always been to use the best light-
ing technology available in terms of re-
chargeable batteries, headlamps and
taillights.

One problem is that there are no
govelnment-sponsored standards for bicycle
headlights in the United States, Two states
(Pennsylvanja and D.C.) have laws authoriz
ing such standards, but they have never
been developed. An old starldard of the BMA
(Bicycle Manufacturers Association) did
specify rhar a bicycle headlight should illumi-
nate a substantial object 50 feet ahead, and
suggested that the object be a common
brick.

Edward F. Kearney,
Bicycle Lighting Systems,
Falls Church, VA

Daoe Sellers re,Lies: Atl headl;ghts ,hen-
tioned itu the Bike Tech relort whieh )ere

facrory-supplied uilh rethlrlgeable batl?ries
do incladz lrodsion for recharging aithout
lernol)ing the bdtteies frott the bihe. These
qste,.4s incløde an ekctrical connector sorne-

lahele in the wiing, to uhich the ba.ttery
charger is temforad$ cont cted. Yo thefi.

,n st ialh )o r bihe close to 4r, AC louer o&t-
let, so the .halger can be llugged ih. Oh the

other haød, any headlight (or taiLlight) which
occe0ts stønd4ld size battedes (i.e., D-celk or
C-cells) will uorh with rechargeables (usuall!
,ti-cdds) of the lroler size. In thzse cases, thele
is no on-board broaisian fo/ rechdrging, and
lhe ba ?i?s musl be remou?d lor a fill-up.

Whose Gauge do You Believe?

To the Editor:
The virtues of low rolling resistance have

been extolled recently in Bike Tech and Bitl-
clihg articles. Tire manufacturers (Avocet,
Specialized, Michelin...) are advertising
tires with new materials, and the rolling re-
sistance of some clinchers may be as good as

the best sew-ups.
But without an accurate tire pressure

gauge, there is no way to really benefit tom
these new desi8ns. Underinflated tires sub-
stantially increase rolling resistance. And
overinflated ones increase the chance of a

flat,
The gauge on my tire pump reads 92 psi,

and my other two gauges read 82 and 75 PSI
respectively. I could purchase an industrial
gauge with certifed accuracy for about $50,
and connect it into the pump's hose for cor-
rect readings. But this still won't help me
when I need to reinflate a tire on the road.

Can anyone provide information on the ac-
curacy of commonly available pressure
gauges? What is the best gauge for on-road
use?

Michael S. Lasky
Brooklyn, NY

Purloined Letters

To the Editor.
I was sumrised at the response to the arti-

cle on my bicycle frame drafting computer
program "BIKEDMW" in the Fa[ 1985

Bihc Tcrh. I received over 60 letters asking
for copies of the program, and I have an-
swered most of these.

But since I have moved to Texas recently,
my home was burglarized, urd a few unan'
sø?/ed letters were stolen! [ seriously doubt
that the individuals who robbed me will reply
to these letters...

To those who wrote and received no reply,
I wil gladly send a copy of my program, if
they Åll re-Nvdte to fie at the new address:
Mike Cambron
Mike Cambron Cycles
1903 Place Rebecca Lane #9
Houston, TX 77090
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newsline
.RADIALGEAR" I'SPEED TRANSMISSION NOW IN PRODUCTION ON
HUFFY BIKES: The Radia.lgear transmission, invented by ergineer Royce Husted, is one
of the few non-derailleur drives to be adopted by a high-volume bike manufacturer Huffy
Corporation recently purchased marketing rights for one year to the Radialgear design, after
conducti[g tkee years of tecfuiical evaluations and six months of market tests.

The Radialgear system has only 11 separate parts, compared to more than 100 in conven-
tional derailleur systems, and it requires no lubricatio! other thao an occasiona.l water-wash
with the garden hose. The system is so simple that, in the Huffy manual, an 8-page section on
derailleur maintainence was eliminated by the 2-page section on Radialgear

I Mechanically, Radialgear is a refined version of an old idea: the front sprocket is compdsed
of a number of planetary gear segments (six, in this case), each of which moves radially
inward or outward to change the gear ratio (see accompanying photos). Each gear segment,
or sprocket, slides in a spiral-shaped groove in the drive plate. Fifteen detents molded into
the ddve plate provide fixed stopping points for the sliding sprockets. To shift, the rider
presses a thumbJever on the handlebars, which frees the sprockets to slide io their grooves,
and then simply pedals forward (to upshift) or backward (to downshift).

The essential new ingredient which makes this design workable is a high-modulus thermo-
plastic, DuPont "R1nite. " This 55% glass-filled polyester material is used in all major com-
ponents except the sprocket carierc, which are glass-filled "Zltel" nylon. The only metal
parts are the sprocket teeth (hardened steel) ald an aluminum insert where the ddve plate
mates with the crank axle.

The main drive unit weighs about the same as a good quality aluminum alloy chainwheel/
spider/crankarm assembly. But inventor Husted says that a major weight reduction is possi-
ble, because the rear derailleur and freewheel cluster can be eliminated. (A BMx-style
spring-loaded chain tensioner is needed, though.) Radialgear covers a:ån$e of T to 54T at
the chainwheel; this, combircd with a 14T single-sprocket rear axle, gives a range of about
46 to 104 gear-hches, adequate for maoy riders. City bikers and ATB'erc could add a two-
speed rear hub for greater range.

( How mr.rch weight is saved? Husted told us that a Miyata racing bike shed about 8 ounces
after conversion to Radialgear, and the HufJy "Easy-Shifter" bike weighs 2 pounds less than
if steel dlivetrain components had been used.

Does Radialgear represent a head-on challenge to coove[tional derailleur systems? Cer-
tainly, but it may take a while to catch on. If the system proves its worth in the Huffy low-
market application, get ready to say goodby to your trusty old pantograph. For more informa-
tion, contact Sarcy Engineering, PO Box 615, Lisle, IL 60532 (312-971-8888).

BRIDGESTONE UNVEILS STEPLESS REAR TRANSMISSION: A prototype
mtchet-drive transmission, built directly into a sealed rear hub, was displayed by Bridgestone
Cycles at the Long Beach (CA) Bike Show in January. The unit (see drawings and photo at left)
works as follows: power is transmitted from the chain to the outermost "ratchet ddve dng."
Two sets of four pawls which engage on this ring then transmit the motion to a "pawl ring"
which is fixed to the rear axle. Vadations in speed are achieved by an eccentric mechanism which
varies the offset of the pawl ring with respect to the drive ring. The lowest gear ratio possible
with the unit, 1 to 1, occurs when the center of the pawl ring coincides with that of the drive dng;
see "Low Speed" illustration. Higher gears are achieved by increasing the eccentricity (i.e.,
moving the centers of the two rings firther apart); see "High Speed" illustration.

Bddgestone's stepless front traflsmission, announced in October 1984 (see Bike Tech, Aprl
1985, p. 16), also uses a ratchet-and-pawl eccentric mechanism. Bridgestone says the rear
transmission will be available in spring 1986, as a component on their new model MB-3 bicycle.
For turther information, contact Bddgestone Cycle USA, Richard Nazario (Sales), 15061 Wicks
BIvd., San Leandro, CA 94577 (800-847 5913). Y
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