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No discussion of the metallurgy of brazing
would be complete without discussing the ef-
fect of bmzing temperatures on the base
metals. Not too surprisingly, this effect on
the base metals will affect the strenSth of the
joint - Part Three of this series (Biå, fucr,
December 1982) detailed a few mechanical
properties which depend strongly on the af-
ter-brazing strength of the base metals -
but brazing metallugists have usually ne-
glected to consider the question.

To understand tle effect of temperature,
it's important to understand a few things
about steels.

Steel

By definition, steel is simply an alloy of
iron and carbon, but other elements are usu-
ally added to help remove impurities (by
combining with them and floating away in the
slag) or to produce specifc physical proper-
ties. For example, a minimum of 0.25 per-
ceflt maflganese is added to a-ll steels to help
remove sulfur and oxygen, while large
amounts of chromium and nickel may be
added to improve corrosion resistance
(about 10 percent ,or some stainless steel al-
loys). But for the rnoment, neglect other ele-
ments and consider iron alloyed with just
carbon.

Iron can be strengthened in maay ways,
but the simplest way (and one of the most
effective ways) is to add carbon. Carbon is
virtually insoluble (i.e.. won't dissolve) in
iron at room tehperatue; instead, it com-
bines chemically i{ith some of the ton atoms
to form a strolg but brittle intermetallic
compound cålled iroh cafbide. This cotr,-
pound is also known as FerC , since it is made
up of tkee ton atoms per carbon atom. The
carbide exists as a disthct substarce or
"phase" withh the iron. in particles {herein-
after called "carbides") whose size and
shape vary depending on the steel's history
of heat treatment(s).

Figures 1 afld 2 are examples of what car-
bides look like in high-quality steel bicycle
frame tubing. With the exception of Rey-
nolds 753, all frame tubing has the type of
microstructure shown in either Figure 1 or
Figure 2.1

The presence of iron carbide is turdamen-
tal to the strenStheniry of steels (except
most stainless steels, which work differ-
ently), because the carbides inhibit micro-
scopic deformations. Steel is made up of
many crystals called g/ar:øs, each made up of
ordered arays of iron atoms. Permanent de-
formation in metals under stress occurs
through microscopic deformations called
s/rp, in which layerc of atoms within a glain
slide past each other.'9 II the stress is high
enough, slp is extensive. and macroscopic
yielding occurs. Carbides act as obstructions
within the slippage planes, atd enable the
metal to bear mofe sftess before it yields.

The ability of carbides to inhibit slip de-
pends upon their size, shape, and distribu-
tion. If the cafiides are large spheres spaced
far apart, the steel will be weak and ductile
since the carbides aren't effectively reinforc-
ing the weak and ductile iron. But if tåe car-
bides are small and close together, slip can
take place oily over very small distances.

lsee "Struight Tblh On Steet" by Mariø Emi-
liani, Bicyclng, Julg 1982, pp. 96-123.

'See "Whot k Fatigue?" b! Richad Broun,
Bike Tech, I/ol. 1, No.3, t0. 12-13.
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FROM THE EDITOR

Wth this issue, Bike Tech completes tts
first year of publication. This past year, we
were proud to publish Mario Emiliani's au-
thoritative series on The Metallurgy of Braz
ing and Paul Van Valkenburg's sedes on Get-
ting the Numbers Right (in HPV testing) . We
covered the designs of practical and imprac-
tical recumbents, structural analysis of
Irames and frame rigidity testing, the work
of the International Standards Oryanization,
advanced repair techniques, and more.

Our next six issues promise to improve on
this. You'll be reading the results of an ex-
haustive dynamic test of bicycle frame flex
whi-le the bicycle is idden on rollers, accom-
panied by a theoretical analysis oI what per-
centage of your eflergy you could expect a

frame of a given rigidity to swallow. We have
an authoritative answer to the exercise
physiolosists who tell us we ride better at
cadences our bodies can't tolerate, a thor-
ough report on a year's analysis of frame
stifhess with oul "Taiantl a" testing ma-
chire , test results on the metallurgy of heat-
treared rims. an analysis of bicycle sleering
and balancing which is more thorough than
others you've read (here or elsewhere), and
an impressive catalog of desig! faults in to-
day's bmkes.

Negotiations are under way to bring you
the results of destructive strength tests of
bike Irames, a how-to series on framebuild-
ing, and reports ftom engineers at the
world's most respected companies.

Needless to say, we thinl you'll find the
next year's issues even more rewardillg and
valuable than this year's.

John Schubert
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cial case, which I'll discuss shortly).

This results in a much stronger steel.
Thus it's no coincidence that high-quality

frame tubes have the microstructures shown
in Figures 1 and 2, since this carbide size and
distribution provides the best combination of
strengtl and ductility (Rcynolds 753 is a spe-

Figure 1: This is lhe type 0l microstr[ctule
t0p.ot.the.line lshiwala and Vitus tubings
havc, and is als0 the microstruclute that
plain low-Garbon steels have. This micro-
slructure consisls 0l glains 0l ir0n (light ar.
eas), and carbide platelets embedded in iron
(dark areas). Magnilied 400 times.

cause they have varying degrees of solubility
in iron.

When an elemenl such as chromium i.
added to steel, it assumes a position within
the crystalline array of iron atoms (iglore for
now that ckomium also forms carbides).

Figure 2: This is lhe type ol microstructure
top-o|-theline Tange, C0lumbus, and Rey-
nolds tubings have (except Beyn0lds 753). lt
consists 0l small spheres ol carbides (dark
dots) embedded in iion (lighl background).
Nolice how line the dispersion ol carbides
is. There is n0 signilicant dillerence in me.
chanical behavior between this mifiostruc-
ture and the one shown in Figure 1-
they're just two dillerenl ways 0l making a

strong and ductile steel. 400 times.

However, since a chromium atom is slightly
larger than an iron atom, the ordered array
of iron atoms is disrupted in the vicinity of
the chromium atom. Figure 3a shows this
situation: the shaded circle represents a

chromium atom surounded by iron atoms,
while the lines between atoms represent
atomic bonds. The bonds near the chromium
atom are cufted, which means the-v are
st rained (distorLed) slight ly. St rained atomic
bonds increase lhe i. ter al energt' of the
crystal and make it harder to initiate sLp.
Thus the steel is a bit stronger. Similarly, a

manganese atom is smaller than an iron
atom, so it too strains the ordered zrial' of
iron atoms (Figure 3b). Thus, adding ele-
ments which are soluble in iron creates more
obstacies, and makes the steel stronger.

The strength of steels can a-lso be iniu-
enced by mechanical processing such as cold

3lnlcmol eherg is the sutu of kineti and lo-
tential enelgies of all the atoms i a metal.
The strength of most metd.ls at room tembera-
ture deqe ds lrirharil! on theil a.torns' lotefl-
tial energt; so bJ conuention the tenn "intet
nal energt" is used in this cofite*t to refe/ ta

Potential e .erpt and not kinetic energt, uhose
erfects comilicdte the iss e. Potentirl energ/ of
a crysta.l deiends on tha attractiae and retrtul-

sioe folces behqeen atoms, and is ircreøsed b1

iftegulaities in the oldeleil aaaj of atons.

The strength of non-stainless steels m-
creases with increasing carbon content, be-
cause more carbides are present to inlibit
slip. But beyond about 0.8 percent carbon,
the strength of steels levels off because the
additional carbide adds no ef{ective rein-
forcement to the iroll, Moreover, there is so
much brittle carbide present that the steel is
no longer useful for many applications, espe-
cially bicycle frame tubes; and if these high-
carbon steels are brazed beyond about
1400'R conventional air cooling may make
the steeleven less ductile. Thus, steels used
for &ame tubes won't contain more than
about 0.470 carbon.

Strained Bonds

Most high-quality steels used to make
frame tubing also contain one or more ofthe
following alloying elements: manganese,
chromium, molybdenum, nickel, vaMdium,
and silicon. Table 1 lists the chemicalcompo'
sitions of several well-kaown brands oI steel
tubing. These elements help strengthen
steels two ways: first, ckomium, molybde-
num, and vanadium combine with iron and
carbon to form compounds called chromium
carbides, molybdenum carbides, and vana
dium carbides (though they contain irofl as
well). These carbides strengthen steel in the
marmer previously mentioned. Second, mzm-
ganese, chromium, molybdenum, nickel, va-
nadium, and silicon strengthen steels be-



working. This process is used extensively to
shape steels at tempentures below about
1400'n AI high-quality frame tubes are
cold-dra$,n at \arious times duing fabrica-
tion. Large increases in strength are attain
able because cold working produces large

Lorr-alloy steels (a designation which m-
cludes all bicycle tubing steels) are subjected
to a sedes of heat treatments to ploduce a
very fine dispersion of carbides. This re-
quires more time ard energy than would nor-
mally be spent on plain low-carbon sreels.

Since high-quality ftame tubiry is usually
very thin, extra care has to be talen to en-
sure that it has the proper before-brazing mi-
crostructure and very few imperfectioos.
Thus the reduced safety factor caused by
thirmer tubes demands better quality con-

Table 1: Chemical Gompositions 0l Selected Flame Tubings

Smnd ohcarbo[ %silicon %manganes€ o/omolybdenum o/ochtomlum %ph0sphorus o/osullul o/oolh€] Alsl #

Columbus Record, KL,

PL, SL, PS, SP

0.22-0.28 0.35 max. 0.5G0.80 0.15-0.25 0.8G1.10 0.035 max. 0.035 max. 4130

lshiwata 015,017,
019,021,022,024

0.28-0.33 0.2G0.35 0.40-0.60 0.15-0.25 0.80-1.10 0,035 max. 0.04 max. 4130

Reynolds 753, 531S1,
531

0.23-0.29 0.15-0.35 1.25-1.,t5 0.15-0.25 0.045 max. 0.045 max.

Super Vitus 980
Vitus '181

0.22 max. 0.50 max. 1.50 max. 0.10 max. 0.15 max. 0.15
nickel

Tange Champion Pro,

No. 1, No. 2, No. 3
0.30 0.23 0.4s 0.16 0.84 0.014 0.003 4130

This inlornation was compiled from the sales catalog of each nanutacturer and lrom perconal communicafions.

numbers of defects in each crystal (or grain)
which mise its internal energy. (Defects are
places in the grain where the ordered array
is severely disrupted. Like other distorted
bond patterns, they act as obstacles to slip.)

A final method used to influence the
srrenglh of sleels is heat treatfie l. Tlts is

controlled heating and cooling of a steel to
produce specific mechanical properlies.
Some heat treatments will strengthen steels
by producing more obstacles (mising each
crystal's internal energy), while other heat
treatments will soften steels by reducing the
number of obstacles (reducing each crystal's
internal energy). If a heating operation re-
mains at temperatures so low that no me-
chanical properties are altered, it isn't ca.lled

a heat treatment. Heat treating is obviously
cental to a discussion of brazing tempera-
ture effects, so I'll discuss it in detail shortly.

The trick ro strengrhening steels, then, is
to produce an optimum number, size, shape,
and distribution of different types of slip ob-

sracles by alloying, mechanical processing.
and/or heat treatme[t.

Some of these techniques cost money;
top-quality frame iubes are more expensive
than lower-quality tubes (for example, ÆSl
1020 steel tubes) for several reasons. While
steels Iike those listed in Table 1 don't con-
tain large amounts of alloying elements, they
do contain enough to increase the cost of tle
steel. Chromium and molybdenum are two
atloying elements which are very costly be-

cause lhey are mined in foreign countries.
demand for them is high, and they are get-
ting scarcer every day.

Figure 3: Adding Glemenb which ale capa-

ble ol diss0lving in imn at rcom tcmperalure
strains atomic bonds duc t0 the dillerence in
diamelers ol the aloms. This helps block
slip. (trom: Maic H. Richman, /l rrrloduc-
lion to lhe Science 0, il{erars, Ginn Custom
Publishing, MA (1967), p.3ffi, by pelmis.

sion).

trol. These are just a few reasons why low-
alloy frame tubes cost more.

Heat Treatment

Brazing involves an input of heat which af-
fects the base metals, and is therefore a heat
treatment. The extent to which the base
metals are affected depeflds upon the nahfe
of the steel (i.e., aloyrng, prior heat treat-
ments, amount of pdor cold work, etc.), as

well as on the brazing temperarure, brazing
time, and cooling rate.

The temperature at which steel frame
tubes are brazed can be split into two
groups: temperatures belo{ about 1400"F,
and temperatues above about 1400'F. The
exact dividing temperature depends on the
steel's chemical composition; the 1400'F
value given here is for ÆSI 4130 steel, a

steel used extensively for top-quality frame
tubing (see Table 1). We'll assume that all

hiqh-quality ftame tubes exhibit a similar
threshold temperature. This isn't a bad ap-
proximation, since lhe chemical composi-
tions of the steels listed in Table 1 are very
similar to each other (if not exactly the
såme).

Brazing temperatures are divided into
these two broad categodes because vastly
different things happen to steel in these tem-
perature ranges. This difference will
strongly influence the mechanical prop€rties
of the tube after brazing.

When the tubes listed ir Table 1 are
bmzed below about 1400"R they are ex-

3b



posed to a heat treatment wlrich terflfels the
steel. Tempering is normally used to soften
(i.e., weaken) steels which may be exces-
sively strolg ard bdtde for a particular appli-
cåtion. However, tempering is also what
happens when ftame tubes are joined using a

Figuro 4a ,1

Fi0ure 4b ,s

they can. But they car't do it without some
help, and what tempering does is provide
this help:

Heatiflg ircreases the vibratiol of atoms
within the metal, so that atoms and crystal
defects become mobile and diffuse through

&
E

*

FlgurG 4c 
?5

Figuæ 4: Thcse Gufles, lor a heat trcalment
limc ol livG minulos, show whal happens to
lhe lhtoo basic m€cha[ical p]ops iss 0l
Rsynolds 531 and Columbus SL lubing aller
lsmpsdng and nomalizing heal treatments.
Throughout lh8 rangss ol temperatures, lhe
lubing lsmains strong and ductile.

number of the silver brazing alloys listed in
Tabb L ofPart 2, (Bihe Tech, Octobet 7982) .

High-quality tane tubes are alloy steels,
whose microstructures are not stable, and
have some degree of crystal deformation
from cold workiog left in them before bmz-
ing, Thus these steels have a high internal
ercrgy, which they telld to reduce whenever

tie crystal until they reach positions of lower
energy. Specifc.lly, carbon collects in larger
and more widely separated carbide particles,
while crystal defects link up and annihilate
each other. This results in fewer obstacles to
hhibit slip, so the metal becomes weaker
and more ductile.

Heat treatments depend on botl time and
temperature, so iI the temperature is in-
creased, tåe tempe [g time can be reduced.
For example, to achieve a celtain hardfless
in a steel one could heat-treat at 1100'F for
three houls or 1300'F for one hour. lncreas-
ing the temperature increases the diffusion
rate, so the heat-heating time can be re-
duced-

&

E,M

E
&
+15

§

t0

75

Reynolds & Columbus

Figule 4 shows the result of an expen-
ment performed to determine the effect of
tempering temperatures on the tensile
streogth, yield stength, and ductility of
Reynolds 531 and Columbus SL. For each
curve the heat Eeatment time was 6ve min-
utes, and tåe tube specimens were cooled in
air by natu.al convection. The time of five
minutes represents an avemge time to bmze
an average top tube/head tube joht.{

Figues 4a and 4b show a marked de-
crease in tensile and yield strength as the
tempering temperature increases up to
1300'F. In addition, there is a laige ircrease
in ductility. Note that since tensile tests
were performed on specimens heat-treated
at certain tempemtures only, the lines con-
necting the dots indicate general tieflds only;
they shouldn't be used to interpolate me-
chanical properties for heat Eeatment at h-
termediate temperatures where tensile
tests weren't performed.

A case in point is the Columbus SL line
cormecting the l30O"F and 1500"F data
points. The maximum tempering tempera-
ture for Columbus SL is about 1400'F. So if
a specime[ were heat-teated at that tem-
perature for five minutes, there would be a
further drop in sLrengli, and an increase in
ductility, before a reversal of these tends at
1500'F. What happens to the tubes at tem-
peratures beyond 1400"F will be discussed
shortly.

As Figure 4 shows, the strengti of the
tubes drops, sometimes significantly. So the
question arises, are the tubes strong enough
after tempering, especialy if brazing is per-
formed at 1400'F for longer than 6ve min-
utes? Certair y the strength of the tubes will
be cofiParatiuel! low, but experience has
proved that this isn't a problem.

The cooling rate is often a very importimt
factor in heat treatmerts. But when the heat
treatment is a tempeing one, the cooling
rate is['t critical. A steel could be quenched
in water witlout significantly affecting the
temper. II the steel is slow-cooled, some fur-
ther tempering will result. However, brazed
ftame joints should never be cooled hster
than the rate attained by natural convection
in air, even if faster querching won't affect
the temper much. The reason for this is that
hster cooling creates stresses high enough
to crack the 6ller metal, because the base
and 6ller metals contract at different rates.

New Struchre

Wher frame tubing is blazed beyold about
1400'R something entirely different hap-
pens to the steel: the crystal structure of the
iron begins to change. The new arrangement
of iron atoms allows carbides to dissolve into



Table 2: Mechanical Properties ol Selected Frame Tubings (Befote Bræing)

Tensile Strength, ltfi n'? Yisld Strength, l[nn'? %Elonoalion

Recomnended Brazing

Tenperaturo

Columbus Record, KL,

PL, SL, PS, SP

'121,00G135,000 107,000 10 12900F max.

lshiwata 015, 017,
019, 021, 022, 024

113,200 - 1560"F

Reynolds 753 168,000 134,000 1200oF max.

Reynolds 531 SL, 531 112,000 100,800 10 - 1560" F

Super Vitus 980
Vitus 181

121,000 99,50G107,000 10 - 15600F

Tange Champion Pro,

No. 1, No. 2, No. 3
129,500 10 - 15600F

fhis intormation was compiled trom the sales caklog oI each manulacturer.
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their component elements, iron and carbon,
because the spaces between the ilon atoms
become larger, aJId car:bon atoms can ft into
them. As a result, single carbon atoms cease
to be bonded with iron atoms as carbides,
and become free to move through the crystal
structue of the ton.

Between about 1400"F and 1510"R the
iron is a mixture of the two crystal struc-
tures; only part of it has changed. It or y
takes a small amount of the new crystal form
to hold all of the carbon, though, so all tie
carbides can dissolve in tiis temperature
mnge. However, tie carbon can't distdbute
itself evenly yet, because the grains of iron
that remain in the old form von't admit it.

Above 1510'F, a.ll of the iron is arranged in
the new crystal structure , and the carbofl at-
oms can diffuse to become homogeneously
distributed throughout the steel.

As in the case ollempering. this process is
time- and temperature-dependent. Carbides
won't dissolve dght away; the amount of
time it takes depends on how massive the
metal is and on the temperature. Since bicy-
då frame tubing is very thin, tle time to
completely dissolve and disperse all carbides
will be on the order of one or two minutes at
1600.F.

when the iron ir steel is transformed. ei-
ther partially (1400'F-1510"F) or com-
pletely (1510'F-2500"F), the coolirg rate
becomes a critical factor in determining the
steel's strength.

When a steel above its tralsformation
temperature (for instance, AISI 4130 heated
to 1600"F) is cooled very slowly to 1500'F,
some of the iron atoms begin to reposition
themselves into thei room-tempemture ar-
rangement. When the temperature reaches

asee "Relholds oersus Columbus oetsus tlp
Frumebuilders Torch by Møio Emilbni,
Blcycli.iog, Serye?nber/October 1981, p!, 92'

1400'F ard almost all the iron is back m
room-tempemture form, carbides must be-
gin to form because carbon is practica.lly in-
soluble in this structure. lf the slo$ cooling
continues. larger carbides grow by diffusion
at the expense of smaller ones (which are
less stable) , until eventually the temperature
becomes too low to permit further diffusion.
The result is a steel which is very weak and
ductile, because there arerl't many obstacles
against slip in it. This t ?e of heat treatment
is called anneal;rrg,

ff a piece of AISI 4130 is held at 1600"F
for a while, and then quickly cooled by toss-
ing it into a bucket of cold water, a very
strong steel results. At 1600'B all the car-
bides are dissolved. When the steel is
quenched in water, the iron atoms v/ant to
position themselves in tåeir room tempem-
ture arrangement. But they are uflable to do
so because the carbon atoms are in the way;
the cooling rate is so fast that the carbon at-
oms don't have time to diffuse out and form
carbides. The steel so treated is extremely
strong because its atoms are arranged in a
state of very high strain (presenting many
obstacles to interfere with slip). Such a heat
treatrnent, ca\[ed harden lrg, would probably
be followed by tempering to restore ductil-
ity, but at the expeNe of some stength, by
forming a small amount of carbide.

Table 2 shows that Reynolds 753 is consid-
erably stronger than the other steels, but
only slightly less ductile. That's because tle
manufacturers heat-treat the steel the fol-
lowing way: the tubing is heated to some-
where above 1400oR then cooled very
quickly to trap carbon atoms. At this point
the steel is very strong and brittle, and can't
be used for frame tubing. So the steel is tem-
pered (Eobably in several steps) to form
some carbides (i.e., heated to make the car-
bon atoms mobile, so t-llat some diffuse out
to form ca6ides), which puts less stain on
the arrangement of iron atoms. Conse-

quently the steel is weakened a bit, but some
carbon atoms still remail trapped. This is
what gives ReFolds 753 its high strength
and good ductility, which enables the tubes
to be much thinner than other bicycle tubes.

Annealing and hardening use two ex-
tjemes of cooling rates , aod ploduce two ex-
tremes of strength in a steel. Cooling rates
betwee[ these two extremes will produce
steels of intermediate stengths, because
the cooling rate dictates the size, shape, and
distribution of carbides (or the lack of car-
bide, if the steel is cooled quicHy from above
1400.F).

One example of an intermediate cooling
rate $hich car be quick enough to trap some
carbon atoms is air cooling. When frame
tubes are exposed to temperatures atove
about 1510'F and then cooled in air by natu-
ral convection, the heat treatment that has

been performed is called a nontrølizing heat
treatment.

This type of trealment is what occurs in
the brazing of many bicycle frame joints.
When tubes are brazed with brass, or with
some of the higher-melting silver alloys, at
least a portion of the iroo will be trans-
formed; and the usual way to cool frame
joints is in air, by natunl convection. This
cooling rate is fast enough to produce tensile
strengths greate! tlan the tube's before-
brazing values (see Table 2). Similarly, while
the after-brazing yield strength of the tubes
is generally lower than tlle before-brazing
yield strength, it is greater than that
achieved by tempering at lower brazing tem-
peratures. Figures 4a and 4b show this to be
the case. Figue 4c shows that the ductility
generally decreases.

Note that the data points for each curve at
the 2100'F heat treatment temperature re-
veal trends opposite to what I've just said.
That's because at very high brazing temper-
atures. the gains of steel grow very large in
short periods of time; and the larger the

E



grain size, the weaker and more ductile the
steelwill be. So there is obviously a trade-off
here: the higher the brazing temperature
(beyond 1400'F), the less time it takes for
the gains to grow to a size which negates
any increase in strength that might be
achieved from a normalizing heat treatment,
IrI fact, when this happens, the heat treat-
ment ir no longer considered a normalizing
heat treatment.

Figure 5 shows a common microstructure
form when Reynolds 531 is brazed at
1700"F for five minutes, then cooled in the
usual way. This microstructure represents a
state of sligltly higher internal energy than
that shown in Figures 1 or 2, because the
cooling rate was Iast enough to cause addi-
tional strain in each grain. The mechanical
properties which correspond to Figure 5 can
be seen in FiSures 4a, 4b, and 4c.

Something I haven't discussed yet is how
tempering and normalizing heat treatments
affect the Iatigue and impact strength of the
tubing (not the jointl). Figure 4 shows that
no matter what the brazing temperature, the
tubing remains stronE and ductile. This fact,

Figure 5: Beynolds 531 brazed at 1700"F l0l
live minutes and air.cooled. This mictoslruc.
lure represents a slightly $tr0ngel steel than
that shown in eilher Figure 1 or 2. since ail
cooling is last enough io kap some carbon
aloms in the r00m temperaturc arangemenl
0l iron atoms. Magnilied 400 times.

with a few others too lengthy to explain, im
plies that the tubing will have adequate or
more-than-adequate impact and fatigue
strength to do the job. Expeience taught
ftamebuilders this a long time ago.

When I fust published the information con-
tained in Figure 4, however, some ieaders
weren't convinced. As they pointed out,
torch bmzi[g creates a temperature gmdient
along the tubes: every temperature between
room temperature and the bnzing tempera-
ture is represented somewhere a.long the
tube.

Temperature Gradients

The higher the brazing tempemture, the
farther back the tubes the gradient reaches.

So if a high temperature brazing alloy like
RBCuZn-A were used, one would expect the
tubes to be tempered farther back than if
BAg-1 were used. But this means that the
tube will be weakened outside the lug,
where it may not be thick enough to compen-
sate for the loss of strenglh. Furthermore,
is it possible to temper the tube beyond the
butt. where the tube is even thinner? I
looked into this problem, and came up with
some interesting results.

Since I am not adept dt brass-brazing
lugged frame .ioints, I asked framebuilder
Richard Sachs to braze a Reynolds 531 top
tube/head tube joint5 with a brass brazing al-
loy (1630"F liquidus), and another Reynolds
531 top tube/head tube joint with a silver
brazing alloy (1145oF liquidus). To control

the experiment, we used the same tube
gauges, tube lengths, and lug styles in both
joints. The ends of the tubes brazed into the
lugs were the marked ends, i.e., the short
butts.

'lb determine how far back the tubes had
been tempered, I performed hardness tests
along the length of the top tubes. One set of
hardness indentations appeaIs i, Figr-lre 6a,
but actually at least thiee hardness tests
were taken at each distance and avenged. A
Rockwell digital hardness tester rras used on
the 30-T scale (30 kg major load, vrith a 1/16-

inch steel ball indenter).

'The håes ue/e supplied fu SRC CROUP
INC., Portlanl, Oregon.
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Figure 6: Test lor the ellect 0l temperature
gradient on tube strength

a: Top uiew 0l the top tube/hcad lube ioini
sh0wing one set 0l hardness indenta-
tions.

b: Besults ol lhe hardness tests: strength as

a lunction ol distance lrom the lug.

c: The top lube was tempered up to point A
for the silveFbrazed ioint, and at point B

for the brass-brared ioint. ln both cases,
the tubes were tempered well within the
bxiled seclion-



The 30-T hardness values were tien con-
verted to diamond pyramid hardness
(D.PH.) values, so that the yield strengtl of
the tube along the gradient could be deter-
mined ushg the equation

yield strength in psi : 395 (D.P.H.) (Bf

where B: 0.1ard n:0.08 for steel.6 The
resu.lts of the hardness tesrs are plolted in
Figure 6b.

Figure 6b shows a drop in hardness about
22 millimeters beyond the lug point for the
brass-brazed joint. It is at this point that the
tube has been tempered. Similarly, the sil-
ver-brazed joint has been tempered up to at
least seven millimeters beyond the lug point.
So it is true tlat brass-brazing tempers the
tube farther back than silver brazing (when
silver brazing is performed below about
1400.F).

To determine whether the tempered
zones were beyond the butt, I split the tubes
in hal( and looked. They had a butted secrion
75 millimeters long, and a tapered section 45
millimeterc long. Thus, as Figure 6c shows,

Recommended Brzing Procedures

Tubing manufacturers provide frame-
builders \^rith hstructiorc on how to brazc
thet tubes. This inJormation varies slightly
among manufactuers, but it tlpically reads
as follows:

1. Maintain joint clearances between
about 0.002 and 0.005 inches.

2. Use a 6ller metal that melts at about
1560'F (see Table 2 for each manu-
facturers recommended brazing tem-
perature).
Clean the tubes well,
Oxyacetylene torch-braze with a neu-
tral flåme.
Use a paste flux compatible with the
fller and base metals.
Avoid overheating the filler metal.
Braze ln a well ventilated area. but
avoid drafts.
After brazing, cool in at by natural
convection.

If the instructions aren't followed, and some-
one can prove it, the tube guarantee is oo

3.
4.

5.

6.
7.

8.

Table 3
531 after Braziflg 531 alter Brai[q Silvcr.Brazcd

at 'l$0'F l0r al 1700oF lor Joint 2mm lmm
5 Mln[tes 5 inutes Lug Point

8ra8&8raed
Joi 2nm lrom

l-!g Poifl

Average Yield

Strength, lb/in.'?

66,670 87,370 69,980 84,683

the tempered zones were well within the
butted section in both cases.

Is the tempering something to worry
about? Probably not. Though the stresses a
top tube undergoes aren't known, practical
experience has shown tlut failures of prop-
erly brazed brass joints are very rare. How-
eve! under some loading conditions temper-
ing beyond the lug could become a problem if
the butted section were too thin. This would
make brazing extremely light tubesets like
Columbus KL, Ishiwata 015, Reynolds 753,
and Taflge Champion Pro beyond 1300"F a
high-risk proposition. In fact, this is the only
reason why TI Reynolds requires that Rey-
nolds 753 be brazed with BAg-1a (it's sur-
prising that they don't specify BAg-l in-
stead, since its liquidus is slightly lower and
it's less expensive),

Table 3 shows values of yield stren8ths as

determined by Figure 4c and by the hard-
ness test data, As you can see, the data are
in excellent agreement. with less than a five
percent difference .

ucahoon, 
J.R., et d.1,, Met. Trurc,, Vol. 2,

Jult 1971, tb. 1979-1983.

longer valid. Framebuilders normally pay
close attention to these guidelines, with one
notable exception: the brazing temperature,

Columbus wants rheir high-quality tubing
to be brazed at temperatures no higher than
1Æ2'F because they feel that higher tem-
peratures (beyond 1400"F) will cause
enough grain grorth to weaken the frame
significåntly. As we all know, many frame-
builders, especially the Italians, don't pay
ary attention to this advice. They regularly
braze their Columbus frames with brass
brazing alloys.

They have lwo reasons for this: one is
simply to save money, and the other is that
brass brazing results in about the same small
number of failures as silver brazing. Thus, to
many framebuilders it's just not worth the
extra money to use silver brazing alloys.
Furthermore, they've determined the
results of Figure 4 by experience - that
brass-bmzed frarnes ate strong and ductile

- and that these frames last a long time.
It's interesting that Tange Champion tub

ing has the same chemical composition and
microstructure (Figue 2) as the Columbus
tubirys listed io Table 1, yet Tange recom-
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mends using a filler metal that melts at about
1560"F. Apparently Tange isn't so con-
cerned with tle amount of grah gowth that
might occur at this temperature in the time it
takes to braze tame joints.

Conduding Remarks

After reading these four articles, you've
seen that there is much more to brazing than
meets the eye. It's a very complicated sub-
ject which I hope I've been able to explain
thorougl y and effectively. But despite braz-
ing's complicated nature, it's a relatively
simple operation to perform. A]l that's re-
quired to produce sound joints is a little com-
mon sense and some practice. I hope this se-
ries of articles has given you some insight
into some of the lesser-known aspects of
brazing, to help )ou produce more consis
tent joints.

But even if framebuilders understand ev-
erything I've included in this series and have
decades of experience making frames, frame
failues will still occur. This is simply the
result of numerous factors which are un-
avoidabie during brazing, such as voids. A.ll it
takes is one void in the right place to cause
failure.

Frame failures can also be the result of
many factors nol related lo brazing. For in-
slance, the tubing could have lhe wrong mi-
crostructure or a large defect not picked up
in quality checks, a lug may have a crack in it
rlot visible to the ftamebuilder, there may be
rust in the tubes, or maybe t}e framebuilder
just had a bad day - it happens.

It's unJortunate that most consumers of
high-quality frames have an inordinately high
regard for framebuilders, because tlis has
led to tle perception tlnt their ftames should
never fail. Then when a frame does fail, it's
considered a very bad reflection on the
framebuilder. Perhaps this reasoning is the
result of the price people must pay for a good
frame. After ail, $400-$800 is a lot of morcy,
so it's easy to see why people exæct a
frame to last 10, 20, or 30 years.

But the fact is that frames do fail, even
ones constructed by the so-called "mas-
ters, ' I've spent a great deal of time trying
to get failed frames from American builders
to atalyze, and have been successful or y
twice. Builders are very reluctalt to give
frames to me because they fear I'[ publish
their names with my results - which would
be bad for business. Because these ftames
could teach us a lor, and because naming
names serves no purpose - what happens
to one framebuilder happens to many - the
photos shown in this series don't reveal the
framebuilder or manufacturer. No matter
how skilled the framebuilder is, some very
small percentage of ftames will fail for one
reason or another. This shouldn't result in a

negative opinion of a competent frame-
builder.



Test Results

Rollinq Resistance

of Bicyde Tires

Rob Van der Plas

The effciency of the bicycle depcnds on
two major factors wind resistance and tire
rolling resistance but in recent years or ],
wind resistance has been extcnsivcly inves
tigated. After all, doesn't everybody know
that significant improvements in maximum
cycling speeds cån be achieved or y with a

reduction in wind resistance?
That is fair enough as long as one con-

siders top speeds only, but at lower speeds,
much more typical of the vast majority of cy
cling, the effect of rolling resistance is of
greater significance than is usualiy recog-
nized.

where
P

CR

F

Critical Factor

Rolling resistance is defined as the effect
of rolling liiction between the tfues and the
road. As with other losses (e.g.. wind resis-
tance and mechanical friction losses), the ef
fort needed to overcome rolling resistance at
a given speed may be expressed in units of
power: watts (W) or horsepower (hp). lts
magnitude is calculated from the following
formnlr:

P:CrXFXr'

: power required to overcome
rolling resistance

: coeffcient of rolling resistance
: vertical loading o[ wheel
: riding speed

P, E ard v may be expressed in SI units
(watts, newtons, and m/sec, respectively)
or in English units (ft-lb/sec or hp/550,
pounds force, and ft/sec, respectively), so
long as the two systems of units are not
mixed. Cn is dimensionless and can be used
in either system.

The critical factor is CR, the coefficient of
rolliflq resistance. All efforts to reduce roll
ing resistance must concentrate on attempt-
ing to reduce this factor, which has been
shown to depend on the following individual
variables:

wheel diameter
tire pressure
tire quality
road surface quality
riding speed (less signiicant)

Published data for tire rolling resistance
are summarized extensively by Whitt and
Wilson in the second edition ol Bictcling Sci

Biding speed (km/h)

Figure'l: Data l0r rolling resistance and
wind resistance power l0sses given by
Whitt and Wilson in Bicycling Science,
pl0tled in S.l. units, with speed in lm/h.
The addilional line markBd "1.5 x tire
rolling losses" is the basis lor the
contenti0n that rolling resistance is a m0re
signilicant lact0r than air drcg losses at
speeds up t0 16 km/h (10 mph). See text
l0r explanation. Wilhin the dark shaded
area r0llin0 resistance exceeds wind
resistance.

ekce (chapter 5). From this summary one
may conclude rhar lhe ranqe ol rolling rpsis-
tance on good road suifaces lies between ap-
proximately .002 and .01 (i.e., varying by a

factor of 5). Wind resistance, on the other
hand, is variable much less, within the limits
of conventional (i.e., non-enclosed) bicycle
design, even if recumbents are taken into
consideration. The same source (chapter 7)
summarizes manv of the different findings to
date, tom which the range of ftontal area
can be stated to lie between 0.3m'?and
0.55m'3(i.e., va.ying by a factor of 1.8) and
the drag coefficient between 0.8 and 1.1
(i.e.. raryhg by a faclor of 1.4): muhiplling
these two factors results in , total fåctor of
2.5 for the maximum roral effecr o[ reducing
wind resistance.

More from Less

The wider range of variation in rolling re-
sistance offers the possibility that for a given
bike, better tire. can make more difference
thin air drag reduction r.hort of ustng lair-
ing.r. 

"t"n 
ar speedc for which arr drag is

somewhat greater than rolling resistance.
While the exact result will depend on how
dragg) (in both respecrs) the bike is ro bpgin
with, a plausible example is that for a bike
which is about mid-range in both air drag and
rolling drag, optimizing the tire drag will
make more djfference rh.n optimizing the air
drag for all speeds whose inilial air drag is
less than 11/2 times the initial rolling drag.

(To illustrate: At 1r/, times rolling dmg,
the air drag would bc /. thc lotal drag -

z

Figure 2: Similar data wilh ditlerenl
results, based on Shiman0's published
ligures (Shiman0's ligures are given in
resislance force in ne$,tons - they have

been mullitlied by the speed in m/sec to
arrive at power losses in watls, t0 all0w
comparis0n wilh Figure 1). Here r0lling
resislance is imp0 anl up lo 27 km/h.

ignoring bearing friction, which is very small.
If the air drag were at the mjddle of the
range just mentioned, it would be about 1.75
times the minimum value in the range, and
so could be reduced by 43 percent, which
would reduce the total drag by :i/s X 43, or
26 percent. Meanwhile if rolling drag were at
the middle of its range, it would be three
times its minimum possible value and so
could be reduced by 67 percent. Although
rolling drag would be only ,/s of the total,
then, this larger change would reduce the to-
tal drag by ,/s X 67, or 27 percent.)

This example doesn l make lr a magic
number, of course; it simply illustrates a

general magnitude to bear in mind. With dif-
ferent number:s, rolling resistance will have
some$hat different importance.

With rising speed the relative importance
of rolling drag will decline, but not as sud
denly as might be expected the actual
power it consumes will increase, and in the
range ofspeed to which the example applies,
the percentage of total drag due ro rollrng
drag will decrease by a ratio ol]ly slightly
greater than the ratio of incrcasc in the
speed itself. Though or.ershadowed, it
doesn't sudder y vanish.

The <peed aL whi.h lhe 3:2 ratio applie.
wiJJ depend on the initial lalues of all lhe van
ables already mentioned, and estimates vary
on the values for a "typica1" bicycle and
rider. If we use data given by Whitt and
Wllson (Bicjcling Scien s, pp. 158, 159) $,ind
re5i:ran.p reaches I' 2 rimp: rolling resis-
tance at 16 km/h (10 mph). Another set of
data ftom Shimano (Shimano Aerodynam
ics cata)og, 1980) - places the critical speed
significantly higher: about 27 km/h (17 mph).
qu il seems reali'lic lo consider rulling rpsis-
tance ol domrnant importance for all cyclirg
at speeds belo\n- 16 km/h (10 mph), and per-

Biding speed (km/h)
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Figure 3: Dist bulion 0l riding speeds (84

obserualions) among 31 randomly
selected cyclisls.
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Fioure 4: Delormali0n ol wheel or sudacG
due lo a load (exaggeraled); a, wheel
harder than suftGe (approached by
railroad wheel and rail),4 sudacc harder
than wheel (apploximated by bicycle on
pavement).

slnkage
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supporling lorce lor moving wheel
load on wheel
ollset distance irom axle to
supporling lorc6
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haps at speeds up to 27 kmlh (17 mph).
To establish what percentage of all cycling

this might be, I equipped a bicycle witt an
electronic speedometer and followed ran-
donrly selected cyclists on a still Saturday
morning in ar essentially flat area in San Ma-
teo County, California. For each cyclist I
took three readings (unless the cyclist
turned off the main road sooner) and then
found a new cyclist,

The results of this test are shown in the
graph (Figure 3): of 84 readings, represent-
ing 31 cyclists and a total distance of 67 km
(42 miles),66 observations (79 percent) in-
volved speeds below 26 km/h (16 mph) ard
28 (33 percent) involved speeds of 20 km/h
(12 mph) or less. If these findings are taken
to be representative, it seems that most cy-
cling is done at speeds for which rollirg re-
sistance is highly signiEcant.

Offset Supporting Force

The rolling resistance of a wheel on a sur-
face results from the deformation of eitier
the wheel or the surface, or both. Usually
the deformation is temporary - excepl in

the case of soft grould - and the deformed
areas o[ wheel and/or surface return to their
original shapes as the wheel rolls off of them.
But since no solid material is perfectly elas-

tic, the force that the deformed areas exert
as they recover is less than the force they
exert as they ar:e compressed.

As a result the supporting force for a mov-
ing wheel is not centered directly below tle
axle but slightly ahead of it. When combined
with the wheel's load, which is centered on
the ade, this off-centei supporting force ex-
erts a rearward torque which opposes the
wheel's motion.

For railway wheels (one of the first cases
studied), the forward offset distance of the
supporting force is generally about Vs of tie
wheel's imprint lenglh (Bicfcliflg Science,
p. 108). whitt, wdting for the British maga-

zme Clcle-touing, describes how he mea-
sured lhe conlact surfaces of different bicy-
cle ald railway wheels, and concludes that
for wheels vrith equal diameters the Iength of
the imprint is the clue to reducing the coeffi-
cient of rolling resistance.

Bicycle t es have much greater impint
leogths than train wheels - typicaly 0.1 to
0.3 diameters, as opposed to roughly 0.005
diameters for tlain wheels (Biclclins Sci-
ence, p, 773) , The dtfrerent behavior oI pneu-
matic ties compensates for much of this dif-
ference: for a pneumatic bicycle tire the
supporting force is typica.[y offset only 0.02
to 0.04 of the imprint length, irrstead of the
railroad wheels' 0.125. Still, though, the co-
efficient of rolling resistarce for a good tubu-
lar bicycle tire is two or three hmes as great
as for a steel wheel on a steel rail.

Why Not Steel?

So why don't we mount steel tires? Obu-
ously thhgs tale on a diferent perspecrive
when we leave the smootl track of the rail-
way and head for the road: roads just are not
as smooth nor as hard as steel rails.
Whereas suface irregularity of a steel rail is

measured in tenths of a millimeter, it is at
least 20 times greatel even on the best of
asphalt roads, not to mention the paving
slabs and cobblestone surfaces of many Eu-
ropean cities. In addition, while steel rails
deform very little, the softer asphalt would
deform into a much greater sinkage (thus
causing a greater contact length and a higler
coefEcient of rolling resistance) under the
hard steel tire.

Surface irregularities are important be-
cause they cause verhcal wheel motions,
and thereby create a significaflt retarding
force added to tle one which results from
impdnt length. It is this retarding force
which is the pdmary cause of the unpredict-
ability of rolling resistance on ordinary
roads.

The effects of wheel diameter and tire
pressure have been studied extensively; yet
on most modern bicycles the wheel diameter
can be regarded as given (approimately
680 mm, t 15 rnrn, for a.lmost all adult bicy-
cles in use) . Similarly, the effect of tire pres-
sure is simple enough: the higher the pres-
sure, the lower the rolling resistance. By
co[trast, none of the sources mentioned by
Whitt and Wilson, flor aIIy source I have
found myself, has systematically compared

Figure 5: Test setup: Eicyclc is c0aslsd down a 60 cm (24-inch} high 1:4 ramp.
The lree lolling dlstance lrom tho bolt0m 0l the ramp to the point whsm lhe
bicycle Gomes lo a standstill is taken a$ a measuB ol lolllng charactoristics ol
a tile. To limlt the lnlluence 0l lhe front whool, lha bicyclo was designed to
apply almost the entire load on the rear urh66l.



the coefficients of rolling resistance on difer-
ent road surfaces for pneumatic bicycle tires.

Subway Station

I stumbled upol the effect of road surface
quality in conjunction with tte tlpe and qual-

i§ during simple rolling tests, which I under-
took initialy to establish whether different
tires would have different C" values, despite
identica.l diameter and tire Eessure. My test
procedure was as follows:

I built a special extremely-long-vheelbase
coasting bicycle (i.e., without a ddvetrain)
which put most of the rider's weight on the
rear wheel (the wheel loading was 58 kg, or
570 newtons) . I mounted the sample tires on
a group of interchangeable rear wheels.
Then with each rear wheel mou[ted in this
bike, I rode down a 60 cm-high ømp with a
1:4 slope and allowed tle bike to come to a
stop. I recorded the distance from the bot-
tom of the ramp to the poht where the bicy-
cle came to a sta[dstill, and took this dis-
tance as an indicator of the rear tire's rolling
resistance,

Initially I tested two different tubular tires
and lwo different wired-on l.ires, each in-
flated to exacdy the same air pressure (6.0
bar or 88 psi) in combination s,ith a virtually
smooth "road surface" (the marble floor of a

fiew subway station). Later I repeated the
test, using only the lighter-rujuring tubular
and two difterent wired-on tires, each in
combimtion with two different tubes, oII two
diferent surfaces: the same virtually smooth
floo! and a rough concrete floor (of an uDfn-
ished subway station) with a surface reminis-
cent of an asphalt road due for resurfacing,

I made tkee runs for each combination of
tire and surface, and took tle mean of each

@ffi
b. k$ lldibl. lonstruototr

Figure 6: ([elt) Tl]e conslruction ol
(wir6d-on) tires with lowcst rolling
resislance: very lhin libers which are nol
inlerfloven, a protective tape amund the
beads, g]adually thickening lread with
lelalively unpfl,nounced prolile. (Bi0N)
Typical conslruction 0f lircs with highel
mlling resishnce: thickel Gords embodded
in rubber, additional layel ol libers undel
tread, well-delined and more abrupt tread
prclile.

Relative Rolling Distances for Vadous Tires on Two Su aces

ffoss- mean distance factor

section (and $andard deviation)

tire tube widtl smooth sud, rough surf.

tubulatA - 23 mm 3.1 (0,13) 1.9 (0.10

tubular B - 25 mm 2.7 (0.18) (not tested)

wired-on C latex 25 mm 2.6 (0.15) 1.7 (0.m)

wired-on D latex 32mm 2.3 (0,19) 1.3 (0.18)

wired-on C butyl 25 mm 2.0 (0,17) 1.5 (0.2)

wired-on D butyl 32mm 2.1 (0.16) 1.0 (0.19)

set of three distances. To the shortest mean
coasting distance (approximately 12 meters)
I assigned the value 1.0; then I expressed
the mean for each combination of tire and
surface as a multiple of this value (see table) .

Note that tle higher values denote the lower
rolling resistances - they can be thought of
as relative "mileage" figures, the inverse of
drag fgues.

These results allow some preliminary coo-
clusions (which remain to be substantiated
by more extensive testing), the most inter-
esting of these being:

1) At any given pressue there is little dif-
ference in performance between tubular
tires and light wired-on tires ridden on a
smooth surface ,

2) At the same pressure tubular tires per-
form signifcantly better on rough surfaces
than light wired-on tires: tle increase in the
coef6cient of rolling resistance due to sur-

Figur€ 7: Ellsct ol bumps on (a) gid
wheel and (b) wh8cl with rcsilienl lke. 0n
rigid wheel bump exerts upward lorce F
with rctarding horizontal component H,
causing wheel t0 slow down and olten
b8como aitome. Resilient tirc
"averages" numerous sudace lorces inlo
smo0lh sulpoding lorce.

face roughness is much more sigrrificant for
wired-on ttes than it is for tubulars.

3) A given wired-on tire offers significantly
less rolling resistance used with a (very flex
ible and light) Iatex tube than with a conven-
tional (heavier and "stiffer") butyl tube.

4) A wired-on tte that offers less rolling
resistance on a smooth surface than anotåer
tire, may actually have a higher rolling resis-
tance than that other tire when used on a
rough surface (each time at the same inlla-
tion pressure) .

In subsequent Iimited tests o[ tires avail-
able to me in Germany, I attempted to fnd
tie lightest rurming wired-on tire, for both
smooth and rough sudaces. (The tires I
tested may differ from those available else-
where: of the tires made in the Far East, I
could obtain only the Panasonic Panaracer
and the IRC tire, each with a 2&mm cross
section.)

ffigs
a. convenlionally b. hook-head tirc c. luDllar lhe

§a6t0d
wlnd-on lin

tigurG 8: Thc largel lhe portion ol a tirc
lhat is lree t0 flex (i.0., nol rehined by the

m), lhe better it can flex, and thG less
rolling resistance it will offcr (all clse
teing equal): the hooled bead wired-on
tire is likely t0 pe orm Delter lhan the
conventionally sealed lhe - lhough nol
quite as well as the lubular lke.
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I then analyzed this particular tte to es-
tablish what "makes it tick-" All tiese sub-
sequent tests were done with relatively nar-
row tires (25 to 28 mm), using the latex
inner tube and the same wheel, in order to
minimize e.r.treneoos variables.

The particular tire thus selected (Pariba

25-622 HP, which to my knowledge is not
sold in the U.S.) performed marginally bet-

FigurG 9: Bule 0f thumb: il lhe inllaled lire
llexes Glosely amund lhe thumb, it is likely
lo be more flexible and oller less lolling
rc6istance on rough sufaces.

ter than two other tires, which each ap-
peared similar to it in construction. All three
of these tires were constructed as shown in

the illustration {Figure 6a) znd differed sig-
nifcantly fiom most of the other tires, which
all offered signifcantly more rcsistance (Fig-

ure 6b). Although I could not test enough
tires to obtain statistically significant results,
I feel there is enough corelation between
tire construction and tire performance lojus-
tify these conclusions.

To evaluate a tLe properly it seems neces-
sary to cut a section, as I did for this test;
since that is a mther expensive hobby, I pIo-
pose that manufacturers and importers make
a habit of cutting up a few tires of each twe,
to provide four-inch loag sections to the
dealers for inspection.

Bumps

The theoreticat basis for these differences
in performance, between tires which are
similar in appearance, weight, cross section,
and pressue, appears to be as follows:

If a t e were solid and inflexible, any up-
ward projection (bump) in the road surface
would force the wheel up, and the force ex-

lsngth of deprcssio[

leng h ol deprcssion

erted by the bump would include a compo-
nent opposite to the direction of travel.
Some portion of the wheel's lorward modon
would thereby be lost, or at best converted
into vertical motion.

Once the wheel passed beyord tle upward
side of the bump, gravity would soon con-
vert ally upward motion to downward. With
luck, this down$,ard motion could then be

Figure 10: Slretch test on the uninslalled
tile: a lire with lou, rolling rcsistance 0n
rougher su aces will llex quite easily
without permanent delomation il pulled as
shown.

coflverted back to forward motion by the de-
scending slope of the bump - but only if the
bump were so smooth and round that the
wheel actually followed the surface as it de-
scended. If the wheel flew clear of the bump
and landed on a level surface beyond it, the
vertical momentum could make no contribu-
tion to forward motion and would be lost.
Worse , if the t heel landed on the face of an-
otter bump, its doNrward speed would actu-
ally increase the retårding force.

In the case of a downward unevelmess,
the solid wheel would accelerate down into
the dip, but then would have to "climb" back
out, with the same retarding effect as for the
bump. At best, of course, it would lose as
much speed as it had gained; and if the bot-
tom ofthe dip were sharp it would lose much

Floating

A pneumatic tire avoids much of this re-
tarding effect by using a cushion of com-
pressed air, whose elasticity ''averages'' the
forces from bumps and dips into a smoother
continuous supporting force. This smooth-
ness enables the tire to stay against tle
ground over many of the smaller bumps, so
that it can press against the down-hill side of a

bump as well as the uphill side. As long as
tle wheel stays on the groud, each retard-
ing force is followed by a compensating ac-
celerating force. Ideally, the tire approaches
the ''floating' ' effect of the air layer under a
hovercraft.

But while the at's elasdcity is great, the
tire material's elasticity is limited; and the
cushion of air can provide only as much elas-
ticity as the tire allows.

A low-pressure tire forms itself into un-
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even surfaces quite easily, but suffers from
large contact area on any surface (the con-
tact length is a function of pressure, when
wheel diameter and width are given). A
higher pressure tire, on the other hard, has
a shorter contact area, so it rolls easily on
smooth surfaces. But on rough surfaces, the
high-pressure tire can perform well only if it
is exrremely flexible and has litde hysteresis
(i,e., friction between molecules, which re-
tards the deformation of a flexible material).
Otherwise, the high-pressure tire will
"skip" - become airborne and lose the ben-
eft of the downward accelelation, It appears
that these criteria are better satisfied by the
following methods and materials:

1) Latex or "gum" rubber (i.e., unvulca-
nized rubber) in preference to wlcanized
rubber or butyl significant for ilmer tube
and carcass.

2) A carcass consisting of two Iayers of
closely spaced thin 6bels - in preference to
thicker fbers, interwoven fibers, or rubber-
covered 6bers tsuch thin carcasses requLe
protective tape around the beads).

3) A tread which is thicker in the middle
and tapers off gradually in cross section. in
preference to treads with irregular plofiles
and ridges (Aom subjective tests, I believe
these tread patterns probably also give bet-
ter tmction and handling ald perhaps less
tire wear).

4) A shape which is ftee to flex sideways,
i.e., a cross secLion wifi rhe smallest possi.
ble portion oI its height retained within the
rim. This criterion is best satisfied by the tu-
bular tire; among wired-on tires, I found that
the hooked-bead variety, used with the ap-
propriate "box sectio[" rim, approached
Lhis ideal more closely than the convention-
ally seated lires. used with the deeper rim
profile (Figures 8a and 8b respectivelr.

Two Tests

In addition to a visual inspection, with
which most of these critdria may be verifed,
two simple checks may be usefrrl - certainly
after the tester has developed some "feel"
for the appropriate qualities:

1) On the inllated tire, push perpendicu-
larly down with the thumb: the more desir-
able flexing of the tire follows the thumb
quite closely, in contrast to a tire which (in-

flated to the same pressure) deforms more
gradually, as illustrated in Figures 9a aod 9b
respectively.

2) On the uninsta.[ed tire, check for elas-
ticity by pulling in the dtection represented
by the arrows in Figure 10.

Finally, it may be necessary to explain the
relationship between cross sectiona.l rvidth,
weight, and allowable pressure for different
tires. The reason for the use of narrower
tires (20 - 28 mm, as opposed to the 32 mm
of eaiier 27 X 1r/a and 700C tires) is not a
(Eesumed) relationship betweer tire width
and rolling resistance, but a simple physical
principle: at any given pressure the stresses
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Sooke Tension:

Uow fignt Is Right?

Eric Hjertbug

Widely misunderstood and often ignored,
teosion is the bicycle wheel's secret force.
Investing the spokes with tension can make
this delicateJooking structure into a unit of
immense stjength.

Optimum tension is, in general, the high-
est tension tle wheel can support indefi-
nitely. Appropriately high teNion gives the
longest possible wheel li[e but even so most
wheels are built loose because it is quicker
and requires less precision and less expen-
sive parts,

Buildiry to high tension is slow, cautious
work because, lke a brick wa[, the higher it
gets the more importart it is that each addi-

tional layer be deliberate and even. Let's ex-
amine why it is wortl the extra effort to
build to high tension.

Clnnce of Reaching Zero

The tighter wheel is stronger, It can sup-
port Sreater weight without sustaining dam-
age. As weight is applied to the hub the bot-
tom several spokes experience a decrease in
tension. If tensions are greater to begin with
there is Iess chance they will reach zero, and
allow the rim to become permanently flat-
tened or twisted. A tighter wheel can also
witlstand greater side loads for the same
reason, like a tent pitched with taut guy
Iines.

In addition to its strength, the tight wheel
will last longer because it flexes less. Flex-
ing, however minute, causes metal fatigue
and eventual spoke breakage.

During building and early riding, spokes,
hub, and rim yield and deform. Tighter build-
ing extmcts more of this change during the
building process itself so less can occur later.
A tighter wheel is less likely to setde with
use.

Tight spokes are also more likely to hold
their nipples still. During hard riding a spoke
that occasionally goes slack for an iflstant can
eventually lose a few turns of its nipple due
to vibration. Tighter wheels loosen less and
are more vibration proof and so more stable .

But beyond these practical advantages,
tight wheels just feel better. They possess a

crisp, bright resonance that seems stiffer
ard more efficient. The lively, responsive
ide of a top quality bicycle is owed in part to
its well-built wheels. Cycling may be our
most efficient Jorm of transportation but
most of us ride more for the quality of the
experience than for sheer economy, so
virtues like stiff and snappy feel rate highly.

Since tight wheels seem to possess every
advantage, why are so many built loose? Be-
sides extra time, are there risks iII approach-
ing maximum tension?

Fidgets

The greatest economic impediment to
building to high tension is the strength, time,
and experience required. Although most
people are sftong enough to build a good

Conlinued. from lage 11

on the tire are reduced in the same propor-
tion as the cross section width (Figure U).
Consequently. a lighter ald more flexible tire
is much easier to manulacture if a narrower
cross section is selected - the alternative oI
using stronger fbers has its limitations.

I do not claim to have covered everything
relating to rolling resistance of bicycle tires
in this article, nor that my limited testing so
far is adequate and conclusive. More exten-
sive testing (e.g., at different inllation pres-

sues, with differert ridiflg speeds and load-
ings, and with more different standardized
surface qualities) would certair y help to get
a more definitive answer to the question:
which is rhe best tire for which useJ Wear
and puncture-resistance properties should
probably be considered, too (what's the use
of saving seconds, if you have to spend hours
fixing flats?). However, I feel that I have
shown two things: that tire rolling resistance
is quite a significant factor in most bicycle

use, and that some recognizable features of
bicycle ties and inner tubes allow the user
to select a combination of tire and tube which
is very likely to have a low rolling resistance.

I have neither the funds nor the patience
to continue my experiments h this field, hav-
ing arrived at reasonably accurate criteda for
my own use, Just the same, I am anxious to
see more (and especially more quantitative)
experiments concentrated on this subject.
Keep me Dostedl
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v,,heel they might be unable to build as
quickly and frequently as necessary to earn a
living. Even an exceptionally shong and ex-
perienced builder would be hard pressed to
complete a first class rebuild to high tension
in less than one-half hour eveD under perfect
conditions. Most such jobs occupy a solid
hour or mo!e.

Beyond the strength and time required,
there is the risk of spontaneous wheel col-
tapsel. ai ooeltight wheel can fail dramati-
cally. If a builder seekiag optimum perfor-
mance makes the spokes too ti8ht, or tight-
ens them uoevenly, the wheel may begin to
appear uncooperative or unstable - as the
builder trues one spot, for example, other
parts of the wheel may go out of tlue which
were in line a moment before. Then with no
further warning the rim can suddenly pop
into a potato-chip shape, leaving many of the
spokes loose and bending the rim.

During building, there are few signs that
the average tension may be too high because
it rises very suddenly as the wheel becomes
tight. If the wheel begins to "fidget," it's
been taken too far akeady, or tightened very
unevenly. For a professional builder it's a

usefi exercise to do this deliberately from
time to time, to maintain a sense of how far
it's safe to go - but for people who build
Iex'er wheels this may be an expensive form
of education.

A more cautious approach is to start at the
low end of the acceptable range and work up
with experience - true up a wheel with
moderate tension and lide it for a while. If
the wheel loosens after the 6rst few miles of
hard riding, that's an indication that it could
have been builr tighrer in the fust place.

Frequently one spoke, often near the joint
in ttre rim, will need to be sigrificantly tighter
than the otlers to hold the wheel true. In
such a case, this one spoke wi[ limit the ten-
sion of the whole wheel - when it caruot be
tightened further, neither can the others if
the wheel is to be true.

Rapid Tightening

When a spoke is tightened the tenslon
rises slorvly at fust, because much of the dis-
tance taken up comes from settling-in of the
spokes where their ends seat in hub and rim.
from the new "set" the spoke elbow takes
as it adjusts to the exact aogle between
spoke and flange, and from puckering of the
rim surlace near each spoke. These initial
deflections exhibit much less "stiffness" (in
the direction of the load) than do the spokes
themselves, but the tale-up they offer is lim-
ited.

When the builder tightens the spokes be-
yord this amount, any further length re-
moved must come tom elongation of the
spokes themselves (and lengthwise com-
pression of the dm), alld the tension rises
at a rapid rate, determined by the "stiff"
lengthwise elasticity of these parts. Diagram
1 shows how between points D and F the
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average tension nearly doubles with only one
turn of each nipple. Since both rim type and
spoke number affect this rate, only more ex-
perienced builders should approach this
zone. Those lacking time or experience
should stay in the shaded region where over-
tightening is a small sk.

Læal Deformations

Excessive tension can also cause deforma-
don and eventual rim cracks near each nip-
ple. A key sign of potential trouble is exces-
sive puckering and bulging of tle rim surface
at the oipple. Rims without secondary sup-
porting sockets can witlstand little deforma-
tion. Those witi full sockets can tolerate
more bulging. Some of the new heat-treated
rims, despite their strength, are actually
brittle and cannot delorm without producing
small cracks tiat will evenhrally grow.

In addition to cracks, some dms are lim-
ited by their stifftress. Wood rims, for exam-
ple, were very resistant to radial blows but
less stlong for sideways forces, They did not
prefer as much tension or as few spokes as
are now common. Lessons Iearned during
the wood rim yeals are followed still. In
those days, looser wheels were not or y
preferable, they were necessary. Modern
rims witl such features as better alloys, firll
sockets, and large cross section styles are
stiffer and can support higher spoke tension
than wood rims.

Very tight spoke nipples can deform dur-
ing building. High tension brings grearer fric-
tion to tle spoke threads and requires lubri-
cation and a close fitting wrench. Inqeased
tlfead ftiction also causes spokes to wind
up. Unless unwound this twist can make a

wheel untrue when later released. Twist can
be monitored by feeling the shaft of the
spoke with two fngers to see if it turns with
the nipple, or minimized by holding forcefuUy
witi a smooth-jawed plier.

Stabfiff \{hen Damaged

kodcally, v/hile high tension stuengthens
the wheel and reduces the chance of spoke
breakage, it increases the tlauma when a
spoke does fail. This is a good reason not to
build to maximum tercion. If a spoke does
break, the sudden loss of all that tension,
combined with the still-powerful neighboring
spokes. can produce an uncofiectable kink in
the rim. This helps explain why lower ten-
sion mcing wheels are common in Europe. In
the rough and tumble \r'orld of foul v/eather
and cobbled road racing, broken spokes aad
crushed rims are inevitable results of bumps
and crashes. Lower tension wheels with
heavy lims alld straight 2.0-mm spokes
make reliable battle irons because they aie
so stable whefl damaged and are usually re-
tired before spoke fatigue catches up. And
the mechanics rebuilding them are teed
from the time consuming task of achieving
high but not excessive teNion.

Spoke tension gives the bicycle wheel
strength, stability, longevity, and good feel.
Today's rims can withstand greater tension
but it must be applied selectively, slowly,
and patienfly. In spite of its cost, a rvell-built
wheel with high spoke tension has more to
offer the serious rider. And hard riders are
wheelbuilding's most realistic judges. In fu-
ture Shop Talk columns we will explore some
actual building techniques, guidelioes, and
shortcuts for achieving high tension.

§pok8 t8nsion vs. nipple lightcning - ln a
lypical (but imaoinaly) wheel we can $ee
how quickly ayemge lension rises in thG

higher portion 0f ih range. From poinl "A'
ol zero tension bxt no spoke slacl,
tl0htening initially produc8s gradual

incleases in lension. Then, much more
quickly, the tension dses beyond tho
maximum sale leyel. The valucs bolow ar6
examplcs but not recommendations, since
lhe appropriate magnitudes depend on the
specilic Gomponents:

A - zerc tensior
I - 20 k0, inadsquat8 t8nsion, 11å

lums
C - 50 lq, adequalc tension, 211 tums
D - 90 kg, good aueragG tenslon, 3

tulns
E - 130 lq, optimum tension lo1 a very

well-balamed wheel, 3% tums
F - 170 kg, excessiv8 tension, 4 tums
G - 200 lq, wheel failule

Tension Measurement

One of the most important lessons in a tra-
ditional wheelbuilding apprenticeship is cali-
bration of the builder's hand so he can judge

spoke tension by squeezing adjacent spokes
much as a mechanic can feel tire pressure
with his fngers. Plucking spokes produces a
tone which is also closely related to tension.
Similar spokes in like lacing patterns produce
equivaleflt tones for the same tension if
plucked near the nipple.

At present there is or y one commercially
available spoke tension measuring device.
made by Hozan Tool of Japan. Though ex-
pensive, it gives good numerical readings on
a dial. A second by Wheelsmith is scheduled
for introduction this year.
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Ergonomics

Phvsiolopv of
Cvålist Piwer

Production

John Fore$er

The statements on the physiology of cy-
clist power production by David Gordon
Wilson and by Crispin Mount Miller (Decem-
ber 1982 Bihe Tbch, yol]lme 1, Number 4)
illustrate the misconceptions caused by cur-
rent assumptions of exercise physiologists.
At least those authors recogdzed that a

problem existed alld asked for answers.
Exercise physiologists measure oxygen

efficiency and make much otii. They require
a cyclist to ride at 25 mph in a 140-inch gear,
because that is the most orygen-efficient
gear, and wonder why he collapses in ten
minutes. So what? fuiy person looking at ac-
tual road racing and endurance cycling data
and techniques must collclude that the hy-
porhesis of oxygen efficiency is at least ir-
relevant. Successful cyclists ride at oxygen-
ineffcient cadences, a fact for which a new
hypothesis must be created.

I propose a new hypothesis which con-
siders instead the acquisition, digestion,
storage and use of food, the other side ofthe
chemical reactions that produce power.

Power is force times speed. The speed of
muscle conhaction (within tle range of cy-
cling cadences) has little effect on muscle
performance, but the force has considerable
effect, Low forces are developed by only
the aerobic muscle fibers, while large forces
require both the aerobic and the anaerobic
fibers.

The aerobic fbers are powered by blood-
carried glucose and triglycerides; the aruer-
obic fibers by muscle-stored glycogen.
Blood-carried glucose can be replenished
during cycling, fust from tlre liver and then
by eating carbohydrates. Blood-carried
triglycerides and fatty acids are practically
inexhaustible because they come fom body
fat. but tle rate at which fat can tæ con-
verted to them is relatively inflexible. Hence
most of the fuel for high-power long-duration
exercise is glucose, because the tdglycedde
and fatty acid production rate does not climb
much during a few hours of exercise.

Muscle-stored glycogen cannot provide
much of the energy for road racing and en-
durance cycling, because it cannot be replen-
ished during exercise and the supply lasts for
or y about ten minutes of hard exercise. Gly-
cogen is merely polymerøed glucose, taken
ftom blood glucose and polymerized in the

place of use so it won't get loose. The body
will not take glucose from the blood for stor-
age in the muscles when exercise requires
that the glucose be used dLectly to power
those muscles. Muscle glycogen is replen-
ished largely during sleep, and it takes two
nights to fuIy replenish the muscle-stored
supply aft er exhaustion.

Therefore it is impossible that muscle-
slored glycogen can be a major faclor in
events lasting from one hour to many days,
but it can be a wirming factor if properly
used. This is not a contradiction, as I will ex-
plain.

Since anaerobic work can supply only a
small portion of the energy needed for an ex-
tended event, the successful cyclist arranges
to spend most of the event using only his
aerobic 6bers, supplying the glucose fuel
first from his body stores and then from food
he eats during the event. Sparing the anaer-
obic 6bers conserves the muscle glycogen
for the critical parts of the event, when high-
power short-term sprinting to surmount a
hill, make a brea}, or win a spdnt provides
the wiruring margin.

Using only aerobic fibers means using low
muscle forces to avoid recruiting the anaero-
bic fbers and using glycogen, For a given
level of power, low muscle force requires
high muscle speed, and therefore high ca-
dence. This strategy is so advantageous that
the cyclist adopts it even though it requtes
more oxygen, arld in the end more food.
(Why else would experience have showD
that winners waste time and effort eatiog?)
Spinning on glucose keeps the cyclist in con-
tention with sprint power in reserve, while
sprinting on glycogen gives him the winning
advantage.

Triglycerides and fatty acids have their im-
portance, too. It is practically impossible to
eat suffcient carbohydrates for complete re-
plenishmenl of glucose during longer cycling
events. Cyclists who are successful in 24-
hour and muJti-day events have trained their
fat-metabolic processes to operate at higher-
than-normal rates day in and day out. Thus
they obtain a higher proportion of their "nor-
mal" power from fat conversion than do less
highly trained cyclists, so that for a given
level of carbohydrate irtake they produce
greater power, and can keep it up as long as
their body fat lasts.

It is my opinion tlml training this sysl.em is

the most painful experience for a cyclist, for
only by forcing himself to keep going after
his normal stores have been used can the cy-
clist "convincq' his fat-metabolic processes
that normal living involves damn haid work
for days on end.

For a more complete discussion, including
related h]?otheses (on bicycle design and
proportions, implications of neurological
function for cy.ling, and why exercise physi-
ologists have missed the point), see the
chapter on The Physiology of Hard Riding in
lny book Elfectioe Cycling, to be issued by
The MIT Press dudng spdng, 1983.
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Letters

Strirug for Stability

I've been enjoying 8råe Tech and $anl to
send e[couragement to keep up the good
work. I especially liked the "Balancing and
Steering" piece in the August 1982 issue.

I hope you continue to look into questions
regarding handling. I've designed and built a
couple of frames and fnd frame design to be
both an interesting and complex subject.

I'd particularly like to see some treatment
of wheel flop. I realøe tlat the handling arti-
cle by Whitt and Wilson represents only part
of their work and that they probably talk
about wheel flop, But tiis particular article
could lead to the conclusion that bicycles
with the same or near same stability index
handle alike. I don't think that's true. A bike
with a shallow head angle, such as 70 to 72
degrees, wants to "dive" into cornets mote
than a bike with up ght angles.

I hope you'll also address the queshon of
wheelbase. It's been my expedence that
wheelbase is not neady so important as head
angle and fo* mke. And we're seeing that in
some Italian road bikes made to be comfort-
able over long distances with longer chain-
stays, but also made for fast handling with
74 degree head angles and shorter fork
mles.

It seems that some so-called touring bikes
could do with higher stability indexes. Bicy-
cling is, of course, a tradition-honoring sport
ard it seems that touring machines often are
made witi shallow head angles and longer
Iork rakes because tley're supposed to look
that way. On fast, dow*rill runs, however,
that can mean a squirrelly ride on a loaded
bike. Whitt and Wlson say that Stability In-
dex values from -1.85 to -2.3 "give lighter,
more respoflsive steering." I translate that
as meaning that they're difficult to coltrol on
Iast downhill runs, especially fast corners.
The whole style of "touring geometry"
most likely started with riders aad Aame-
builders looking for cornfortable machines to
handle long-distance tours over rough roads.
They found, of course, that more fork rake
and shallower head angles transmitted less
road shock. I don't think handling really was
a consideration.

But you're the guys with tlre answers. I'd
like to see some more handling stories to
find out if my gut level reactions to ftame
geometry and my experience, building and
riding bikes, are correct.

Incidertally, I think the values for Fork-
offset ratio in Table 1 in the Whitt-Wilson ar-
ticle were incorect. They should decrease
as head angle sreepens and stability irdex in-
creases. (See corrected table in the letter
from Brad Butler - Editor)

One other subject that might Uovide an
interesting story is måximum cornering an-



gles. Critedum bikes are designed with
higher bottom brackets to clear the peda.ls in
the corners- This also mises the center of
gravity (the ridei sits slightly higher). What
are the tradeoffs here? All else being equal
(tires, road conditions, etc.) how does fi:ame
geometry effect cornedng?

Ed Stiles
Tucson, Arizona

Conections

I[ the excerpt from the ne\{, edition of 8i-
cycling Sciznce titled "Balancing and Steer-
mg" (Bike Tech, Angost 1982) there are
some miscalculations of tie stabili§ index ø.
Enclosed is a revised table. lEditor: see box,
"Revised Thble 1."1

Brad Butler
Laurel, Maryland

Intenelations

Whitt and Wilson's "Ba.lancing aad Steer-
mg" lBih? T?ch, August 1982) gives rhe im-
pression that choice of head angle (H) is de-
termircd primadly by the 6t of rider to bicy-
cle. In reality, racers use a bicycle with
steeper H tlan touists use because tley
need quicker steering. That is, they need a
greater turn of the front wheel for a given
shift in rider weight. Given a suitable stabil-
i§ index (u) or trail (t) in each case, 11/2 or 2
degrees change in H makes the difference
between a bike that will tåke a fast corner
effortlessly and a bike that will be impossible
to keep on the road.

Perhaps t is a "dependent variable," as
whitt and wilson state; tIail is much easier
to work with than the stability index for two
reasons: 6rst, calculating t involves only trig-
orometric functiorc. Second, Banton and
Miller's ("The Geometry of Hardling. Br'ry-
clirag, July 1980) explanation of the interfela-
tion of H and fork offset (y) in terms of t has
great power. ln fact, t ard u complement
each othe! as the attached graph ("Rela-
tions of Three Steering Geometry Parame-
ters") shows:

Note first that the slopes of the corctant-u
and constant-t lines are virtually identical.
Even the numbers are almost ideiltical, if
you imore the change in sign. The equation
for t gives a way of easily arriving at a suit-
able offset y, given the knowledge that a t of
2-21lz inches will yield best results. And be-
cause of the similarity of line and value, the
value of u is determined in the process.

Also on the graph is a plot of the formula
appearing in Delong (Guide to Biclcles and.
Bittcling) nd plotted in Talbot (D?s,grrirrg

and Buildiag Your Oum FramxeD:

- 90-Hv=R ian 

-

'2
This formula is supposed to yield neutal

steering - i.e., no tame drop as the wheel

Revised Table 1: Steering geometries ard ståbiiity indices 0l high-quality bicycies; u calculated

from Equation 1, (r/d) = g.66rf t00'-H) (sin H) * 4 ul, inverted to give

u=Vr [109.1 (y/d) - (90'-H) (sin I0 ] @icurcs sut»tizd bt Brad Buttel)

Bicyde

type

Head

angle

Fork-offset

ratio"

Stabfity

index

ub

Touriry

72"

72"

14.5.

75.

0.0736

0,0740

0.0692

0.0815

0.0837

0.07»
0.0976

0.0804

0,0759

0.0953

-2:h

-1.76

-1.78

,1.86

-1.18

-1.54

-1,55

-1.02

Road'raciry

Track

a. Fork offset/Wheel diameter.

b.u= t0tid)/å0011" =,

is turned. Talbot suggests subtacting 0.75
inch from this value for quick stee ng (rac-

ing bikes, about half that much lor touring
bikes. Note that for H : 75" or 74', Tal-
bot's suggested y is close to that the Banton
and Miller t = 21lz inches lhe would sug-
gest, But rcte too that Talbot's formula de-
creases t as H increases, cootrary to stabil-
ity goals, and sudgesting Ta.lbot's formula is
less perfect.

Sherman Coventry
Portland, Oregon

DGW Responds:

Bihe Tbch is dteady showing the maturity
that one 6nds in the proceedings of the most
prestigious professional societies, where the
discussions of papers are often more illurni-
nating than the papers themselves. I have
greatly enjoyed, and Iearned from, letters
commenting on two of my articles.

Ooe group of letterc gave me embatass-
ment Iather than enjo],rnent. My calculations
of tle stability index, u, in table 1 of "Bal-
ancing and Steering" in the August 1982

Bihe Tcch tand unJortunately in table 9.1 in
the secord edition of.Biclcling Sciønce) were
incorect. Not only did I set my cålculator
incorrectly in some way, but I did not notice
thal the stabilities obtained were varying in
tle wrong direction. Many apologies! Brad
Bufler's values are correct.

We did not mean to imply, as Sherman
Coyentry ,wrote, tlut one chooses head an-
gles on the basis of ider size. We do believe,
however, that part of the reason for the
smaller angle used by tourists and com-
mulers is to keep the front wheel (and possi-
bly a fender or mudguard) away ftom the
pedaling circle. Personally, I believe that we
learl to compeNate for an extraordinarily

wide range of steering geometry and wheel-
base, as David Jones discovered. Ed Stiles
gives at least partial agreemeot. My fust re-
cumbent was made (to my rough sketches)
by Frederic Willkie III for his own use, and

Relations ol Th]ec
§tecdng Geometry Palamete§
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he was (and I hope still is) considerably
lighter than I. When I bought it tom him, I
found that the tront fork would gadually
bend until the ftont tire began hitting the for-
ward tame rube. I would then put it into a jig
and bend it back through at least an inch and
a half, which, with a 16-inch wheel, trans-
lates to a large variation in (yid). I could de-
tect no sigqificant effects on steering. I also
brought the rear wheel forward by about 12
inches to decrease the large liont-wheel
loading, and again found no siSnificant effects
although the bike was, naturally, livelier in
the short-wheelbase version.

Some otheI questions afld comments by
Ed Stiles and others may be responded to by
an improved stee ng analysis sent in by
Raymond Pipkin: I hope that you will have
space to publish this soon.

With regard to the questions raised about
pedaling on hills, I liked both ofJohn Allen's
points (letters, Bihe Tech, Febnnry 1982).
One certainly notices a difference in standiru
on the peda.ls of a heavily loaded bike and a

Iight one, in that one loses the ability to get
quickly over top dead center because a

heavy trike cannot be induced to shoot a little
forward or lag back. I'd suppose, also, that
the influence of the directiod of the gravity
vector would have a different effect for a

rider pushing with more than his/her weight
tom that for one who wasn't.

John Forester makes seveml points about
pedåling, some, but not all, of which I agree
with. It's certainly true that racing bicyclists
are trying to go at maximum speed, and they
will therefore not use their maximum-
efficiency pedaling cadence. As race dis-
tances increase, I'd guess that the optimum
speed would change ftom the maximum-

output pedaling speed for sprints torryard, but
lever reaching, the maximum- efficiency
speed for transcontinental distances. He im-
plies that much ergorcmic data, ircluding the
Japanese graph given in the December 1982
Bihe Tech, are lot anaerobic work, if I under-
stard him correctly. The Japaflese data rvere
telemetered tom bicyclists riding on a kack,
and &om my memory of tie article being
translated for me by an obliging Japanese
student, I believe they are for medium-
duration, aerobic work.

John Forester gives a ratJrer extreme ex-
ample of using a 140-inch gear at 25 mph,
which I don't believe any data would support

- or if they do, I'd certainly go along with
his belief that such data were for anaerobic
work. I'd like to state again that when we
quote these data we have some ideal subject
(maybe ourselves?) h mind. But we are all
built along very different lines, and we'll
have different optimum curves. My legs aie
more like those of cart-holses than mce-
horses, so that I tend to show a bias in favor
of lower-frequency pedaling as a reaction to
being continually compared with tie race-
horse type of dder.

David Gordon Wilson
Contributing Editor

Cambridge, Massachusetts

Thanks to eueryone for the obsemøtions and
corrections, We'll continue to Pursue the sub-
ject ik future iss,/'es. I hooe h.oo røhwrhs to
ad.d. obout roir,ts rdised by Shetman Cooettry:

Tfu similøri! betueek oalues ørld tlail
oa.lues is qaite stih;kg. It hrot be that thz
units of u an of an albitrarj size chasen to be

equh)alefi.t to inches of truil øt sorfie Wical
head angle (alralentlJ øbout 73 degrees),

s;nce the n btb.rs for u would be aery diffe/errt
if erlressed i tenns of diaøetets atd dzgrees
or railiahs- (Thz hzad angle and forh offset
øhose øction is ,lotted in Figure 3 of the
"Bøløncing and Steeing" eacet0t cotesiond
lo a u of about -2.1 - bul from the gla4h in

Fig le 3 it awa.rs that the daiuatiae

(w)
thal dzJines u has a magnitule of roughly

o-*o*, diameters - -^ .lhmct?.rsol l.cJ _ ,)
degred rudia*

The forttuh frotn Talbot, a.lso hnoufi. as the

Dauison Fotmula - J : R tarl 
e:)

- is indeed øn ir Peiect slecificatiok fol
steerihg behal|ior. What it sfucifus is a uhal
,locemert at which røke equils trail. Thk
cordition ca ses the frame height ta bø lha
søme fol ø steedng øt gle of 90 degrees øs fol a
steeing angle of zero. Acco/ding to l<hfis
Kt)ale ønd. Iohh Cofiett ('A Fresh Looh øt
Steei .g Georrretry," Cycline USA, Febmary
1981) , Døtison assumed that u,ith this geoae-
try the frame haight Øo ld øko stat constant

for all steerbg angles between zero afid 90
degrees, a l the /esult ltorlld be "rreutral"
steerirrg. But øs lorres's wolh darkonsfuates,
thk assu»Nptiah k ,tktahen. Koøle ønl. Cor-
bett suggest that Davisorr's theory øøs a.ccePted

b?cause uhen it uas lltblish?d - in 1935
fuad angles uere relatioel! sfuilhu, so th.tzt the

fonnula specifud a relnthtefi lntge, "well-
behaaed." a.rflount of ttøil, as Wosed to the
sor euhat skittish arrro .nt it )ouw specily to-
day

Cisf in Millzr

Let Us Hear

We'd like 8råø Tech to setve as an infor-
mation exchange - a specifc place where
bicycle investigators can follow each other's
discoveries. We thhk an active network
served by a focused newsletter can stimulate
the 6eld of bicycle scierce considerably.

To serve t}is function we need to hear
tom people who've discovered tiings. We
know some of you already; in fact some of
you wrote articles in tiis issue. But there's
always room for more - if you have done
research, or pla[ to do some, that you want
to share with the bicycle technical cotnmu-
nity, please get in touch.

Subscribe Norv to BIKE TECH...
Bicyclirq' Møgazine's Newsletter for the Technicøl Enthusiast

Send me one year
(6 issues) of BIKE TECH,
and bill me for iust $11.97. CITY

B|IKE*IF_CH'" ., *
Cenadiao orders add $3.00. Other foreign add $6.00.
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