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IN THE LAB

Sffiess
Charæteristics of
Bicycle Wheels

Dan Priæ with futhur Aken

Dan Pice has been brilding uheels for the

last sir reørs, most recenllt in tfu shop of Ml
Jasjil Grewal of Sturpø S0otts, Ltd., Asre ,
Colorado. He built narr! of the uheek used b)
føsjit's son, Alzri Greual,;rN the 19æ ahd
1983 røcirg seasons. Tfu tesh reqoied here
ue/e lerforrfied at loøa Støte U ;ærsit!
(Arnes, Ioua) os fun of Dan's uorh for a
B.S. degree ifl Mechotical Eryirreerins, Dart
now uorhs os Product Design E qifirzr øt
Osmoniæ, Inc. (Min reto ho, Mixnæota).

Artlwr Ahers is Associale Pmlæsot of En-
gineetitg Scieflce a d Mechanics at loua
State Unioersitf, whare he Wciali.es in llibo-
log, fluid fower, øxd dcsigtt.

Figuru 2: The lilTs machlne (with radial
test lixture) showing coltrcl pansl, load
applicalion dcvics, and rscordsr.
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How does a wheel's spoking
pattern affect its stiftress? Dan
Price, wheelbuilder and
mechanical engineer, gives the
defnitive answer in this report on
his carefirlly-done laboratory
tests. In the accompanying
sidebar, we compare these test
results to theories published by
Jobst Brandt and Leonard
Goldberg.

SAFETI 7
Test Report on Bicycle Reflector
Performance: How well do
reflectors and reflective materials
work in the real world? The
Rodale Press Product Testing
Department measured tlle
detection distance of 13 common
reflectors, with truly eye-opening
results.

,0frs & oPtMtous 14
Pulse rate measurements may be
the weak point in attempts to
determine an optimum aerobic
cadence.

NEWSLINE 16
A new patent on bicycle frame
stiffness, and other developments
of interest.

COMING IN THE AUGUST ISSUE

The Browuing Automatic Bicycle llans-
mie€ion: How it works, and How it is made.

How does spoke pattern influence the
stitrress of spoked wheels? Specifcally, how
is stifftrcss in the torsional, lateral, and radial
directions affected by changes in the spoking
patter[? Do the various stiftEsses interact
with each other?

Stitrrcss is defned as the force required to
produce a given deflectjon. (The dire ions ol
the force and deflection must be specifed.)
Some writers on wheel buildirg suggest that
strergth, not stitrrcss, is the most impoltant
Factical property of a bicycle wheel. De-
spite this, many wheel builders often ques-
tion vhether certain spoking patterns pro-
duce greater e[ergy losses as a result of
wheel flexing. We wa[ted to answer tlese
questions in relation to building vrheels for
competitive use, especially in dew of the sur-
gising lack of empkical data on the subject.

We felt that simple
labontory tests would give the most

staightforward a$wers. Fortunately,
we have access to a precision ten-

sile testing machine, and a well-equipped
shop for frbricating test jiSs and 6xtures.
With these facilities, we tested wheels with
6ve different types of spoking patterN (ra-
dial through 4-cross) for torsional, lateral,



and radial stiftpss. The results genera-lly
confrm some long-standing articles of faith
of the wheel building trade. At the same
time, they raise certain questions about
wheel stilhess that builders should know
about.

The Wheels

All the tests used Eheels built with the
same materials, components, and spoke ten-
sion. The components are:

-hubs: 36-hole Normandy standard hi-
flange front hubs

-spokes: DT ls-gage (1.8 milimeter) 18/8
stainless steel straight-gauge spokes

-dms: AVA aluminum-alloy 700c tubular
rims (approx. weight 420 gm)

A spoke tensiometer was used to ensure an
average spoke tension of 136 lb, (605 New-
tons) in all the wheels. This standardiation
minimizes random errors h testing.

Five differently spoked wheels were built,
ushg a radial, one-, two-, three-, and four-
cross spoke pattern, vrith the patterns de-
firted as the ilumbe! of spokes crossed by a
single spoke as it goes from the hub to the
rim. On a[ wheels, a mirror-image spoke
pattern was used; the spoke interlacing oc-
curred at the crossing nearest to the rim.

To eliminate deflections caused by the ball
bearings and the axle, the bearings ard small
diameter tont axles were rcmoved and re-
placed witå a pair of hardened steel cones
mounted on a 3/8 inch Bendix coaster-bråke
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Figure 3: Torque slillness ol crossed vorsus Bdial spoldng. L = l6vor am dislance

axle (Figure 1). These cones were tightened
snugly into the hub shell. The assembly pro-
vided a way to support the wheel in a dgid
maffrcr so that the loads and deflections
measured were those related to the wheel
alone.

Te$ Fixtures

We were looking only at wheel stifhess,
so deflections of the wheel-holding fxtures
had to be eliminated. Accordingly, the test
apparatus was carefirlly designed and con-
structed of very stout materials. During
each test, deflections of the test apparatus
were measured and found to be negligible,
since the forces used in the stitrrcss tests
were much lower than those which would
have produced signifcant deflections in the
test apparatus itself.

The radia.l and lateral tests were both per-
formed with a Matelial Testing Systems
(MTS) electro-hydraulic testing machine in
the Mechanics Department lab at Iowa State
University (Figule 2). The MTS machine
consists of a large vertical jack operated by
an electro-hydraulic servo-valve and a hy-
draulic pump. Its greatest asset is its ability
to automatica.lly plot load and displacement in
an ana.log manner on an x-y flatbed plotter.

Torsional Stiftress

Torsional stiffness is defined as the torque
requted to produce unit angular rotation of
the hub with respect to the rim. For rear
wheels, greater to$ional stiftless rneans
that less "wind-up" of the hub occurs with a
given pedaling torque. Torsiona.l stifhess is
strongly influenced by the hub shell diameter
and the spoke pattern.

A larger hub shell diameter will Foduce a
torsionally stiffer wheel because it increases
the lever arm distance though which the
spokes act on the hub. With torque remain-
ing coNtant, spoke tension must necessarily
decrease, resulting in less elongation oI the
spokes.

The spokiry pattern has a much greater
effect on torsional stiffrress thaa does hub
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diameter. The reason is tlat small changes m
tie spoke's placement within the wheel have
a large effect on the lever-arm distance fL in
Figure 3) measured perpendicularly ftom the
spoke's line of action to the hub center.
Thus, 4-cross wheels (in which spokes are
tangent to hub in 36 spoke wheels) are ex-
pected to be very stiff in torsion, while 0-
cross wheels (radial spokes) should have al-
most zero torsional stiffness (since their
Iever-arm distance is, in theory, zero).

A consistent testing procedure was used
to measure the loads and arl8u.lar rotations
during each test. Each hub was securely
mounted ir the test fxture Gigure 4) with a
device to prevent it from rotating (Figure 5).
A precision dial indicator gauge was posi-
6oned to measure the amount of dm travel
tangential to the rim curvature (Figure 6).
All wheels were built and mounted in the fx-
ture so that the torque was transmitted
through ilside pulling spokes.

With the hub shell held stationary, torque
was applied to the rim by means of a cable.
The cable was fastened inside the valve stem
hole and then wmpped approimately one
full turn around the outside of the rim contifl-
uing vertically downward to the applied
weights. The weights were calibrated for
use as scale counterbalances. The radius to
the line of action of the cable and the radius
to the dial indicator were carefirlly measured
so that the angle of rotation of the rim could
be ca.lculated accurately. Loads varied from

Figule 4: Torslon tost appaElus.

Figure 5: Hub ancholage l0r thc tol§ion
stiflne$s lesls.

figurc 6: Meadur€menl ol tim r0tati0n in
toBion tesls.

zero to about 50 pounds, and were added
careflrlly to avoid dy,namic loading.

Measurements on the radial and one-cross
wheels were taken with a dia.l indicator which
could be read accurately to 1/1000 inch. For
the two-, three-, ald four-cross tests an in-
dicator accurate to 1/10,000 inch was used.

A plot of individual data points from the
torque test is sho$n in Figure 7. The points
lie along nearly straiSht lhes, as expected.
However, on the last tkee to 6ve data points
(with the greatest applied loads) creep was
observed, and thus the accuracy quoted
above was not achieved. Nevertheless the
ovelall error was estimated to be less than
1%o for all spoke patterns.

For each spoking pattern, the slope of its
line on the torque-vs.-rotation gaph (Figure
7) is its torsional stifhess. To obtain the best
estimate of this slope, we applied linear re-
gression analysis to the data points, exclud-

ing the first 6ve and last five points to elimi-
nate eEors that could result from these
potentially non-lineai regions. The results
are listed below. Note that the tangentially-
spoked wheel (4-cross) was about 23 times
stiffer torsionally than the radially-spoked
wheel. Also, note a significant progession of
increased torsional stifhess with ircreased
spoke crosses.

lBasursd Tolque Sf ifi nessr

Spokino ( -mrdco) tnch-lbrde0)

0X (radial) '16.14

lx 81.'t2
a 210.0
3X 319.'!
4X 373.3

tcon\ersion 
lactor lor torque stilfåess:

(Neuton-n/des) X 8.e508 = (inch-k/dec)

143
718

1859
2823
3304

Flgure 7: Torque vs. Anoular Dellection - Experimental Dah
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spoke forces in the wheel. For this reason,
excessively dished wheels (6- and 7-speed
rear n heels) have little strength from the
sprocket side of tie wheel. On the other
hand, a three-speed bicycle has the rim of
the wheel centered between the fanges,
therefore producing equal stiffiess on both
sides.

For the lateral tests. the wheels were
mounted h a fixture {,ith the hub securely
fastened ftom both sides (Figure 8), Loads
were applied by the MTS machine to a four-
inch arc on the side of the rim at a point lo-
cated halfuay between the va.lve stem and
the rim seam (Figure 9). The resulting force-
deflection curves for this test (Figure 10) are
nearly straight lines when lateral force is in
the range of 20 to 80 lb. We measured the
slope of these lines in this range, and report
the results as lateml stitrless:

Figulo 10: Laleral Force vs.
Delleclion - Comparison ol all
spokc paliem§

140

ltloasurcd Laloral Stillno#
Lateral Stiftress

Late.al stiftEss is defined as the sideways
force required to produce unit displacement
of the rim with respect to the hub. Lateral
deflection can account for some energy
losses dudng hard sprinting or hil climbing,
when the bike is being forced from side to
side.

Lateral stifhess is affected by the distance
between hub flanges, spoke tension, the
number of spokes, alld spoke gauge. The
distance ftom the flange to the centerline of
the rim is the most influential parameter be-
cause it determines the lateral component of

Figule 8: Lateral stillness tesl lixturc
(dlsasæmbled).

§poking (il/mm) lbrinch

0X (radial)

1X
2X
3X
4X

107.8 616
1'14.8 656
11'1.0 634
106.2 606't00.9 576

Note t-llat the wheels with shorter spokes
are slighdy stiffer than wheels wit-h longer
spokes, except for the radially spoked
wheel. This unexpected lovrer stiftrcss for
the radia.lly spoked wheel could be due to the
fact that tlle outermost crossing in the 1X to
4X spoke patterns is mterlaced. The irnplica-
tiorl is that interlacing of the spokes allows
loads to be distributed more uniforrdy dur-
ing severe wheel loading.

RadralStiftess

Radial stiffiess is the force requted to dis-
place the rim a given amount radially with re-
spect to the hub. This property determines
the amount of road shock that the wheel calr
absorb and is affected by the number, tlrick-
ness, and tension of the spokes.

Hub oange diameter also plays a role in

'zCotøersion lor talzløl afid radial st;lfuess:
(N/nø x 5.7100 = Ab/inch)

e<r 100

,E to
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5.02.0 3.0 4.0

Lateral def lection (mm)

L- (= 107.8 ,mm

Fi0ure 9: Latcral stillnsss tost llnule ln illT§ machlne.



wheel stifhess. European road racers usu-
ally employ small flange hubs for a smoother
ride on their traditionally rougher road sur-
fuces. For the repeated cornering and accel-
eration requirements of critedum and track
racing, large flange hubs provide greater lat-
eral and torsional stifhess.

For the tests. the wheels were mounted in
tlrc vertical test stand (Figure 11). A radial
force was applied to the lim through a Exture
which distributed the load over a four-inch
arc (Figure 12), since this approximates the
lengti of tte in contact with the load sur-
face. For all wheels tested, the load was ap-
plied halfuay between the valve stem hole
and the fim seam. The speed of the MTS
machi[e was set to produce a displacement
of 1.4 millimetersi minute. This slow loading
rate eliminated errors that dynamic loading
condiLions could creale. The force-de0ection
curves are plotted h Figure 13, and the
slopes tom the linear range (100 to 200 lb)
are as follows:

Measured Radial Stirlness'z

Spoking (NImm)

0X (radial)
'lx

2X
3X
4X

140

lx (=114.8 l,lrmm

3X (=106.2 /mm

Figure 11: Badial slifiness lest appantus.
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One would expect wheels with shorter
spokes (fener crosses) to be stiffer than
wheels with longer spokes, since long
spokes stretch more than short ones under
the same load. Our data generally follow this
pattern, except for the uexplainably low
stiftress of the lX wheel.

An interesting phenomenon happerc at
loads of about 400 to 500 pounds. The de-
llection curves are linear below this transi
tion region; their slopes then dedease, aod
ftom there they cootinue ratlrcr linearly. It's
plau§ble that this change in slope occurs be-
cause the tension in one or more spokes has
been reduced to zero by the load. If ne as-
sume that the load-affected zone spans four
spokes, tensioned to about 136 pounds each,
and ignore any stifftrcss contributed by the
rim, the wheel could theoretically support a
544-pound load with no spoke goiry slack.
This load is hirly close to the 400-500 lb.
transition zone seen in Figure 13.

Even more interesting is the stiflness
curve at extremely high loads (Figue 14, for
a 3X wheel). At about 8001b., a second tan-
sition zone is seen, and the stiftEss de-
creases even fi[ther. At this point, the stiff-
ness is only about one-tvelfth of its value
under light loads. It's possible that this is
due to further unloading of the downward
spokes with major redistribution of forces
tkough deformation of tlle !im. In aoy case,
the implication is that the wheel's respolse
to high shock loads (vibration and road im-
pact) is not a simple function of its resistance
to reladvely smal (and static) gravity loads.
Futher testing to vetily these ideas would
be valuable.

We draw the following overall conclusions
ftom these tests:

-The property most affected by spoking
pattern of a wheel is torsional st-iftrcss. In
compadson to the 4X wheel (which is stiff-
est, as expected), the 3X wheel is about
85 percent as stiff, whfle the radial wheel
is only 4 ærcent as stiff.

-Lateral stifttess is only slighdy affected by
spokiry pattern, with the shorter-spoked
(fewer cross) designs beiry up to 15 pe!-
cent stiffer than lolger-spoked ones.

-Radial stiftress shows a similar pattern as
lateral stifrness, but our data are some-
what irconclusive due to a low stifrrcss
measurement o[ tlle lX wheel.

-Radial stifftrcss decreases greatly at high
loads. Thus, the wheel's response to road
impact rnay be hard to predict tom the
steady-state properties tested here.

Flgur8 13: Badlal Force vs. Dsfl0ctlon . Gompadson 0l all 3p0k0 pattGros
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The test results of Price and Akers, ftom
the article above, can now be compared
against the calculations set forth by Jobst
Brmdt (m The Bictcle lØzel, 1983 revised
edition) and by Leonard Goldberg (in ?[e
Srohing Wo/A. The agreement, as you'll
see below, is notably poor in some areas,
and good in others. The bottom line of this
comparisol is that we now k[ow the limita-
tions of these two useful books a little better.

The table in this sidebar lists data on the
three varieties of wheel stiffrress (torsional,

lateral, and radial) ftom the three studies
mentioned above (Price/Akers, Brandt, and

Goldberg), for five spoking pattems (0-cross

though 4-cross). From Bftrdt's and Gold-
berg's books, I exracted whatever numeri-
cal data even remotely pertains to wheel
stiftrress. Their data is sparse, as seen by
gaps in the table. Bnodt does not actually
give numerical vaiues for stifhess, but in-
stead quotes forces and deflections, which
were mtioed and converted into customary
English units to obtaifl the stif&Ess numbers
in the table , Some data from both Brandt ard
Goldberg are from actual tests they per-
formed; these are identified in the table.

Wheels used in the tkee studies are of
similør, bu.t not identirar, construction. They
all have 36 straight-gauge spokes; Price's
ard Goldberg's were 1.8 mm in diameter (15

gauge), while Brandt's were 1.6 mm. Spoke

tensions were: 136 Ib. for Price, 100 lb. for
Coldberg, and unstated for Brandt. Price
and Bøndt used 700C tubular rims, while
Goldberg's rim was a 27-inch clincher. Hubs
were: high-fiange (63 mm effective diame-
ter) for Price and Goldberg, and small-flange
(39 mm) for Brandt.

Mrh all these differences in construction,
what can we possibly learn tom this com-
parison? Three patterns emerge after some
reflection:

-Brandt's calcøratrd stiffness values
agree well with the Price/Ake6 test results.

Example: for the 3-cross design, Brandt cal-
culates torsional stitrress in the 2100 in-lbi
deg range, vesus Price's measured 2823.
This is good agreement considering the dif-
ferences in wheel construction, and encour-
ages confdence in tle finite-elements com-
puter model used by Brandt.

-Brandt's or y ,neasured dala potnt Qat-
eral stifhess of 200 lb/inch for a 3-cross
wheel) seems curiously Ioø compared to
Price/Akers' results in the 500 lb/inch
range. This 3-to-1 discrepancy seems like
more than can be accounted for by the small-
flange/large-flange difference iII the wheel
constructions tested. Maybe Iateral stifhess
calls for more care in measurement than ei-
tler experimenter provided.

-All of Goldberg's ca.lculated values seem
too high , øJg;hiy by a lactor of two compared
to the Price/Akers tests. Still, Goldberg's
calculations show the "correct" patterns
(ie, more crosses mean Sreater torsional
stifhess, and less lateral stifftess). The or y
significant difference between Goldberg's
and Price's wheels was the type of rim
(clincher vs. tubular), and it is hard to be-
lieve that this could explain the colsistent 2-

to-l discrepancy in results, Moreover, Gold-
berg's one measureil data point (radial
stiftress on a 0-cross wheel) agrees very
well with the Price/Akers result for this
same spoke pattern.

This a.ll suggests that Goldberg's calcula-
tions contain a hidden assumption which arti-
ficially amplifies his stiffness values by
roughly a factor of two. In my opinion, the
likely culprit, which incidentally is clearly de-
scribed in his book, is Goldberg's use of
what he calls "effective elasticity of the hub/
spoke/dm combination." He uses this one
number in an attempt to Iump together all of
the complex deformations occurring in the
wheel tspoke stretch and rim bending being
primary). The problem seems to be in the
numerical value he assigns to this "con-
stånt." For reasons that aie unclear. he uses
a value that is lazce as large as what he mea-
sured h tests he performed. Had he used his
smaller, measured value, all his calculated
results would agree much better with the
Price/Alcrs data.

-Bob Flaue/

What factors influence how well bicyclists
can be seen by motorists at night? Can re-
flectors or reflective materials, properly uti-
lized, ensure safety to nighttime riders? ln
this article we explain how reflectors work,
and describe some common reflector prod-
ucts for bicycles. Finally, we take you
through the procedure we employed to test
13 different reflective "treatments" under
actual nighttime conditions using real people

as perceptual observers. While we can't
claim to have found the 6nal answer, our
results should be of certain interest to any-
one who ventures out to share the road witi
automobiles at ni8ht.

Visibility at Night

Recent statistics compiled by the Fata.l Ac-
cident Reporting System (FARS) of the Na-
liona.l Highway Tralfc SaIety Administration
show that, even though the total number of
bicyclists killed in tralfic accidents has de-

creased in recent yea$, the Peftentage ot
those fatalities occurring at night has in-
c/eøsed. 1982 statistics present the most
dramatic results when nighttime fatalities
were 42 percent of the total; and this, de-
spite the fact that only a small part of all cy-
cling is done after dark (four percent by one
account).

One rhing seems certain- these nighttime
cyclists are not being seen by motorists as
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well as they could be. Greate! voluntaty use
oI reflectors and/or lights to render the cy-
clist more visible could improve this situation
sigfficanuy.

Actually, for a bicycle to be lisible to a
nighttime motorist is not enough. That is just
the beginning of the perceptual response
process that an observet undergoes in more
or less automatically in the following summa-
rized steps:

1. Detection-This corresponds to the
6rst visual sensation tlat an object is present
in the (ddver's) 6eld of view. Perceptual
tests that measure pure detection (when an
obiect just becomes visible) are called
"threshold detection" tests.

2. Becognition-In this phase the ob-
server se[ses and processes more informa-
tion about the object. It is identifed as an
object familiar to the observet and to the
context it is detected in (e.9., a bicycle or
pedestlia[ or the side of a roadway). Also
importart in recogition is information about
the losrhbz and relative motian olttrc object.
How far away is it \4,hen detected, and is it
stationary or moving? Is it coming toward or
going away from the observer and how fast?

3. Decisioo-Having detected and recog-
nized an object, an observer (driver) must
decide on appropriate action, such as making
coEective maneuvers to avoid striking the
object as it is overtaken (or perhaps that no
changes in heading are required).

4. Action-Here the decision is put into
effect, The steerilg wheel is turned, the
brakes are applied and tle mechanical sys-
tems of the car follow through with the
avoidance maneuvers.

Naturally, the above sequence of events is
carried out in reality by complex visual, men-
tal, and physical (perhaps even emotional
and subconscious) responses. They may
take place in an instant if an impending colli-
sion is obseoed, or over a longer pedod of
time if detection comlortably precedes the
necessity for action, In any case, this se-
quence of eyents elicits a new found respect
for the concept of nadion time learned tt
high school driver education class.

ConsPicltit! is the term given to the collec-
tion of attributes displayed by an object
which render it detectable ard recognizable
to an observer. Putting a renector on a bicy-
cle, for example, males it more conspic-
uous-increases its conspicuity to a motorist
in righttime riding coDditions. The coirspicu-
ity of reflectoB or lights depends upon a
number of factors which can be optimized
when considerhg how they might be de-
signed and deployed:

-Intensit! 
(glaritty of reflected light)

-Sizø of the reflector surface area

-Col.or of the rellector (red, white, am-
ber, clear)

-Distribution of available reflected light
acloss all possible viewing angles

-Shafu tues-Tl\s refers to the intrinsi.
shape-often the perimeter outline-of an
object that renders it partly or wholly recog-
nizable because of learned association among

the majority ofpeople. This can be the result
of an histo cal familiarity-as with, say, the
placement of headlights o[ a car, which are
positioned to illuminate the road, but also act
to inform observers that "a car is coming. "
Shape cues can also be intentionally designed
and deployed such as the universal red trian
gular reflector that indicates "slow moving
vehicle." Presenfly no active bicycle taillight
systems employ distinct shape cues, and in
any case. no universal symbolism for "biry-
cle" exists. This is probably one of the most
fruitful areas of development of increased
conspicuity.

Perceptual experiments have shown that
to attmct the attention of a driver who is not
anticipating the presence of an object, its
brightness must be up to 1000 times greater
than that the driver could perceive if his eyes
were fully adapted to darkness on a dark
night in ideal weather. In other words, to be
recognized a light must be ,n ch bligltet
than the surroundings. Additionally, there
are many things that comper e with a conspic-
uous object for a motorist's attention: bad
weatler, dLty windshields, glare and reflec-
tions from lights from signs, other cars,
streetlights, poor vision, fatigue, drug and
alcohol effects, and other factoF tlat detract
from driver alertness.

Even the best leflectors render a bicyclist
at the mercy of tle motorist. If a car's head-
lights are misaimed, covered vith dirt, or
worse, if the left headlight is burned out, the
leflectors may not return enough light to the
ddver to assure adequate conspicuity.

Furthermore, nighttime eye fixation stud-
ies' have shown that the initial detection of a
bicyclist on the road ahead will most likely
occur with the driver's peith?tal vision
ralhet lhal].}l-Js looeal (straight ahead) vision.
Experimeds indicate that tåe amount of light
necessary for thieshold detection inqeases
with increasing distance away from foveal vi-
sion (both left and right aad up and down), At
just 10 degrees left in the periphery, for ex-
ample, the illumination detection thresholds
(in a particular experiment) were 2 to 40
times higher than in the fovea, for highly
alerted drivers with no other distracting
tasks. A high visual workload and informa-
tion processing level. as for example driving
on a busy street iD bad weather, further de-
tracts from peripheral detection capabilities.
This information shongly supports the ne-
cessity for adequate bicycle reflecror equip-
ment,

A reflector is a qossioe lighting device-
reflecting the light from an overtaking car's
headlights back in the direction of the driver,
brightly signaling the presence of a bicycle
ahead sooner than would be the case without
a specia.l reflective treatment.'

While all materials, surfaces artd colors re-
flect light to varying degrees, a rcflectioe
teatment or device optimizes the reflective
effect. Ordinary dark surfaces may reflect as
little as 10 percent of incident light. Reflex
reflectors may provide up to 1,000 times
more light h tåe direction of the source thar

difrrsing surfaces. A reflector "borrovs" in-
cident light so that, in effect, it becomes a
(secondary) light source.

The kinds of reflectols we're interested in
ue called rellea reflectols or sometimes /urlo
rellectors. Tl]r]ise tetms refe! to a class of re-
flectors that always reflects an incident light
beam back along the angular direction it
came ftom. into the area very near the origi-
nal [ght source (Figure 1). In contrast, most
ordinary surfaces display either specdar re-
flection (a "shiny" appearance), or diffuse
reflection (a dull" appearance), depending
on the shape, smoothness and other specifc
material properties .

Reflex rellections can be constructed in
basically two different ways:. Cube corner reflectors operate by re-
flecthg light off three mutually peryendicular
plane surfaces, which has the effect of re-
turning tie incident light toward its source.
The three plane surfaces seem to form one
corner of a cube (Fig.lA). In practice, many
small three-dimensional "cube corners" are
nested together, side-by-side in a continuous

I

I

Figur€ la: LigIt oath in a single element 0t
a cube-comer rellec{or.

Figure 1b: Single element ol hall-sitvered
glass bead rclleclor.

'The ledørallr-fundzd NHTSA relort on refiecto/s
(see F?bntt t 1985 Btke Tech) reco rnerrdad tltat
.fclb§ aluaJs use an "actioe soufte ' ol light ifi
ø(Uition to ftturlo^



t,

pattern over the surface of a reflector-each
tiny "cube corner" reflecting light back
along the incident path. Cube corners are
used in the familiar rigid molded plastic re-
Ilectors in red, amber or clear colors, that
are used on motor vehicles, bicycles, road
sig§, et cetera. They can be made cheaply
in practically any shape and size.

. Imageforming reflex reflectors gen-
erally consist of a lens and a reflecting sur-
face working together. Light from a distant
source is reftacted by the lens, which forms
an image at the focal surface. This light is
reflected back tkough the lens aloog a path
approximately parallel to tlle entrance path
and therefore returns light to the source
(Fig. 18 ). In practice, these lens elements
are usually made of tiny half-silvered glass

beads. The beads are embedded in a binder
or base matedal and often covered with a

Lransparent 6lm to exclude dLt and mois-
ture. This technology lends itself to produc-
ing sheets of material which display the ret-
loreflective property over thei! entire
surface. These "extended surface" sheets
aan be made very flexible or rigid, depending
on the intended end use.

The performance of reflectorc depeods on
obvious hctors such as their size, shape,
color, rvhether they are wet or dry, and

whether they are clean or encrusted witl
dirt. In addition, the following tro puely op-
tical factors affect the reflector's perfor-
mance:

-spatial distribution of reflected light:
some reflectors concentrate most of the re-
turned light within a small angular distribu-
tion (a flat mirror is the most exteme exam-
ple of this), while other types of reflectorc
spread the returned light over a wide angular
distdbution.

-dependence on entlance angle: "En-
tance angle" is defined as the angle be-
tween an entedng light ray alld a line that is
perpendicular to the reflector's surface (thus

an entrance angle oI 0 degrees means that
the re0eclor is "lined up" wilh lhe incoming
light beam). At large entrance angles,
beaded reflectors generally perform well,
while cube corner reflectors perform poorly.
But at small efltlance angles (i.e., with a

nearly "head on" light beam) cube corner
reflectors are supenor to the beaded type.

Standardized tests for leflectors used on

automobiles, trucks, and traffc signa.ls were
developed long ago, and were refined over
the yeais. Recently, some of these stan-
dards were expanded to cover bicycle reflec-
tors. The most important oI them are:

-Society of Automotive Engineers (SAE)

Stadard J594-f

-Interrutional Standards Organization
0SO) Standard DIS 6742lll

-Consumer Products SaJety Commission
(CPSC) Standard 1512.16

-US Federat Standard LS-300-C

-Federal Test Method #370

-Fedenl Motor Vehicle Standard 1108

-California Highway Patrol Title 13, tuti-
cle 14.

t
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Figurc 2: Photomel c test geomelry.

lil oI tl€se are fhotornerlr'. tests; that is ,they
measure only tle intensity of the reflected
light under specified conditions of illumina-
tion ard spatial positioning. The tests p!o-
ceed somewhat as follo{,s:

The reflector or reflective materia.l is posi-
tioned caJefully in a test fixture while inci-
dent light of known irtensity and quality is
shined on the reflector. The resulting inten-
sity of reflected light is then accurately mea-
sured at several specific angular positions
relative to the plane of the reflector.

The two most important terms defining
tle geometry at the test layout (Fig. 2) are:
tlæ efitrafie afiAle, which was defined above
as tle angle fqrmed between the incident
light beam and; line normal tperpendicular)
to the plane of the reflector; and the obseraa-
tb, dngl, which is the angle between the in-
cident light beam and the reflected light
beam at the observation position (whether
the observer is a human eye or a photomet-

ric sensor),
The various stafldards commonly ca]l for

photometric readings at observation angles
of 0,2 degees and 1.5 degrees, and en-
rance angles of 0 degrees. plus and minus
10 degrees vertical and horizontal, plus and

minus 20 degrees vertical and horizontal,
and other larger angles.

Because the rellected f4ft intensity is a

tunction oI incident light intensity (remem-
ber, reflectors don't generate any light of
their own), both these quantities must be
specified in reflectivity performance ratings.
The common unit of reflectivity is candela
per incident footcandle (c/0. If the reflector
is an extended surface sheet, ol if reflectors
of signifcantly different sizes ar:e being eval-
ratcd, the alea of the rellector must be in-
cluded in tlle performance nting. Here the
common unit is candela per incident footcan-
dle per square foot of reflector area (c/flftl.
The issue of photometric units and the differ-
ence between point light sources and area
light sources (as a function of observation
distarce, reflector size and backgound illu-
mination) is rather complex. Reflector Ar,alJ-
srs (Ref. 7 ) includes a good discussion of
this subject.

Some typical reflectivity values for com-
mon reflective materials are:

Highway Sign 70 cllllt'!
3liscoich rer#8910 450 c/f/ft'
Reflexite 2fi cltltt
White Sheet 0.9 clt/ft'



dummy simulates rcar vicw 0l Glclist

beam

blades lor mounting

Figure 3: Test bicycle, rider, and dummy used lol mounting lelleclor tEatmcn§. Dummy
uoars: lanry bumpel, sahly vest, Scotchlite lilm on black shirl, Scotchlite lilm on Gore.Tex

iaclet. Ridel weaB: lellectiye lapc on helmel, rcflectivc leg bands. Mounted on bile: cute-
comer relleclor§, pedal rellocto]s, spole rcflectors, Scotchlite sheel0n simulaled lort hlades.

The reflecto! standards listed above were
established plimarily to assist various gov-
erffnent agencies in regulating the t}?e of
reflectors that could legally be used on the
highway. Photometdc tests alone, however,
do not directly address the question of how a
reflector actually performs h the real world,
where conditions cannot be so strictly con-
trolled as in a laboratory, ard where the sub-
jective lactors of humao perception and judg-
ment come into play.

Furthermore, the minimum photometric
values called out in the standards, as well as
the mirimal number of angular pnsitions foi
the measuements, have been criticized as
inadequate fol safety. In fact, these stan-
dards rnay represent a performance level far
below the state of the art capability of reflex
reflector manufacturing technology. For all
the above reasons, we decided to forego
photometric tests of reflectors, and concen-
trate instead on perceptual field tests. But
first a description of reflective products
made specifcally for bicyclists is in order
(See also Fisue 5).

Rigid Plastic Reflectors

Ttre clear ønd æd comzr be reflzctols vte
tested are t,?ical of those installed on new
bicycles by the manufacturer. A clear reflec-
tor is usually installed on the ftont of the bike
(hcing forward), and the red is installed on
the rear (facing backward). These reflectors

are available in a variety of shapes: circular,
rectangle, shield shape, etc. The rct reflec-
tive area is generally about 4 to 6 in.? The
actual reflective surhce of these reflectors is
divided into three adjacent plales-the cen-
ter plane (the largest surface which faces di-
rectly backward or forward, depending on
where it is mounted), and the two side
planes (surhces that are canted at a shallow
angle, one left and one right, ftom the center
plane) . This confguration was devised to en-
able these corner cube reflectors to meet
the requirements of the CPSC reflector
standard, which specifes performance val-
ues at relatively wide entrance angles,

The snall antbel comzl c be bedal reflec-
,o/s are of conveotional, size (2112 X 5.8")
afld are designed to be mounted on t]e lead-
ing edge and trailing edge of each pedal.
Their pedormance is enhanced by their os-
cillating motion during pedaling.

The eight additional products we tested
are all based on the following two reflective
sheet mate als.

Scotchlite'

Scotchlitz, by tll,e 3M Compary, is a glass
bead, exposed lens, wide angle retroreflec-
tive sheet. It is made in several forms and
cobrs. ln reflectioe /aåøas, the tiny glass

tscotct_j|i]i/c 
is a reCisteftd tmd?math ol SM Codo-
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spheres are bonded to the surface of a dura-
ble cloth backing, and the fabric is usua.lly
sewn onto garments as trim strips. In ielec-
tiue transfel filnts, the glass beads are
borded to a film coated witll heat-actvated
adhesive. The reflective surface is protected
by a paper or plastic carrier which facilitates
handling and application. A removable plastic
liner protects the adhesive on the back of the
film, The filrns can be applied using a conven-
tional hand iron.

The fabric and transfer 6lms appear bril-
liant silver-white when viewed by reflected
light at night, and remain higl y reflective
when viewed at wide entrance angles
(though rellectivity necessarily tapers off as
entrance angle increases). The fabric and
t.ansfer 6lm versions of Scotchlite are dis-
tributed by the Safety and Secu ty Systems
Division of the 3M Company.

Scotchlite is also available in the form of
flexible plastic sheeting with a Eessure sen-
sitive adhesive backiry. This rnaterial, dis-
tributed by the Traffic Control Divisiorl of tåe
3M Company, is designed for vehicle mark-
ings. roadsigns, etc. The reflefiive perfor-
mance is similar to that of the Scotcl ite fab-
rics and films.

Scotchlite was used in four of the reflec-
tive products in our perceptual test:

-Glo-Wheel Spoke Reflectors have a

tough, Scotchlite 6lm outer surface.

-3M Scotchlite /8170 Bright Silver Reflec-
tive Transfer Film was applied to al ordinary
black long-slebved T-shtt. We purposely de-
signed this to represent a, arimum reason-
abl.e tledt .ext, by applying a strip of one inch
wide filrn in a "X" shaped pattern across the
back and a horizontal strip at the shoulders
and the waist, plus a strip applied to each
arm. #8710 film is "elastomeric"-it
stretches with the movements of the
wearel.

-A minim*m ttvical treatmznt was reprc-
sented by a commercially available Gore-Tex
jacket which included a wide horizo al strip
of 3M Scotchlite #8710 Fabric across the
back at about armpit height.

-To test tle use of Scotchlite on the bicy-
cle itselJ, 1a,e made a fxture to simulate the
two seat stays of a bicycle as seen tom the
rear (Fig. q). To each slanted, vertical stay
we applied 3M #580-10 white reflective
sheeting.

Reflexite'

Reflexite is a proprietary material which
contains reflective elements of tiny plastic
cube corner prisms (like the glass beads, but
cubic instead of spherical) which are inte-
grally molded into a llV-stabilized vinyl film
backing. This material can be plain or adhe-
sive backed. semi-rigid or flexible. and is
available in several standard colors. The
product seems strong, durable, and impact
resistant. It exhibits a smooth outer suiface
which (according to the manufacturer)
makes it easy to clean, has good ,neather-



ability, alld helps maintain a high level of re-
0ectivity when wet. Reflexite was used in

the following products in ou! test:

-Reflective Helmet and Bike Tape is a set
of adhesive-backed, stick-on shapes pre-cut
tom a Reflexite flexible sheet. For the per-
ceptual test, these Reflexite "stickels"
were applied to a bike helmet worn by tle
test dder, with the majority of the total re-
flective area toward the to(It of the helmet
facing the light source.

Reflective Cyclist's SaIety Vest is made
of light, flexible nylon mesh trimmed with a
substantial amount of Refleite strips front
ald rear. The vest is put on over the head
(ike a poncho) and fastens at the sides with
Velcro stlaps.

-Reflective Iæg Bands are felt-lined, flex-
ible straps, covered with Reflexite, to be
worn encircling the ankle and fastened by
Velcro, The leg bands double as trouser pro-
tectorc.

-Farmy Bumpe! is a large triangular piece
of perforated nylon fabric with a wide Reflex-
ite strip around its perimeter. The fanny
bumper is tied around the cyclist's waist
with a cord, and is meant to be positioned
low on the rider's back, so it presents a

nea y vertical orientation.
We also tested two of the reflective prod-

ucts under modifcations. Extra trials of tlre
Scotchlite on black shit treatment ard tlrc
FaJmy Bumper (Reflexite) treatment were
run in which they were sprayed with water
before the obseffation. There was a total,
tien, of 13 reflective treatments evaluated in
the perceptual test.

'ReÅexite is o raglstereil hadama* of Reflexite Cor'

boløtior..

Perceptual Field Testing

Our perceptual 6eld tests were designed
to measue actual human responses to differ-
ent reflectoG i[ a realistic setting.

In an effort to keep the tests otl a manage-
able level, we restricted the number of vari-
ables tested to tie minimum needed to prc
vide a valid comparison. The independent
variable is the presentation of the different
reflective treatments mounted on a bicycle
or rider in a way that simulates the typical
use of the reflectors in rea.l life. The re-
sponse is the visual threshold detection of
the reflectors by observers. This approach
erubles direct comparison of all types of re-
flective treatments, automatically encom-
passing the effects of size, color. mounring
position and motion (or lack of motion) on
visibility.

We ran tJrc perceptual tests on a 1,500 foot
staight and level section of isolated roadway
(Fig. 4)'. Tfuee observers were seated in a

stationary car at one end of the roadway, Re-
flector treatrnents were mounted one at a
time to a bicycle and/or rider (Fig. 3) which
then moved slowly towards the obsefter car
from the opposite end of the roadway. The
test techdcians communicated by portable
wathe-talkie radios. The car's headlights
were adjusted to conJorm to Pennsylvania
Motor Vehicle Code standards, and were
turned on low beam throughout the test.
The three observers, seated in tle tont
seat, were ins[ucted to simal when their vi-

sThanhs to Mr Rithard Gibso» of tha Maah Ir1lth
Engineein( Deælal altt and Test Cmter, Nlen'
totol, PA, fol $e ol the roaduøt test fac.ili».

sua.l sighting of the reflector was quite cel-
tåin. Written instructions were issued to the
observers outlining the criteria fo! visual de-
tection.

During a test run, the bicycle slowly ap-
proached the car until each obserye!, in turn,
signaled thet observation by hand signals to
a worker in the car's back seat. This wolker
relayed the signals to arcther worker out-
side the car by way of a small light mourted
on the top of the car. The light could be
blinked on by a hand held switch operated by
the §rst worker inside the car. The second
worke! relayed this signal, via walkie-talkie
to tlle rider on tlle bicycle. Each time the
rider received a signal, he recorded the dis-
tance ffaveled (for that run) from a small ac-

cunte on-boar:d counter driven by wheel
revolutions of the bicycle. Calculations were
made later to frgule the true detection dis-
tances.

Two complete trials of each of tlrc thirteen
reflector treatments were completed on
each of two consecutive nights, utilizing the
same three observers fot all the trials. Thus,
a total of 156 separate observations were re-
corded.

We took considerable pains to have the re-
flective treatments presented to the observ-
ers as they would appear when the car is
overtaking the bike ftom behind. The corner
cube reflectols, the Scotchlite on simulated
seat stays, the pedal reflectors, spoke re-
flectors, helmet tape and leg bands were all
moulted in the usual mame!, vdth the actual
front vieved observation simulating a rear
viewed observation fairly accumtely. Other
reflective tleatrnents normally wom by the
rider were positioned to simulate the partic-
ular height and angle of the rider's torso as it
appears to an overtaking car from behind, To

obse el§ in slationary car wilh headligl s 0n

Figure 4: Plan view ol lield test site.

test bicyclG with relleciol heatmenls
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Pcloeptual TsstSlzo and Dssc ption Cosl

1. Clear

Comer-Cube

Rellector
(From Kit #800NS)

sate Lite Mfq. co.
622G30 Gross Pt. Rd.

Niles, lL 60648

Conventional 3-sided, lront mounted reflector, approx. 4 inr, $.50-1,00
nearly rectanoular shape. each

2. Red Comer cube

Reflector
(From Kit #800NS)

Same as l. Conventional 3-sided rear mounted reflector, approx. 4 inr.
Nearly rectangular shape.

$.5G1.00
each

990

3. Two small amber

corner cube ref lectors,
p€dal mounted.

Model #RR-0217-EZ-'lA

Cat Eye brand, made in

Japan, distributed by:

West Coast Cycle

8631 Hayden Place

Culver City, CA 90230

Coflventional pedal-mounted, molded plastic reflectors (2 on $2.50-4.00
each pedal) approx. 1.5 inr. Rectangular shape. Package of per package

lour for 2 pedals.

815

4. Glo-Wheel

Spoke Reflector
(Scotchlite)

Cycle Components

P0. Box 4363

Fullenon, CA 92634

Small, llexible, cylindrical, "Scotchlite" covered rellectors
rL" diameter x 21s" long. Slit lengthwise to fit over
spoke. PkO. of 8 for two wheels.

$3.98/pkq. 560

5. Reflective Helmet and

Bike Tape

Item #2007-HBT
(Reflexite)

Bike-A-Lite

Box 125

Silver Lake, NH 03875

Adhesive backed, stick-on shapes, includes circles,
rectangles, and trianoles, approx. 36 in, total area.

Applied to helmet for our test.

$2.4s/pkq.

6. Reflective Cyclist's
Safety Vest

Item #2002-CSB
(Reflexite)

Same as 5. Flexible lluorescent oranoe mesh vest with 2 full lenoth
Reflexite sirips (1 inch wide) vertically front and rear, and
one full width Reflexite strip horizontally rear (11/, inch
wide). Approx. 82 linear inches Reflexite.

$9.95 369

7. Reflexite Leg Bands (2) Same as 5.
Item #2006-LB1

(Reflexite)

Flexible bånd of feltlined Reflexite, 11/r' wide x 14" long.
T0 be strapped around ankle and fastened with Velcro. Sold
one per pkg.

$2.29
each

477

8. Fanny Bumper

Rellexite
F. L Action

824 S. Remington Rd.

Columbus, 0H 43209

Fluorescent orange polyurethane coated, perforated nylon $4.50
labric in triangular shape (13 incheyside) with one inch wide each
Reflexite border. Enamel coated spring steel stitleners on
two sides.

8S0

9. Scotchlite Refl ective
Transfer Film on

Elack Shirt
(Maximum Treatment)

Salely and Security

Systems Divisioln/3M

223-3N 3M Center

St. Paul, MN 55144

3M Scotchlite #8710 bright sitver reftective transter fitm 1,, $27.10 per

wide. Approx. 70 linear inches applied to back ol shirt and 50 yd. roll,
18 linear inches applied t0 each sleeve of shin. 1 inch wide.

8m

'10. Scotchlite Beflective

Transfer Film on

Gore-Tex Jacket
(Minimum Trealment)

Perf ormance Bicycle Shop

P 0. Box 2741

Chapel Hill, NC 27514

"Performance" Gore-Tex rain jacket with one horizontal
Scotchlite #8910 silver fabric strip; 3/4 inches wide x '19

inches lono across back.

$94.95
(Jacket)

661

11. Scotchlite Reftective

Sheeling, 1' Wide on

Seat Stays

Traffic Control oivision/3M
223 3M Center

St. Paul, MN 55144

3M Scotchlite #58G10 white rellective sheeting, 1,,wide,
adhesive backed, pressure sensitive application. Approx.
17 linear inches (total) applied to simulated seal stays.

$23.'10 per

50 yd. roll,

1" wide.

617

12. Fanny Bumper
(wet)

(Reflexite)

Same as 8, Same as Fanny Bumper described aboye; water sprayed on
reflective surlace betore tesl trial.

796

13. Scotchlils Reflectlve Same æ 9.
Transrer Film on Black

Shirt (wet)

Same as Scotchlite Transler Film described above: wator
sprayed on reflective surface belore test t al.

839
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accomplish this, we constructed a life-søe
dummy (head, torso and hips) which we
mounted on the front of the bicycle, v/ith its
back facing forward (see Figure 3). This al-
lowed the bicycle to be pedaled forward (a

real convenience for the human rider) while
presenting a realistic simulation of a rider's
backside to the observers. The dummy was
covered with black cloth and the human rider
wore dark clothing. A geneml effort was
made to ensure that no stray light from ran-
dom reflections or other sources would lead
to errofleous observations. The "wet" Re-
flexite and Scotchlite trials were accom-
plished by spraying the treatments, as
mounted on the dummy, with a water spray
bottle immediately before the rider began
these test runs. The order of all tle treat-
ments was randomized by drawing from a
deck of shuffled playing cards.

Te$ Sconng and Results

Each reflective treatment received a total
of twelve responses (four trials for each ol
three observers). The arithmetic means of
thc 12 responses represent the detection
distance scores (in feet) for the treatments,
and are listed in Figure 5 .

The best reflective treatment in this test
was the cleal corner-cube reflector, with a

detection distance of 1264 feet. while the
least effective treatment was the cyclist's
safety vest, with a detection distance of 369
feet.

A statistical ana.lysis of variance was per-
formed to obtain a measure of signiicance
for the differences between treatment
means: Any two treatments differing by
more than 151 feet are found to be significant
at the 90% confidence level, In other words.
if two detection distance scores differ by
more than 151 feet, we can be 9070 certain
that the diflerence is because one reflector
really is better than the other one. If the
scores differ by less than 151 feet, we can-
not tell whether tie difference is due to ran-
dom variations in the test trials or due to
true perforrnance differences in the reflec-
tors. Thus, if two reflectors differ in detec-
tion score by less than 151 feet, additiona.l
tesr trials would be needed to determine
which one is "really better."

To put tlle data of Figure 5 into context,
note that an automobile moving at 55 mph
will travel 550 feet fiom the instant that a

danger signal appears to the driver to tle
poiflt where the vehicle comes to a stop. It is
true that, in many situations, a motorist
overtaking a cyclist does not need to stop,
but can tale other evasive actions tswerving
to the left, slouring down). Nevertheless, it
is not reassuring to find that the detection
distances for many of the reflective treat-
ments we tested are less than, or roughly
the same as, the motorist's stopping dis-
tance from 55 mph.

The test results show that some reflector
treatments are clearlv more effective than

others. The standard clear aIld red corner
cube reflectors were the best performers.
The Scotchlite on black shirt (maximum
treatment) and Scotchlite on Gore-Tex
jacket (minimum treatment) show a differ-
ence that is just on the border of the signif-
cant difference range-the maximum treat-
ment is probably a better performer but not
overwhelmingly so.

The test failed to show a signifcant differ-
ence between dry and wet treatments with
the Fanny Bumper (Reflexite) and the
Scotchlite on black shirt. We did not monitor
the "wetness" of the treatments: it is en-
tirely possible that the water film evaporated
to some degree by the time tley were de-
tected by rhe observers. Therefore. the in-
formation given by our "wet" trials is incon-
clusive.

We believe that a generalization can be
draun about performance relative to the lo-
cation of the reflective treatments on the bi-
cy.le. Treatments appear to be less effective
if they aie mounted higher on the bike or
rider, or if tley are slaated at an angle from
the vertical. The helmet tape, which is lo-
cated at the highest possible position, per-
formed poorly. The reflective cyclist's
safety vest (which we expected to perform
well) performed poorly, presumably because
it is located fairly high and because it was
oriented at a 45 deglee angle from the verti-
cal (just as it would be on the back of a rider
bent over the handlebars); the larger en-
trance a[gle undoubtedly contributed to the
poor performance. [n contrast, the Fanny
Bumper performed well because it was lo-
cated lower afld was oriented in a more
rcarly vertical position. Moral: mount reflec-
tive treatments as low as possible and don't
slant them any more than necessary.

It's important to remember that these
tests were limited to a straight-on viewing
relationship between observer and bicycle.
Reflector performance may change signi6-
cantly when viewed from various sideways
angles or other conditions different from our
test set up. For example, the amber cube
corner pedal reflectors outperformed the re-
flective leg bands in our tests, but in an ob-
servation from the side, the leg bands would
probably be superior. The Glo-Wheel spoke
reflectors also would perform well from side-
ways observation.

We did not attempt to evaluate the deterio-
mtion that reflectors can suffer from dust,
dirt, weathering, and in the case of Scotch-
lite and Reflexite, the deleterious effects of
repeated washing or drycleaning. These fac-
tors could be tested in the future using the
threshold detection methodology we have
developed here.

For purposes of comparison, we ran a few
trials (not part of the main statistical data
set) \r'ith no re0ective treatments at all. The
average detection distance dropped to an
alarmingly low 188 feet-only about hall of
the detection distance of the worst reflective
treatment or about 1/z of the detection dis-
tance of the best reflective treatment.

As a final statement we will report the ob-
servations oI the rider of the test bicycle (all
accomplished cyclist and bike cornmuter):
"As the observed cyclist in the tests I had
the rare opportunity to use a vaiiety of re-
flective products and to knortr exactly when I
was being seen, and when I was not. It's
clear to me now that I had been seriously
overestimating my own visibility while riding
at night. During some of tle tdals I sus-
pected that the crew members were Iailing
to relay the signals to me indicating that the
observers had seen me). The car's head-
lights seemed intense to me and allowed me
to see myself clearly. I thought I was well
illuminated, yet I was actually invisible to tle
observers. In the future, I certainly won't
rely on reflective materials alone when I ride
at night,"
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TDEAS & oPliltoilS

More 0otimum
Caddnce

I was pleased to see the discussion be-
tween Boysen and Hamrnaker in the Octo-
ber lg84 B;he 2.å. Like many other cy-
clists, I've wanted to see some hard data
justifying high cadences. Boysen's simple
experiments were particularly appealing,
since they offered a way for individual cy-
clists to deteimhe their own optimums. The
article inspired me to buy a Tutturi erSome-
ter and do my own measulements, which I'll
repolt when I've collected enough data to
unlyze.

SomethinS about Boysen's interpretation
of his data bothered me: his PSHR (power-
specifc heart rate) seems designed for easy
fudging. The minimum PSHR depends on
the value chosen for resting heart rate. For
example, if his minimum heart rate (53)
were used instead of 70 beats per minute in
the formula, the midmum PSHR occurs
around a cadence of 110 instead of 80-90
rpm. Before stating that a cadence is "opti-
mum," we should decide what we want to
optimize. I feel that there are two reasonable
interpretations of optimum:
1) For a given power demand, what cadence

minimizes heart rate?
2) For a given heart rate, what cadence

maximizes power output?
Boysen's data could be used to answer

both questions, but only iI we 6t some equa-
tion to the data, since he was not able to
rnake experiments with different cadences at
the same power output. (The Tuturi er-
gometer allows me to make such measuIe-
ments.) Ignoring the complex curves he
drew (which were forced to pass through his
70 beat per minute "fudge factor"), and ex-
amining only Boysen's data poilts, it seems
that the data could well be described as a se-
des of parallel lines, That is, we can exgess
heart rate fairly accurately with an equation
of the form:

rate: a.torque + b.cadence + c tll

for some constants a, b, and c. In fact, the
booHet that came with my ergometer de-
scribes a ftness test based on the assump
tion that heart rate is a linear function of
torque at const nt cadence. This test is sup
posedly recommended by the Wo d Health
Orga zation, but the booklet gives no refer-
ences.

Fitting such a model to the data requires a
simple two-dimensional least-square 6t. Not
haying a computer program to do this, I used
a pocket calculator to do some one-
dimensional fts. I found a set of parameters

that 6t lairly we[. Given the paucity of data,
finding a better 6t would probably not .give
much better infolmation, For analyzing my
own data, I'll set up a computer program to
do proper 2-d least squares. I'll also see if
otier models ft tle data better. The 1-d fit I
found for Boysen's data is:

heart rate (bpm) : 2.5 torque (ft-lb)
+ 0.5 cadence (rpm) + 50. l2l

At 0 torque and 0 cadence, the predicted
late is 50, very close to Boysen's reported
minimum rate. This is somewhat surprising,
since t-lut information was not included it! the
curve fitting, or y the 17 data points of the
table on page 12. The pulse rate I calculated
from Equation 2 is quite close to the mea-
sured pulse rate, particularly at the highe!
powe6i

cad.

(rpm)

loq. powol hca rates

(fr.r[) (hp) calc-

42 1.02 .0082 81.5 74
72 1.02 .014 87 89
90 1.V2 ,017 94 98

'I 08 1 .V2 .021 1 04 I 07
124 1.02 .V4 124 115
72 4.25 .058 91 97
90 4.25 .073 98 106'108 4.25 .æ7 106 115
124 4.25 .100 124 123
42 10.62 .085 100 98
72 10.62 .146 108 113
90 10.62 .182 117 122

108 10.62 .218 127 131

124 10.62 .251 140 139
42 24.fi .1u6 131 132
72 24.æ .336 150 147
90 24.50 .420 157 156

Assumhg Equation 2 gives a reasonable 6t
to the data, we can now 6nd various kinds of
optimums. To 6nd the optimum cadence for a
6xed powe!, use Equation 2 to express heart
rate in terms of a power and cadence:

rate = 13131 power (hp)/cadence (rym)
+ 0.5 cadence + 50. t3l

Next, set the Frtial derivative of healt rate
with respect to cadence equal to zero:

/
0 = d rate/ d cadence

= -13131.power.cadence-' + 0.5.

cadence = 162.(power)'/'2

For example, the fgule on page 3 of the
October Bihe Tec, suggests that a tourist
traveling at 15 mph needs about 0.'l hp. giv-
ing an optimimum cadence of around 50 rpm,
and a heart rate of 101 bpm. A racer going
2 mph needs 0.4 hp for an optimum cadence
of 102 lpm, ånd a heart rate of 152. Note

14

that since cadence increases as the square
root of power, torque must a.lso increase as
the square root of powe!. To get higher
power most effciently, you should increase
both the force and the speed of pedaling.

Reversing tle problem, what if the rider
vrants the maximum power output for a
gile.l heart rate? Rearranging Equation 3
gves:

power (hp) =
(rate - 50 - 0.5.cadence). cadence/13131.

Setting the partial derivative of power with
lespect to cadence equal to zero gives:

d power0=
d cadence

: (rate - 50 - cadence)/13131

which yields: cadence = Iate - 50. Thus for
a heart rate of 150, Boysen should get tie
maximum power output with a cadence of
100. The model 6ts well at high pulse and
power, but not as well for low pulse and
power, For example, at Boysen's claimed
"resting" heart rate (70 bpm), the model
predicts optimum power output of .0152 hp
at 20 rpm (a torque of 4 ft-lbs).

Let's examine the dependence of PSHR
on Boysen's "fudge factor," accordi[g to
this model:

PSHR = (rate - "tudge") / power

_ 13130 + 26 + 5252 (50 - tudge)

cadence torque torque X cadence

With this approximation, PSHR is minimized
for 6xed torque when its partial derivative
with respect to cadence is minimized,

0 = d PSHR /d cadence

: -cåderce"[13130+ 5252(50-tudge)/torque]

so either cadence : l, or fudge = 50 * 2.5
(and PSHR is flat).

This model predicts that PSHR will de-
crease with increasinS cadence, as lo[g as
the fudge factor is less than 50 + 2.5 torque.
For Boysen's fudge factor of 70, PSHR
should decrease for torque greater than 8,
and increase for torque less than 8. With a
fudge hctor of 50, PSHR should decrease
for any positive torque. With a fudge fuctor
of 115, PSHR should increase for torques up
to m ft-b.

The model does not exactly 6t the data,
particularly at low power levels, so the
curves predicted may not erGctly match
Boysen's Figure 3. Still, the dangers of a
measure so susceptible to "fudging" should
be clear. Since the optimum cadences can be
much more directly computed, I see no rea-
son to use PSHR for fnding optimum ca-
dences.



Plan for my experimeots: Preliminary
measurements indicate tlat my knees hurt if
I pedal with more torque than about 50
Newtor-meters (37 ft-lb) , and that 80 rpm at
25 Newton-mete6 (18 ftlb) for 9 minutes
will raise my pulse to 155 (as high as I care to
80).

I plan to make measurements of my pulse
after 10 minutes of exercise at specifc levels
of cadence (æ, 40, 60, 80, 100, and 120
rpm) and power (50, 100, 150, and 200
watts). My ergometer's maximum torque
limit prevents me ftom going over 100 watts
with 20 rpm, particularly since the unit does
not have enough inertia at 20 rpm to get the
pedals past top dead center. Judging tom
Boysen's figures, 80 rpm may be optimal for
the 200 watt load, and I may not be able to
handle that high a load at other cadences. I
plan to take one or two measurements per
day (one at low power followed by one at
high power) . lt's not clear how much this will
a.ffect the readings.

Sincerely, Kevin Karplus lthaca, NY

Robed Borsen rellics:
I am certah tllat with the ergometer, Mr.

Karplus wil obtain better data than I could
gather with my less sophisticited exercycle.
And I agree that constant-power and
constant-heart-rate cursors would have
made my article more thorcugh. But I'm
sure Mr. Karplus realizes that my data was
limited by tlle equipment I used. The best I
could do is draw a "contour map" of PSHR
at vadous cadences using tle specific power
data I had. The results appeared to confrm
my constant-torque expeiments.

I probably should have explained in more
detail tie use of my resting heart rate of 70,
rather than my minimum rate of 53. Whel
Mr. Karplus beghs his ergometer experi-
ments, he $,ill soon discover several inter-
esting phenomena.

First, obtahing one data point a day with
ten minutes of pedaling will not yield intelligi-
ble results. For iodividuals in faLly good ae!-
obic condition, the heart mte does some
very stange bouncing around for the first 10
to 15 minutes of exercise. The accompany-
ing graph, showiru my heart rate vs. time
during a recent l2-minute exercycle ide, at
constant cadence and tolque setting, illus-
trates this. I have no explanation for these
phelomena. Perhaps an interested pbysiolo-
gist could comment. The phenomenon is not
exclusive with me: a ftiend thought he was
having a heart attack the frst time he ob-
served it. Heart rate can drop even into the
low 70's with 1/4 hp output during this pe-
dod!

Second, after the initial 10 to 15 minutes of
exercise, the heart rate response to in-
cleased power output becomes very regular
and steady (also shovn on the curve). For
this reason, all of my data was obtained dur-
ing one long sessioo, starting after a 1S
minute warm-up period. I checked for the ef-
fects of fatigue by repeatiry several of the
earliest data points at the etld of the session.
The effect was negligible.

Third, once in a warmed-up condition, tie
resting heart rate tends to "plateau" at a

rate well above the minimum (pre-exercise)
Iate. I rested (zero power output) briefly be-
tween each data point and observed that my
plateau was 66 to 73 beats per minute, with

an average of 70. Thus, rather than being a

"fudge frcto!" as Mr. Karplu§ implies, the
70 HR at zero cadence is my most repeated
alld therefore most accurate data point, I've
also noted that the duration of exercise de-
termircs how long the heart rate will plateau
above the pre-exercise rate. Afte! a 20 to 30
minute exercycle session, the plateau lasts
five to ten minutes. After my last double
century, my at-rest HR was still oyer 70 the
following morning.

In light of these facts, as well as his poor ft
to my data, Mr. Karplus' simpJifed model
lEq. 1 abovel is probably not valid. Instead,
a more applopriate model is given by the
equation at tle end of my original article.
The data I have collected 6t this equation
quite well, with tie following empirical con-
stants:

PSHR: I (0.0a6 Cf I?+2.t0Tl t52s2 CT

where:
C = cadence in RPM
T = torque in ft/lbs

PSHR = beats per minute per unit power
output

Setting the tota.l derivative of this equation
equal to zero (the colldition of minimum
PSHR) yields the following expression for
optimum cadence: C'?'r? = 1431.32 T

or, numerically:
Optimum Cadence

(RPM)
Torque
(ft' lb)

5
10
m

58
80

115

Tim6 lrcm sla ol oxorclss (minut6s)

15



newsline
KLEIN FRAMES WIN PATENT: Gary Klein, president of Klein Bicycle Corporation (Che-
halis, WA), was granted US Patent No. 4, 500, 103 on February 19 for his ,,high effciency bicycle
frame. " Klein, one of the frct framebuilders in the US to produce aluminum frarnes commer-
cially, applied for the present patent rlilie years ago in 1926. The patent covers the weight and
rigidity of the overall ftame, and the size and figidity of specific frame tubes. eluminum altoy
6061-T6 is listed as the preferred rnaterial of comtuction, but other materials (alloys of tita-
nium, magnesium, and beryllium, and high-strengtl fiber composites) are also liited. The
method of joining the tubes is rct specmcaly covered by the pitent, but welding followed by
heat-treahnent to restore strengtl is mentioned.

The patelt could have a rnajor impact in the marketplace. Aluminum [ghtweight tames that
are relatively rigid are now made by, among ot_hers, Cannondale Corp. (Georgetown, CT),
Cunningham Applied Technology (Fairfax, C.A.), and liek Bicycle Corp. (Waterloo, WI, see iteÅ
be-low)i Peugeot makes an ultm-light carbon frber ftame (#Py 10 FC). The extent to which anyi 

- of these ftames inftinge upon Klein's
industry.

patent is curren y a subject of lively discussion in the

.The patent offers an interesting ex?lanation of how a frame can be designed for both high
stitrrcss under pedaling loads (to improve drivetrain eficiency) combined with greater fleibility
under "suspension loads" (to avoid a harsh ride).

{ Klein describes two tests to measure frame rigidity with respect to pedaling loads. First,
torsional dgidity at the bottom bracket is determined by clamping the frame to an immovable
test bed (see upper illustration at left), and measuring the angular deflection when a weight is
applied through a known lever arm distånce. The bottom bracket torsional rigidity of conven-
tional steel racing frames is on the order of 42 to 53 foot-pounds per degree, while it is at least
67 foot-pounds per degree for Klein's design, according to the patent.

Second, lateral rigidity at the rear axle is measured by a test in which a weight is hung tom
$e ax19 and t]le resulting deflection is measured (see lower illustration at left). Steel iacing
ftames have lateral rigidity on the order of 61 to 75 poturds per inch, while Klein,s frames ari
said to have lateral rigidity of at least 120 pounds per inch.

Klein lists thee reasons why his tames provide a "smoother ride" despite their greater
stitrrcss under pedaling loads: First, the tame itself (without ftont fork or components) weighs
less than five pounds, thus reducing the amount of unsprung mass in tlle bicycle/rider system.
Second, the frame geometry has head-tube angles ranging from Z3 to ZS degrees alld seat-tube
angles in the range of 73 to 74 degrees. Thild, the seatstays are designed to be relatively
flexible; fol example, seatstays made of 3/4-inch diameter aluminum alloy tubing of 35 thou-
sandth-inch wall thickness are said to decrease tle suspension mode stiffEss by ,,about one-
third. "

< TRUE TEMPER ANNOUNCDS FULL LINE OF LIGHTWDIGHT CYCLE TUBING:
T-1 chromoly steel tubing alld T-2 aluminum tubing is now available from True Temper C],,cle
Products Division (Memphis, TN), a unit of metatlugical giant Allegheny Internationat Co4,. T-
1 tubing is Foduced with leld strengths up to 140,000 psi, the highest rating of any tame
tubi[g today except the upgraded Re]'nolds 753. T-2 tubing, available in teadrop aerodynamic
proGle as a special option, was used in building the US "funny bikes" for the 1984 Ollrnpics.
Thanks to a solution-heat-treatment and cold-working process developed by Tile Temper, the
yield strength of T-2 is rated 78,000 psi, neady twice the 40,000 psi rating of conventionat 6061-
T6 aluminum. The first production bicycle using T-2, the Trek 2000, is assembled using a system
of investment-cast internal lugs and adhesive bonding techniques derived tom the ierospace
progam. The bonding process is said to avoid the heat-induced softening that occurs in welded
joints.
The NORTHWEST REGIONAL HUMAN.POWERED VEHICLE RALLY will be held
Jurle 27 - 30 in Seattle, WA, in conjunction with the Seattle-to-Portland Bicycle Classic and the
Tour of Puget Sound. In addition to road racing and velodrome-style speed competitions, the
HPV RaIy wifl include a public exhibit of the vehicles and two evenings of scie;tifidtechnical
presentations. For more information, contact Tom McDonald, 110 E. Roanoake Steet, Seattle,
wA 98102.
ROAD VEHICLE AERODYNAMICS: Second Edition of this 260-page guidebook by A.J.
Scibor-Rylski, is now available. The book contains new data on the flowi around wheeis and
wheel cavities, and fascioatilg photos of the airflow pattems during acceleration and tuming
lqqeuvers. Aldrough the book deals with motorized vehicles orly, designers of bicycles and
IIPV's conld find this information laluable. (929. 95 from Johr Wiley, tnc. , 605 Third Ave. , New
York, NY 10157).
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