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Recently, however, more emphasis has
been placed on efficiency and durability.
Frames have become heavier, home-drilled
chainrings, seatposts, and brake levers are
rarely seen, and the search for more durable
wheels has seen the introduction of what are
popularly called "heat treated" rims.

These dms are much more expensive than
ordinary rims, so I decided to find out why.
What I discovered was that the so-called
heat treated rims I tested aren't heat
Ircaled, and lhc) aren t mu.h better lhan
ordinary rims.

Rims, as we know, must endure a brxtal
environment. The constant pounding from
bumps and potholes can lead to out-of-true
wheels, flat spots, and dents. And the added
weight ihat tourists ca y can worcen the
situation. Cood wheels can be exp"n-ive
and, even with regular maintenance, the
rims can Iead very shorl live§. Slrongcr rims
are the sensible solution to more durable
wheels.
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SPECIAL REPORT

"Heat-Treated"

Rims - fue Thev

Worth The Money?

Mario Emiliani

ln the early to mid-7os the fad in cycling
was to minimize weight. Aluminum and tita-
nium bolt kits replaced factory-equipped
steel bolts, components were drilled out,
frames were made from the lighle't Iubing,
and wheels were as light as possible.

I

A close l00k at a "heat-lreated" m reveals a hard-anodized layer ouer soll
aluminum. 500 limes magnili[ati0n.
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FROM THE EDITOR

Changing of the Guard

'l'his issue of Brls 2c, is the last one m
which Cdspin Miler will have a direct mana
gerial hand. Crispin is leaving us for the Mas
sachusetts Institute of Technology - a place
that's "like taking a drink from a fire hose,"
he tells us where he will pursue an assort-
ment of advanced degrees in mechanical en-
gineering. Should the fire hose run dry, he'll
reappear on these pages \i.ith the analytical
uticles which bear his distinctive style.

Replacing Crispin a: pxerutive editnr is
Doug Roosa, whom we plucked lrom a phys-
ics teaching.iob at Greenville Technical Col
lege in Greenville, South Carolina. I)oug has
also worked on the desjgn of a high-
temperature solff energy collector and stor-
age device, on passive solar tech ques, ed
iting and production work of an annual
56-page astronomical calendar, and, oh, yes,
se\ en yedrs as mopcd and bicy.le me.hånic
at the Great Escape bicycle shop in Green-
ville. We're glad to have found him.

Doug inlerits a job which has come a long
way in less than two years. Crispin has given
Bihp Terh a high level of credibility - rypi-
fied. I thinl. by Shinpei Okajima s arlicle in
the August 1983 issue, in which he gave
such a thorough presentation of Shimano's
research and development in biomechanics,
and by Mario Emfiani's article in this issue,
in which rigorous chemical analysis dispels a

lot oi folklore about expensive aluminum
rims.

Doug and I \Årill be $orking hard ro bnng
you more of the same. We hope you will find
it a3 valuable as we do.

John Schubert

o
o
o
o

oo
oo
oo
oo
+

o
o
o
o

Figure 1: When sufficienl stress is applied to a metal, rows 0t atoms slide past each
other. l, slip can be interlered with, the metal will be slronger.

In 1978 Mavic introduced their Special
Servi,"e des Courses (SSC) rim ro the Eu-
ropean racing circuit. It was used by profes-
sional Leams on some extremely rough
couses with excellent results. Everyone
praised the rim, which somehow became re
ferred to as "heat-treated."

The rim was quickly copied by other Duro-
pean rim manufacturers - so was the price.
Everyone I've talked to who rides "heat-
treated" rims loves them. They say the dms
don't dent easily and rarely need tming.
Some won't ride anlthing else.

While these rims appear to be very good,
is thcir in.rcased pcrformance worth their
high pdce? And is their better performance
due to heat treatment(s)? The latter ques-
tion is very important because tt is lhe ba'is
upon which these rims are bought.

To determine whether "heat-treated"
rims are really heat treated (as many are ad
vertised to be by importers and bike shops) I
hardness tested four rim samples and had
them analyzed for chemical composition,
The "heat-treated" rims in these tests
were a Mavic SSC, a Nisi Ekip, and an Am-
brosio Synthesis. A Fiamme Red Label was
also testedi it was used as a standard for
comparison. Table 1 lists the weights and re
tail prices of these rims. The SSC and Ekip
rxere chosen because they are the most ex-
pensive regular cross section (non-aero) tu-
bular rims. The Synthesis was chosen be
cause it is more modestly priced, and the
Red Label because it is an inexpensive ordi-
nary rim. Additionally, these rims were se
lected because they are popular and highly
regarded. The Ekip and Red Label rims
tested were [ew, while the Synthesis and
SSC had been ridden.

Heat Treating

Heat treating is a metallurgical term used
to descrjbe controlled heating and cooling of
a metaJ for specifir periods of lime to obtain
certain mechanical properties.r Thus, heat
Ueatments can be used to strengthen or
weaken a metal depending on the desired
mechanical properties. Metallurgists nor-
mally apply the term "heat treatable" only
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to those aluminum alloys rhich can be
strengthened by heat treatmeflts.2

Whether or not an aluminum alloy is heat
treatable depends upon its chemical compo-
sition. Of the .even aluminum alloy seriec
from which rims can be madc, only thrce are
heat treatable for increased strength. These
grad-. are aluminum-copper t2XXXr .

aluminum-magnesium-silicon (6XXX), and
alumirum-zinc (7XXX).

tble 1

Weight Retail

Pet Rim, Price,

$ams per pflr

Mavic SSC

NisiEkip

Ambrosio

Synthæis

Fiamme

Red Label

Metals are made up of n1any crystals
called grains, and each gmin consists of a

three-dimensional array of atoms. The at
oms are affanged in a specific order $hich
varies depending upon the type of metal.
When suficient stress is applied to a metal, a

few rows of atoms slide past each other.
This microscopic movement is knorvn as
s1rr. Figur- I il]ustrares this sltualion.

If even greater stress is applied, more
rows of atoms will slip past each other caus
ing the metal to l,eld, that is, the metat un-

$196

$133

$0s

395

410

410

rMecha bal,tu elties aremeøs res of a »atetlal's
ruslo se uhen stressed.

'Metals llandbook, Vot. 2, gth Ed., 1979, r. .

"The first disit i dicdt?s the ellqs seies (e.s.,
alurkinum callff, ex.), the suond digit indicates
the degrcc ta )hich imlruities *ere controlltd, a d
the third and lourth disits'ide tili the diJfercnt al-
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dergoes a noticeable amount of permanent
deformation,

To inhibit yielding, pure metals can be al-
loyed with ooe or more elements to produce
a visibly distinct compound, or second
phase, rvithin the metal (see Figure 2a). A
proper anangement of second-phase parti-
cles within the base metal impedes the slip.
This results in a stronger metal. The opti-
mum size, shape, and distribution of second
phase particles is controlled by heat treating.

To illustrate horv heat-treatable aluminum
alloys are strengthefled, take the case of alu-
minum alloyed with 4 percent copper. Proper
heat treatment produced an even distribu-
tion of zones where aluminum atoms have
been replaced by copper atoms. These
zo[es typically consist of 10 to 50 copper at-
oms. Since copper atoms arc smaller than
aluminum atoms, the bords holding these at-
oms together are highly strained. This
results in a stronger metal because it's more
difficult to initiate slip tkough a region of
strained atomic bonds. Figure 2b shows how
heat-treatable aluminum alloys are strength-
ened by the strain between atomic bonds.

To stengthen a heat-beatable grade of
aluminum, it must first be heated to a tem-
perature high enough (-950"F) to dissolve
the second phase. Fast cooling of the metal
(by immersion into watet for example) traps
the second-phase atoms i{ithin the aluminum
mahix. If you were to look at the aluminum
under a microscope at this point you'd see
or y srains of aluminum because the second-
phase atoms have been dispersed into the
aluminum matrix. In this form, the alumilum
is not much stronger (i.e., not much more
slip resistant) than pure aluminum, but this
atomic arrangement is not stable, and if the
newly quenched alloy is left at room temper-
ature for a fe'w weeks, the second-phase
atoms will migrate and group into small parti-
cles. As this microscopic dispersion pro-
gresses, the aluminum gains shength.

Second Phase

The process of forming small zones of
second-phase atoms after cooling ftom high
tempemhres is known as øgl'241. Aluminum
is a peculiar metal in that room tempemture
provides enough thermal energy for atoms
to move about. Most other metals possess-
ing unstable structures can be left at room
tempeEture for thousands of years without
any change in properties. Aging at room
temperature is called ,,aturo.l agikg.

If the aluminum is aged at higher tempera-
rures ( - 350'F). ir will reach full strength in
shorter time. Tlis is called artilicful aging.

Tests must be performed to determine the
times and temperatues required to produce

leak agihg (mayjmrm strengrh) for the vari-
ous heat-treatable aluminum alloys, because
improper heat teatment will result in either
oaeraging or underaging. Improper aging
results in less-than-ma-aimum strength be-
cause bonds between the aluminum and

EødlDll

Figule 2a: Alloying pure metals with small
amounls ol olher metals can produce a
visibly distinct compound called the
second phas8. when viewed under a
microscope at low magnilicalion,
second-phase particles can appear as
spheres embedd€d within grains 0l lhe
pule metal.

second-phase atoms are not as highly
strained.

Now let's make some general observa-
tions on what heat-treated rims might be,
and what they really are. When something
is made stronger, its thickness can be de-
creased to save weight. This is an engineer-
iflg rule of thumb. Saving weight on wheels is
a smarl thing to do because it's much easier
to accelerate and maintain speed ,rith lighter
wheels. So one might expect that a benefit to
be gained from genuine heat-treated rims
would be less weigh( and better perfor-
mance compared to heavier non-heat-
treated rims.

The Mavic SSC. Nisi Ekip, and Ambrosio
Synthesis, three o( the most expensive
''heal-lrealed" rims, each weigh approxi-
mately 400 grams. The Fiamme Red Label,
a rim known for its durability, weighs only
360 grams. Four-hundred-gram rims are go-
ing to be durable whether they're heat
treated or not. Odd, isn't it, that in this top-
of-the-line selection of "heat-treated" rims,
none are even as light as an ordinary
Fiamme Red Label!

Anodizing

Perhaps to distinguish it from all other
dms at the time of its introduction, the
Mavic SSC was azodåed dark gray. Anodiz-
ing is simply controlled corIosion of a metal.
A rhick oxide film is grown by placing the rim
in an electrically conducting liquid (called the
electrolyte) maintained at a certain tempem-
ture (-70'F), and imparting a specific
amomt of current (ca.lled the current den-
sity) on the rim. Depending on the conduct-
ing liquid, its tempemture, and the current
density, the oxide layer can appear silvery or
vaious shades of blue, bronze, or gray. The
oxide layer formed is porous and must be

Figure 2b: Representation 0f strained
atomic bonds created when a
second-phase padicle lorms in the base
metal.

sealed to preserve the finish. One way of do-
ing this is to place the rim in boiling water for
15 to 30 minutes. Silvery oxide layers can be
dyed various colors by placing them in dye
baths prior to sealing.

The oide filrn formed by anodizing differs
fom many other oxides in that it adheres
well to its aluminum substrate-unlike rust
(iron oxide) which flakes off easily. If the an-
odized layer is grown aad sealed properly,
it's highly resistant to corosion. For exam-
ple, most inexpensive aluminum rims aren't
anodized and require periodic polishing to
maintain an attmctive appearance. Thus,
rims are anodized for improved corrosion re-
sistance, improved surface finish, and to pro-
vide a distinctive appearance.

Most so-called heat-tueated rims have a

special "hard-anodized" surface. This anod-
izing process differs from ordinary arodizing
in lhal rhe temperalure of the electrollte is
lower (-40"F), and the current densiry is

higher. This process can add an extra $10 to
$20 to the pdce of each rim because of the
extra energy afld handling costs, but it pro-
duces a much thicker and harder oxide layer.
The extra expense for a colored rim that
doesn't need polishing is worthwhile in the
eyes of many riders.

Figures 3a to 3d are scaruring electron mi-
crographs of tle rims tested showing the
thickless of their oxide layers. The Red La-
belrim, Figure 3d, is not anodized, but it has
a very thin oxide layer (not visible) formed
naturally by exposure to oxygen in the air.

Misinformed

Since Mavic SSC rims are dark anodized
and supposedly heat treated, many con-
sumers have the false notion that all dark an-
odized rims are heat reated. This associa-
tion is fur$er strengthened when the rim is
scored with a file to provide a rougher sur-

- face for tubular tire giue to adhere to. In do-
ing this, it's impossible not to notice that
these rims are more difficult to Ele than ordi-
oary rims.



But it's assumed these rims are harder to
file due ro heat treatment. Well. lhe nm 15

harder not because it has beenqleat treated,
but because it has been hard anodized. 'l'he

oxidF layer formed b1 hard anr,rdizing rs

harder ånd more brittle than the aluminurl
frr-,m \ahich it nas grown be.auqe i(onrs in
the oxide layer are bonded differently. tf you
get past the oxide layer, you'll find that the
aluminum files as easily as in ordinary rims.

The manufacturers of "heat treated"
rims have engaged in a bit of creative mar-
ketins by simply not explaining their prod-
uct. They make no claims, in print, that their
rims are heat treated. Rather. some use
buzz words which can .uund like rheir rim:
have been heat treated. "Durex," used by
Ambrosio, is a good example, which sounds
like "more durable" or "harder." However,
something of a disclaimer is also on thc
Durex decal. It says, in small ietters, in Ital-
ian, "machio depositato allumag monocellu-
lars." Translation: Durex is our trademark
for aluminum anodizing.

So the job ofinforming consumers is left to
salespersons who get thei. information ftom
importers who get their inJormalion from
company reps ralking in heavily accented En-

slish.

Hardness Tests

The hardness of a metal is related to its
strength; the harder the metal, the stronger
it is. If the SSC, Ekip, or Synthesis were
heat treated for added strength, they would
be harder than the Red Labelrim. To investi
gate this assertion, I 6§t removed the oxide
layer ftom all tle rims by sanding ftom Z0-
600 gdt. I then performed hardness tests
on a Wilson Digital Hardness Tesler using
the 30-T scale (30 kilograms major load with
a 1/16 inch diameter steel ball indenter). The
30-T hardness data was converted to Dia-
mond Pyramid Hardness (DPH) so the yield
slrenglh of the rims could be caleuJated using
the equation

yield strength (in psi) = 377 (DPH) (B")

where B = 0.1 and n : 0.06 Ior aluminum.l
The results are given in Table 2.

From the hardness numbers and corre-
sponding values of yield strength, it's obvi
ous that the Ekip and Synthesis rims could
not havc been heat treated for increased
strength. It is possible, though, that they
were subjected to improper heat treating
(i.e.. over- or underagingr. The SSC is sig
nificantly stronger than the other rims, but is
this due to heat treating? To clarify this situa-
tion it is necessary to examine the chemical
composition of these rims to determine if
thev ,re even heai treåiable.

Chemical Composition

Samples ofall the rims were sent to a com
pany specializing in metallurgical testing to
determine thei chemical compositions.5 The
results are given in Table 3.

As mentioned earlier, the heat-treatable
grades of aluminum are the 2XXX, 6XXX,
TXXX series. However, all dms tested rrere
made from an aluminum manganese alloy
(type 3004). These alloys can't be heat
treated! Since these rims aren't heat

treated, they will herein be referred to as
' lhard-anodized " ims.

The yield.trengrh ol the Ehp, Slnthesis.
and Red Label are all approximately equal,
but the SSC is sigaificantly stronger. This
discrepancy cån't be due to heat treatment,
since the 3XXX series of aluminum alloys
rdn t be strenghened lhis way. Tl the chemi-
cal composition of the SSC varied greatly
from the other rims, then that might account
for some of the difference. But as Table 3
shows. there is little difference between the
SSC and the others. Some other factor must
be r.sponsible for rhe SSC s quperior
strength.

Cold Working

Cold working is a very effective method of
strengthening metals. For example, tale a
.pokc and bend ir 45'. Then get a good grip
and try to bend it the opposite way. You'll
notice that the spoke bends in a different
p1ace.

Cold worklng is simply permanent d"for-
mation of a metal at temperatules below

4
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tigure 3: The hard.anodized layers ol the
SSC (3a), Ekip (3b), and Synlhesis (3c) are
0.014-0.026-millimeter thick. The Red
label ]im (3d) is nol anodized. 500 limes
magnilication.

about one-half its melting point. The spoke
has been cold worked when it is bent to the
point vr'here it takes a permanent set. The
principle by which metals are strengthened
$'hen cold worked is the same as that for
heat-treatable aluminum alloys millions of
regions are created where atomic bonds are
stnined.

Cold working drstort" the grains of a

metal, so it's apparent (after specialprepara-
tion) when a metal has been cold worked.
Figlrre 4 is a schematic diagram :howing
what grains iook like before and after cold
work. The SSC rim tested had elongated
grains indicative of a large amount of cold
work rcee Figure jar. Thus. rhe large differ-
ence in strength betwcen the SSC and the
othe, rims is due to cold working.

While cold working can increase the
strength of a rim, there is a simultaneous
loss in ductility (the ability of a metal to de-
form permanently without breaking a de
sirable property for rvheel rims). 'l'hus,

once a rim is near its final shape, it may be
helplul to remove some or all oI the
strengthening eflects of cold working to
make it more durable. This is done by heat-
ing the rim to about 500'F for a period of
time - a process k[own as anfiealing. After
annealing, the grains oI the metal appear less
distorted. The range of yield strengths
given in Table 2 sh<-rw that each manufacturer
has a slightly different way of making rims.
Some cold work more and anneal less. while
others do the opposite.

Stress Raisers

Whenevet a load-bearing sti.rcture is de-
signed it is important to distribute stresses
even-Ly. Thus, care is taken to minimize the
presence nf dis.onlinurries called sl/pss /.rs-
r/s. Stress raisers are produced by irregular-
ities such as file marks, machining marks,

keyways, cracks, etc., and should be
avoided because they can raise the local
stress to $ell beyond lhe yield strength of
the metal. When this happens small cracks
develop. Repeated application of the load
causes the cracks to grow untilthe part fails.
This type of failure is called fatiflte fdilure.

In addition to showing the thickness of the
oxide layer, I,'igure 3b also shows its surface
appcaran.e. Notice how rrregular it i..

Figure 4: The grains 0l a metal deuoid 0l cold work will be approximately the same
size in all three dimensions. lt's obvious when a metal has been cold worked because
ih grains are elongated.

Table3 Chemical
Mangrnese Mamesiun

Mavic SSC 1.22 0.98 0.51

0.48

0.53

0.54

0.18

0,n

0.2t

0.21

0.17 0.10 balance 3004

0.26 0.17 balaræ 3m

0.26 0.13 balam 3m4

0.æ 0.14 balance 3004

NisiEhp
Ambrosio

1.28 1.10

Snthesis l.m 1.09

Fiamme

Red Label 1.2Å 1.15
lcahoon, J-R-, et al-, MeL Trats., Vol. 2, Jul,
1971,lO. 1979-1983.

scansulting 
Cherhists ol hloida, lrlc- Tamla, FL-

Testi»g Las dn e ;n confornanrl with Nahorøl
B1lr.a of Shndatuls
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There are numerous pits which can act as

stress raisers. If the applied stress is high
ennugh rdue ro rider weight, spoke tension.
road conditions , etc .) , cracks can initiate and
propagate into the allrminum causing rim fail-
ure.

The highest stress on a rim is going to be
at the spoke holes. Since the mechanical
prcperties of the hard-anodized layer differ
ftom the aluminum, it will stretch at a differ-
ent mte when Lhe rim is stre.sed in tension.
This can crack the oxide layer thereby form-
ug stress raiserc.

I took a look at cross sections of the SSC
and Synthesis rims (the ones which had been
ddden) at the spoke holes to see if there
were any cracks in the oxide layer and/or
aluminum. I did not find any cracks in the alu-
minum, and the only cracks in the oxide layer
were befleath the ferrule where it contacted
the rim. These cmcks were formed rrhen
the feffule was attached to the rim. Figure
5a shows the cracked oxide layer, while Fig-
ures 5b and 5c show ils lo.arion on the nm.

Thus, there is the potential for failure of
hard anodized rims because of the brittle ox-
ide coating. Ordinary anodizing produces a

softer and thinner oxide layer which should
not act to instigate cracking (although ordi-
narily anodized rims have been knowl to fail
in this same manner). I've heard of many
fuilures of had-anodized dms, but have not
been able to examine any to determine the
role of the oxide layer. Clearly this aspect
needs further investigation because wheel
failure at any speed can cause serious injury.

Conclusion

Most rims are manufactured in such a way
that they receive a large amount of cold
working and therefore must be annealed. So
technically, the term "heat treated" could
be applied to the rims I tested. But the alu-
minum industry normally applies this term
only to aluminum alloys that can be strength
ened by heat treatment(s) and, clearly, the
Mavic SSC, Nisi Ekip, and Ambrosio Syn-
thesis are not made ftom these alloys. While
the manufacturers have not made any false
claims, neitler have they stepped forward to
erase the misconception held by importers,
salespersons, and consumers that these
rims are stronger because ofheat treatment.
Whether this deception is intertional or not,
I cannot say; but I wonder what other justifi-
cation the manufacturers have for the high
prices they charge for their rims.

All these rims perform well. The maaufac-
turers have been in the business a long time
and know how to make a strong and durable
rim. But these dms are strong and durable
for the same reasons that the Fiamme Red
Label is they are cold worked and an-
nealed, and they are heary. They differ from
ordinary rims or y in that they are hard an-
odized. While this surface finish is attmctive,
evidence suggest. that ifir cracks, it may in-

Figure 5: A cross section of lhe Synlhcsis
rim al lhe spoke hole showed the oxide
layer was cracked where the lerrule
c0ntacled lhe fim (Figure 5a, 500 times
magnificalion). The cracked oxide layel
is arrowed in Figure 5b (50 limes
magnilicati0n). Figure 5c is a schematic
diagram showin0 the cross seclion
investlgated.
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stigate dm failure . This seems a high price to
pay for pretty rims.

As an afterthought. I obtained a Mavic
GP-4 hard-anodized rim ($58/pair) to see
how its hardness compared to the Mavic
SSC. Surprisingly, the GP-4 is as hard as the
SSC. So, the only difference I can fnd be-
tween these rims is the color of the anodized
layer and the decals.

Matrix Rims Are

Heat Treated

To my knowledge no European or Japa-
nese rims, hard aaodized o! otherwise, are

heat treated. However, Tru-America Corpo-
ration of Marshall, Wisconsin, does make ac-
tual heat-treated rims called Matdx'" rims.
Three different types of clincher rims are
currently available. These rims are made
from aluminum aloy 6063 heat treated to a
yield strength of 31,000 psi, which is a little
stronger than a Fiamme Red Label. Their
ductility is better tlnn a Mavic SSC. The
cost of these rims is competitive with ordi-
nary clincher rims.

Tubular Matrix'. ms will soon be avail-
able. Current protot)?es are made with the
same 6063, and their price wil be comæti-
tive.

But if the strength of these rims is going to
be comparable to a Red Label, then what is
the advantage of heat teating? For similar
strengths a heat-treated rim will be more
ductile thafl an ordinary rim, This is a desir-
able property, because if you hit a potlole
you'd rather have the rim dent instead of
break. But the significance of ductility is
overstated here, because most ordinary
rims are or y a few percentage points less
ductile than heat-treated rims, and ordinary
rims perform very well.

Something is amiss here. If the strength
and ductility of ordinary rims and heat-
Lreated rims remain comparable, then the
reason to heat treat any rim remains in ques-
tion. Surely, the idea of reducing rim weight
while mairtaining strength and dulability
cannot be realized.

There are, however, other aluminum al-
loys that can be used to make rims. Alloy
6070 is a good example. It has good work-
ability, it can be heat treated to a yield
strength of 51,000 psi, and its ductility at
tåis strength is better than that of most ordi-
Dary rims. Rims made of this alloy cou-ld cer-
tainly be lighter and stil be as strong as the
rims available today.

Maio Emiliani

I aould like to thaik th2 following coitta ies /o/
sttlling the ,r/ls used in thts anicle: Bøcle
Palts Pacific; Lee Xat2 aid. Co., Iflc.; SRC
Gtout, Iht.; ahd. Whtelsmilh Fabrications, lnc.
Slecial kaLks to Eric Hjertbelg of Whtelrrnith lot
his Mtuank insight iito the im b sinzss.

INVENIIONS

The Bent Crank:

Chronology of an

Harvey Sachs

Each lear, the biclcle btdustry lroduces
dramatic ard radical adoarces in technologt.
One oI the ,host st4rtling of these u)øs the
P,M.P. "bent" cla h, uhich outdid eoen the
Gear-Tel lor originalit - Hame! Sachs, best
hfiaøn fol his acti)e leadcrshib in East Coast
landzrn eoents, Predicts uhat the futule holds
for P.M.P. in the lollowing slecial t@ort:

1981: P.M.P, a small ltalian frm, bursts
on the scene rÅrith the revolutionary "bent"
crank, featuring a m-degree bend in the
crankarm. The "L-shaped design ircreases
the peda.l's propulsion power ald lessens en-
ergy dispersion on the downstroke. " ac-
cording to the manufaaturer's literature.

l9til: The British magazine CJeling is-
sues a set of PM.P cranks to an ufiEmed
first category Surrey roadman for road test-
ing. "Whatever the theories, in practice our
roadman tester felt the PM.P. cnnks of-
fered arl advantage - and surely that is the
true criterion," Ctcling rcpotted. The
roadmar himself said. "At low pedaling
speeds, dead center seemed to be re,
moved."

1982: P,M.P. cranks are the talk of tle
New York trade show. Not mafly orde6, but
lots of talk . . .

Editol's note: florn hzre, øuthor Sa.!:h's
chlonology dissoloes from uell-documented
factual /etotting to cryslal-bøU sieørlatian.

198,i1: Polish Olympic team purchases 20
pairs (mosdy 2otmillimete!, equivalent to
17o-millimeter "old-style" cranls).

l98li: Soviet Olympic team commissions
study by East Gerrnan Sports Academy to
determifle extent of functional adva-ntage of
new bent cranks. To cover bets, Soviet ap
plied mathematiciar carries out extensive
analysis (256 pp of equations) to optimize
shape.

1984: Miyata introduces Shimano BX
aerodynamic bent cranks vrith concave ped-
als to match. Availability is restricted, and in-
terest is intense.

1984: U.S. Olympic team fails to find
sponsor for additional cost of either Shimano
or PM.P clarks; enters Olympics feeling
very discouraged.

1984: Polish national team uses PM.P.
cranks only for climbing stages, relying on

Tho P.M.P. crankam has no movino parls

- iusl a l0nger piece ol melal "to allow
grsalol ease on lhe upstrole."

the Surrey Roadman's report that they
"helped me keep a steady rhllm particu-
larly when sitting back in the saddle and
climbing hills . "

1985: Bikecology, Lickton's, and Bike
Nashbar inkoduce the componeots to Amer-
ican amateurs - at $178, plus rings. Deliv-
ery time, 6-8 months.

19851 Richard Jow gives equivocal evalua-
ion in Biclclittg - but uses nice rest jig.

1986: Huret joins forces with Maillard to
introduce pate[ted recurved (S-shaped)
crank for track bikes. Claimed to give equally
significant advantage when sprinting or
standing. Helicomatic design gives rapid dis-
assembly with a single lightweight wrench
(supplied), and recurved design makes it
easy to convince the user that the arms are
really 180 degrees out of phase.

1988: Polish Olympic team uses straight
hollow titanium cranks. Soviet team, on ba-
sis of 256 pp. analysis, bolstered by informa-
tion from East German Sports Institule, in-
troduces the CCCP be.t cralk - bellt to the
left instead of the right, of course.

1989: Bikecology sells their only three
pairs at warehouse sale for $37 per pair. Bike
Nashbar offers remaining three (right only,
43154, 205 millimeter, Italian thread) for
$78.

1992: USCF's famed Elite Atl ete P!o-
gram completes study on the most efficient
pedaling motion in the history of cycling;
concludes that P.M.P cranks are tle way to
go. Purchases the last available P.M.P.
cranks at collectors' item prices (rumoled to
be $500* per set). Technical Director Ed
Burke is ecstatic, Other equipment sponsors
(Campagnolo, SunTour, etc.) are perturbed
by large cash outlay.

2013: MIT engineering professor 6nds
PM.P. cnak in back room of The Bicycle
Exchange , and cairies out strain tests to see
if it really did make a difference.

BtrG TECH



ENGINEERING ANALYSIS

The Phvsical

Anatomv of

Steering Siability

CrispinMount Millu
The lo[g-standing puzzle of bicycle steer-

ing stability can lead to some quite complex
mathematical expressions. In this article,
tlough, l'm happy to report that we can of-
fer a simple one; one that can clarifu rather
than complicate your understanding of steer-
ing stabitty.

Credit for this important clarification goes

to Raymond Pipkin of Westeln Springs, Illi-
nois. who wrote to us in resporce to the

"Balancing and Steering" excerpt (Augu§t

1982) we printed from Whitt and Wilson's
Bictaling Sciencel lasl year.

(That exceryt descibed the adventures of
British chemist David E. H. Jooes as he tried
to discover what made a bicycle rideable. Af-
ter trying several times to build an "unide-
able bicycle by using various odd sreering
geometrics, Jones eventually turned to com_
puter calculations. With these he identified a

mathematical "stability criterion" which he

named u, that showed a good correlation
with the balancing abilities of his various ex-
perimental bicycles .)

Some time after printing that article we re-
ceived a detailed letter from Pipkin. This let-
ter provides a very satisfying extension of

Jones and Whitt and Wilson's work, by spe-
cifically pointing out the several forces and

torques, or turning moments, that act to
turn the steering assembly - and by identi-
fying the variable u as a simple, measurable
physicat dimension that controls the most
important of these torques.

(This means, as Pipkin has Iet me know,
that I had miscalculated when I concluded -
in the April '83 letters column - that the
units of u were defined arbitrarily.)

In addition, Pipkin økes the trouble to
unify his discussion with the one given by
Archibald Sharp in his I aodrnark Birydes and
Tncx'les, published in 1896,'?

I'll present the signifcant points of Pip-
kin's analysis (and some additional insights
which I draw from Sharp's book) below.
First, though, I'd like to mention why we're
so interested in u.

Immediate Physrcal Interpretation

The magnitude of u, as an absttact num-
ber, gives a measure of the tendency of a

bike to turn in the directiol that it is leaned
(and therefore of the bike's ability to respond
automatically to an out-of-balance condition).
Until Pipkin's anatysis, though, u has been
only an abstmct oumber, obtained by com-
puter or by an equation complex enough not
to offer ally intuitive understanding of the
forces involved.

It's true (and flot surprising, as we'll see)

that trail - which is not abstract i§ usually
a decent approximation of u (within 6ve per-
cent, for typical head angles). But if you
think of stability ir terms of trail, you may
misulderstand the forces involved. Pipkin
shows, however, that an exact expression
for u is even simpler than the equation for
trail, and that this simple expression has "an
immediale phlsical interpretation which is
intuitively useful: u is the length of the Ie-

ver, or moment arm, through which the
ground applies torques to the steering axis.
We'll see how this works in a minute.

Pipkin also shows that since there are sev-
eral important torques affecting steering, u
does not fully determine a bicycle's behav-
ior. Æthough u cortrols the torques that are
probably the most important, it is "at best
only a partial criterion of stability," he

writes.

Steering Ans to Ground

Describing his procedure, Pipkin writes:
''The alternative form for u can be derived

by writing the frame height as an explicit
function of the steering and lean angles, and

taking the double partial derivative [which
Jones chose as the definition of u-see
boxl. "

This analysis shovs that u is related to
trail by a simple proportion determined by
the head argle, specifically,

u=-tsinH

where t is trail and H is head angle (or, if
you're calculating u directly, without calcu-
lating tmil first,

u:y-tCosH

where y is fork rake, r is wheel radius, and H
is head angle).

From this expression, Pipkin points out,
we can see the simple physical interpretation
of u: t sin H (or y - r cos H) is equal to the
distance ftom the steedng axis to the tire's
point of coltact with the ground (see Figure
1a). This distarce, tlen, is the moment arm
by which the glound's forces on the front
wheelapply lorques about the steering axis.

When a bike leans, the vertical supporting
force from the ground ceases to lie in the
plane of the bike , and becomes oblique to the
bike (i.e., the vertical force now has a com-
ponent that is perpendicular to the new,
tilted plane of the bicycle). This component
acts as a lateral force on the momelt arm.
Thus (quoting Pipkin again), "u is physically

y=
H=
t=

Fioure 1a: Dimensions and folces l0I a

bicycle in ths verlical plane.

wheel radius

lork rake

head angle

trail
ellcctive momenl a]m lrom ground

to steering axis
rcosH-y
lsinH
point 0n steeling axis nealest wheel

axle

arbitrary point 0n sleering Golumn

distance fom o lo K
h = height ol poinl K ilom ground

B = vcrtical roaclion ol glound
supporting load ol lront wheel

G = center ol 0ravity ol sleeling
assembly (lo*, whoel, and
handlebal)

I = dislance ol G lrom steering axis

W = weight ol sleeting assembly

equivalent to lhe tuning uornent at zero

stee/i.ng angk d.ue to the Deltical grouhd reac'
ti.on, iel unit leaction folce a$d Per kit l24n
4ngte.

And when the bike undergoes a sideways
acceleration (as it does in a turn, for exam-
ple), the force from the ground includes a

sideways horizontal component. This also

acts on the moment arm.

thanh Rolt)land Whitt anll Daoid Gordo Wikon,
Bicycling Science (secohd edition), MIT Press,

Cambridse, Mass., 1982.

2This rema/kablz book desdibes ailtudll! eueD as'

lect of bictcle desig and constntctinn that eristed

i.n læ6, d d tltz thoto ghfiess and afiuraq of its
aflal$es tut fianJ rccent u)oths tn shamz. The filst
140 laEes, i lact - almnst a third of the book -
are a tattbook on ttirlcibbs al lhtsbs and rt"iha '
ics, to tlebale the leadal for the rcst of the booh. A
lec?itlJ rcli ted. edition ol th. book is auailabl.e

hom MIT Press.

3Pilkin actuallr olfers a tu4thetu t;cal ,roof ol this

sttta aont, tuhbh ue haoe ot rehrodøed here lk'
teresteil leader. can obtaifi colies ol Pitkin's ehtire

afialtsis b! setÅirrg requests, ttith stomlQll, self-

aaLtresseil en1)ebles, to Pirkin A alvsis, c/o Edi'
to/, Btke Tech, Er t14us, PA 18049.

0=

l(=
k=
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Six Torques

The torques created by forces that act on
this lever length are obviously very impor-
tant to the behavior of the bicycle but, as
Pipkin says, they arefl't the whole story. ln
particular, the steering assembly generates
forces of its own because it has mass and
weight.

As a result of these forces and others,
there are a total of six torques that act to
turn the steering axis, of which I think four
have sigr ficant magnitudes. (Equations de
scribing these lour are given in the box, fol-
lowing the de vation of u.) These four
torques come liom the following forces (see
Figure 1b):

1) The vertically upwaid support, or "re-
action," R, ofthe ground acting on the wheel
at the end of the moment arm u.

2) The vertically downward weight W of
the steedng assembly, acting at its center of
gravity G, which has moment-arm length f
{rom the steering axis.

(These 6rst two forces occur whether or
not the bike is moving. The remaining orles
occur only when the bike is moving and going
through a turn, or through some other sort
of steedng maneuver wluch creates lateral
accelerations.)

3) The horizontal reaction R. of the
ground acting on the wheel (again on mo-
ment arm u). This reaction can arise because
the bicycle is undergoing latercl ("centripe-
tal") acaeleralion in a turn. It can also arise
in a similar but smaller-scale occurrence
when the steedng is accidentally deflected
sideways - the wheel will then begin to
carry the bicycle sideways (briefly), but this
lateral acceleration creates a force and reac_

tion between the wheel and the ground, and
the ground's reaction acts on moment arm u
to straighten the steering.

4) The horizontal reaction W. ("centrifu-
gal force") of the steering assembly's mass
against the lateral acceleration imposed on it
by the path of the bicycle, acting at the same
moment arm f as does force W

(Surprisingly, Sharp, who offers an equa-
tion for total steering moment, includes (2)
but not (4) in his equation; aad Pipkin does
not mention (4) either.)

The remairing two torques, which I con-
sider less important (and which Sharp and
Pipkin explicitly leave out of their equations),
are:

5) The gyroscopic reaction of the front
wheel to the tilting and tuming motions of
the bicycle. (While this may have some im-
portance on healT-wheeled bikes, Jones
cites calculations which show its magnitude
to be small, and - more convincmgly -

demonstrated no-hands riding on a bike in
which this reaction was cancelled. He
mounted a "twin" tont wheel beside the
real one, but just off the grourd, and spun it
backward as he rode, so that it would exert
gyroscopic reactions on the fork that were
opposite to any exerted by the forward,
rotating wheel.)

6) The torque exerted by tire dmg when,
due to leardng, the tire touches the ground
slightly off-center. The force and the mo-
ment arm for this efiect are both quite small.

Combining Forces

'Ihe four principal forces can also be
lhought otin a slightly different way. which is
clearer for some purposes. Since R and R"

Figurc lb: Dimensions and lorce6 lor a

iicycle oulside tho vertical plane.

A: uertical planc

8: plane ol bicycle lrcmo

C: plane ol lronl whcel

D: hodmntal plano

loan angle

steo.ing an0l6

vo lcal rcaclion o,oround againsl
wheel (as in la)
hodzontal roaction ol ground

against whecl due to lalelal
accsralion

weight 0l steoring assembly, actlng
vedically on center ol mass G (as

in lal
horlzontal reaction ol
sloering-asssmbly mass due to
laleral acceleralion

t=

B=

B, =

w=

w,=

act at a common point, and W and W" also
act a[ a common poinr. each of these pairs
can be combined into a single resultant
force-say, R, and W, (Figure 2). Not only
does this cut in half the number of forces
you have to tJink about, but it may eliminate
some entirely.

Figur€ 2: Exprcssing tho sum 0l horizonlal
and vorlical lorces as diagonal rosullanl
lorces.

ln any smooth turn, R and W create oppo-
site torques, and so do & and W.. The ten-
dency of the bike to oversteer (dive into the
turn) or understeer (and then fall sideways
inlo the turn) depends on the relalive
strength of all these torques. If either of the
resultant forces lies withh the plane of the
wheel, though, that force will exert no
torque at all. The desirability of having the
force oriented this way, both for control rea-
sons and for structural reasofls, is, of
course, the whole point of leaning into a

turn,
You can evaluate the steering equilibrium

of a bike in a turn, then, by fguring out how
neally the two resultant forces lie in the
plane of the wheel. I won't ana.lyze the ques-

tion here, except to say that tle resultants
can agree pretty well with tle wheel plane in

wide turns but sometrmes don't in sharp
turns. (lt would make a good computer proj'
ect, people - but be car.ehrl to get your vec-
tors rightl Write if you want suggestions.)

Steering Mass

So what steering forces does u not cover,
and in what situations are they important? I
can think of two cases, and a description of
them may help to illustrate how all these fac-

tors and torques work as a bike goes through
a turn.

To begin with, u clearly doesn't affect the
torques created by the steering-assembly
mass. How simifcant are these?

I



At small steering angles, the steering-
mass torques bear a fairly constant relation
to the ground-reaction tolques, typically be-
ing about one-sixth as big on an unloaded
bike. (This ratio is given by the ratio be-
tween their respective products of "weight
by moment-arm length," i-e., the ratio be-
tween Ru ard Wf - see Figure 1. For in-
stance, the substitution of WI for Ru is the
only difference between Sharp's small-angle
equations for torques (1) and (3), or be-
tween those for (2) and (4) see box. For
the lightweight, dropped-handlebar bicycles
I have measured, Wf is about 18 inch-
pounds, whereas I'd estimate Ru - which
depends on rider weight - at 110 inch-
pounds or more. Note, though, that adding a
five-pound handlebar bag {rill immediately
triple Wf.)

Variable Trail

At small steering angles, therefore, the
steering-mass torques are unlikely to make
much difference ualess you've loaded your
handlebars or fork. (Ifyou have, then, as any
cycle'tourist knows, these torques can take
charge of the bicycle.)

At targe steering angles, though. particu-
larly if the bike is leaning, the proportionality
to ground-reaction torques breals down and
the steering-mass moments can become the
principal source of steering torque. The dis-
tance f that transmits the steering-mass
torques remains constant, but tle moment
arm for the ground reactions changes!

Note that the distance u is defined (by the
equations in the box) at lean and steering an-
gles of zero, and is the effective moment
arm only at - or near - tlese angles. When
the steering angle becomes large, the line
along which the wheel is tangent to the
ground shifts forward around the wheel, so
that it no longer forms the same angle H with
the steering 

-axis. 
This shift results in a

shorter effective trail, and a moment-arm
shorter rhan u. Figure 3 shows the change in
trail and moment arm with change in steer-
ing angle for a typical lightweight bicycle.

In fairly tight tums (for instance, with
steering angle and lean both just over æ de-
grees, corresponding to about a lo-foot
turning mdius taken at about eight mph),
trail actually reaches zero. At this point,

then, all the steering torque comes from the
upper resultant W, since the lower force R,
has Iost its moment arm and can exert no
torque, whether it lies in the plane of the
wheel or not. If there's any significant
weight in the steering assembly, it will prob-
ably malie itsell felt in this situation as a terl-
dency to oversteer, since tie combination of
steering angle and head angle will probably
make the resultant Wr fall inside the plane of
the wheel (that is, if the bicycle is leaned to
match the turn, the wheel will be leaned
more than that).

In addition, directional stability will be rlon
existent in this attitude, since there's no mo-
ment arm to straighten the wheel if the
steering-assembly weight (or anything else)
does deflect it.

WheelFIop

The other way that steering torque can
vary in spite of u is by change in head angle.
This effect is a bit more insidious, because it
includes a torque from the ground that's ac-
tua.lly tansmitted through the "u" moment
arm.

The ovemll effect that varies with head iur-
gle is the one we've customarily called
"wheel flop" torque the tendency of the
wheel. iJ turned sideways a bit. to turn far-
ther sideways. This torque is proportional to
tle steering angle (it is zero when the steer-
ing is straight) and is one of the effects of
ground reaction R and steeriflg-assembly
weight W. Both of these forces' torques de-
pend not only on u and lean, but oII steering
angle and the cosine of head anAle (as cal be
seen from Sharp's small-angle approxima-
tions for these torques, M, and M* see
box).

This variation not "covered" by u may
seem sftange, until you consider the pur-
pose for which u was derived. Jones was
looking for the factor that made a bicycle cor-
rect a fall. He chose u, therefore, to be an
indication of the bike's tendency to steer into
aleanfrot t a straight-dhead øath. As a resdt,
u reflects responsiveness to lean, but not to
steedng angle, since that was assumed to be
starting at zero.

For any particular bicycle there is a
tllreshold speed below which you have to re-

strain the handlebars against wheel flop.
Above this speed, the steering-straightening
effect (discussed in conjurction with torque
(3)) is stronger than the tendency for the
steering to flop. Since the straightening ef-
fect depends only on u (and speed) but the
flopping tendency depends on u and also on
head angle (and steering assembly mass),
head angle will affect the relative magnitudes
of these competing effects, and therefore
head angle will affect the threshold speed.

Dinng into Turns

Since the moment arm at the $ound grad-
ually decreases with increasing steering an-
g1e (as I mentioned in the previous sectiort),
al higher steering anSles the slrajghlening
torque and the "flopping" torque exerted at
the ground become Iess important; but the
moment arm torque continues to increase.
Thus this situation merges with the one I
discussed earlier. An additional poiflt this
time, though, is the implication for threshold
speed: since the straightedng effect "loses
ground" as the steering angle increases, the
threshold speed to resist flop is higher for
tums than it is for going stuaight. This i§ one
reason bikes with shallow head angles often
tend to dive into turns. (Alother reason, of-
fered by Pipkin, is that to maintain a given

trail or u value, a bike rritlt a shallow head

angle has to have a lot of fork rake. This puts
the mass of the wheel fartier ahead of tle
steering axis, so that the steering-assembly
mass - to which the wheel's mass contrib-
utes - exerts a greater flopping torque to
begin with.)

Additional Vadables

These vadations that don't depend on u,
then, both concern turns and/or low-speed
riding. In the situation for *hich u was origi'
nally selected - riding straight (and fast
enough to avoid wheel flop) - I suspect it
corresponds to stability quite well.

If this treatment of the subject seems
complete, though, that's an illusion. While all
this is a reasonably frrll description of the
forces that apply during smooth, even turns,
there's more to be sorted out before this can
be extended to sudden maneuvers in which

Figule 3a: Chan0e in eltective trail at large sleedng anqles.
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the bike is quicldy dodging sideways or the
nrass of the rider is quickly rolling into or out
of a loan-

These situations invoh.e rotational accel
erations within the bicycle (either of the
rider. or the steering assembly, or both),
a fu1l understanding of stability of how a

bicycle reacts when its equilibrium gets up
s(:t - Nill have to take account ofthese addi-

tional variables. Such a trealment would
probably shed some light on some of the re-
maining subtleties like whedbase and bot
tom bracket height that seem to aIlect na-
neuverability and steering response.

I'll keep thinking about these things, and
hope to emerge in another few months rvith
something more to say about them (irnless
one ofyou beats me to it, or unless I get a lot
ot frn letters with snores u,ritten on them).

Derivation ol a Geometric Expresion for u

Let the geometry 0l the steering assembly be

as indicated in Frgue 1. Then il K is any point

0n the fork column at an arbitrary distance k
from point 0, the height h ol K for a $ven
combination 0f lean and $eering angle is given

by

h = (he8ht to center of hub)

- (vertical component ol fork
Iake)

* (vertical component ol fork
lengh)

or h = rsine
- y (cos u cos L cos H - sin a sin L)

* ksinHcosL
where 0 = (angle between plane of wheel

and a honzontal plane)

= arc cos (cos o sin L * sin o cos L
cos H).

(Ata = 0, this expresion conveniently simpli.

fies to 0 = 90' - L, or cot 0 = tan L.)

Taking the putial derivative with respect t0 o,

åh=
åo

rcot e (sin d sin L - cos 0 cos L

cos H)

* y§inocosLcosH*coso
sir L),

At a = 0, sino = 0 ald cos a = 1, aldcot 0

= tan L, so the dedvative simplifies to

åh, =§-rcosH) srnL.

6a la=0
But since (from Figure 1)

y-rcosH={sinH,
åh, = -tsinHsinL,
åo lo=0

Findly, sin6s å sin L = cos L and, when

6L
L=0,cosL=1,

0'h, =v-rcosH:
JaåLl a=0, L=0

that is, u - isinH.

Vaiues of Steering Torques

(1) M. due to verticai ground reachon

= P 0h 1r, lnlhr6rrlvationoJu)
åo

= R r cot 0 (sin a sin L - cos d cos L cos 1l)

* v (sin acos Lcos H * cos a sinL)

lpipkin)

Approximation for small values of a and L:

M, " RtsinH(L * acosH) (Sharp)

(2) M" due to vertical {orce from steerhg'

assembly l{eight

= W f (cos a sin L * sin a cos L cos H)
(Piptinl

Approximation lor smalJ angles:

M" = lV f (L * u cos H) (Shap;

(3) M.. due to latelal reaction of grolnd (for

small and smooth turns angles only)

(t sin H)

ositl H

OT
Pu' 1ry1sinlI)'

g b (Shup;

where v is speed, b is wheelbæe, and g is the

value of gravity.

(4) M"* due to laterai reaction 0l steeling as-

sembly's mass (small angles and sm00ti1

turns only)

Wv'

c_
b

qsinH

Wv'fssinH
gb

E,(
s

0r
(lV[]ler)
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Cutting 0i1

Jeff Davis

Recently, I prepared a manual fot Cam
pagnolo that includcd a scction on the use of
spe"ialbr.ycle lools. lknpu th,rr \ahen u,rng
cutting, reaming, and tapping too1s, a liberal
application of cutting oil was imperative. 'l'his
mie has appeared in many ofthe professional
maintenance manuals I have read. and has

been repeated bv mechanics and frame-
LuilLlcr. T ha!( knoun. Rut nhat i' a cu tirg
oil and what does it really do? Why is it im
portant? I found lhat no one I talked to reaily
knew the answers.

Eventually, I discovered that cutting oil
p"rfnrrn. ser'.r:l important funetion.. in

cludingi
1) L0hricalion
2) Finish improvement
:l) Heat control
4) Chip removal
5) Corrosion prevenlion.
Let's look at these in order.
Mjlling, reaming, and tapping rcmove

metal from the bicycle frame in the form of
chips, carved away by the cutting tool. 'lb
separate and pull away, each chip must de-
form severely. This requirement creates
hcavy pressurcs where lhe chip slides over
the sudace of the tool, and these pressures
tend to make chips adhere (actually weld) to
thc tool momentarily before breaking away.
To<-rl wear is the cumulative result of these
repeated adhesions and tears, but it can be

'ignrficrnrh rpdu,ed b, ltlbncalion. CutLrng
oil cnables the chip to slide over the tool
more lreely, thus reducing wear.*

Finish Improvement

A related aspect of the lubrication process
is the corresponcling finish improvement that
results when cutting oil is used. By acting as

a barner between tool and metal, cutting oils
reduce adhesion. Adhesions are easily rec-
og.lr2i.d a. l^al , hrll.r. L"." .haltering
means a smoother llnish. An ob\.ious exam
ple of this is a hacksaw cut: without oil, the
cut is much rougher, and chattering is more
pronounced.

* For a long ttm. , it bas assuned thal a cutting oiL

fomgd d fllm betueefi tht tlcLual .atling edge anLl the
tLto/hiks m?tal. But such Lt funcnon t oua reqarc a
cohe sio11 (Jiln nrenLrb lar betond the ubili\ of most
oils the lressuk ut the cuthng etlge «tn ereed
tA,aA1 Psi. MarbLeL the taol's cuttins edse must
ca tncl th? Lu*ing metal directb lor the tutting to
tak! blace. The lLaæ uhere cl.ttling oil lunctia sasa
L bicant, therelore, b alons tha nore-otless qat
s laccs ol the tooL a short distanæ behlnd the edse.



Heat Control

Heat control is a cdtical service of cutting
oils. Cutting operations create heat by the
friction of the chip on the tool, and by the
internal heat genemted by the chip as it de
iorms. Oil controls heal borh by reducing
friction and by carrying away the heat that is
generated. Heat control is important be-
cause the tempemtue of the tool and the
metal affect cutting speed: the higher the
temperature, the slower the cut. (As a gen-
eral rule, the faster the cut, tle smoother
the finish,) Clearly, this is a more important
consideration in high-speed cutting opera-
tions than in the hand operations used to pre-
pare bicycle frames.

Chip Removal

Cuttirg oils also facilitate chip removal,
preventing clogging and dulling oI the tool,
ard allowrng rhe lool user to see what he is

doing. In high-speed work, oil is forced into
the inter{ace with a pump; chips are re-
moved through hydraulic pressure. Happily,
bicycle work requires no such added compli-
cations: graviry carries lhe oiJ and chips
away from the cut.

Conosion Inhrbitor

Finally, oil acts as a corrosion inhibitor.
This can be an important contribution, inas-
much as any protective finish, such as paint,
plating, or anodization, will have been re-
moved before or during the cut. After prepa-
ration. a frame may sit for some time. arait-
ing installation of the headset, bottom
bEcket, and so on. The residual cutting oil
may be the only barier between the frame
and rust or oxidation.

There are four general categories of cut-
ting oils:

1) "Neat" or "straight" cutting oils, con-
sisting of petroleum products only.

2) Cutting oils that a-re a mi\ture of petro
leum and vegetable or animal oils. These oils
will generally contain an antibiotic to prevent
the oii from being attacked by airborne
molds or bacteria.

3) Cutting oils that have chemical addi-
tives such as sulfur or cl orine.

4) Cutting oils that are a mixture of the
second and third types.

Cutting oils are genemlly labeled pdmarily
by type ofuse, and dun t aLlway. 'pecifl their
composition in very much detail. Still, a gen-
eral knowledge of cutting oils' compositions
and respective applications can give you a
better understanding of which tasks can use
the same oils and which ones are likely to
need different oils.

Bicycle frames, for the most part, are con-
structed with steel, although there are some

exotics made of aluminum, titanium, or com-
posites. Steel frames require the use of
sulfur-bearing oils. The high anti weld prop-
erties of these oils ma}e them ideal for to-
day's tough steel alloys. For steels with a
carbon content below 0.35 percent, such as
Re].nolds 531 and Columbus SL, the sultur
content should be fairly high (around one
percent). (This can be dificult to check di-
rectly, since oils are frequently not labeled
for sulfur content. However, any all-
petroleum-based low-speed cutting oil can
be assumed to be a high-sulfur type suitable
for low carbon steels. Frequently these
come in small cans, since they are typicaily
used Jor small jobs done by hand.) Oils for
this use should have no added animal or veg-
etable oils; these can adversely affect the
quality of the cut.

Viscosity

Steels vrith carbon content above 0.40
percent should have a lower sulfur content
and can include animal or vegetable oils. Re-
gardless of the carbon content of the steel,
the oils should not be too low in viscosity
since hand cutting is slow and good oil-to-
tool adhesion is important. A typical viscos-
ity appropnate to hand-cutting operalions i.
150 Saybolt Universal Seconds ("SSU").
(Extremely thin cutting oils are best used for
high-speed immersion bath operations, such
as those Iound in a machine shop.)

Since oil does not absorb the heat of
machine-cutting operations very well, some
cutting oils are used mixed with water. (The
temperature is then held at or below the
temperature of boiling water.) Oils for hand
cutting do not need water, however.

Aluminum has different qualities tom steel
and as such requires a different cutting oil. It
is recommended that the oil have a 15-20
percent mixtue of refned fatty oils. This
gives the high lubricity needed when cutting
metals such as aluminum or magnesium.
Again, the viscosity should be high enough to
maintain good oil-to-tool adhesion during the
cut, afld there is no need to add water to the
oil.

ln a perfect world, cutting oil would be
precisely formulated for a specific task, and
large scale users do in fact enjoy this luxury.
Because of the cost involved, this ideal is be-
yond the reach of the bicycle shop. Never-
theless, it is still important that the bicycle
technician pay attention to his choice of cut
ting oils and to the quality of the work they
do. This is the only way to ensure the long
life ofcutting tools. Remember these points:

l) Use a cutting oil that fulills your re-
quirements as dictated by the metal and the
cutting speed.

2) Use lots oi oil; an$8canof oil is much
cheaper than a $300 set of taps. It is impos
sible to hurt the tool by using too much oil.

3) Ahiays inspect your cutte^ for wear-
4) Keep the tools sharp. Dutl tools make

sloppy cuts and wear out faster than sharp
ones. Nevet force the tool. If it binds, stop
and 6nd out why.

5) If the cutti]lg oil starts to grow a mold,
get rid of it the mold will give the oil un-
known and possibly undesirable properties.
This mold could also ir:ritate your skin.

In an emergency when the appropriate
cutting oil is unavailable, you can use SAE 30
motor oil. The tools will wear faster, but not
as fast as if you used a chain lubicant or no
lubricant at all. If motor oil must be subst!
tuted, use lots of it more than you use if it
were cutting oil-and proceed very carefllly.
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Another
Three-Soeed Parts

Quirt<

Sheldon Brown and

John S. Allen

For more thaq eighty yeals, the Sturmey-
Archer tfuee-speed hub has had the well-
deserved reputation of being the lowest-
maintenance. rrost reliable bicycle gearing
system available. To maintain this reliability,
it has always been considered good practice
to use or y genuine Sturmey-Archer re-
placement parts. For instance, replacement
ade nuts aie available from a number of
manulactuers around the world. Almost all
of these imitations are made of mild steel. so
they will strip much more readily than the
genuine Sturmey-fuchers, which are hard-
ened, and made of unusually high-quality
steel.

It is easy to tell genuine Sturmey-Archer
parts ftom imitations, because the real ones
have the letters "SA" stamped into them.

Unfortunately, however, the quality of
some genuine Sturmey-Archer parts has
been downgraded in an effort to save manu-

facturiflg costs, and this is beginning to
present senlce problems.

A particular case in point is the part that
Sturmey-Archer calls an "indicator spindle"

- the small part with a length of chain that
connects the end of the contol cable to the
sliding clutch inside the hub.

Critical Curvature

The old-style indicator chains have a pitch
of about .161-inch, while the new ones use
longer links with a pitch of .221-inch. This
allows the part to be made with only 3rl,
Inks, instead of the previous 4rlz links. The
old-style chain was made with the inner fsin-
gle) plate twice as thick as each of the side
plates in each link. The new-style chain uses

the same thickness for both the inner and

outer plates.
The new chains are flimsiet due to tle

longet thi.ner, inner links. Nevertheless,
they can give satisfactory service, as long as
they are used vrith either genuifle Sturmey-
Archer axle nuts or good copies. The prob-
lem is that many of the replacement axle
nuts are not good copies! Some of the widely
distributed right-side axle nuts have a much
sharper cul:vature to the lip tlut the chain

runs against tlan the real tling. These have
worked okay with the old shorl linl chains.

but the long narrow inner lirdrs of the new
style chains can get hung up so tlat it may
not be possible to get all three gears!

(Iop) old-style short link chain.
(Bottom) New.style l0n0 link chain.

(Lett) Genuine Stumey-Archer. (Cente0

Go0d imilali0n. (Righl) Poor imitation,
Note the dillerence in curuature 0l the
poor imitation.

Latent Mismatch

The easy answer to this problem is to say
"Well, you should use ge[uine Sturmey-
Archer axle nutsl" This ignores the reality
of the situation. There are many thousaods
of bicycles on tle road right now with old-
style indicator chains that are working per-
fectly well with these inferior nuts. Wh€n
owners of these bicycles come into your
shop to replace a lost or damaged indicator
chain (far and away the most frequently te-
placed three-speed hub part) they will not be
happy if you sell them one that turns out not
to work with the axle nut that they have
been using for years.

The best way to prevent this problem is to
avoid stocking inJerior parts, whether they
come from Sturmey-Archer or any other
source. Shortlink indicator chains are still
available Irom otler manufucturem, so these
are the safest type to buy. When buying right
axle nuts, either buy genuine Sturmey-
Archer, or take a good look at tle curvature
inside the outer end.

Let us hope that Sturmey-Archer will soon
realize that this particular bit of corner cut-
ting was a mistake, and retum to their older,
higher standards!

Accoldi g to John Temtle ol T.L Shøner-Afther ol
Amerixa, thz St rmE-A/chet fadory sats thal the
i ditltor chain l;nks u)ere lefigthened to imlroue fue
shifiihe motion ol the chain (uhei it is used ur;th the
ge aine Stu.l ey-Archel nut). The:t acknovrledge

that the neu chain , nr be i tomlatible uth sar e

makes ol mtts, but do not feel that this corn atibilitr
shoud be Stu nq' Archer's reslansibilib.

DESIGN GRITERIA

Stress Raisers

in Bicycles

Gary Klein

Stress raisers lurk in many bicycle parts.
They can snap pedals and crack frames.
They weaken a part to a mere fraction of its
apparent strength and can drastically
shorten its liIe. What are they? They are
shapes - surface featues of the part itself
that concentrate force into small areas when
a load is applied. In these areas the stress
(force per unit area) can be seveEl times the
stress in nearby areas of the part. If failure
occurc in normal use it will almo$ always oc-
cur or at least begin at a stress raiser.

Typical stress-raising shapes are notches,
grooves, shouJders. and holes - anything
that causes a sudden decrease or increase n
the cross-sectiofl carrying the load. The se-
verity of the stress increase is shongly cor-
related with the sharpness of the concave
cu-rvature, but it also depends on other di-
mercional proportions and on the elastic and
plastic properties of the material used. Fa-
tiguet is the mode of failure rhat sress rais-
erc most strcngly affect - normal use is ex-
actly where they cause bouble.

How do stress raisers concentrate the
loading force? Not just by uniforrnly crowd-
ing it into a smaller cross-section - the ef-
fect can be much worse than that. They do
crowd the force by a bottleneck effect, but
the crowding is uneven; if a part Mrrows
abruptly, the load carried in the truncated
portion must quickly shift sideways into
some remaining portion, and it all lands on
lhe neårest adjaaenl part. Large forces in
this small aiea create high stresses.

In this article ['ll briefly discuss a few
parls of rhe bicycle lo illuslrale how design
affects the sfess raiser. The examples will
be pedal spindles, crank spindles, hub axles,
and two tame joints. These are by no means
the or y åreas where stress raisers are a

problem, but I chose them as illustrations.

Strain Lines

The contour lines in the drawings follow
regions of equal strain (sftetch or compres-
sion) in the material, and tlrc increments be-
tween lines are constant. Each set of parallel

contours aepresents a senes of zones of pro_

gressively higher strain. genera.lly increasing

lFatigue is lailltre caltsed 1» rurnj leletitiorls of a

stress lower tlun the fialerial's liell stress

I

13



from inside to outside; strains in different
places (or stresses, which vary correspond-
rngly) can be compared by comparing the
number of lines separating each area of inter-
est tom an unstressed a-rea.

The exact magnitude of stress at a sharf,-
bottomed recess is difficult to determine be-
cause the minute detail at the bottom can
make a difference, and because the behavior
of the particular metal becomes a large fac-
tor, modifying the value that geometry alone
vould predict. The colltouls shown here are
estimates based on photoelasticity studies2
of similar shapes.

One can also deduce some idea of magni-
tudes from the East Rochester pedals io the
example shown. Based on the material and
on how long the pedals last, I estimate that
the spindles fail from fatigue at a stress of
50,000 psi. Theoretical stress without the
stress-raising shoulder would be about
12,000 psi at the upper and lower sudaces
for a 400-pound sprinting force applied 2
inches out the spindle; thus the stress raiser

magnifes the stess about fourfold, accord-
ing to these estimates.

Rather than measure stress raisers,
though, I prefer to avoid them by proper de-
sign.

Sprndles

Pedal s?indles: The East Rochester pedal
(no longer made) has a severe stress laiser
designed into it at the shoulder $,here the
inboard bearing sits. Not surpdsingly, these
pedals have a high failure rate. I have seen
several brokefl ones and know of at least one
resulting accident. Ancieflt Campagnolo re-
lieved the potential stress raiser with a
smooth transition from spindle to bearing
cone surface and a reduced shalt section be-
tween bearing and crank. The rate of fatigue
failure on these is very low. Pedal shafts tlp-
ically fail during a sprint when the greatest
stress is applied. Unfortunately, this is the

worst time for sudden spindle failure, since it
often results in a bad spill and possible injury.

Bottom brachet stirrdlii These also need to
be carefirlly designed. A spindle with smp

ng gooves is not likely to be as strong as a
straight shaft eaen lhe sfi.allel diameter of
the snap dng groove. This is particularly
tIue if the snap ring is in the most highly
stressed portion of the shaft. Again the
skess ralse§ (the two shar:p corners at the
bottom of the goove) are amplifying the
skess many times at those points. Cracks
can form there and propagate though the
shaft.3 Rounding the bottom of the groove
can improve the durability dmmatically. Of
course, the least stressed design is still the
fIl-size shaft with no grooves.

Axles

Hub a*les: These are available in many
styles and confuurations, but tiey can be
classifed into three basic tlpes:

1. 10-mm hollow threaded axle (most
quick-release road hubs)

2. 10-mm solid threaded axle (fixed-gear
hubs)

3. 1/z-inch hollow tube (sealed-bearing-
type hubs)
For the 140-pound rider they typically all
work 6ne. Hea!ry dders tend to bend or
break the 10-mm hollow threaded axles.
These riders can develop chain tension of
half-a-ton in a sprint. During a sprint in a high

Photoelasw is a tachhi4ue thot htahes such con-
tours Åible bf using clear plastic models aøl stress
ing them uhila oboing then ia lolaized liglt.

3I h41)en\ achøltJ seen a lailurc ol this hind, but I
think the design ashs lor t/o ble.

B!th[ Srachl Spirdles undrr Eendillg L.åd

Pldal Splndl$ ul|del Erndlllc Load
smootr dhlr buliof nl stess
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gear, extra leverage is developed on the
right-hand bearing of the hub: the chain posi-
tion is much farther outboard than the bear-
ing. This leverage applies a large forward
force on the axle where it carries the right-
hand bearing. The 10-mm solid axle probably
could take this bending load if it were not
tkeaded; but the tlreads remove needed
material, and tlle base of each thread acts as

a stress raiser. The thtd tlpe of axle with
one plain hollow tube and sealed pre.ision
bearings seems to be the best solution for
the strong, heavy rider The larger shaft
gives more rigidity and stength with less
weight, and there are no threads to create
stress Eise§,

Frame Lugs

Frame lugs: A common type of frame fail-
ure occurs on the down tube at the lower
head tube lug. The desigfl and shape of the

lug points are important; if the point of the
lug is too thick, there is a stress concenka-
tion in the down tube. When the tube flexes
h normal use, the tip of the lug, being stiffet
does not. The down tube can crack or buckle
at lhis spot. Poor pracrjce is a lug poirrt twice
as 6ick as the tube wal-l, Good practice is a

tapered lug thickness, distdbuting stress
ever y through the lug and down tube. To
flex with the tube, the lug tip should be no
thicker than the tube wall, which is tlpically
I mm in the bulted section near the lug.

On some early protot,?es of tle Klein
frames, we had problems rvrth stress raisers
in the seat clamp assembly. We had uaderes-
timated the fatigue stress there. The seat
clamp slot was made with a slitting type of
mill, leaving sharp corners in the bottom of
the groove. To maLe matters worce, the
wall thickness of the seat tube was turned
dowo at this end to reduce tension on the
Campagnolo seat binder bolt. In tlle thinned
tube, the sharp cornerc developed cBcks
that would slowly work their way around tlrc

seat clamp. Present design, with which we
have had no problem, uses a longer slot with
a 1/a-inch diameter stress-relief hole at the
base. A 6-mm high-strength bolt clamps the

seat reliably, eliminating the need for tuning
down the tube wall. The stress misers are

greatly reduced.
Bicycle parts are typica.lly desiSned to be

just heary enough for the stress anticipated.

Stess rasers, by concefltrating that stress
in small areas, can drastically reduce the du-

rability and allow ear$ failure, with possible

accident and human injury. Designers and
manulacturers obviously should be aware of
stress ftrsers and should tjy to avoid tlem
or compensate for them; and most compo-
nents on tle market today are adequate for
average use or even rigorous use by a lighter
cyclist. But every dder, and especially the
stronger, heavier rider, should examine his
or her o\,Ln equipment, preferably before
buyinS il. to check its suitability for the in-
tended use.

Fr.ms Iubr a lrlls underBendlng Load

Be.r Hub a es under Bendiry Load (upptr hrlt)
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BOOK REVIEW

Fghwafuultu,r: Ear:ly

Bikes From a New
Perspective

David Gordon Wilson

Fahnadkultur 1:

Der Hahefunktum 1900

(The World of Bicycling at its Zenith

in 1900): by Hans-Erhard Lessing

(Rowolrlt Taschenbuch,

Hamburg, 0ct. 1982.)

This delighttul book can be enjoyed by all
bicyclists. The profuse and detailed illustra-
tions from the main body of the book, which
is 

^ 
repint of Das Rødfahreh utd Seine H!-

giene (tov,ghly "bicycling and health") of
1900, by Schiefferdecket professor of anat-
omy at Bonn, do not need an understanding
of German to be appreciated. Details of con-
struction of tires, chaifls, shaft drives,
strange linkages, brakes, and so forth are
presented the more clearly because the au-
thor was not an engineer. Accordingly, some
details that might have been edited out by a

fastidious engineer are preserved for our en-
lightenment aod enjoyment.

Budding invefltorc would do weil to look
though these pages as a start to a patent
search: I found several devices illustrated
here that have been re-invented receltly,
sometimes with less careful attention to de-
tail. Here, for instance, is a cyclist's foot
pump: I was thinking of designing one myself
until I saw that it had aheady been done.
There are some atrocious brakes and some
very good ones. The book is not comprehen-
sive. despire its almosr 600 pages: there is
almost nothing on change-gear systems, ex-
cept those for shaft-drive bicycles which
were produced briefly at that time by almost
every manufacturer.

As one would expect from an author who
was a medical doctor of anatomy. there is a
great deal on the construction of human
beings ald saddles. (There is even a quite
decent photograph of a nude man riding a
bicycle to illustrate a point about saddle con-
struction). Pedaling action and rudimentary
ergonomics get some attention. The author
freely gives considerable advice to women in

choosing their voluminous under- and over-
garments, including tight corsets and a dis-
abling system of wrapping the calves known,
when I was a British Army cadet, as "Put-
tees." The reprint part of tle book closes
with a professor o[ law (Schumacher) writing
on "the rights of bicyclists."

Hans-Erhard Lessing, professor of phys-
ics and physica] chemistry at Ulm, author of
Radfahlen in Del Stadt ("Blcycling n cit-
ies ) and Das Fahrradbuch ("The bicycling
book"), puts the historical book irl perspec-
tive with a 2s-page introduction covering tie
bicycle industry of those early days, indi-
vidual patterns of travel. the emancipation
of women, the influence on and of the
churches, and the status of technology.
Apart from the legal section on bicyclists'
rights, the main book and Lessing's intro-
duction are far ftom insulat there beifig con-
tinual refererces to and examples of U.S.
aod U.K. practice.

I heartily recommend it for education and
enjoyment.

Let Us Hear Subscribe Now to BIKE TECH...
Bicycling Møgazine's Newsktter for the Technicøl Enllusiast

ÅDDRESS

Send me one year
(6 issues) of BIKE TECH,
and bill me for just $ 1 1.!/. cIry

BTH"LE,,pH",* ztP _
Canadian orders add S3.00. Other foreign add S6.00.

We'd like Bi&e Tech fo sewe as an infor-
mation exchange a specific place where
bicycle investigators can follorv each other's
discoveries. We think an active network
served by a focused newsletter cafl stimulate
the field of bicycle science considerably.

To serve this fuction we need to hear
from people who've discovered things. We
know some of you already; iD fact some of
you wrote articles in this issue. But there's
always room for more - if you have done
research, or plan to do some, that you want
to share with the bicycle technical commu-
nity, please get in touch.
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