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ABSTRACT

Reinventing the Wheel:

Stress Analysis, Stability, and Optimization of the Bicycle Wheel

Matthew Ford

The tension-spoke bicycle wheel owes its stiffness and strength to a cooperative relationship between the rim
and the spokes: the rim holds the spokes in tension to prevent them from buckling under external loads,
while the spokes channel external forces to the hub and prevent the rim from becoming severely distorted.
The prestressed design enables the slender spokes to support compressive loads without going slack, but
also makes the rim susceptible to buckling under compression. I aim to uncover the principles governing the
deformation and stability of the tension-spoke wheel subject to internal and external forces.

I establish a theoretical framework in which the wheel is modeled as a monosymmetric elastic beam
(the rim) anchored by uniaxial elastic truss elements (the spokes) to a rigid foundation (the hub). From a
general statement of the total energy of the system, I derive a set of coupled, linear, ordinary differential
equations describing the deformation of the wheel and illustrate instances in which those equations can be
solved analytically. To solve the general equations, I approximate the displacement field with a finite set of
periodic functions to transform the differential equations to a linear matrix equation. This matrix equation
leads to an intuitive model for calculating the lateral stiffness of the bicycle wheel by constructing an infinite
array of springs connected in series, where each spring is associated with a discrete deformation mode. The
series-springs model reveals the importance of the rim torsional stiffness, which is generally much smaller

than the bending stiffness and therefore dominates the overall flexibility.



The theoretical framework incorporates the effects of spoke tension, which can both promote wheel
stability by preventing spokes from going slack, and reduce wheel stiffness due to the resulting compression
in the rim. Contrary to both popular belief and expert consensus, increasing spoke tension reduces the lateral
stiffness of the wheel, which I demonstrate through theoretical calculations, finite-element simulations, and
experiments. I derive an equation for the maximum tension that a wheel can support before buckling. Two
well-known buckling solutions emerge as special cases of the general wheel buckling criterion.

Under external loads, two competing failure modes govern the elastic stability of the wheel: spoke
buckling and rim buckling. The trade-off between spoke stability and rim stiffness leads to an optimum
spoke tension of roughly 50 % of the critical buckling tension in order to maximize the lateral load a wheel
can withstand before spokes go slack. Using a machine designed and built by Northwestern undergraduate
students, we test the strength of wheels under radial compression. By considering separately the two failure
modes of spoke buckling and rim buckling, I develop a simple formula to predict the radial strength that
matches our experimental result to within 10 %.

Finally I discuss the existence of optimal wheel configurations and properties. By reducing the design
space to a single parameter—the mass of the rim divided by the total mass—I find optimal wheels which
maximize the lateral stiffness, radial strength, or buckling tension. In general, more mass should be invested
in the spokes when optimizing solely for lateral stiffness, while the rim and spoke mass should be on the
same order when optimizing for strength and maximum tension. The existence of an optimal wheel for a
given mass, rim radius, and hub width permits investigation of general scaling laws governing stiffness and
strength. The strength of the wheel with respect to buckling under radial loads is proportional to the mass
divided by the radius. Therefore the strength-to-weight ratio of the wheel scales with 1/R. Smaller wheels

are inherently stronger relative to their weight than large wheels.
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CHAPTER 1

Introduction

In its heyday in the 1890s, the bicycle was regarded as one of the most advanced products of the
Industrial Age. Inventors and industrialists spent considerable effort mastering the manufacture of lighter,
more efficient machines. Many now-ubiquitous technologies made their debut on or were perfected for the
bicycle including ball-bearings, chain drives, and tension-spoke wheels [36]. By the end of the 1890s, patents
for bicycles and bicycle-related technologies accounted for roughly two-thirds of all patent applications in
the United States [69]. Many pioneering bicycle firms and inventors of the 1890s transitioned to automobile
and aerospace technology in the early part of the 20th century.

Bicycle technology has not radically changed since the introduction of derailleur gears in the 1920s. The
number of technical minds bent on the perfection of “the mechanical horse” has diminished, but this may
be seen as the inevitable maturation of a robust and enduring technology. The bicycle is humanity’s most
efficient means of transportation’—a technology for the age of climate change—and will be a key component
of the modern, sustainable city.

Bicycles have not become significantly more complex over time, which has enabled widespread partic-
ipation in bicycle design and maintenance by amateurs. A few industry standards dominate each major
component, allowing parts to be easily swapped, upgraded, or modified. Many U.S. cities have a bicycle
co-op where community members can collaborate, share tools, and learn about bicycle repair?. A classic
example of “user innovation” is the invention of the mountain bike in California by a loose group of cycling
enthusiasts. Using older steel-frame bicycles (mainly used Schwinns from the 1950s), these pioneers hacked
together rugged bikes to meet the demands of off-road cycling. Eventually, the industry picked up the trend

and mountain bicycles constitute the majority of bicycles sold in the U.S. today [17].

1Compaurisons are sensitive to specific assumptions, but the bicycle almost always comes out on top. See, e.g. [29].
2See http://www.bikecollectives.org for an incomplete list.
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1.1. History of the bicycle wheel

With its elegant system of slender spokes, the wheel is the most recognizable component of the bicycle—
an invention whose success it critically enabled. Indeed, the term “wheel” was once used to refer to the
entire bicycle; the League of American Bicyclists was known as the League of American Wheelmen until
changing their name in 1994 [82].

The vast majority of bicycle wheels produced today are wire-spoked wheels consisting of a system of
slender spokes held under tension by a rim. Originally conceived as landing gear for the yet-to-be-invented
aircraft by Sir George Cayley in 1808 [3], the tension-spoke wheeel saw its first practical application on the
bicycle and was later utilized in early automobiles and aircraft [34]. Although materials and manufacturing
methods have evolved over time, the fundamental design and operating principle has not significantly changed
since the 1870s.

For the first 50 years of the bicycle’s history®, wheels generally consisted of a small number of stout
wooden spokes fitted into individual wooden rim sections, or felloes, fitted together with mortice and tenon
joints. An iron tire was heated and placed around the circumference of the rim and allowed to cool and
contract, putting the spokes and rim under compression and the tire under tension [77]. The structure was
held together by prestress; the rim sections were not joined except by compression. The spokes, which had to
be quite wide to prevent lateral buckling, made these wheels extremely heavy. In 1869, A French mechanic
and inventor named Eugene Meyer obtained a patent for a tensioned, wire-spoked wheel which enabled the
construction of much larger wheels [15]. In Meyer’s tension-spoke wheel the method of prestress was reversed:
each slender iron spoke could be individually pretensioned, stabilized by an iron rim in compression. The
spokes in such a wheel can effectively support compression—by losing some, but not all, of their tension—
without the risk of lateral buckling.

Several other prestressing methods were developed around the same time. W. F. Reynolds and J. A. Mays
introduced the Phantom bicycle featuring long wire spokes secured to one flange of the hub, looped through
an eyelet on the rim, and secured to the other flange [36]. The spokes were all tensioned simultaneously

by spreading apart the hub flanges. The spokes of James Starley’s successful Ariel bicycle, which emerged

3Alt’,hough the first steerable, two-wheeled vehicle, the Draisienne, was invented in 1817, some authors reserve the word “bicycle”
for two-wheeled pedal-driven vehicles.
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radially from the hub, were prestressed simultaneously by rotating the hub relative to the rim by means of a
pair of levers connected to the hub and secured to the rim by adjustable tensioning rods [13]. Although the
spokes were attached radially (and therefore could not efficiently transmit torque), the prestress resulted in
a small offset which conferred rotational stiffness. The tangent-spoked wheel, developed by Starley in 1874,
achieved rotational stiffness by connecting the spokes tangent to the hub. This remains the most common
spoke configuration used today.

Prestressing the spokes enabled the construction of larger and lighter wheels. The gear of a direct-drive
pedal-driven bicycle (the linear distance traveled per rotation of the cranks) is equal to the circumference
of the wheel, so a larger wheel confers a considerable speed advantage. The high-wheel bicycle enjoyed
popularity primarily amongst young men of means throughout the 1880s and into the 1890s [79]. The
development of practical and lightweight chain drives brought the “safety bicycle”—so named because the
gear ratio afforded by the chain enabled the use of a smaller front wheel, reducing the risk of pitching over

the handlebars—to the masses.

1.2. The Eiffel Tower and the Ferris Wheel

The tensioned bicycle wheel arrived during a time of rapid progress in the use of iron and steel in
lightweight structures. The first prestressed bicycle wheels were commonly called “suspension wheels,”
perhaps due to an analogy with the suspension bridge, itself a relatively new structural innovation [76]. The
Home Insurance Building in Chicago, completed in 1885, was partially built around a steel skeleton-frame
and is widely recognized as an early skyscraper [53]. The Eiffel Tower, constructed in 1889 for the World’s
Fair in Paris, became the tallest human-built structure in the world. Its sparse, wrought-iron truss frame
initially drew sharp criticism on aesthetic grounds, but eventually became one of the most enduring and
recognizable symbols of the city, and continues to engage engineers and mathematicians today [89].

Perhaps the most striking structural analogy to the bicycle wheel, the Ferris Wheel, was completed in
1893 for the Columbian World Exposition in Chicago. Crafted as Chicago’s answer to the Eiffel tower, George
Washington Gale Ferris” wheel drew frequent comparisons to the bicycle, such as the following observation

by Julian Hawthorne (son of the novelist, Nathaniel), [46]:
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“..it has no wvisible means of support—none that appear adequate. The spokes look like

cobwebs; they are after the fashion of those on the newest make of bicycles.”

Of course the means of support were adequate; the “Chicago Wheel” derived its remarkable stability
from the fact that the iron spokes were pretensioned by turnbuckles so as not to lose tension (and therefore
stiffness) when they came to be at the top of the wheel. The construction of the Ferris Wheel, and perhaps
the reluctance of its builders to satisfy the engineering community with details of its analysis, spurred
considerable interest and debate [2, 75]. These early analyses relied heavily on intuition or assumed that
the rim was stiff enough that all deformation was confined to the spokes. But the technical marvel of the
Ferris Wheel, and the bicycle wheel that preceded it, may have inspired a long but sparse effort to understand

the mechanics of pretensioned wheels.

1.3. Technical literature on wheels

In his 1896 treatise on the mechanics and design of bicycles and tricycles [77], Archibald Sharp gave
a brief, qualitative description of the deformation of a tension-spoke wheel. He correctly noted that the
bottom spokes play the most dynamic role in supporting loads applied to the hub. He then motivated the
development of a set of equations for the tensions in the spokes using a polygonal approximation for the rim,
but correctly deduced that they form a statically indeterminate system and did not attempt a solution.

In 1901 Bernard Smith [78] published an analysis of the deformation of a pretensioned wheel with purely
radial spokes by assuming that the number of spokes is great enough such that the spoke stiffness is contin-
uously distributed about the rim and produces a radial reaction force proportional to radial displacement.
This clever method transforms a discrete system of coupled equations for the spoke tensions into a linear,
ordinary differential equation for the radial displacement of the rim. Through an analytical solution, he came
to the same conclusion as Sharp—that the bottom spokes play the most direct role in supporting loads—and
gave a table for the influence function (change in spoke tensions per unit applied radial load) for a typical
32-spoke wheel.

The most complete theoretical treatment of the deformations of tension-spoke wheels came in a series of
investigations in 1931-32 by Alfred J. Sutton Pippard and various coauthors. Pippard, a civil engineer with

expertise in elasticity of lightweight structures, was engaged by the British Royal Air Force to undertake an



20

investigation of lightweight wheels for aircraft*. Pippard and Francis derived a set of coupled equations for
the spoke tensions in radially-spoked wheels under radial loads, and gave tables for the calculation of wheels
with up to six spokes [66]. Apparently unaware of Smith’s earlier contribution, they also gave a general
analytical solution using Smith’s smeared-spokes approximation. Recognizing the power of this approach,
Pippard and White extended the method to analysis of wheels with non-radial spokes [68]. Pippard and
Francis analyzed the wheel under lateral loads [67], although they neglected the effects of spoke tension.

For the purposes of validation, Pippard and Francis performed radial extension tests on specially-
constructed wheels with pin-jointed radial spokes to compare the change in spoke tension to the smeared-
spokes model. They achieved good agreement in the spoke tension at the load point (maximum difference less
than 9%) between theory and experiments, and noted that accuracy increased with the number of spokes,
as is expected when assuming that the spoke stiffness is continuously distributed. The rims used in their
experiments, cut from solid steel plate, were quite stiff in bending compared to the axial stiffness of the
spokes, which would have increased the accuracy of their model.

The Smith-Pippard approximation—taking the limit in which the number of spokes goes to infinity—
transforms the bicycle wheel into a curved beam resting on an elastic foundation. The foundation produces
a reaction at each point proportional to the local deflection. The stiffness of the beam effectively spreads
out point loads with a characteristic decay length equal to (4EI/k)'/*, where EI is the bending stiffness
of the beam around the relevant axis and k is the stiffness constant of the foundation (in units of force per
unit length, per unit deflection). The theory of beams on elastic foundations was broadly summarized and
formalized by Hetenyi [37] in his 1946 monograph. He included a treatment of radial deflection of rings on
elastic foundations, citing Pippard et. al., but not Smith. The significance of the beam-on-elastic-foundation
analogy was noted by Papadopoulos in a note on wheel mechanics in the now-defunct journal Human Power

[59]:

“...it may be most helpful to think of a bicycle wheel as a long, bendable, twistable, curved
rod (or beam) held in place by 36 springs anchored in a firmly-held hub. Forces in any

direction applied to a point on the rim always produce the greatest effects in spokes nearby.”

4After his retirement in 1956, Pippard took up a yearlong visiting lecturer position at Northwestern University where he taught
undergraduate and graduate courses in theory of structures.
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1.3.1. Modern bicycle wheel literature

After Pippard there has been scant development of broadly applicable analytical theories for stress analysis of
bicycle wheels, to the best of my knowledge. Instead, modern studies have employed finite-element analysis
and experimental techniques.

Jobst Brandt, a mechanical engineer and cycling enthusiast, published The Bicycle Wheel in 1981 as
a practical manual for wheelbuilding and brief treatise on wheel mechanics drawn from his own experience
and analysis [10]. To illustrate some key points of wheel mechanics, Brandt calculated radial and tangential
deformations on a 2-dimensional model of a typical wheel using the linear finite-element method. As in
Smith and Pippard’s analyses, the dominant role of the lower spokes is apparent. Finite-element results also
exhibit a phenomenon suppressed by the continuum approximation of Pippard and Smith: a drive torque
applied to the hub and reacted at the road contact point produces a small, periodic, radial distortion of the
wheel with a period of four spokes. This effect is due to the local increase and decrease in tensions from
leading and trailing spokes in a tangent-spoked wheel. The same periodic deformation would be observed in
the lateral deflection, which was not considered in Brandt’s 2-dimensional analysis.

Salamon and Oldham published the first comparative finite-element study of the bicycle wheel [73].
They compared wheels with radial spokes to wheels with tangent spokes under purely radial loading, finding
that the radially-spoked wheel was only 5 % stiffer than the tangent-spoked wheel and the maximum stresses
were substantially similar. They also analyzed wheels with 3, 7, and 9 spokes (which would typically not be
built with prestress) and found that the bending stress varied by up to an order of magnitude when the load
was moved from directly at a spoke to a point halfway between spokes.

Most experimental and theoretical studies have neglected the effect of the tire and inner tube due to the
considerable complexity introduced. Burgoyne and Dilmaghanian [12] studied the entire spokes-rim-tire-
tube assembly as an engineering system and experimentally demonstrated that the tire effectively spreads
out radial loads along a segment of rim near the contact point. The load distribution has a significant effect
on the bending moment sustained by the rim (hence the danger of damaging the rim when hitting a pothole
at low inflation pressure), but only has a small effect on spoke strain. They identified three systems of

prestress in the wheel: the spokes prestressed against the rim, the tire casing prestressed against the inflated
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inner tube, and (incorrectly) the tire bead prestressed against the rim [60]. The third effect is not present
since the diameter of the tire bead is significantly larger than the diameter of the bottom of the rim channel.

Wheel failure is most commonly preceded by the gradual accumulation of fatigue damage, especially in
the spokes, which are repeatedly stressed each time the wheel rotates or a lateral load is encountered. Henri
Gavin constructed an instrumented wheel for measuring strain on a single spoke during naturalistic riding
conditions in order to make fatigue life predictions [28]. Averaged road testing results from three wheels
with different spoke configurations showed negligible differences in strain history between the three wheels,
however, it should be noted that possible strains from lateral or braking loads which produced non-periodic
strains were omitted from the analysis. Gavin also described an experimental method to obtain the lateral
bending stiffness FI> and torsional stiffness GJ of a bicycle rim, but he did not conduct lateral stiffness tests
on a wheel to compare with theory or his finite-element calculations.

The rim and spokes are structurally coupled and their contributions to wheel stiffness cannot be easily
decoupled. In an attempt to separately quantify the contributions of the spokes and rim, Minguez and
Vogwell [54] derived a model for the radial stiffness of bicycle wheels by assuming that the top half of the
rim remains perfectly rigid, and the bottom half deforms from a circular arc to an ellipsoidal (squashed)
arc. They calculated the stiffness using Castigliano’s theorem on the assumed displacement field. This
assumption contradicts the qualitative observations by Sharp and calculations by Smith for typical wheels
(that the distortion of the rim is limited to a narrow arc about the bottom spoke), but they nevertheless
achieved close (within 10 %) agreement due to their choice of very stiff rims on wheels with few (< 18)
spokes.

The structural simplicity of the bicycle wheel makes finite-element analysis straightforward: if localized
stresses are not of great interest the spokes and rim can be readily modeled with structural beam elements,
and no delicate choices must be made regarding meshing except to choose an appropriate discretization for
the curvature of the rim. Due to its structural simplicity and broad appeal, the bicycle wheel is a popular
subject for undergraduate and masters theses and hobbyist projects. These authors have focused on stiffness

and stress analysis [35, 56], optimization [42, 83], and buckling [43].
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Papadopoulos and Wilson reviewed the most important insights and open questions regarding tension-
spoke wheels in a straightforward and non-mathematical treatment in Bicycling Science [90]. They gave
qualitative descriptions of the structural response under radial, lateral, and tangential loads, and briefly
discussed wheel buckling and other failure modes. In describing the factors involved in bicycle wheel buckling
and collapse, they also noted the importance of torsional stiffness of the rim. Comparing a double-wall rim
(whose cross-section contains a large hollow cavity) to a single-wall rim with a much greater bending stiffness,
the single-wall rim will deform laterally much more readily due to its low torsional stiffness. Several of the
problems considered in this thesis are direct responses to comments and speculations by Papadopoulos and

Wilson.

1.3.2. The “gray” literature

Other than the studies mentioned above, scant attention has been paid to the bicycle wheel in the peer-
reviewed technical literature. However, a number of hobbyists and specialists have published experimental
results on the wheel with varying levels of technical rigor and documentation. Stiffness, being the most
intuitive mechanical property to the non-specialist, is generally the focus of these studies. It is generally
agreed that lateral stiffness plays a much more significant role than radial stiffness in the performance and
qualitative experience of a wheel [45]. The radial stiffness is generally about two orders of magnitude larger
than the lateral stiffness, and is completely obscured by the flexibility of the inflated tire.

Damon Rinard devised a simple setup for measuring the lateral stiffness of wheels by gripping the axle
between specially-machined aluminum blocks held in a milling machine and loading the rim with hanging
weights [70]. In addition to simply publishing the lateral stiffness for a variety of commercially-available
wheels, he also addressed several questions about stiffness including variation with spoke tension (discussed
in detail in Section 2.6), difference in stiffness between the right and left directions, and the stiffness of a few
specialized spoke configurations. Because he measured stiffness with a fixed 251b test load, he was not able
to distinguish between the infinitesimal stiffness of the wheel and the nonlinear deflection due to potentially
buckled spokes.

The industry blog, Roues Artisanales [1] (affiliated with RAR, manufacturer of high-end wheels and

components) has published a number of investigations on wheels, mostly involving lateral stiffness. As part
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of their “Great Wheel Test,” they published lateral and radial stiffnesses of 44 wheels. They performed some
systematic tests with some wheel parameters held constant to determine the effects of spoke count, spoke

diameter, and spoke tension. They have not compared these results with theory.

1.4. Outline of this thesis

The purpose of this thesis is to develop a consistent theoretical framework for stress analysis of the bicycle
wheel. The solutions by Smith and Pippard emerge as special cases within this framework. In Chapter 2, I
develop the analysis framework and use it for stress analysis of the wheel under external loads. In Chapter
3, I demonstrate an experimental method for determining rim stiffness parameters necessary for theoretical
analysis. In Chapter 4, I show that the equations developed in Chapter 2 lead to an elastic instability of the
wheel under spoke tension, and derive equations for the critical tension under several approximations. In
Chapter 5, I analyze buckling failure of the wheel under external loads and derive an approximate formula
for the critical radial load based on a simplified model of the wheel. The theory accurately predicts the radial
strength of a bicycle wheel tested in a custom compression machine and offers insight into the competing
failure modes involved in wheel collapse. Finally, in Chapter 6, I use the models derived in this thesis to

design wheels optimized for specific performance parameters.
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CHAPTER 2

Linear stress analysis

2.1. Kinematics and strain energy

A schematic of a typical bicycle wheel is shown in Fig. 2.1. The structure consists of a hub, rim, and
spokes. The spokes are connected to two parallel flanges on the hub and the resulting projected bracing
angle, a, stabilizes the rim laterally. Since the introduction of the tangent-spoked wheel by Starley in 1874
[34], the spokes on most wheels are inclined by an angle 5 in the plane of the rim relative to the radial
vector in order to efficiently transmit torque between the hub and rim. Conventional spokes are threaded
into nipples set into the rim which can be tightened and loosened independently. The spokes are tensioned

during construction to prevent them from buckling when the wheel carries load. Bicycle rims today are

Figure 2.1. Schematic of a typical bicycle wheel. (a) Side view, looking at the hub. (b)
Rim cross-section showing local coordinate system at the centroid and vector spoke offset
bs. (c) Rim cross-section after deformation. Tangential displacement w is not shown.
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typically constructed from thin-walled extruded sections, while rims on older bicycles were constructed from
roll-formed metal strip or solid wood.

To describe forces and deformations of a wheel, we employ a local coordinate triad whose origin is at
the cross-section centroid, C'. The basis vector ey points radially inwards, the basis vector es points in the
circumferential direction of increasing arc length s, and the lateral basis vector e; completes a right-hand

triad.

2.1.1. Deformation of the rim

The rim is modeled as a circular beam with a constant, thin-walled cross-section having an axis of symmetry

in the plane of the wheel. I adopt the standard Euler-Bernoulli assumptions:

(1) The material behavior is linear-elastic.

(2) The cross-section is rigid with respect to in-plane deformation, except for out-of-plane warping
deformation.

(3) Shear deformations can be neglected, except that associated with uniform torsion.

(4) Displacements and rotations are infinitesimal.

We first compute the continuum displacement field in the rim based on assumptions (2) and (3). Due to
assumption (2), the displacement at any point in the cross-section is given by a rigid-body displacement of a
suitable reference point, a rigid-body rotation about that reference point, followed by a normal displacement
given by the rate-of-twist curvature multiplied by the normalized warping function [85]. For a monosym-
metric beam, the most convenient reference point is the shear center, which is the unique point in the rim
cross-section at which an applied shear load produces no twist!. Due to assumption (4), these operations

can be applied in any order.

IFor an introduction to torsion of thin-walled beams, see Barber [7].
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After deformation, each point in the body displaces by u and the basis vectors eq, es, e3 rotate through

angles wi, wy, wz. The displacement vector at a point (z,y,0) in the cross-section is given by

0 —w3  Wa T
(2.1) u=u,+ Y +
. = Ug _R Qs | €3 ws 0 —w1 Y — Yo
—W w1 0 0

where uy; = ue; + vey + wes is the displacement of the shear center, a is the normalized warping
function defined at the shear center, and yg is the height of the shear center relative to the centroid. The

infinitesimal rotation angles are given by

(2.2a) wi =0 +w/R
(2.2b) wy =’
(2.2(?) w3 = (b

The deformation curvature k is found by differentiating the rotation vector w with respect to s, making

use of the Frenet-Serret formulas: €}, = —e3/R and e; = ez/R. The result is:

(2.3a) Ky = (v" + w/)

(2.30) o = (u n ¢)

10 om (a2

We recognize these three components as the in-plane bending curvature, out-of-plane bending curvature,
and twist. For understanding rim deformation, it is worth remarking that ¢ = constant creates pure bending

(ring eversion), while ' = constant creates pure torsion (analogous to a helical spring) [58].
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2.1.1.1. Strain-displacement relations. The longitudinal strain at each point in the body is computed

from the displacement field (2.1). In cylindrical coordinates:

. zwl—v—:v<u"+(b)—l-(y—yo)(v"—i—w/)—i—(”—uu>as
R R R R

The longitudinal strain distribution in (2.4) is identical to the linear part of the longitudinal strain
derived by Trahair and Papangelis [87], and Pi, et. al. [64]. In deriving (2.4), it is assumed that the initial
curvature 1/R is constant across the cross-section. For most bicycle rims, for which the ratio of rim radius
to cross-section height typically exceeds 20, this is an excellent approximation. For very deep rims, (2.4)
must be multiplied by the curvature factor R/(R + y), which greatly complicates integration of the section
[41, 48, 72].

The non-vanishing shear strain associated with uniform torsion is given by [64, 41]:

(2.5) . (¢' - ;;)

where £ is the normal distance from the midplane of the thin-walled section. The shear direction is
directed normal to the thickness direction of the local section. Equation (2.5) is appropriate for cross-
sections assembled from multiple open and closed thin-walled profiles (which includes the vast majority of
bicycle rims). An expression suitable for general, symmetrical bodies neglecting the curvature correction

R/(R +y) is given by Pi, et. al. [9]:

(2.6a) a1 = — <y + %O;S> ( = 7“];/)

(2.6b) g2 = (:17 + 8;;) ( - l}:)

In general, determining the warping function ay for an arbitrary cross-section is difficult and must be

obtained numerically [85].
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2.1.1.2. Strain energy. Making use of assumption (1), the strain energy in the rim due to the linearized

displacement field is given by

1 2R
(27) Urim = */ / (E€332 + G’)/Q) dA ds
2 0 A

where E and G are the Young’s modulus and shear modulus, respectively. Substituting (2.4) and (2.5)

into (2.7) and integrating over the rim cross-section yields

1 2T R v ’LU/ 2 ’LU/ 2
(28) Urim = 5/ EA <w' R W <v” + R)) +EL (v” + R) +
0

EI " é 2 /I_uil/ 2 I_uil 2
2u+R +EIL, | ¢ 7 +GJ | ¢ 7 ds

Equation (2.8) is derived with the help of the following relations:

(2.9) /diz/ydAz/xydAzO

(2.10) /dA:A /x2dA=12, /deA:h, /4§2dA:J, /as2dA:Iw

Noting that the longitudinal strain at the centroid is given by e, = w’ — v/R — yo(v"” + w'/R) and

substituting the curvatures (2.3) into (2.8), we obtain

1 27 R
(2.11) Urim = 5 / EAe? + ELK} + ELk3 + GJk3 + El,(k5)* ds
0

2.1.1.3. Strain energy in a general deformed configuration. Any general deformation of the bicycle
wheel may be represented as a transition from an unstressed state Sy to a prestressed state S, and then to

a deformed state S;. The total displacement field is given by
(2.12) u=u,+9diu

where u, is the displacement field for Sy — S, and du is the displacement field for S, — Sg. In-

serting (2.12) into (2.11) and adopting the same notation conventions for the prestressed and deformed
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configurations, we obtain
5 )
(213) Urim = Ufzm + 5U7Z“)zm + Um’m

where U, = is the strain energy due to u, alone, Ufi is the strain energy due to du alone, and the

m m

cross-term is defined as

27 R
(2.14) SUP = / EAe e, + ELKYSk1 + Elbkbdke + GIkEdks + E1,(kE) dkf ds
0

rim

This term is the first variation of the strain energy U,.;,, in the prestressed configuration with respect to

a virtual displacement du.

2.1.2. Deformation of the spoke system

The behavior of the spokes conforms to the following assumptions:

(1) The material behavior is linear-elastic.
(2) Each spoke is an ideal bar which only deforms along its length.

(3) The connections between the spoke and the hub and rim behave as ideal moment-free ball joints.
As a consequence of (2) and (3), the force exerted on the spoke by the rim is given by

(2.15) f=—Tn

where T is the instantaneous tension in the spoke, and n is the unit vector pointing from the spoke
nipple to the hub connection point. As a consequence of (1), the strain energy in a single spoke is equal to
the work done by a force f applied to the spoke nipple. The strain energy in the deformed configuration

can be decomposed into the work done in moving from the unstressed configuration Sy to the prestressed
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configuration S, and then from the prestressed configuration to the deformed configuration Sg.

Sa
Uspoke = / f-du,

So
Sp Sa

:/ f~dun+/ (£, + 5F) - du,
So S,

(2.16)

spoke

duy,
=U? +fp~5un+/ 6f - du,
0

)
= Ufpoke + fp -ou, + Uspoke

where f,, is the force on the spoke in the prestressed configuration and ¢f is the incremental force in
moving to the deformed configuration. I assume that the incremental displacement du,, is small enough such
that 0f can be linearized with respect to du,.

The displacement du,, can be decomposed into a component parallel to the spoke axis and a component
transverse to the spoke axis. The parallel component leads to a force change in the axial direction K duy,
where K is the axial stiffness of the spoke (the material stiffness). The transverse component produces a
net restoring force in the transverse direction of (T,/ls)du, 1 due to the rotation of the spoke through an
infinitesimal angle du,,, /s, where I, is the spoke length. This is the same effect (tension stiffness, membrane
stiffness, or geometric stiffness) which gives a tensed string or thin, taut membrane its transverse stiffness.
Taking the vector sum of these components gives

T,
(2.17) 0fs = Ks(dus - n)n + (lp) ((dup, -ni1)ny 1+ (du, -ni9)n; o)

where n is the spoke vector in the prestressed configuration, and n,i,n;s complete an orthonormal
triad. Using the identity that n®@n+n,; ®n ;+n,5®n,5 = I, we obtain the spoke force stiffness tensor:

T
(2.18) kp =k 4 k9" = Kon@n + l—p(I—n®n)

S

such that 6f, = kydu,. The tensor product (or dyadic product) n ® n of two vectors is conveniently
calculated in matrix form by the matrix product nn?, where n is a column vector and ()7 denotes the matrix

transpose.
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The displacement of the spoke nipple du, is related to the displacement of the shear center du, through
Eqn. (2.1), where the vector [,y — v0,0]7 = b,. In general, Eqn. (2.1) leads to a displacement with
components in the ey, e, e3 directions, where the eq, es displacements are proportional to d¢ and the es
displacement depends on gradients of dus. The es displacement will have a small contribution to the
strain energy (2.16) due to the small tangential projection of the spokes. Furthermore, wheels with spokes
significantly offset from the shear center tend to have wide, shallow rims, meaning that the spoke offset
vector b, has a large e; component and a small es component. Therefore I use a simplified version of (2.1)

dropping the es displacement.
(2.19) du, = dus + ¢(es x by)
Substituting Eqns. (2.17), (2.18), and (2.19) into (2.16) gives

(2.20) Ul v = %(mskfaus) + d(bg x e3)kjdu + %(;52(93 x bs)ky(es x by)

spoke

Next we define an augmented shear center displacement vector and augmented spoke stiffness matrix:

(2.21) d = [0u, 6v, dw, ¢|*

(2 22) Kk — kf kf(eg sz)

(63 X bg)kf (63 X bs)kf(eg X bg)

Substituting (2.21) and (2.22), and (2.20) into (2.16) and summing over all the spokes, the total strain

energy in the spoke system becomes

s ) A R
(2.23) Uspokes = UL ores + Z (f; 0w, + o d; kzdi)

2.1.3. Smeared spokes approximation

Equation (2.23) is not amenable to analytical solutions because it requires evaluation of the displacement
field at discrete points. Following the approach of Smith [78] and Pippard [66], I approximate the third term

in Eqn. (2.23) by replacing the discrete spokes with a continuous elastic foundation, matching the averaged
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stiffness per unit length along the rim. The continuous analog of Eqn. (2.22) is obtained by averaging the
components of the spoke stiffness matrices in cylindrical coordinates and dividing by the circumference of

the rim:

_ 1 &
(2.24) k=o— Z k;

The incremental strain energy in the spoke system from the prestressed configuration to the deformed

configuration is then approximated by

spokes

_ 1 2T R _
(2.25) U2 hes = 3 / d"kdds
0

What information is lost in this smeared approach? An actual wheel in which 32 spokes of diameter 2 mm
were replaced by 3200 spokes of diameter 0.2 mm will have some differences in behavior. Most obviously,
if a solution based on smeared spokes exhibits length scales comparable to spoke spacing, such solutions
would not be expected to be accurate for the realistic wheel. This problem appears most particularly for
concentrated radial loads, where the affected length includes very few spokes. The affected length for a
straight beam on an elastic foundation is 2(4E1; /k,,)'/* [37]. Provided that this length is much less than
the radius of the wheel, the straight beam approximation is sufficiently accurate for assessing the validity of
the smeared-spokes approximation. The number of spokes within the affected length (twice the characteristic
length scale), defined here as the Smith-Pippard number, is

ne [(4EL\Y4
2.2 _ 1
(2.26) "SP =R ( o )

Figure 2.2 (a) shows the radial stiffness calculated with and without the smeared-spokes approximation
for wheels with different numbers of spokes but the same total spoke cross-sectional area nsAs. The smeared-
spokes approximation always gives a lower stiffness than the true stiffness. As long as there is more than
one spoke in the affected length, the smeared-spokes approximation is quite accurate. The affected length is
longer for lateral loads, and significantly longer for tangential loads, and accurate solutions may be obtained

in these cases even when the spoke density is not high enough for calculating radial displacements.
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Figure 2.2. Comparison of results using smeared spokes and discrete spokes. (a) Radial
stiffness wheels with identical total spoke cross-sectional area nsAg, but different numbers
of spokes. (b) Normalized radial displacement under a radial load for a 24-spoke wheel
calculated with and without the smeared-spokes approximation. (c) Normalized radial
displacement under lateral load (braking or accelerating) for the same wheel. The displace-
ments in (b) and (c¢) are normalized such that the maximum radial displacement from the

smeared-spokes approximation is 1.

Perhaps the most surprising effect of discrete spokes has to do with local coupling between radial,
lateral, and tangential displacements and forces, which is lost when the spoke stiffness is homogenized [58].
Since spokes are not purely radial in a tangent-spoke wheel, an inward motion at the end of one spoke will
actually give rise to lateral and tangential reaction forces on the rim. The very next spoke, under a similar
deformation, will switch signs of the lateral or tangential reaction. So one result is that a concentrated radial
load gives rise to both tangential and lateral displacement at the same point, and vice-versa. Furthermore,
whenever a loading gives rise to displacements around the entire wheel, those displacements give rise to
period-four sinusoidally varying radial, tangential, and lateral loads. Thus one observes small-scale sinusoidal
variations in spoke tension or rim deflection around the entire wheel, as illustrated in Fig. 2.2. Although
this variation is small compared with the peak deflection under radial load, the difference is significant under
tangential load. Such behavior is entirely suppressed by the smeared stiffness approach. Three-dimensional

finite-element analysis—which preserves the discrete nature of the spokes—will accurately capture these

effects [73].
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In the most general case, k is a symmetric, positive-definite matrix with 10 unique entries. For many wheels

of practical interest, some of these entries may be identically or approximately zero. Spoke stiffness matrices

are given for some common wheel configurations below. The geometric terms are calculated in terms of the

direction cosines for a left leading (or “pushing”) spoke, n, = [c1, c2,c3]T. The sign of ¢; will alternate for

left and right spokes while c3 will alternate for leading and trailing spokes.

Left-right symmetric, radial-spoked wheel with no spoke offset. The front wheel on most bicycles

is symmetric across the plane of the wheel (modulo a rotation by one spoke about the axle). If the spokes

are radial, as is common on high-end road bikes with rim brakes, the stiffness matrix takes a very simple

form:

(2.27) k=

0 0
0 0
0 0
0 0

ngT,
27 Rl

For typical wheel dimensions, ¢ ~ 1 and ¢? < c3.

1—c?
0
0

0

2
1—1c5

O

Left-right symmetric, radial spokes with offset nipples. If the spokes are significantly offset from the

shear center by a lateral distance +b; as is now common for “fat bike” wheels, but the left-right symmetry

of the previous case is retained, lateral-torsional coupling terms are introduced:

cf
- ngK,| 0
2.2 k =
(2.28) 2rR
0
cieeby

0

0

0

0

0

61C2b1
0

0

272
c3by i

nsTy

+ 27 Rl

1—c?
0
0

—cic2by

0

1—c

0

0

2
2

0 ——0162b1
0 0
1 0

0 (1- C%)b%_

It is interesting to note that although the elastic component of the (u, v, w) sub-matrix has strictly posi-

tive eigenvalues, one of the eigenvalues of the elastic component of the (u, ¢) sub-matrix vanishes identically.
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This can be seen by computing the determinant:
(2.29) (1—eD(1— )b — 33 =b3(1—ct —c3) =0

where the last step is made by noting that ¢; and ¢y are direction cosines (and ¢z = 0). The consequence
of this zero-eigenvalue is that there exists a combination of lateral and torsional motion of the rim for which
the spokes and rim cross-section rotate as a rigid linkage and offer no resistance?.
Left-right symmetric, tangent spokes. The spokes on most bicycles are attached roughly tangent to
the hub to confer rotational stiffness. The left-right symmetry extinguishes the u — v coupling and the

leading-trailing symmetry extinguishes the v — w coupling, but a tangential term appears in the material

stiffness.
2 0 0 0 1-¢2 0 0 0
2
(2.30) P 7;8[1(; 0 ¢ 0 O +2ns;"§ 0 1—2¢c5 0 0
™o 0 & o i ) 0 1-¢ 0
0 0 0 O 0 0 0 0

The stiffness matrix for an asymmetrically-dished wheel with tangent spokes is given in Appendix A.

2.2. Stresses and deformation of the pretensioned wheel

In the absence of external loads, the bicycle rim is loaded primarily radially loaded by the system of
spokes. The rim shrinks due to the compressive hoop stress induced by the pull of the spokes and bows
inwards at each spoke due to the bending moment introduced by the spacing between spokes. The average
radial tension per unit length exerted by the spokes is

_ 1 & .
(2.31) T=-—=> T e

For simplicity, we will consider a wheel with purely radial, uniformly-tensioned spokes. Consider the
unit cell containing a single spoke, as shown in Fig. 2.3 (a). By symmetry, the axial force and moment must
be equal at the two ends. Equilibrium of forces in the horizontal direction immediately requires Fo = 0.

23ee Section 2.6.3
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Sum of forces in the vertical direction gives

7RT -
2.32 F3=——7—"—=RT
(2:32) * 7 ngsin (/n,) R

where the second result, first derived by Sharp [77], is obtained by noting that sinw/ns =~ 7/ns for
sufficiently large ns. The internal forces F3', Fy', M| at an arbitrary section at § < 7/n, are obtained from

equilibrium of the segment shown in Fig. 2.3 (a).

(2.33a) F3' = RT cos 6
(2.33b) Fy = RTsinf
(2.33¢) M| = M, + R*T(1 — cos )

Following our previous assumption that shear deformations are negligible, the strain energy in terms of

internal forces is

T/me ((MY)? | (F5)?
2.34 -2 1 3
(2.34) U /0 (2E11+2EA>Rd9

The strain energy is composed of Ug 4, the strain energy due to hoop stress and Ugy, the strain energy
due to bending. The unknown end moment M; is determined from the condition that there can be no
rotation of the cross-section at the symmetry point between spokes. By Castigliano’s method, the rotation
at the point where M; is applied is given by OU/OM;. Setting OU/OM; = 0 and solving for M; allows us to
eliminate M; in Eqn. (2.33c):

(2.35) M = BT (/ = cos 9)
/N
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Figure 2.3. Radial deformation of the wheel under uniform tension. (a) Segment of rim
containing a single spoke. (b) Bending moment induced by radial spoke pull. solid line =
36 spokes, dashed line = 24, dot-dash line = 16. (c) Ratio of deflection at a spoke due to
bending and due to circumferential shrinkage.

Castigliano’s method can then be used to determine the displacement at the spoke due to axial com-

pression alone and bending alone. Noting that 7' = (27 /n,)T":

Uga RT ([ n/ns \°  w/n R’T
2. = = ~
(2.36) vc oT 2EA sin 7/ + tan 7 /ng EA
. aUE[ . R4T 7T/’I’LS ? ﬂ-/ns
(2.37) M=o T 2EDL sinm/ng - tan/n, ?

The relative contribution of vy is generally very small compared to ve. Retaining only the first non-
vanishing term in the Taylor series for vas/ve in terms of m/ns, we obtain a very close approximation
vpm/ve = (1/45)(R/r,)*(7/ns)*, where r, is the radius of gyration of the rim in the radial direction.
Bending deformations become significant only if the number of spokes is very low or the rim radial bending
stiffness is very small. Low spoke-count wheels generally have very deep cross-sections to minimize bending

deformation between spokes.
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2.3. Total potential energy of the deformed wheel

2.3.1. Total strain energy and equilibrium constraint

The total strain energy of the combined rim and spokes system is given by the sum of Eqns. (2.13) and

(2.23):
Ns ) ) 1
_ 9 § T
(2.38) Urim + Uspokes = Ul + 60U, + Upiy + Ul o + Z (f;) S, 4+ §di kidi>

The prestressed configuration S, is already in static equilibrium, thus the first variation of the total

potential energy of the rim must vanish. This gives rise to the constraint equation®

(2.39) 1P = UPS +> f - du,’ =0

2.3.2. Virtual work of internal forces

Equation (2.38) was derived under the assumption that the rotations of the beam cross-section are small
enough that the infinitesimal rotation tensor may be used in (2.1). If a second-order approximation to the
rotation tensor is used, the strain-displacement relation (2.4) must be augmented by additional non-linear
terms. These strains give rise to couplings between the internal stresses in the prestressed configuration and
the incremental displacement du, §¢ which reduce the total strain energy. Though a full derivation of these
terms is beyond the scope of this work, there is considerable literature on out-of-plane stability of arches
which is relevant to prestressed bicycle rims (the rim can be treated as a special case of an arch for which
the subtended angle is 27).

The literature on stability of curved beams has been reviewed broadly by Pi et. al. [63]. Timoshenko
and Gere [85] studied the stability of arches under uniform compression and uniform radial bending from
the equilibrium of a deformed arch segment. A similar approach was used by Vlasov [88]. The energy
method has been used by far more researchers [91, 87, 65, 41, 64, 48, 72] due to the simplicitly of deriving

the strain energy from an appropriate approximation for the strain field. This method has been extended

3The force applied to a spoke by the rim f;; is equal and opposite to the force applied to the rim by the spoke, hence the positive
sign in Eqn. (2.39).
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to investigate special cases including laterally fixed rings [84], arches with discrete and continuous elastic
restraints [62, 8], and elastic end restraints.
In order to accurately capture the flexural-torsional buckling phenomenon in bicycle wheels, I adopt the

following assumptions:

(1) The prestressed configuration S, can be described by the shear-center displacement field d, =
[0, v, wp, 0]

(2) The non-uniform in-plane and out-of-plane bending moments M; and M are negligible.

(3) In moving from the prestressed configuration to the deformed configuration Sy, the non-linear
variations of the radial and tangential displacements can be neglected, i.e. only the non-linear
variations of du and d¢ will be considered. The linear variations dv and dw have already been
accounted for in the strain energy given above.

(4) The 3rd-order and higher terms involving the initial displacements vy, w, can be neglected.

Assumptions (1) and (2) result from neglecting the discrete nature of the spokes in the prestressing
system. As shown in Section 2.2, the periodic variation in the radial displacement is generally much smaller
than the uniform contraction of the rim under compression. A similar argument justifies neglecting the
periodically-varying lateral displacement and twist between spokes.

Assumption (3) is a consequence of the large difference in radial and lateral stiffness of the bicycle wheel

(the radial stiffness is generally about two orders of magnitude larger). The spoke stiffness for purely radial

2

spokes is proportional to cos® a, while the lateral stiffness is proportional to sin? . The possibility of in-

plane buckling modes—such as those present in a prestressed ring with no bracing—is precluded by the large
radial stiffness of the spoke system.
Pi, Papangelis, and Trahair [64] show that under the assumptions given above, the strain energy is given

by U% =US — VI  where U’

rim rim rim?

m 1S the strain energy due to the linearized strain given in Section 2.1.1

and V% is given by*

rim

7\ 2 2
(6u')? 472 <5¢’ - M) + Yo <25u’5¢' - 5) ds

1 27TR
2.40 Ve == F
(2.40) ez B e e

43ee Eqn. (41) in [64]. In this thesis, the higher-order terms associated with the pre-buckling displacements vo, wo are neglected
(Assumption 4).



41

where rZ =72 + ri + 0%, and r2 = I /A, rfj = I; /A are the radii of gyration in the 2 and y directions.
The first term (which has the largest effect on the strain energy) arises due to the change in projected length
of a differential element along the beam axis, relative to the undeformed circumferential line. This is the
same effect which gives rise to Euler buckling in a straight column. All other formulations reviewed in the
literature include this term in an identical form [64, 48, 72, 87, 33, 62].

The second term represents the “Wagner effect,” in which an axial torque produced by finite rotations
of axial fibers interacts with the beam twist. This is the effect which causes torsional buckling of a straight
column. There are minor differences between authors in this term depending on exactly what approximation
is used for the curvature, and at what point in the analysis they discard higher-order terms. Pi, Papangelis,
and Trahair [64] calculate the longitudinal strain including the terms sin ¢, cos ¢, compute the variations,
and then discard higher-order terms while Pi and Trahair [65] first approximate sin ¢ &~ ¢, cos¢ ~ 1, and
then compute the variations of the strain. Pi, et. al. [63] compared the critical loads for arches resulting

from several different formulations and found very minor variations®

, except in the case of Yoo [91], who
approximated the curvature effect by substituting ad-hoc curvature terms into the energy equation for a
straight beam.

The third term arises due to the fact that the effective center-of-pressure of the net axial stress is
located at the centroid, not the shear center. This term is consistent across the papers reviewed which
treat monosymmetric beams [64, 65, 72, 87], except in Pi and Trahair [65], possibly due to an unintended
omission or due to the approximations employed. Trahair and Papangelis [87] include the term 2you”¢
instead of 2ygu’¢’. However, these terms differ only by a sign change through integration-by-parts, noting

that the boundary term vanishes exactly due to periodicity of the rim®.

5See Fig. 9 in [63]
6fu”q5 — [ul¢] _ f“l¢/
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2.3.3. Virtual work of external loads and total potential

The rim is loaded by distributed forces f,, fv, fiw and a distributed moment m acting at the shear center.

The total potential energy in the deformed configuration under this system of loads is
2R
(241) I=0U"+ ngm + ngokes - V;"é;,m - /O (fu’LL + f’UU + fww + m(b) ds

where the § symbol has been dropped from the displacements for clarity. Throughout the remainder of
this thesis, the un-subscripted displacements u, v, w, ¢ will be taken to mean the incremental displacements

from the prestressed configuration to the deformed configuration.

2.4. Equilibrium equations

Equation (2.41) is our starting point for investigating the deformation, stresses, and stability of the
prestressed bicycle wheel. As a result of the assumptions already employed, Eqn. (2.41) has a quadratic
form suitable for linear-elastic analysis, while an approximation of relevant non-linear effects due to the rim
prestress are included in the term Vfim. The displacements in the deformed configuration are found by
minimizing Eqn. (2.41) with respect to u, v, w, ¢. The initial strain energy UP does not depend on u, v, w, ¢
and therefore has no effect on the equilibrium or stability of the wheel.

The rim terms U?;,, and V,, = are already in an integral form suitable for continuum analysis. The spoke
term U, fpokes samples the displacement field at discrete points where the spokes are attached. Therefore in

its most general form, Eqn. (2.41) represents a set of non-local elasticity equations for which special solution

techniques are required.

2.4.1. Mode stiffness matrix method

One can easily obtain approximate solutions to (2.41) of arbitrary accuracy while preserving the full details
of coupling between wu, v, w, » by the Rayleigh-Ritz method. Rather than requiring that the first variation
of the total potential (2.41) be precisely zero, we construct convenient approximations to the deformation

variables u, v, w, » and minimize the resulting approximate total potential function.



We approximate the deformation variables with a finite Fourier series:

N
(2.42) u=1ugp+ Z us, cosnd + uj sinnf
n=1
N
(2.43) v =19+ Z vy, cos nf + v;, sinnf
n=1
N
(2.44) w = wp + Z w;, cosnf + w; sinnf
n=1
N
(2.45) & =0+ Y ¢ cosnf + ¢}, sinnf
n=1
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Increasing the maximum mode number N results in higher accuracy. The deformation mode coefficients

are collected into a single vector of length 4 + 8N:

(246) dm = [UO, Vo, Wo, ¢Oa uia uia vfa vfa ’LU;, wigv thljv (,ZSL;, u;a uga s ]T
The augmented displacement vector d = [u, v, w, |7 at a point @ is given by
(2.47) d =B(6)d,,
where
1 0 0 0 c# s6 0 0 0 0O 0O O 20 s20
01 00 0 0 ¢®@ s# 0O O 0O O 0 0
(2.48) B(6) =
001 00O 0 O O @ s# 0 O 0 0
0001 0 0 0 0 0 0 @ s O 0

where ¢ = cosf, s = sin6, etc. Inserting the series approximations (2.42) into (2.11) and (2.40) and

integrating yields a quadratic form for the strain energy and virtual work of internal forces in the rim:

1
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where K, is the rim mode stiffness matrix. Since the Fourier basis functions are orthogonal on the

unit circle, K,;,, has the block diagonal structure:

rim
KO

Krim
(2.50) K, im = !
KRm
The zero-mode matrix is
0 0 0 0
, 0 2rZ2 0 0
(2.51) Kglﬂ’l —
0 0 0 0
0 0 0 2¢Zk427RTy,

e 0 0 0 0 0 —ky O _
0 kw O 0O 0 0 0 —kus
0 0 kew O 0 —kyy O 0
(2.52) =10 0 0 Ky kpw O 0 0
0 0 bow O 0  kyw O 0
—kuy 0 0 0 0 0 ke O
0 —key O 0O 0 0 0 ks
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2
Kuyuw = UL nt+ mE Ty nt+ WGan — T (1 + 7’0>

i3 R5 i3 R2
Ko = ngl n® + ﬂERAn (1 + y—RO(l +n?) + ]ngn?)
ko = W?;Q + sziw n* + 7rGJn2 +7TR*T <yRO — ;(2)2112>
kug = 713212 n? + ngw nt + W](;JnQ +m?RT (;lg — ]2(2)2”2>

Inserting (2.47) into (2.23) yields the strain energy stored in the spokes:

1
Uspokes = 5 Z dszzdz

(2.53) i=1

Il
| =
o))
3
}ﬂ
RN
IE
vs}
e
=
=
~
&

Due the discrete nature of the spokes, the spoke stiffness matrix Ky, has non-zero elements outside of
the block diagonal shown in Eqn. (2.50). If, on the other hand, the smeared-spokes approximation to the

strain energy (2.23) is used, then the modes decouple and the strain energy is given by

_ 1 _
(254) Uspok:es = imeKspkdm

where the zero-mode block (upper-left 4x4 matrix) is equal to 27 Rk. The remaining 8x8 blocks are

given by the relation Kpx(2i — 1,25 — 1) = K. (2i,25) = WRI;:U.
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If the external loads are given as a series of point loads (and couples), the virtual work of external loads

is obtained in a straightforward manner:
Vewt = Z fémt : d(el)
i=1
ny
= Z feimt : Bld’m
i=1

nf
= (Z fei;vtBi> dm
i=1

= Fewtdm

(2.55)

Combining Eqns. (2.49), (2.53), and (2.55), the total potential energy is
1
(2.56) = §me (Kyim + Kepr) din — Feged,

Minimizing the total potential energy (2.56) with respect to the mode coefficients d,, yields the modal

Rayleigh-Ritz equations:
(257) (Krzm + Kspk) dm = Fewt

Equation (2.57) suggests an analogy with the finite-element method, in which the displacement field is
approximated with appropriately-constructed shape functions which interpolate the displacements at dis-
crete points throughout the body. By contrast, the mode-matrix method described here approximates the
displacement field with a finite set of functions chosen such that the strain energy is approximately additively
decomposed. If the smeared-spokes approximation (2.54) is used, the stiffness matrix is guaranteed to have
a sparse, block-diagonal form, while still retaining possible coupling (through the spoke geometry) between

in-plane and out-of-plane deformations.

2.4.2. Differential equilibrium equations

If the smeared-spokes approximation is employed, the spoke strain energy is converted to an integral form.

The Euler-Lagrange equations which guarantee minimization of Eqn. (2.41) give a set of four coupled
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differential equations for the displacement variables:

Dyy + EU'U Dyw + 'Z;/'mu Euv lzjvqﬁ v fv
(2 58) _Dvw + I_fvw wa + I_fww I_Cuw I_qub w fw
I%uv Euw Duu + ];'uu Du¢> + Ig‘u(ﬁ u fu
i l_cw qu& Dyp + 'sz) Dyy + ]5¢¢_ _¢_ K
where
_ 2pt _ Yo\ pe, B4
D,, = (Bl + BAy*)D* =284 (8) D* +
EL Yo\ 2
Dyw = — [ 2L 4 EA (1 7) D2
( =+ + 5
_(EL Yo 3 FEA Yo
Pow = <R+EAyO (H_R))D -5 (1 F)?
El, ., GJ_, = r3 9

EI _ _
Dyy = E1,D* — GID* + 7 + RifTD? + yoT

EI EL, GJ _
Dys = ——2D* 4 D24+ T —r2)D?

and D™ = (d/ds)™. Due to the spoke stiffness parameters I::ij, all of the displacement variables appear in
each of the equilibrium equations. In the most general case with no further simplifications or symmetries, the
combined governing equation is a 14th order linear ordinary differential equation with constant coefficients.

In most cases relevant to real wheels many of the coupling terms I;:Z-j (i # j) are identically zero or are
small compared to other relevant quantities. For example, in a wheel with either mirror symmetry or mirror-
rotational symmetry across the plane of the wheel, all the off-diagonal terms k;;(i # j) are identically zero,
except l_€u¢. In the case where kyy = kyw = l_cv¢ = Ew¢ = 0, the equilibrium equations decouple into a pair
of equations for radial-tangential deformations and a pair of equations for lateral-torsional deformations.
Previous theoretical studies on the bicycle wheel by Smith [78], Pippard, et. al. [66, 67, 68], and Burgoyne

and Dilmaghanian [12] were derived by implicitly assuming a decoupled form of (2.58).
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2.5. Loads in the plane of the wheel

The radial-tangential equations are

dv 1 d%w FEA (dw v d?v 1 dw Pw -
(2.:5%) (EL+ yo)(ds4+Rds3) R (ds R+y0<d52+Rds Rds3)>+k””“ Jo
ELL Yo dv 1 d?w Yo dPw  1dv -
2. (2 BAy (1)) (LY YY) a1 D) (S ) k= f
(2.59b) ( R wo (1+ R)> <ds3+Rds2 (1+ R) i Rds) TRweew =1

Combining these two equations (by taking the determinant of the v, w submatrix in Eqn. (2.58)) results

in a single governing equation for v:

dbv Yo\ 2 ry\2\] d*v
2.60) T2+ {2 — Awuw (7) (l) av
( ) des * [ ( R * R do*
Y2 | (Ty)\? Yo\ d*v ry\?
Tt Ao (14 58) 4 (1)) + 200w (52) | So2 = Aww [T 200 () |0 =0
+ [ + ( + in + R + iANTE + I v
where A\, = EvvR4/E11 and Ay = I%wwR4/E11. The tangential spoke stiffness kywew is related to the
projection of the spoke stiffness along the tangential direction. For practical wheels, k., is at least 2 orders
of magnitude smaller than k,,. Analytical solutions to Eqn. (2.60) are possible because the roots of the
characteristic equation come in three pairs, +7;.
Further simplification is possible for most practical cases by noting that yo,7, < R. These conditions

are equivalent to assuming that the beam is doubly-symmetric, and that extension of the centerline can be

neglected, respectively.

& ! 2
520+ (L4 ) 2

(2.61) ¥ 704

— Aww? =0

Equation (2.61) is the same as Pippards result obtained from equilibrium of a differential element of the

rim [68]. The boundary conditions and solution procedure is identical for (2.61) and (2.60).

2.5.1. Loading case I: radial point load

The vertical reaction force from the road is represented by a radial point load at § = 0. The radial dis-

placement closely resembles the classical solution of a point load acting on a beam supported by an elastic
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Figure 2.4. (a)-(c) Deformation of a wheel subject to a radial point load, normalized by
P/mRk,,. For the dark lines \A,, = 1000 and for the light lines A,, = 10. (d)-(f) Deforma-
tion of a wheel subject to a tangential point load.

foundation [37]. The rim bends inwards in a narrow arc near the load and squashes outwards on either side
of this region due to the tendency of the rim to maintain a constant total circumference’. Far from the load,
spoke tensions generally change by a very small amount on the order of 5% of the applied load. This has
led some to claim that “the hub stands on the spokes beneath it,” despite the counter-intuitive image this
conjures [10, 27]. Others insist that the hub “hangs from the spokes above it” due to the fact that the spoke
tensions above the hub are higher than those below it [23]. Both statements are mathematically equivalent,
but it is clear that the lower spokes play the most significant dynamic role in supporting the bicycle and are

most prone to loosening or buckling under load.

"The spoke tensions on either side of the affected length can increase significantly if the bottommost lose tension. In one test
on a 20” wheel, the spoke nipples in this region failed, ejecting the spokes like arrows from a bow. No one was injured.
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If, as is generally the case for practical wheels, Ay < Ayw, Eqn. (2.61) simplifies to

dv | d?
25 (1 Ao =0

(2.62) 7 102

Since all the derivatives have even order, a relatively simple analytical solution to (2.62) exists. The

radial displacement under a point load P at 8 = 0 is given by

PR? 2ab  bsinh af cos bl h af sin bo
(2.63) v = 7R <a2 + S ay cosoy  acoshaysin + A cosh af cos bl + B sinh af sin b@)
4abEI; \ 71 n

where

In—1 / 1
7]:\/>\1)v+17 a = nTv b= %

asin 27b + bsinh 2ma

B 2n(sinh? 7a + sin’ 7b)

asinh 2wa — bsin 27wb

 2n(sinh? 7a + sin® 7b)

This solution for radial spokes was first given in slightly different form by Smith [78] in 1901 and later

by Pippard [66] and Hetenyi [37]. The radial stiffness is

(264) Kroqq =

7 REyy < 1 bsinh am cosh am + a sin b cos bw) -1

TAo  \ 2712 B 4abn(sinh2 am + sin? brr)

2.5.2. Loading case II: tangential point load

During acceleration (or deceleration with disc brakes®), the reaction force from the road has a component in
the tangential direction. The tangential displacement is primarily controlled by the stiffness k., while the
ratio Ayw/Apw controls the degree to which radial displacement is also involved.

A very satisfactory approximation to the problem of a tangential load can be obtained by noting that
Avy > Ay and therefore the radial displacement is very small compared with the tangential displacement.

Under this approximation, the rim rotates about the axle as a rigid body and the tangential stiffness is

(265) Ktan = QWREww

8With rim brakes, the torque from the road force is reacted by the force applied by the brake pads. The spokes at the front of
the wheel lose tension while the spokes at the back gain tension.
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Figure 2.5. Change in spoke tension under different loading scenarios: unit radial load (left
column), unit tangential load (center column), 500N radial load and 50 N tangential load
(right column). Each row corresponds to a different spoke pattern. The red bar represents
the spoke at the load point. (A wheel with radial spokes cannot support tangential loads
without significant non-linear deformation, therefore those plots have been omitted.)

2.5.3. The role of spoke tension in supporting in-plane loads

The model considered here depends on the assumption that a pretensioned spoke can equally support tension
or compression (or rather, loss of tension). In order for this assumption to be valid, all of the spokes must
maintain positive tension at all times. This condition may be violated if an excessive load is applied to the

wheel.
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Figure 2.5 shows the change in spoke tension for a typical road bike wheel® under different loading
scenarios. The spokes are given an initial pretension of 800 N. Under a radial load, the most critical spoke
supports 44 % of the applied load, while the load sharing fractions for the nearest-neighbor and next-nearest-
neighbor spokes are about 24 % and 3 %, respectively. In a properly tensioned wheel spokes should not go
slack under typical loads.

On a typical wheel with tangent spokes, half of the spokes are inclined forward in the plane of the
wheel, while the other half are inclined backwards. These are referred to as “pushing” and “pulling” or
“leading” and “trailing” spokes due to their behavior under torque. Pulling spokes increase their tension
under acceleration torque while pushing spokes decrease their tension, as shown in Fig. 2.5 (middle column).
Under a combined radial load and acceleration torque, the primary factor causing spokes to slacken is the
radial load, while the primary factor causing spokes to tighten is the tangential load. Therefore, both types

of loads should be accounted for when making fatigue calculations.

2.6. Loads out of the plane of the wheel

Under lateral loads, the rim bends and twists into a non-planar shape. The wheel is considerably more
flexible in the lateral direction than in the radial direction due to the small lateral projection of the spokes.
When the rim undergoes lateral deformation, the potential energy of the compressive load induced by the
spoke pretension is reduced. Due to the large lateral compliance, this reduction in potential energy can be
significant compared to the increase in strain energy due to lateral bending and twisting. This leads to larger
lateral deflections with the possibility of lateral-torsional instability at a sufficiently high spoke tension.

The lateral-torsional equations are

4 1 g2 El 4 4 2 2
E[2<du_|_ d¢)_ W(RM_M>+G‘]<RM du)

(2.66a) ds* " Rds? R? ds*  dst R? \ds®  ds?
. a
_ (w2 2 [ _d%¢  du - 7

+RT (dSZ +y0@ — ﬁ (Rds2 — CL92>) + kyuu + ku¢¢ - fu

EL, (d*u 1 d'¢ 1d* ¢ 1 d%u

s+ 5t +EL (5 -5 ) -G =5 -5

R \as2 " R?) TP\ Gt T mast) 9\ G T R

(2.66b)

_ ¢ 1 d%u Pu ¢ 7 7
+RT <r§ <ds2 — Rds2> + Yo <d52 + R)) + ks + Fugu =m

9See Appendix B.1 for complete wheel properties.



53

This coupled system leads to an eighth-order ordinary differential equation with constant coefficients
and all even-order derivatives. Analytical formulae for the roots are possible, but impractical due to the
need to find roots of a quartic characteristic polynomial. Neglecting warping stiffness and defining the

non-dimensional groups Ay, = kyuR*/Ely, it = GJ/EIy, and 7 = R3T/EI,, Eqns. (2.66) become:

_Tr5 ) du
aon (1-228) %

A
+<2¢¢+T <
u

YT (16w riw)) du
uw \R2 R2 ' R®))dot

1+ )\¢¢ - = M + 2>\u¢) (1 + Ay + >\¢¢ + 2)\u¢)>

2 2
0 (4 + I dl
I R2 d6?

- % (M (1 +t%0) + s — Ay ) u =0

R2

1
uw)
-
m
2

The terms arising from the Wagner moment are vanishly small. The ratio 73/R? is on the order of
107% ~ 1073 for a typical rim, while 7 is of order 1 ~ 10. Neglecting second-order quantities rZ,yo>

compared to R?, Eqn. (2.67) becomes:

dSu Agpo d*u
2.68) — — 2
eon G (=R ()
1 T Yo 290\ d*u
14+ Ao+ Aoy + 2 [ 14+ — _7(1 Aoy — L (1422, )_7 au
+<+ + Agg + ¢<+u) p + A0 = J 1+ 22u0) R ) 2
1 Yo 2
== (O (14 75) + A = A2y ) u =0
Dropping the terms in Eqn. (2.68) involving 7, yo, Aug, Age, one recovers the differential equation derived
by Pippard [67]. The dimensionless tension 7 can be interpreted as the spoke tension divided by the spoke
tension which would create a compressive stress in the rim equal to the buckling load of a straight fixed-fixed
column of length 27 R. The stiffness ratio Ay, is a sum of two parts: A™ a term proportional to the elastic
stiffness of the spokes and A9S°™, a term proportional to the spoke tension. For most bicycle wheels, the

geometric stiffness is well approximated as \J¢°™ = R2|,T/EIy ~ 7.



o4

2.6.1. Solutions to (2.66) by the equivalent springs method.

Equation (2.68) is a sixth-order linear ordinary differential equation with constant coefficients. Since all the
derivatives have even order, the roots of the characteristic equation can be solved analytically by solving a
cubic equation. However, a straightforward approximation of arbitrary accuracy which preserves warping
stiffness is possible using the mode matrix method described in Section 2.4.1. Furthermore, if coupling
between in-plane and out-of-plane deformations is precisely zero or neglected (i.e. ky, = kuw = 0), the spoke
offset vector is sufficiently small (bs = 0), and the rim shear center offset yo is neglected, then the lateral
stiffness of the wheel can be modeled as a system of equivalent springs with clear physical interpretations.
Under a lateral point load P applied at 6 = 0, the modal approximation (2.47) to the lateral displacement

becomes

N
(2.69) u=up+ Z Uy, cOS Y

n=1
The lateral stiffness Ko = P/u(0) is found by combining the individual mode stiffnesses P/u,, using
the series-spring rule:

1 1 1

2.70 = +
(2.70) Kt Ko K1 K

The mode stiffnesses are found by solving the appropriate block of the mode matrix K, + Ky with

the simplifying assumptions described above:

(271&) KO = 271-}%];uu
(2.71b) K, = mRkyy — 7T
_ KbKt 95
2.71 K,>o =7mRkyy + ——— — T
(2.71c) S =T t T w ™
where
WEIQ
Ky, = I8 (n? —1)?
K, = "G 22 _ 1)
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Figure 2.6. Equivalent springs model for lateral stiffness. (a) Mode stiffnesses represented
as springs. (b) Ilustrated mode shapes for the first three modes.

where GJ = G.J + EL,n? /R? is the effective torsional stiffness of the nth mode. This model corresponds
to the diagram shown in Fig. 2.6. The n = 0 mode is a rigid-body displacement of the rim along the e;
direction. The n = 1 mode is a rigid-body rotation of the rim about an axis in the plane of the wheel passing
through the hub. The n = 2 mode is the well-known “taco” shape that a wheel typically takes on when
buckled. Each mode stiffness is composed of three springs in parallel: (1) a spring representing the stiffness
of the spokes, (2) a spring representing the stiffness of the rim, itself composed of two springs in series for
the effective bending and torsional stiffnesses, and (3) a destabilizing (negative stiffness) spring representing
the tendency of the wheel to buckle under excessive tension. Because the rim stiffness increases dramatically
with n, a satisfactory approximation can usually be obtained by only including three or four terms in the
series (2.70).

A few observations can be gleaned from the equivalent spring model: First, the bending and torsion
stiffness of the rim combine like springs connected in series, and the total rim stiffness is dominated by the
smaller spring constant. If the torsional stiffness GJ is significantly less than the lateral bending stiffness
EI5 (e.g. in a single-wall rim or a wide “fat-bike” rim), the wheel stiffness will be dictated by the torsional

stiffness and the lateral stiffness will have an insignificant effect. The equivalent springs model also makes
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clear the dominant role that the spoke system plays in lateral stiffness. The first two modes represent rigid-
body motions of the rim and only involve the spoke stiffness. If the rim is made infinitely stiff (compared to

the spokes), a rigorous upper-bound for the wheel stiffness is given by
92  _
(2.72) max K, = gﬂ'Rkuu

Bicycle wheels are often marketed on their stiffness, which is prized for its presumed benefits to perfor-
mance and durability. However, as modern rims have become stiffer, wheel manufacturers have followed a
trend towards fewer spokes as a way to save weight, reduce drag, and cut costs [11]. How might a modern

wheel compare with a typical road wheel from the 1970s?

Table 2.1. Example wheel properties.

Wheel GJ [Nm?] EI, [Nm?] 7Rk, [N/mm] K, [N/mm]

Modern 80 200 190 82.4
Vintage 15 150 244 84.3

As an example calculation, let us consider two hypothetical front wheels with the same hub width
(50mm): (a) a modern racing bicycle wheel constructed from a modern 700C double-wall rim with 24
1.8 mm spokes, and (b) a vintage road bicycle wheel constructed from a 27” single-wall rim with 36 1.8 mm
spokes. The rim properties and spoke system stiffnesses are given in Table 2.1. Equation (2.70) gives a
theoretical lateral stiffness of 82.4N/mm for wheel (a) and a stiffness of 84.3N/mm for wheel (b). The
greater number of spokes in wheel (b) make up for its relatively flexible rim. In the modern racing bike
wheel, the first two modes (spokes alone) account for 65 % of the total wheel flexibility, compared with 52 %

for the vintage road wheel.

2.6.2. Lateral stiffness vs. spoke tension

A common misconception among cyclists holds that increasing spoke tension results in a stiffer wheel. This
theory likely stems from an intuitive association between “tight” and “stiff,” and possibly from the fact
that a spoke, when plucked, produces a pitch proportional to its tension [5]. However, the conventional

wisdom among wheelbuilders and bike industry professionals holds that spoke tension has no effect on
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Figure 2.7. Influence of spoke tension on lateral stiffness. (a) Comparison of lateral stiffness
vs. spoke tension calculated from non-linear finite-element simulations (ABAQUS Stan-
dard), Eqn. (2.70), and my own experiments. (b) Experimental results by Damon Rinard,
conducted twice on the same wheel (adapted from [70] with permission). (c) Deformed
shape of the rim under a unit load under increasing spoke tensions. 7" = 0, 500, 1000, and
1500 N. (d)-(e) Experimental setup. (f) Load-displacement curves for the six tensions.

stiffness provided that spokes do not go slack under external loads. [70, 45, 38, 30]. Both of these views are
incorrect.

Spoke tension appears in the equilibrium equations in two ways: (1) the “tension-stiffness” (geometric
stiffness) of the spokes—the phenomenon responsible for the stiffness of guitar strings—and (2) the tendency
of the rim to buckle under the compressive load induced by the spoke tension. These two effects are in
opposition and roughly balance out at low spoke tensions. However, at sufficiently high tension, the negative
stiffness term —7mn?T begins to dominate and cause the lateral stiffness to decrease. (At a critical tension,
the lateral stiffness vanishes entirely and the wheel buckles into a non-planar shape. This phenomenon will

be explored in Chapter 4).



58

Damon Rinard measured the lateral stiffness of a wheel at different tensions and concluded that tension
has no significant impact on stiffness, unless the tension is so low that the spokes on the loaded side of the
rim buckle [70]. Rinard measured stiffness by hanging a 251b weight and recording the deflection with a dial
indicator. He did not report the tension for each configuration, but rather reported the number of quarter
turns of the spoke nipple below “full tension.” Although the relationship between turns and tension depends
on wheel parameters that he did not report, it can be assumed that the relation is linear.

Rinard’s results'® are re-plotted in Fig. 2.7 (b) (his original data was reported as deflections rather than
stiffness). At low tension, his measured stiffness drops by about 50 % due to buckling of spokes under his
relatively large test load. At higher tensions, he measured a decrease of about 9 %'*. It is difficult to increase
the spoke tension in a typical wheel to much more than about 50 % of the buckling tension due to friction
at the spoke nipple and the magnification of geometric imperfections in the rim which make it difficult or
impossible to keep it laterally true. Thus the most likely explanation for the conventional wisdom that spoke
tension does not affect stiffness is that no one has tested rims at sufficiently high tensions or additional
compliance in the hub or bearings obscured the effect.

I measured the lateral stiffness of a wheel at six different spoke tensions. The hub was clamped into a
custom fixture mounted to a rigid table. To remove compliance in the hub and bearings I built a custom
research hub consisting of steel flanges screwed onto a %-inch threaded axle!?. The load was applied by
hanging weights from the rim. The tension in every spoke was measured using the technique described in
Appendix D and averaged. The displacement was measured using a dial indicator positioned on a pivoting
bar at a point 10 cm away from the load point. The bar magnified the displacement and enabled the use of
smaller loads. The load-displacement curves are shown in Fig. 2.7 (f).

The experimental results'® are shown in Fig. 2.7 (a), compared against Eqn. (2.70) and ABAQUS
simulations. The stiffness recorded at 1067 N spoke tension (76.0N/mm) is about 22% lower than the

maximum recorded stiffness (97.0 N/mm). At higher tensions, the spoke nipples become difficult to turn and

10The error bars in Fig. 2.7 (b) include Rinard’s reported displacement uncertainty of +0.002in and an assumed 1% load
uncertainty.

lHe repeated the experiment on a different day and measured a tension decrease of only 4 %, but it’s not clear if the tensions
were identical between the two experiments.

125¢e Appendix B.1 for complete wheel properties.

13The error bars in Fig. 2.7 (a) include the confidence interval on the linear fit parameter, the displacement uncertainty of
40.001 in, and an assumed 1% load uncertainty.
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the rim begins to take on a distorted shape. To my knowledge, these are the first reported measurements of

lateral stiffness which are quantitatively compared with theory and simulations.

2.6.3. Wheels with offset spokes: “fat bikes”

A recent trend towards extremely wide tires has led to the development of lightweight rims with widths on
the order of 50-100 mm. Bikes equipped with such wheels, referred to as “fat bikes,” have gained popularity
for their ability to handle mud, snow, and sand. A typical fat bike rim is extremely wide compared with its
depth, giving it a very small torsional stiffness compared with its lateral bending stiffness. To prevent the
rim cross-section from easily rotating, the spoke nipples are commonly offset from the centerline as shown
in Fig. 2.8 (a) (blue dashed lines).

In this case, the mode stiffnesses include contributions from the lateral stiffness k,, as well as the
torsional stiffness I_<:¢¢ and the lateral-torsional coupling stiffness l_€u¢. Solving Eqn. (2.57) for a lateral
point load with the smeared-spokes approximation and neglecting yo, 74,7y, we obtain the mode stiffnesses

analogous to Eqn. (2.71):

_ R2K?
(2.730) Ko = 27R | Ky — =t
Ely + R?kyy
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_ Ky K, + (kg /R) (Kpyn* + K;) + 2mkyo (Kpn? + K;) — (n? — 1)27%k2 _
K@QWka( Ko+ (Tl [ R) (K + Ko) + 2mhag(Kyn® + K0) — (0 = 1°0°KE,\

Ky + K+ (n2 —1)21kyy /R

Like Eqn. (2.71), the mode stiffness with offset spokes includes a term representing the lateral stiffness
of the spokes system, a term representing the reduction in stiffness caused by the compressive stress in the
rim, and a term representing the stiffness of the rim, but in the case of Eqn. (2.73) the rim bending and
torsion stiffness terms are combined with EM, and l}w. The diagonal terms k,, and E¢¢ are strictly positive,
but the coupling term I_cu¢ may be positive or negative depending on the arrangement of the spokes. If the
spokes are connected to the rim centerline (Fig. 2.8 (a), black lines), then ky4 = kg = 0, and Eqn. (2.73)

reduces to (2.71). If the spoke nipples are offset towards the hub flanges (blue dashed lines), the coupling
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Figure 2.8. (a) Schematic showing a fat bike wheel with no spoke offset (black solid lines),
positive spoke offset (blue dashed lines), and negative spoke offset (red dotted lines). (b)
Rigid mechanism rotation mode afforded by the negative spoke offset arrangement. (c)
Lateral stiffness as a function of spoke offset. (d) Lateral stiffness as a function of spoke
tension for zero offset, and +10 mm offsets.

term I_€u¢ is positive. This is the standard method for lacing fat bike wheels. If the spoke nipples are offset
away from the hub flanges (red dotted lines), the coupling term k,, is negative.

It has been suggested that the cross-over lacing pattern (negative offset, Fig. 2.8 (a), red dotted lines)
could increase the lateral stiffness of a wheel by increasing the lateral bracing angle, @. Shimano marketed
a road bike wheel (Dura-Ace WH7700) with a narrow road rim in which the spokes were attached to the
outside edge of the rim opposite the hub flange [70]. More recently, the cross-over lacing pattern has been
discussed as a possible improvement to fat bike wheels'®. Since the spoke holes on many fat bike rims are
already offset from the centerline this design does not require specialized components.

While it is true that a negative spoke offset increases the lateral spoke stiffness ky,,, it also introduces
a deformation mode which allows the rim to deflect laterally and rotate while producing no reaction in the
spokes. Figure 2.8 (b) shows an example of this mechanism rotation. In this mode, the spokes and rim act
like a four-bar linkage: the spokes in the deformed configuration (red dashed lines) do not change length and

therefore offer no resistance to deformation!®.

145:3-‘37 for example http://forums.mtbr.com/fat-bikes/anybody-ever-cross-their-spokes-other-side-rim-799284.html
15A wheel with positive spoke offset also admits a free rotation mechanism, but the rim rotates in the opposite sense. This is
mode is suppressed by the natural coupling between bending and torsion in the rim.
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Despite its apparent advantages, the cross-over spoke lacing pattern has a dubious effect on lateral
stiffness and makes the wheel highly sensitive to spoke tension. Figure 2.73 (c) shows the lateral stiffness of
an example fat bike wheel'® (at zero tension) calculated using Eqn. (2.73) (black line), using the mode matrix
method with discrete spokes (orange dashed line), and the finite-element method (blue stars). Stiffness vs.
tension curves are shown in Fig. 2.8 (d) for a wheel with positive, negative, and zero offsets. Although the
cross-over wheel has a higher stiffness at zero tension than the wheel with positive offset, it is significantly
more sensitive to tension. Such a wheel would be very difficult to build and true with adequate spoke tension.

Another possible design is to alternate conventional spokes with cross-over spokes in a hybrid design.
This strategy was used in the Singapore Flyer, a Giant Observation Wheel (i.e. Ferris wheel) completed in
2008 and the largest such structure in the world at the time of its completion'” [6]. The rim is a ladder
truss with its minor axis in the plane of the wheel, resulting in a large lateral bending stiffness but small
torsional stiffness. The spokes are connected in groups of four (left-left, left-right, right-left, right-right)
near the mount point for each observation pod. Although the wheel does not need to support concentrated
external loads as the bicycle wheel does, the rim must be stabilized against lateral buckling under the spoke
prestress.

This hybrid spoke pattern may be unsuitable for a typical fat bike wheel. A standard tangent-spoked
wheel already has four distinct spoke types (left and right, leading and trailing). This pattern lends itself to
wheels with a multiple of four spokes (e.g. the common 24, 32, and 36 spoke counts). Adding an additional
factor (conventional or cross-over) increases this to eight. Such a wheel would either need to be built with
a multiple of eight spokes, or with unequal numbers of each type of spoke. Furthermore, a hybrid 32-spoke
wheel would have only four-fold rotational symmetry—an undesirable property for a structure which should

have similar properties at every point around its circumference!®.

165ee Appendix B.2 for complete wheel properties.

" The Singapore Flyer has since been surpassed by the High Roller in Las Vegas. The Dubai Eye, currently under construction
as of September 2018, will be even larger.

18These problems could possibly be overcome by using twice the number of spokes with a narrower gauge. One could imagine
a “double hub” having two flanges on either side: an outer flange with conventionally-offset tangential spokes, and an inner
flange with radial cross-over spokes.



62

2.7. Radial-lateral coupling

An inwards radial force at a spoke gives rise to both a radial displacement in the direction of the load
and a lateral displacement opposite the hub flange to which the spoke is connected. In a symmetric wheel,
this reaction is equal and opposite at adjacent spokes and this radial-lateral coupling disappears when the
spoke stiffness is homogenized. However, if the spoke inclination angle is different one side of the wheel,
these reactions will be opposing but not equal, giving rise to a net radial-lateral coupling.

Rear wheels and wheels for disk brakes are commonly built with one hub flange closer to the rim centerline
than the other due to the need to create space for the gear cluster or the disk rotor. The out-of-plane spoke
angle is steeper on the side of the wheel with the gear cluster or disk rotor. Additionally, the spokes on the
steep side must be tighter by a factor of ¢} /c}. For a typical wheel, this factor is on the order of 1.5, but
can be higher depending on the flange width and number of sprockets.

It is often erroneously assumed that the lateral stiffness is different in the left and right directions on
such a wheel. Damon Rinard demonstrated that the stiffness is indistinguishable [70], but it should also be
clear from a theoretical perspective because the stiffness is the instantaneous slope of the load-displacement
curve and the spokes on each side give the same stiffness in tension as in “compression” (or more precisely,
loss of tension)'?.

How does the wheel stiffness depend on the degree of offset? There are two competing effects which
determine the lateral stiffness. First, the change in spoke angles increases the spoke system stiffness provided
that the total hub width remains constant. This seems counterintuitive at first since the spokes on the right
side will have a very small lateral projection. However, this is more than made up for by the increase in
lateral stiffness of the left spokes®°. Second, as the degree of offset is increased, the degree of coupling between
radial and lateral deformations increases. This causes some of the force which would have been supported

by the lateral mode to “leak” into a radial deformation mode which produces its own lateral displacement.

19The behavior under large displacement will, of course, be different in the left and right directions and if the stiffness is
measured with too large a test load, the stiffness will appear to differ.

20The lateral stiffness is proportional, to second order, to (cll)2 + (c{)27 where c¢; is the direction cosine of the spoke vector
in the lateral direction. The direction cosine is approximately equal to the lateral distance from rim to hub flange divided by
the radius. If the total hub flange width is constrained, then (c})? + (c])? takes on its minimum value when ¢! = c], i.e. a
symmetric wheel. Considering only the spokes, an asymmetrically-dished wheel should be stiffer than a symmetric wheel.
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Figure 2.9. Stiffness of an asymmetrically-dished wheel with a hub flange spacing of 50 mm.
(a) Lateral stiffness under the assumptions of no coupling and smeared-spokes (blue dashed
line), full coupling and smeared spokes (orange line), and full coupling and discrete spokes
(green squares). Results are compared with ABAQUS simulations (red stars). (b) Radial
stiffness (same labels).

Figure 2.9 (a) shows the lateral stiffness as a function of rim offset (the maximum offset is wy, /2, where
wy, is the hub width)?!. If the coupling is neglected (i.e., the coupling terms k,, and k., are set to zero)
the lateral stiffness increases due to the increasing angle of the left spokes. However, if the coupling terms
are included, the lateral stiffness is roughly constant with hub offset. This holds regardless of whether the
smeared-spokes approximation is used or if the discrete spokes are retained, demonstrating that this effect is
not simply an artifact of the spoke homogenization technique. The radial stiffness decreases with increasing

coupling because unlike the lateral stiffness, the change in spoke angle does not increase the stiffness.

2.8. Concluding remarks

The theoretical framework developed in this chapter is sufficiently rich to capture important aspects of
the mechanics of the wheel that were either ignored or incorrectly treated by previous authors. The effect of
spoke tension, ignored by Pippard and Smith and widely misunderstood, is easily incorporated into analysis

of the wheel with no increase in complexity of the solution through the use of modal analysis.

21 Aside from the rim offset, the properties are identical to those of the Standard Research Wheel, Appendix B.1.
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I have already alluded to the problem of buckling of the wheel under spoke tension. The lateral stiffness
given by the equivalent springs model, Eqn. (2.70), goes to zero at a critical tension which represents a
bifurcation instability. The nature of this instability will be explored in Chapter 4. The effect of tension
on lateral stiffness also has consequences for the failure of the wheel under external loads. The competition
between the distinct failure modes of rim buckling and spoke buckling leads to a simple analytical model for
the radial strength of the wheel, described in Chapter 5.

The theory described here depends on physical parameters of the rim, spokes, and hub. Some are readily
available or easily measured, such as the rim radius or hub dimensions. The rim stiffness parameters—FEI,
EI,, and GJ—are not given in manufacturer datasheets and must be obtained by more advanced methods.
A method for measuring these properties with high accuracy using only a smartphone, a tape measure, and

a piece of string is described in the following chapter.
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CHAPTER 3

Acoustic characterization of bicycle rims

In the preceding analysis, we have assumed prior knowledge of EIl, El;, GJ and EI,. Rim cross-
sections typically have complicated shapes with multiple open and closed regions and the exact shape and
wall thickness cannot be easily determined without a destructive test. Furthermore, the spoke holes reduce
the stiffness over relevant length scales in a complex manner. Therefore, it is desirable to obtain the rim
section properties experimentally and with minimal assumptions or computation®.

Pippard and Francis [66] undertook the first quantitative experimental investigations of the stiffness of
spoked wheels and compared their results with an analytical solution. For the special case of radial loads,
they determined the in-plane bending stiffness of bare rims by diametral extension. The rims that they
tested were cut from a steel plate and all had rectangular cross-sections of varying aspect ratio and did not
resemble the complicated cross-sections of modern rims. Due to the difficulty of determining the out-of-plane
bending stiffness and torsional stiffness of a circular beam, their investigation of lateral deformations was
limited to theory alone. Burgoyne and Dilmaghanian [12] performed experiments on bicycle wheels and
compared their results with Pippard’s theory. They calculated the radial bending stiffness of the rim from
geometric analysis of its cross-section, but their study was limited to radial loads. Gavin [28] noted that
the out-of-plane bending stiffness and torsional stiffness are coupled in curved beams and require at least
two independent measurements to determine. He performed out-of-plane deflection tests while clamping the
rim at two points with various arc lengths. This method requires rigid clamps and neglects warping of the
cross-section.

Experimental Modal Analysis (EMA) [21] is a technique for inspecting structures to predict the dynamic
response, assess the quality of a manufactured product, or monitor the health of an existing structure [74]. In

one variant of EMA, the structure is impulsively excited and then monitored using one or more accelerometers

IThe content of this chapter is adapted from [26].



66

or contact transducers. With enough transducers, both the natural frequencies and mode shapes may be
estimated. If spatial information is not required and the modes of interest have sufficiently high acoustic
coupling in air, a microphone may be used to obtain a spectrum, allowing for non-contact measurement.

The ubiquity, connectivity, and computational power of smartphones have inspired applications in non-
destructive evaluation (NDE) and structural health monitoring (SHM). The built-in accelerometer has been
used to identify natural modes of buildings and bridges [22], measure inclination angles [55], and detect and
quantify seismic events [44]. Smartphone accelerometers generally have a maximum frequency of 50-100 Hz,
and thus are limited to measuring seismic activity or natural modes of large structures.

The microphone picks up where the accelerometer leaves off: the one used in this study has a relatively
flat frequency response above 100Hz. Although the microphone has received limited attention for NDE
applications, smartphone microphones have been used for close-range sonar measurements [55], detecting
roller bearing failures [32], and measuring bicycle spoke tension [61]. Other potential applications in the
audible range include concrete bridge deck inspections, which often rely on the operator’s trained ear to
detect anomalies, and rapid inspection of automotive assemblies during manufacturing.

We have developed a method for measuring the stiffness of bicycle rims for both in-plane and out-of-plane
loads using quantitative model-based EMA. Our method is fast, non-destructive, and can be performed with
only simple household tools including a tape measure, a piece of string, and a smartphone. To validate the
technique I compare the calculated stiffness from the acoustic test with quasistatic load-displacement tests

in both the radial and lateral directions.

3.1. Resonant frequencies of a bicycle rim

A bicycle rim without spokes will resonate at its natural frequencies when struck. These resonant modes
are within the audible range and can be easily recorded with a standard smartphone microphone. The modes
are classified into radial bending modes (rim moves entirely within its plane) and lateral-torsional modes
(rim moves out of its plane). Although both types will be present in an experimental spectrum, they can be
preferentially excited by striking the rim at different angles, much like how a percussionist can control the

timbre of a gong or drum.
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Table 3.1. Rim properties

Rim Type* R [mm] mpim [g]
Alex ALX295 DDW 305 480
DT Swiss R460 DDW 304 459
Sun Ringle CR18 20”7 DW 217 380
Sun Ringle CR18 700c DW 304 538
Alex Y2000 26” SW 271 460
Alex Y2000 700c SW 302 551
Alex X404 277 SW 307 594
® Cross-section  type: DDW=deep double-wall,

DW=double-wall, SW=single-wall.

The natural frequencies of the radial bending modes depend on the rim properties as follows [86]:

n(n?—1) EL
n? +1 27TR3mrim

(3.1) ft =

where f7% is the nth harmonic frequency and m,.;,, is the total mass of the rim. The first mode n = 1
corresponds to a rigid-body motion with zero frequency. The fundamental vibration mode is n = 2. Having
measured My, and R and identified several modes from the frequency spectrum, the in-plane bending
stiffness EI; can be determined by solving Eqn. (3.1) and averaging the result from several different modes.

If warping is neglected, the frequencies of the lateral-torsional modes depend on the rim properties as
follows [86]:

n(n? —1) GJ

Vpn? 4+ 1V 2 RPmyim,

where p = GJ/EIy. Unlike Eqn. (3.1), Equn. (3.2) depends on two independent stiffness parameters

(3.2) =

and GJ which must be determined simultaneously.

3.2. Experimental procedure

3.2.1. Acoustic Test

The impulse responses of seven aluminum rims of unknown properties were obtained by the following pro-
cedure: the rim was suspended by a string from the valve stem hole and struck with a screwdriver handle

wrapped in rubber. The rim was struck first on the inside circumference and then on the sidewall at a
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Figure 3.1. (a)-(b) Experimental setup for radial and lateral strike test. (c)-(d) Time-
domain signals for radial and lateral strike test. (e) Fourier spectrum for radial strike (top),
lateral strike (middle), and background noise (bottom).

point between two spoke holes approximately 10° from the bottom of the wheel to excite as many modes as
possible. Audio was recorded with the “Recorder+” app on an iPhone SE using the built-in microphone at
a sampling rate of 44.1kHz. The frequency spectrum was estimated by averaging eight spectra calculated
using the Fast Fourier Transform with a bandwidth of 1.35Hz. A noise spectrum was also obtained by
recording several seconds of silence in the same room. The frequency response of the built-in microphone
was measured in an anechoic chamber and found to be sufficiently flat over the frequency range of interest
(see Appendix C.1).

The peaks with a signal-to-noise ratio greater than 10 were identified and classified as radial or lateral
modes depending on their relative magnitude in the two spectra. The frequency of each peak was determined

by fitting a Lorentzian function in the neighborhood of the maximum value. The two peaks at 27 Hz and
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Figure 3.2. (a) Four-point bending test. A small mirror resting on the rim at 9 oclock
reflects the laser spot onto a grid (to the right, not shown). The unbalanced configuration
effectively doubles the lateral displacement at the load point and increases sensitivity. (b)
Selected radial load-displacement curves under diametral compression. Blue triangles =
Alex ALX295, orange circles = Alex Y2000 26”7, green squares = Sun CR18 700C.

60 Hz were also present in the noise spectrum and therefore rejected. A detailed peak-fitting procedure is

given in Appendix C.2.

3.2.2. Diametral compression

The rims were then loaded in diametral compression under displacement control in an Instron MTS (Fig.
3.2 (b)). The valve hole was placed at 45° from the load point where the bending moment is minimized to
reduce its effect on the measurement. Castigliano’s method gives the deflection of a ring subjected to radial

point loads [85]:

PR 8
(3.3) °= &L (” N E)

3.2.3. Four-point bending test

The lateral stiffness of each bicycle rim was also measured using a four-point bending test [90] (Fig. 3.2 (a)).
The rim was supported at 3 and 9 o’clock by cylindrical rods and constrained against a rigid bracket on

the top surface of the rim at 12 o’clock. The rim was then loaded by hanging a weight from the spoke hole
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(or valve hole) at 6 o’clock. The vertical deflection at 6 o’clock was measured using a dial indicator. The
rotation of the cross-section at 9 o’clock was measured by tracking the movement of a laser spot, reflected
off of a mirror resting on the rim and projected onto a screen with a printed grid.

If warping is neglected and only the strain energy due to lateral bending and uniform torsion are
considered, Castigliano’s method yields the displacement u; at the load point and the rotation of the cross-

section ¢ at the left support:

w =~ (55) (23— 7) + p2 )]

(3.4) )
by = (55) 1+ w2 - )

By simultaneously measuring the deflection and rotation, GJ and p can be determined from a single

test.

3.3. Results and discussion

3.3.1. Radial stiffness

After identifying the first several mode frequencies in each spectrum, \/m was estimated from
the fundamental (n = 2) mode. With knowledge of R and m;,, the radial bending stiffness was determined
from Eqn. (3.1).

The results for the radial stiffness EI; are shown in Fig. 3.3. The error estimates are made on the
assumption that the mass and radius are both known to within 1%. The uncertainty in the frequency is
the greater of either the estimated parameter variance from the Lorentzian fit, or the frequency resolution
of the spectral average. Multiple modes may be averaged together to estimate EI;, however the deviation
from Eqn. (3.1) grows steadily larger with higher mode number due to the fact that shorter wavelengths

interact with spoke holes and other inhomogeneities.
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Figure 3.3. Comparison of stiffness parameters calculated from the acoustic test vs. load-
displacement tests. For FI; and G.J, refer to the left scale. For p, refer to the right scale.

3.3.2. Lateral-torsional stiffness

Lateral bending and torsion are coupled in out-of-plane deformation modes of circular beams. Therefore,
information from multiple modes must be used to calculate GJ and u. Taking the ratio of two lateral-

torsional frequencies and solving for p in Eqn. (3.2) gives

26— (A 2
O/ 1577 — 64

(3.5)

After calculating p, GJ is calculated from Eqn. (3.2) by setting n = 2:

4 1
(3.6) GJ = ( ks >7TR3mrim( éat)Q

Qualitatively, GJ scales the magnitude of the frequencies and p scales the spacing between modes.
However, the situation is further complicated by the fact that the cross-section of the rim does not remain

perfectly planar. This additional warping deformation introduces a length scale into the torsional stiffness
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which depends on the rim radius and mode number. In this case the effective torsional response involves
both GJ and FEI,,, where I, is the warping constant.

Results from the acoustic test and four-point bending test are shown in Fig. 3.3 and tabulated in
Appendix C.3. The error estimates in Fig. 3.3 are made on the same assumptions as for EFI;. Due to
the non-linearity of Eqn. (3.5), error estimates for p are calculated using the Monte-Carlo method. The
lateral bending stiffness and torsion stiffness are geometrically coupled in lateral deformations. The total
lateral-torsional stiffness depends on El; and GJ as though they were springs connected in series. Since GJ
is generally smaller than E5, it dominates the total rim flexibility and can be determined with much higher
precision than EI5 or . Even a small uncertainty on £/ f4% results in a large estimated uncertainty on p
and E,, but not GJ.

The results plotted in Fig. 3.3 are tabulated in Appendix C.3.

3.3.3. Lateral-torsional mode stiffness

An acoustic test is sufficient to calculate GJ to within 11 % of the results from the four-point bending test.
However, both models assume that warping is negligible. In fact, the acoustic test may be even more accurate
than the four-point bending test because it directly measures the mode stiffness of the rim, which includes
bending, pure torsion, and warping. In order to account for warping, we derive the frequency equation for
lateral-torsional vibrations with an additional term for the warping resistance:

The differential equations of dynamic equilibrium, including warping but neglecting the rotary inertia

of the rim cross-section, are

ElL (d* &6\ El, (du _d*¢\ GJ (du ¢ Mrim\ 20
(3:7a) R4<cw4_Rd92 (Pt )~ (B )+ (k) @2 =
El, {d2u El, (du _d'6\ GJ [Py d2¢
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(3:7) 73 <d02 Rd)) RS <d64 TR ) T e e T ) =0
We are seeking free vibrations of the form
(3.8a) u(f,t) = Up el 2l
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Figure 3.4. Comparison of mode stiffness from the acoustic test (x-axis) and the mode
stiffness calculated from Eqn. (3.10).

Inserting Eqns. (3.8) into Eqns. (3.7) yields a linear system of the form A - [u,, ¢,]T = 0. Non-trivial

solutions exist when the determinant of the matrix A vanishes. Using this condition to solve for the angular
frequency 2 fL2¢ yields the frequency equation:

2 2mn%(n? — 1)2E1, (GJ-|— %nz)

3.9 2 flat
(3.9 ) = R (Bl + Gn + ELipt)

Exploiting the analogy with the simple harmonic oscillator, for which (27 f/%*)2 = K/m, allows us to

calculate an effective rim stiffness for the nth mode:

-1
R3 R3

3.10 Kacoust = 2 +

(8.10) ! <7m2(n2 —1)2(GJ + Epn?)  w(n? - 1)2EI2>

Comparing Eqn. (3.10) with Eqn. (2.71), it’s clear that the acoustic stiffness is twice the series combi-
nation of the rim bending stiffness and torsion stiffness. Even if EI; and GJ cannot be reliably determined

independently, the lateral rim mode stiffness used in Eqn. (2.71) can be directly determined from the relation

1 K K rim
(3.11) grim — A0 T

— — 2 lat\2
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CHAPTER 4

Flexural-torsional buckling under uniform tension

If the spokes are tensioned beyond a critical value the circular shape of the wheel becomes unstable
and the rim buckles into a non-planar shape. The post-buckling configuration is generally stable and the
original shape of the wheel can be recovered by reducing the spoke tensions. Despite its implications for
wheel stiffness and strength, the buckling problem has never received a rigorous treatment. Jobst Brandt

alludes to buckling in his practical manual for wheelbuilding [10]:

“If the wheel becomes untrue in two large waves during stress relieving, the maximum, safe
tension has been exceeded. Approach this tension carefully to avoid major rim distortions.
When the wheel loses alignment from stress relieving, loosen all spokes a half turn before

retruing the wheel.”

Stress relieving is the practice of laterally loading the rim (or the spokes directly) so that the spokes
temporarily increase their tensions, which is presumed to relieve residual stresses in the spoke elbows and
prevent fatigue failures.

Flexural-torsional buckling of the rim can be treated as a special case of buckling of an arch with an
included angle of 27 and appropriate periodic boundary conditions. Timoshenko and Gere [85] studied the
stability of arches and rings and gave a formula for the critical load for a ring with a doubly-symmetric
cross-section subjected to a line load directed towards the ring’s center The theory of flexural-torsional
buckling of monosymmetric arches has been studied by many researchers using the virtual work approach
[91, 87, 65, 41, 64, 48, 72]. The stability theory has been extended to arches with continuous [62] or
discrete [8] elastic supports and elastic end restraints [33].

The problem of the prestressed bicycle wheel is unique for a number of reasons. First, the buckling
load is internal to the structure. Second, the spokes act both as elastic restraints resisting buckling and as

prestressing elements promoting buckling. Third, the lateral, radial, tangential, and torsional restraining
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actions of the spokes are commonly coupled: lateral deflection at a spoke may produce a mix of those reactions
on the rim section. These considerations extend to other structural systems. Large observation wheels such
as the London Eye [49] and the Singapore Flyer [6] resemble bicycle wheels and achieve lateral stability by
bracing the rim with prestressed cables, and must be designed against flexural-torsional buckling. At the
biological scale, the cellular fragmentation process which leads to platelet formation may also be driven by a
flexural-torsional buckling instability of a growing ring of bundled actin fibers loaded by an elastic membrane

which both promotes buckling and provides elastic restraint [81].

4.1. Elastic stability criterion

I showed previously (Section 2.4.1) that the deformed shape of the wheel under external loads could be
found by solving the mode matrix equation (2.57). One form of the elastic stability criterion states that for
any admissible deformation, the second variation of the total potential (2.56) must be positive. Since any
rim deformation must be periodic and continuous, the modes in (2.42) form a set of kinematically admissible
deformations. Therefore the buckling tension is the tension at which (2.57) admits nontrivial solutions for
Fe.t = 0.

The spoke stiffness comprises a term proportional to the elastic stiffness K of the spokes and a term
proportional to the spoke tension 7. Additionally, the rim stiffness comprises a term depending on the
bending, torsion, and warping constants, and a term proportional to the net radial spoke tension per unit

length, T. In order to make the dependence on T explicit, the buckling criterion is written as follows:

(4.1) det |:Kmatl + K;r;)%tl + T(ngom _ ngom) —0

Tim spk rim

If the complete details of discrete spokes and possible radial-lateral coupling are retained, a numerical
solution to (4.1) can be obtained by including enough modes such that the relevant length scales (e.g. the
distance between spokes) are correctly approximated, and then either numerically solving the characteristic
polynomial of (4.1), or iteratively increasing T until the determinant is minimized. Under more restrictive

assumptions, analytical solutions are possible, as shown in Table 4.1.
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Table 4.1. Simplifying assumptions for elastic buckling criterion.

Smeared Symmetry Rim Complexity Analytical solution
spokes
No None Monosymmetric®  det of (4+8N)x(4+8N) matrix None
Yes None Monosymmetric det of 4x4 matrix Impractical
Yes Left-right® Monosymmetric Quadratic equation for T, Solution of (4.3)
Yes Left-right Bi-symmetric® Linear equation for 7T, (4.4)
Yes Left-right, no spoke Bi-symmetric Linear equation for T, (4.5)
offset

2 Left-right symmetry implies no radial/lateral coupling.
b Monosymmetry implies 3o # 0
¢ Bi-symmetry implies yg = 0, i.e. the shear center and centroid coincide.

If the smeared-spokes approximation is used, the stiffness matrix K,.;,, —|—K5pk has a block diagonal form,
with each block corresponding to a different mode n. The first two modes n = 0 and n = 1 are rigid-body

motions of the rim and do not admit buckling. The buckling criterion then becomes

rim,n spk,n spk,n Tim,n

(42) det |:Kmatl + Kmatl + T(ngom _ KYeom ) -0

In its most general form, Eqn. (4.2) results in a quadratic equation for 7" which can be solved to find

the critical tension Tc,n for a given mode n. The critical buckling tension T, for the wheel is the minimum

T, over all integer modes.

The spoke axial stiffness Fs A4 is much greater than the spoke tension. Therefore, the tension components

geom
j

matl

can generally be neglected compared with ]_fij , except for ky, due to

of the spoke stiffness matrix k
the small lateral projection of the spoke vector. In this section I will neglect the tension component of all

: T.geom
stiffness parameters except for k9.



No radial/lateral coupling. If the radial/lateral spoke coupling terms are neglected (kyy, = kyw = l%w =

kwe = 0), the buckling criterion (4.2) reduces to

(4.3) (Rzl_cgeuomyo - n2Ry0) T2

Ely
R

A~ T2
G‘]]%" (n2 P2 1) - Ri?:geom)

<n2 — 3n4y—RO + Rl}ﬂzom) + 7 ge

+RE¢¢(n2 — Riﬂgzom) + 2Ry0Eu¢n2 — Rzkmftlyo] T

ELGJn? _ ku k
72]%4 (n? —1)2 + El, (kg:f” + 2?%2 + $n4>

2 matl 2 ug 9P
+GJn (k;uu + R TR =0

where GJ = GJ + EI,n?/R? is the effective torsional stiffness.
No radial/lateral coupling, bi-symmetric rim. The quadratic term in (4.3) is proportional to yo. If
the rim cross-section is assumed to be symmetric across both the e; and ey axes, then the buckling criterion
(4.3) reduces to a linear equation for 7. Using the non-dimensional parameters defined in Section 2.6, the

non-dimensionalized critical buckling tension is given by

1 inZ2(m?2 — 1)2 + (n* + in?)Aoe + 202 (i + DAye — M2
(4.4) Tw:( )(/\umqft“r“( )2+ ( A1) Age (B + 1D Aup — Aoy

n2 — RE%Z(’"L 1+ [m2 + )\¢¢

where 1 = GJ /EI; is the effective torsion stiffness ratio, including warping. The first term (n? —

REg™)~1 reflects the fact the spokes (and therefore the direction of the applied tension at the rim) rotates
under a buckling displacement. This term accounts for the difference between buckling under dead loads
(e.g. gravity) and directed loads (e.g. tensioned cables). For typical wheels, RkI*™ = 1.

No radial/lateral coupling, bi-symmetric rim, no spoke offset. If the spokes are assumed to connect
to the rim through the shear center, the lateral/torsional coupling terms vanish, i.e. Ayy = Apy = 0. The

critical buckling tension is given by [25]

1 an?(n? —1)2
45 (L) (men
(45) Te (n2 - Rkﬂffm> ( wu 1+ jin?
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Figure 4.1. (a) Parameter map of preferred buckling mode. Normalized buckling tension
7. is given by the color scale on the right. (b)-(c) Comparison between Eqn. (4.5) (black
line), ABAQUS simulation results (blue stars), and power law approximations: (4.12) for
(b) and (4.9) for (c). Parameters held constant are p = 0.38 for (b) and A™ = 10 for (c).

The critical tension 7., for a given mode depends on n, fi, and A7, Therefore, the critical mode n,
only depends on fi and A\, Figure 4.1 (a) shows a map of the critical buckling modes and their respective
shapes (&2 = p for simplicity). Much like the related problem of the straight beam on an elastic foundation,
the bicycle wheel buckling problem exhibits a length scale which depends on the ratio of beam stiffness
to foundation stiffness. In an infinite beam, the wavelength of the buckling mode varies continuously with
stiffness ratio. This relationship is used to estimate the elastic modulii of thin-films [14]. In the bicycle
wheel problem, the buckling wavelength must fit around the rim, i.e. the circumference must be an integer

multiple of the wavelength. This constraint gives rise to the discrete mode transitions shown in Fig. 4.1.
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The equivalent spring model described in Section 2.6.1 provides some insight into Eqn. (4.5). The

buckling tension can be found by solving Eqn. (2.71c) such that K,,>1 = 0.

o 1 o
(4.6) Ten =— (nQ_ngZO'm> K

where K is given by Eqn. (2.71c), evaluated at zero tension. As with the lateral mode stiffness, the
spoke stiffness and rim torsional stiffness play a significant role in determining the buckling tension for a
given mode, n.

Why, with an infinite series of potential buckling modes available, do we only observe the ubiquitous
“taco” (n = 2) shape? There are several possible explanations: first, it may be that wheels in common use
fall into the upper left portion of Fig. 4.1. This is especially likely for modern double-wall rims which are
considerably stiffer compared with their spoke systems (low A,,) than single-wall rims. As an example, a
32-hole Mavic A119 rim laced to a 50 mm wide rim would need a spoke diameter of almost 2.5 mm to cross
the boundary into the n = 3 region. Second, the buckling tension for such a wheel would be unreasonably
high—the wheel in the previous example has a buckling tension of 3.6 kN, or about 3.7 times the maximum
recommended tension for most rims (100 kgf).

A third reason has to do with the sub-critical behavior. As shown in Section 2.6.1, the stiffness of each
mode decreases linearly with spoke tension. At zero tension, the n = 2 mode is always less stiff than the
n = 3 mode, etc. Even a wheel which falls in the n = 3 region of Fig. 4.1 has Ky < K3 for tensions below a
significant fraction of the buckling tension. As the spoke tension is incrementally increased in such a wheel,
geometric imperfections in the rim with wavelengths equal to n = 2 will be magnified by the decreasing Ko
stiffness. The rim will become severely distorted long before the tension is high enough to see the n = 3

mode appear.

4.2. Finite-element buckling calculations

I validated the theoretical predictions of Eqn. (4.5) against non-linear finite-element simulations im-
plemented in ABAQUS Standard 6.14. The spokes and rim were both modeled using 2-node linear beam
elements including shear flexibility. A controlled tensioning strain was applied to the spokes starting from

zero strain and increasing up to 150 % of the strain at which buckling was expected to occur. The rim was



80

2.0 80
() (b) ;M
= I 1T 1
2 > -
= 1.5 A 60 A
2 =
2 =
E 7 | &
2 1.0 - £ 40 A
2 v - \
& / =
: m| g T
% 2
§ 0.5 A ~ 20 A
< 0 0 v
0.0 T T T 0 T T T
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Tightening strain [%] Tightening strain [%)

Figure 4.2. Non-linear post-buckling behavior under spoke tensioning. (a) Tension diagram
and (b) energy diagram showing a bifurcation instability at I and unstable collapse at
IT. (c)-(f) Stages of the tensioning-detensioning cycle showing uniform tensioning (0-I)
accompanied by radial shrinkage of the rim, bifurcation buckling (I-IT) accompanied by
lateral-torsional deformation in the n = 3 mode, detensioning of spokes (III-IV) along a
collapsed equilibrium branch, and recovery of the planar shape (IV-0).

given a geometric imperfection in the lateral coordinate (a “wobble”) including several modes of the form
cosnf. The solution was obtained by implicit integration including non-linear geometric effects. The average
spoke tension was recorded at each loading step. The buckling tension was determined as the point at which
the tension vs. strain curve deviated by more than 2 % from linearity. Results are plotted against theory in
Fig. 4.1 (b) and (c).

In addition to global buckling, the wheel can exhibit local buckling if any of the spokes lose tension

during deformation. The initial post-buckling behavior of the bicycle wheel under tension is stable. After
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bifurcation, further tensioning of the spokes deforms the rim at roughly constant or slowly rising average
tension. Since the buckling load of a spoke is much smaller than the initial tension, it exerts essentially no
force on the rim when buckled. Therefore, local buckling of the spokes leads to a loss of stiffness which can
cause global collapse. During collapse, strain energy stored during tensioning is released and the system
finds a new minimum energy configuration.

Figure 4.2 illustrates a dynamic finite-element simulation of a complete tensioning-detensioning cycle,
implemented in ABAQUS Explicit. The spoke tensions increase uniformly until the equilibrium path bifur-
cates at point I. The rim follows the lower-energy path I — II by buckling and twisting out of its initial
plane. As the spokes are tightened further, the rim deforms to accommodate the change in length. Although
the average spoke tension remains constant, individual spokes increase or decrease their tension depending
on which side of the rim they are on. At II, the spoke at the peak of each wave buckles, which reduces the
overall stiffness of the structure causing it to collapse to III.

The collapse at point IT may also involve a mode transition. Depending on the properties of the wheel,
the lowest bifurcation mode may be n > 2. A rim with no spokes will always buckle into the lowest mode
n = 2, however the spoke stiffness may stabilize higher modes. When spokes buckle, the stiffness drops

suddenly causing the system to prefer the n = 2 mode.

4.3. Closed-form solutions for special cases

The critical tension in Eqn. (4.5) is not in closed form due to the need to minimize 7., with respect to
n. In the following sections I will consider several special cases with approximate solutions which transform

Eqn. (4.5) into a closed-form power law.

4.3.1. Low torsional stiffness

As the ratio GJ/EI; tends towards zero, the mode number n tends towards infinity. When the mode
number is large, the buckling mode can then be found by approximating the discrete mode number n with

a continuous variable . We will adopt the following ansatz: (a) 2 > 1, and (b) un? < 1. Under these
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conditions, Eqn. (4.5) becomes
— Aﬂ/u
0 oo = (st 5

Minimizing (4.7) with respect to 71 yields

)\uu 1/6
4. e = | 244
(48) " <2u>

Inserting (4.8) into (4.7), we obtain the critical buckling tension, independent of mode number:
(4.9) T = ( 1 +21/3> Ml/s)\i{?

Substituting definitions for dimensionless quantities 7, i, Ay, We obtain a critical buckling tension which

is independent of lateral bending stiffness, Fls:
1/3
(4.10) T.=1.89 <C;§]> kol

Equation (4.10) further illustrates the consequences of over-designing the bending stiffness while neglect-
ing the torsional stiffness. Since the bending and torsion stiffnesses act like equivalent springs connected
in series, the stiffness—and therefore the buckling resistance—will be dominated by the smaller of the two.
Thus a very wide, but very shallow rim (e.g. a “fat-bike” rim) will be entirely dominated by its torsional

stiffness.

4.3.2. Moderate torsion stiffness, stiff spoke system

Modern rims are often constructed from hollow extruded aluminum profiles. As a result they have high
torsional resistance GJ and negligible warping coefficient EI, (GJ ~ EIy and EI, = 0). If the spoke
stiffness is much higher than the rim stiffness, i.e. Ay, > 1, then we can make a similar argument as in the
previous section. Now we will accept as an ansatz that n2 > 1 and p ~ 1. Estimating the discrete variable

n with a continuous analog 71, Eqn. (4.5) becomes

Auu
(4.11) - (n2 N n2>
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1/4.

Minimizing (4.11) with respect to 7 gives the scaling law 7i, = (Ayy) Inserting into (4.11) gives

Te = Z(Auu)l/ 2. In terms of the net radial tension per unit length, 7', this gives

] et pr,\ 2
(4.12) n:z(]p)

Noting that the axial force in the rim is F3 = RT, we recognize (4.12) as the critical buckling load for
an infinite beam on an elastic foundation given by Hetenyi [37]. The rim buckles as if it were a straight
beam since )\, implies that the rim radius is large compared to the characteristic length of the beam on an

elastic foundation.

4.3.3. All spokes lie in the plane of the wheel

If all the spokes were laced to the same flange of the hub, the spokes will all lie in the plane of the rim,

implying k7% = (. In this case, the rim will always buckle into the n = 2 mode and Eqn. (4.5) simplifies to

Iu 4
4.13 = _
(1.13) = (25) ()
If the spokes meet at the center of the rim (i.e. a hub of zero diameter), then RkI°™ = 1 and the

critical reduced tension becomes

12u

414 _
(4.14) T T du

This is precisely the result obtained by Hencky for the critical distributed radial load for a thin ring
[85]. Timoshenko obtained a slightly different result which differs from Eqn. (4.14) by a factor of 3/4, by
considering dead loads which do not change direction during buckling. This case illustrates the importance
of considering the geometric stiffness when deriving the spoke forces. The change in direction of the spoke
force after deflection produces a small restoring force on the rim which increases the buckling load by a
factor of 1/(n? — RkJ™), or about 33 % for n = 2. Wheels with larger R/ls, and thus a larger change in
spoke angle for a given lateral deflection—for example high-flange hubs or hub motors—will receive an even

larger benefit from the geometric stiffness term.
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4.4. Experimental measurement of buckling tension

Several practical considerations make it difficult to reach the critical tension in a real wheel: (1) the
buckling tension can be higher than the yield point of the spoke itself, (2) friction at the spoke nipple/rim
interface becomes too great to overcome with a spoke wrench, and (3) the rim goes out of true laterally at
around 50 % of the critical tension due to imperfections in the rim.

Despite these difficulties, the mode stiffness model described in Section 2.6.1 provides a method of
estimating the critical buckling tension by directly measuring the stiffness of a single mode (n = 2) as a

function of spoke tension. Under the assumptions described in 2.6.1, the stiffness of the nth mode is:
(4.15) K, (T) = K™ 4+ g R(E™* 4 TkIc™) — n2T

The linear dependence of ky,, on T is made explicit in Eqn. (4.15) to show that K, also depends linearly
on T. By measuring the n = 2 mode stiffness at multiple spoke tensions and then extrapolating the data to

K5 = 0, the critical tension Tc,n can be estimated.

4.4.1. Method

I measured K5 at multiple tensions for five wheels, all constructed with the same rim and spokes but with
varying distance between hub flanges'. For each wheel, I increased the spoke tension until the wheel started
to buckle enough to create a significant difference between left and right spoke tensions at the anti-nodes of
the rim.

Wheel construction. The rim was a Sun Ringle CR18 700C, a narrow double-wall box-section rim drilled
for 36 spokes. The spokes were Wheelsmith double-butted spokes with an end diameter of 2.0 mm and 1.70
mm along the swaged section. The spokes were attached radially to the hub oriented with the spoke heads
on the outside of the hub (inbound spokes). The hub was a custom-built adjustable-width hub designed by
a Northeastern University capstone team advised by Jim Papadopoulos [4]. I made no special effort to keep
the wheel laterally or radially true to a tight tolerance, but the rim was symmetrically dished and I ensured
that no individual spoke deviated in tension by more than 10% of the average tension. This eventually

1Other than the varying hub flange spacing, the properties are identical to those of the Standard Research wheel with inbound
spokes, Appendix B.1.
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Figure 4.3. Four-point bending test. (a) Experimental setup showing load fixture, ap-
plied load, and measurement point. (b) Measured lateral displacement around the rim
when loaded at § = —x. The symmetric part of the displacement is found by subtracting
(u;/2) cos @ from the measured displacement.

became impossible when the average spoke tension exceeded about 50 % of the critical tension and the wheel
started to distort into a taco shape.
Four-point bending test. Each wheel was supported on steel pins from the bottom at the 3, and 9 o’clock
positions and from the top at 12 o’clock, and loaded by hanging weights at the 6 o’clock position (Fig. 4.3
(a)). The rim was oriented so that the sleeve joint and the valve hole fell midway between supports where
the bending moment is minimized. Due to the symmetry of the boundary conditions, the work done against
the odd modes (n = 1,3,...) and even modes divisible by 4 (n = 4,8, ...) is identically zero. Since the hub
is unsupported, the zero mode is also eliminated. Due to the rapid increase in mode stiffness with n, the
n = 2 mode accounts for about 95 % of the strain energy, while the other 5% is spread across the remaining
modes (n = 6,10, ...).

Figure 4.3 (b) shows the measured lateral displacement around the rim for a point load located at
0 = —m. After subtracting the rigid body rotation, the measured displacement closely matches cos26. The
second mode stiffness is related to the load-displacement slope of the four-point bend test by Ko = 16(P/u;),

where P is the applied load and u; is the deflection of the load point.
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Figure 4.4. Four-point bending test results. (a) Measured mode stiffness vs. spoke tension
for five different hub flange spacings. (b) Extrapolated mode stiffness at zero tension vs.
the spoke system stiffness. The red dashed line is the rim mode stiffness, while the black
dashed line is the theoretical mode stiffness from Eqn. (4.15). The bounds on all linear fits
correspond to the 95 % confidence interval.

4.4.2. Results

As predicted by Eqn. (4.15), the measured mode stiffness decreases with applied tension (Fig. 4.4 (a)). The
dominant role of the spoke system in determining the wheel stiffness is apparent in the dramatic increase
in stiffness from the narrowest hub (40 mm) to the widest hub (80 mm). Although the stiffness cannot be
measured at zero tension due to buckling of spokes, the extrapolated zero-tension stiffness was obtained by
linear regression. The zero-tension stiffness increases linearly with Eyu. A theoretical wheel with zero hub
width and zero tension has a stiffness equal to the stiffness of the rim alone. The rim stiffness for the CR18
700C rim, 71 N/mm, was measured using the technique described in Chapter 3 (shown as a red dashed line
in Fig. 4.4 (b)).

There are two notable discrepancies between the experimental results and the stiffness predicted by Eqn.
(4.15). First, the material component of the spoke stiffness (proportional to K and independent of tension)
is lower than the theoretical stiffness by about 35 %. The extrapolated zero-tension stiffness should increase

commensurately with 7Rk,, (black dashed line in Fig. 4.4 (b)). This is possibly due to the fact that the
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J-bend spokes used in this study are able to deform elastically near the spoke due to the loose fit of the
spoke elbow in the hub flange.

Second, the dimensionless slope Ko vs. T is —6.30 £ 0.25, while the slope predicted by Eqn. (4.15) is
approximately —3w = —9.42. The positive difference suggests that increasing the tension causes the spokes
to recover some stiffness, possibly by increasing the contact force between the spoke elbow and the edges of
the hole in the hub flange. The details of the stiffness of J-bend spokes under tension is the subject of an

ongoing research project.
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CHAPTER 5

Buckling under external loads

Most modes of mechanical failure of the wheel are progressive and preventable: gradual loosening of
spokes leads to misalignment, repetitive stressing of the spokes leads to localized failure by fatigue, wear
from rim brakes thins the rim sidewalls and increases the likelihood of tire blow-outs. The wheel can also
fail suddenly under excessive loads by buckling. Many cyclists know this failure mode as a “taco,” due to
the tendency of the wheel to form a saddle-like shape and fold in on itself.

Thus far we have only considered buckling under internal forces (which is primarily a concern of the
wheelbuilder, not the rider), and small deformations of the wheel under external loads such that the struc-
tural response remains linear. There are two sources of nonlinearity under large deformations: (1) material
nonlinearity, in which the constitutive law of the material itself is nonlinear—e.g. plasticity—and (2) geo-

metric nonlinearity, in which the deformation of the structure is large enough such that the small-angle

Figure 5.1. A bicycle with a buckled wheel, spotted on Northwestern’s campus.
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approximation is no longer valid. Here we will assume that material nonlinearity is not present. A typical
bicycle rim is a slender structure capable of large deformations with small strains. Furthermore, the onset
of plasticity will depend on the exact shape of the rim cross-section.

For validation and illustration, I present non-linear finite-element simulations on seven hypothetical
wheels. The wheel properties are given in Appendix B.3. The “high wheel” represents the kind of wheel
that would be found on an Ordinary, or “penny-farthing,” bicycle popular in the 1880s. The “small” wheel
might be found on an adult folding bicycle or a youth bicycle. All of the properties are hypothetical and are

not meant to correspond to any particular wheel or product.

5.1. Buckling under lateral force

The wheel is considerably weaker in the lateral direction than the radial direction due to the small out-of-
plane bracing angle. Relatively small side loads can buckle spokes or cause the entire rim to collapse. Lateral
failure occurs as a result of two complimentary failure mechanisms: buckling of spokes due to insufficient
tension, and buckling of the rim due to excessive spoke tension. Increasing the spoke tension increases the
lateral displacement required to de-tension spokes, but decreases the lateral stiffness due to the compressive
axial stresses in the rim.

To illustrate these two competing failure mechanisms, I performed finite-element simulations in ABAQUS
6.13 using the “vintage road” wheel parameters. The hub is rigidly fixed, while the lateral load and lateral
displacement of a point on the rim are simultaneously calculated using a version of the Riks algorithm [16].
Arc-length methods like the Riks algorithm are capable of tracing load-displacement curves which exhibit
both snap-through instabilities (unstable under load control) and snap-back instabilities (unstable under
displacement control).

Figure 5.2 (b) shows the calculated load-displacement curves for the same wheel at seven different
tensions corresponding to 7' = 0.17,,0.27T, ...,0.7T,.. The initial behavior is linear until the onset of spoke
buckling. After the peak load, there is a load drop with a corresponding release of potential energy stored
during the prestressing process and the rim buckles into a taco shape. The magnitude of the load-drop
(and corresponding snap-back instability) increases with spoke tension. Beyond a critical tension, the load-

displacement curve crosses the zero-axis, indicating the existence of a buckled state which can be maintained
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Figure 5.2. Buckling under lateral force. (a) Snapshot from ABAQUS simulation. The
bottom node is displaced in the z-direction. The spokes opposite the side of the applied
load (red) have lost tension. (b) Equilibrium load-displacement curves for the “vintage
road” bike wheel at several spoke tensions. Lightest: T = 0.17,, darkest: T = 0.77..
(c) Failure diagram for the same wheel showing the region of no spoke buckling (green),
buckled spokes but positive stiffness (yellow), and wheel collapse (red). The markers are
from ABAQUS simulations and the dashed line is from Eqn. (5.2).

with no external load. Many a hapless wheelbuilder has discovered this equilibrium solution by vigorously
stress-relieving a wheel at high tension. It is likely that Jobst Brandt was referring to this state in his
practical advice quoted at the beginning of Chapter 4.

The competition between failure mechanisms of spoke buckling and rim collapse leads to a failure diagram

like that shown in Fig. 5.2 (c). The lateral displacement required to buckle spokes is

(5.1) Ugp =

where K is the axial stiffness of a spoke and ¢; is the direction cosine of the spoke in the e; (lateral)
direction. Converting the buckling displacement us, to a load using the tension-dependent lateral stiffness,
Ki,(T), we obtain the lateral load to buckle a single spoke:

K (T)T

5.2 Py —
(5.2) sb Koo
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The failure diagram shown in Fig. 5.2 (c) suggests a simple rule-of-thumb for the optimum spoke
tension for supporting side loads: A rough but satisfactory approximation to the tension-dependent lateral
stiffness for a wheel is K;q(T) = K} ,(0)(1 — T/T,)', where K, is the theoretical lateral stiffness at zero
spoke tension. Inserting this approximation into Eqn. (5.2) and maximizing the lateral force gives an
optimum spoke tension of T,,; = 0.57.. For typical wheels, this is just below the spoke tension which
admits equilibrium buckled states, and just below the tension at which the pre-buckling of the rim due to
imperfections becomes intolerable. I therefore propose that Brandt’s tension criterion, developed through

practical experience, in fact has a theoretical basis.

5.2. Buckling under radial force

The buckled shape of the wheel under radial load is very similar to the buckled shape under lateral
load. At a critical radial load the wheel takes on a non-planar shape by lateral bending and twisting. The
subsequent post-buckling stiffness is generally zero or negative (unstable), which leads to collapse under dead
loads. In a typically wheel, radial load causes spokes to buckle in a narrow region beneath the hub before
global buckling. Therefore, the pre-buckling structural response is non-linear. Furthermore, the pre-buckling
displacements can be quite large and so cannot necessarily be neglected.

For these reasons a theoretical prediction of the critical radial load is an extremely challenging task.
Nevertheless, a satisfactory approximation may be obtained by separately considering the two competing
failure modes: spoke buckling and rim buckling. In this section I will derive an approximate formula [24]

for the radial strength based on the following assumptions:

(1) The maximum radial load does not depend significantly on spoke tension.

(2) The buckling mode shape is identical to the deformed shape of the wheel under a small lateral load.

(3) During buckling, the point on the rim where the load is applied moves along a circular trajectory
whose center lies at the center of the wheel (inside the hub) in the plane defined by the basis vectors
e; and es.

(4) The radial load at which spokes begin to buckle is proportional to spoke tension.

IThe approximation is identical to the “knock-down factor” or “amplification factor” used in the design of beams or columns
which carry both lateral and compressive axial loads [85]. Although it is almost exact for a straight beam-column laterally
loaded at its midpoint, it is only approximately true, and conservative, for the bicycle wheel. See Fig. 2.7 for an illustration of
Kiqt vs. T for a typical wheel.
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Figure 5.3. ABAQUS simulations of radial buckling at different spoke tensions. (a) Load-
displacement curves for the vintage road bike wheel at different spoke tensions. (b) Buckling
load, normalized by buckling load at 7' = 0 vs. normalized spoke tension.

5.2.1. Effect of spoke tension

A range of typical load-displacement curves for symmetric wheels under radial load are shown in Fig. 5.3
(a). Initially, the load is proportional to the radial displacement. At a first critical load Py, depending on
the spoke tension, the spoke or spokes directly underneath the hub lose tension causing a sudden change in
stiffness. The load continues to rise as nearby spokes participate in balancing the load. At a second critical
load P., the lateral stiffness of the wheel (now reduced due to the buckled spokes) is no longer sufficient
to maintain a planar shape and the rim begins to deflect laterally. Beyond this point, the post-buckling
stiffness is negative, leading to unstable collapse under load control. If the spoke tension is sufficiently high,
there is a second collapse point at which the inward pull of the spokes on the already-distorted rim causes
it to collapse into a fully-developed taco shape. This collapsed shape may remain after the radial load is
removed, even if the material behavior is fully elastic.

Increasing the spoke tension increases Py, because the spokes can lose more tension before going slack.
However, it also reduces the lateral stiffness. These two effects very roughly balance each other so that
changing the spoke tension does not have a large effect on the peak radial load (Fig. 5.3 (b)). A low-tension
wheel buckles at a much higher radial displacement, but at roughly the same force as a high-tension wheel.

This trade-off is the basis of assumption (1).
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Figure 5.4. ABAQUS simulations of radial buckling with laterally restrained spokes. (a)
Radial load vs. lateral displacement for cheap MTB wheel at several tensions. The lateral
displacement follows a classical bifurcation buckling path, dependent on spoke tension. (b)
For a wide range of wheel types and spoke tensions, the critical radial load is well approx-
imated by P. = K, R. Markers and colors same as Fig. 5.3 (b). (c) Critical radial load
normalized by critical radial load for the same wheel at T' = 0.

5.2.2. Rim buckling with laterally constrained spokes

If the spokes are laterally constrained so that they do not buckle, the structural response remains linear up
to the point of rim buckling. At a critical load, the rim undergoes a bifurcation instability and the lateral
displacement increases sharply. The critical load decreases with tension, as shown in Fig. 5.4 (c).
Single-degree-of-freedom rim buckling model. Since spoke buckling no longer plays a role when the
spokes are laterally constrained, we can isolate the rim buckling failure mode. Under the assumptions
outlined above, an analytical solution for the bifurcation load is possible.

As the rim deflects laterally, the radial load projects a small lateral component onto the rim. Since the
lateral stiffness is much less than the radial stiffness, I assume that the effect of the radial displacement on
the deformed lateral shape is negligible, and that the deformed shape of the rim is identical to the deformed
shape under a pure lateral load (assumption (2)). Therefore the deformed shape is fully characterized by a
single parameter: the lateral deflection of the load point u;. A direct result of this assumption is that the
increase in strain energy under a virtual displacement du; is exactly

1
(5.3) U=3 lat OU;
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If the extension of the rim centerline during buckling is assumed to be zero, the rim must pull in radially
as it deflects laterally. I assume that the buckling path of the load point follows a circular trajectory shown
in Fig. 5.5 (b) (assumption (3)). During buckling, the load P moves through a virtual displacement dv;.

The corresponding reduction in potential energy of external loads is

2
(5.4) V = —Pbuy = —Péu, (R —\/R2— 5u%) ~—P (%)

Taking the second variation of the total potential energy U — V yields the stability criterion:

P
(5.5) 61 = Kjop — =
The critical bifurcation load is
(5.6) P.= KR

Finite-element results are compared against Eqn. (5.6) in Fig. 5.4 (b). The single degree-of-freedom
buckling model gives a satisfactory approximation over almost two orders of magnitude. Increasing the
spoke tension reduces the lateral stiffness (see Section 2.6) in a predictable manner. The buckling load as a

function of tension can be approximated with a simple linear model (Fig. 5.4 (c), dashed line):

P. T
.7 ¢ _—1-
(5:7) K? R T,

lat

where Kloat is the lateral stiffness at zero spoke tension.
Hinged-column model. The single degree-of-freedom wheel buckling model suggests an analogy with the
system shown schematically in Fig. 5.5 (b). A rigid column, pinned at one end, is restrained by a linear
spring at the tip and a torsional spring at the pivot. The deformation is completely characterized by the
rotation angle, ¢.

The total potential energy in the deformed configuration is

(5.8) = %ku(Rsin $)* + %k¢¢2 — PR(1 — cos ¢)
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Figure 5.5. (a)-(b) Single-degree-of-freedom model of bicycle wheel buckling. The load
point is assumed to move along a circular trajectory. (c) Buckling of a rigid, hinged,
elastically restrained column. (d) Post-buckling curves for the rigid hinged column model.
The post-buckling stability depends on the relative stiffness of the linear and rotational
springs.

Setting the first variation of (5.8) to zero gives the equilibrium condition.
(5.9) k,R*sin ¢ cos ¢ + kg — PRsing = 0
The two possible solutions to (5.9) are

0
(5.10)

sin ¢

qs =
P= %— (—‘L) + ky R cos ¢

The torsional stiffness can be re-expressed in terms of the effective lateral stiffness of the column at its
tip kly = ky/R?. The trivial solution bifurcates at the critical load P. = (k}, + ky,)R. Note the similarity

between this result and the critical load for the single degree-of-freedom wheel model, Eqn. (5.6).

Expanding (5.10) about ¢ = 0 and retaining only up to second-order terms, we obtain

1 1
11 P=P. 2kl — Zky 24
(5.11) +<6k¢ 2k>R¢>—|—
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Figure 5.6. Comparison of competing failure modes model, Eqn. (5.15), with ABAQUS
radial buckling simulations. The markers represent the mean buckling load for a range of
spoke tensions from 7' = 0 to T' = 0.957,, while the error bars correspond to the full range
of buckling loads for each wheel.

The post-buckling behavior of the column is stable (increasing load) only if the second term is positive.

This condition can be expressed as

k:; > 3k, stable
(5.12)
k), < 3k, unstable

5.2.3. Competing failure mode model
Since the load-displacement curve is linear up to the point of spoke buckling (assumption (4)), the load
required to buckle the bottom-most spoke is

KradT
KSCQ

(513) Psb =
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where K,,q is the radial stiffness of the wheel, K is the elastic stiffness of the spoke, and ¢y is the
direction cosine of the spoke in the ey (radial) direction. Unlike the lateral stiffness, the radial stiffness is
not significantly sensitive to spoke tension.

Combining Equs. (5.13) and (5.7) and solving for T' gives the tension at which spoke buckling and rim

buckling will occur simultaneously:

Te

KraaTe
(1 + %o KSRCQ)

at

(5.14) T =

Substituting (5.14) into (5.7), substituting the elastic stiffness for a straight-gauge spoke K, = F A/,

and noting that [ =~ R and ¢, ~ 1 yields the critical load for simultaneous spoke and rim buckling:

1
_ 0
(5.15) O v
T. Krad

Equation (5.15) is now independent of spoke tension. The term in the parenthesis is always less than
one, reflecting the fact that the wheel strength is reduced by spoke buckling. Despite the extreme simplicity
of the model and the many assumptions employed, (5.15) gives a reasonable estimate of the strength of the
seven types of bicycle wheels simulated. Furthermore, all the terms in (5.15) can either be directly measured
or calculating using the formulas developed in this thesis.

Figure 5.6 compares the theoretical radial strength (Eqn. (5.15)) against results from non-linear finite-
element simulations of the wheels described in Appendix B.3. In each simulation the wheel is first prestressed
to a prescribed spoke tension by implicit integration in ABAQUS Standard. Next, the radial displacement is
ramped linearly to a prescribed value which is beyond the peak load of the wheel. This segment is solved by
explicit integration in ABAQUS Explicit. The error bars in Fig. 5.6 represent the full range of peak loads
from ABAQUS results for wheels with spoke tensions ranging from 7= 0 to 7' = 0.957,. The black dashed

line has a slope of one.

5.2.4. Post-buckling behavior

The single-degree-of-freedom wheel model and the hinged-column model have the same critical behavior

(buckling load equal to the lateral stiffness times radius). The post-critical behavior of the hinged-column
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Figure 5.7. Radial load-displacement curves from ABAQUS for the seven wheels in this
study, ranked in order of increasing A\'**. Values of A% calculated at T' = 0.67,. are shown
in parentheses.

model depends on the ratio of rotational stiffness to linear stiffness. The torsional spring stabilizes the post-
critical path, while the linear spring destabilizes it. To extend the analogy to the wheel, I propose that the
rotational spring is analogous to the rim stiffness, while the linear spring is analogous to the spoke stiffness.
If this analogy holds, one would then expect wheels with stiffer rims (compared to the spoke stiffness) to
trend towards stable post-buckling behavior.

From an analogy of the beam on elastic foundation model, a measure of the relative lateral stiffness of

the spokes to the rim is

Euu R
BEL GJ
EL+GJ

The combination EI, GJ/(EI; + GJ) arises because the bending and torsion stiffnesses effectively act

(5.16) Mot —

like springs in series. Higher A% means high spoke stiffness (or low rim stiffness). Figure 5.7 shows the
load-displacement curves for the seven wheels in this study, all tensioned to T' = 0.67,, ranked in order of
increasing \'**.

A clear but non-monotonic trend emerges in which the post-peak load drop is less severe for wheels with
lower A%, One possible consequence of this trend is that wheels with higher relative spoke stiffness may be

more susceptible to imperfections (e.g. a broken spoke) than wheels with stiff rims.
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5.3. Radial buckling experiments

Mechanical engineering undergraduate students at Northwestern complete a capstone design project as
a degree requirement. Each capstone team, consisting of 5-7 students, works with a sponsoring client over
the course of 20 weeks to design and implement a solution to a relevant problem. Project sponsors may
come from academia, industry, or the non-profit sector. Teams are given broad latitude in the design of their
project and work closely with their client to develop a rigorous set of product needs and metrics.

During the Winter/Spring 2018 quarters I sponsored a capstone project to design a mechanical testing
machine capable of applying a combination of radial and lateral loads to a bicycle wheel. The team—
Tina Dornbusch, Patrick Doyle, Duncan Lamb, Jonathan Sammon, Olivia Schneider, Spencer Simon, and
Emma Wilgenbusch?—designed a load frame which integrates into an existing United SFM-50KN Universal
tension/compression testing machine.

The Northwestern (NU) capstone project followed a similar capstone project at Northeastern University
(NEU) by Joseph Alim, Mehdi Lamnyi, Alexandra Koukhtieva, and Simon Tebbe sponsored by Professor
Jim Papadopoulos [4]. The NU project built on some of the successes of the NEU project—particularly the
adjustable hub and LVDT radial displacement measurement—and addressed some of its shortcomings such

as manual operation, lateral friction, and non-integrated measurement.

5.3.1. Design of the wheel testing machine

The mechanical engineering capstone design course at Northwestern is organized and taught in collaboration
with the Segal Design Institute. Teams follow a rigorous design process including patent research, user
observation, product specification, mock-up creation, design review, testing and validation, and prototype
iteration phases. The Northwestern capstone experience is unique in its rigor: students submit 20 interme-
diate status reports and 6 product design and testing reports over the course of two academic quarters. A
more complete description of the iteration of the project is given in [20].

A list of product needs developed by the team is given in Table 5.1. The team also developed a

set of quantitative metrics to address these needs, described in [20]. The testing apparatus is capable of

2Advised by Professor Michael Beltran, Professor J. Alex Birdwell, Ellen Owens, and me.
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Figure 5.8. NU bicycle wheel testing machine. The pulleys on the left are for lateral load
application. A weighted plate is hung from ropes routed over the pulleys and connected to
the sliding plate. CAD and photo adapted from [20].

performing a radial-displacement-controlled test on a bicycle wheel, with an optional lateral dead load,
while simultaneously measuring radial loads (up to maximum rated load of 12kN), and radial and lateral
displacement of the load point relative to the hub (with a resolution of <10 pm and <100 pm respectively).
The apparatus is designed to constrain the position and rotation of the hub, but allow unconstrained lateral
motion of the load point.

The testing apparatus, shown in Fig. 5.8, comprises the following subsystems: the upper mechanical
system supports the hub, guides it along a vertical path, and interfaces with the MTS crosshead. The lower
mechanical system contacts the rim, allows the application of lateral load, and allows lateral motion on

precision linear bearings. The safety subsystem protects the operator and control system from projectiles®.

3The importance of this subsystem was demonstrated during a test of a 20” wheel when multiple spoke nipples ruptured
simultaneously, ejecting the spokes at high velocity like arrows from a bow.
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Table 5.1. Product needs developed by the team. Adapted from [20].

# | Need Importance
Performance Requirements
1 | Is capable of bringing a wheel to the "tacoed” buckling mode )
2 | Provides contact points that accurately simulate real-life boundary conditions of bike 5
wheel
3 | Can perform a radial displacement-controlled test 5
4 | Can apply fixed lateral dead load to wheel 4
5 | Is able to position and hold wheel in desired/specified orientation about axle 4
6 | Is able to carry out automated testing programs 3
7 | Can apply load to a wheel with or without a tire 2
8 | Measures and records radial load while testing 5
9 | Measures and records radial displacement while testing )
10 | Measures and records lateral displacement while testing 4
11 | Facilitates semi-automated or automated live data collection 4
12 | Maintains full function after experiencing maximum loads 5
13 | Survives repeated use over an extended lifetime 3
14 | Accommodates a range of wheel diameters and widths 3
15 | Has significantly higher stiffness than test specimens 5
Standards and Compliance
16 | Is able to interface with a variety of MTS machines with minimal reconfigura- 4
tion/adjustment
Manufacturing
17 | Can be manufactured in a university environment 4
18 | Can be manufactured within budget 5
Assembly and Serviceability Considerations
19 | Can be moved/transported with two to three people 4
20 | Can be easily and accurately aligned for repeatable load application 4
21 | Can be maintained /repaired with common tools 3
22 | Allows easy access for maintenance and replacement of worn parts 4
Assembly and Serviceability Considerations
23 | Maintains safety of observers, operators, and surroundings 5
24 | Prevents damage to MTS (both machine and sensors) when testing wheel 5

Finally the control and instrumentation subsystem measures displacements and loads in real time and
controls the vertical motion of the MTS crosshead based on a preset control program.

Upper mechanical system. The NEU machine allowed the hub to slide laterally while holding the load
point fixed at the top of the load frame. During testing it was discovered that the load point would slip

under relatively small lateral loads, potentially applying a bending moment to the load cell. The NU team
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chose to constrain the hub laterally, but allow vertical motion along linear bearings. The upper mechanical
system comprises an external frame for lateral stiffness, vertical linear bearing rails, and a U-shaped carriage
to guide the hub motion. Since friction in these rails would affect the measurement of radial load, the team
measured the friction under a variety of lateral loads and determined that it would not affect the radial load
measurement by more than 50 N (11.241b) under a worst-case loading scenario.

Lower mechanical system. Previously reported radial loading experiments on bicycle wheels constrained
the lateral motion of the contact point [12, 1, 51]. This constraint artificially increases the radial stiffness
and supresses the lateral buckling mode of interest. The lower mechanical system allows both rotation of
the rim cross-section and lateral displacement of the contact point. The bare rim is supported by a smooth
steel pin which is sized to be lightly press-fit between the rim flanges. The pin is supported below between
adjustable V-jaws (Fig. 5.9 (a)). The team measured a friction coefficient between the pin and jaws of less
than 0.2, which they determined would have no appreciable effect on the test. A wheel with a tire can be
tested by removing the pin and V-jaw assembly and placing the tire directly on the sliding plate.

The V-jaws are mounted on a steel plate riding on Thomson Linear SuperSmart pillow block bearings.
The linear bearings run on fully-supported steel rails to minimize distortion under load. Lateral friction
increases the apparent buckling load. The effect of lateral friction on the buckling load of a fixed-free column
has been studied by Lazopoulos [47], who found a significant effect even at very small friction coefficients.
Analogously modeling the bicycle wheel buckling problem as a straight column, Lazopoulos’s model predicts
that a friction coefficient of 0.01 would result in a 10% overprediction of the critical load*. The linear
bearings used have a load-dependent friction coefficient, decreasing with increasing vertical load. The team
experimentally measured the friction coefficient, achieving a minimum coefficient of 0.01 at a load of 2.8 kN
(Fig. 5.9 (b)). At higher loads, an even smaller friction coeflicient is expected.

Control and instrumentation subsystem. The control and instrumentation subsystem measures the
radial displacement, lateral displacement, and radial load in real time and controls the position of the MTS
crosshead. The vertical displacement of the U-carriage is measured relative to the load platten with a DC
linear variable differential transformer (Schaevitz Sensors GPD-121-250 LVDT). The lateral displacement is
measured by a string potentiometer (TE Connectivity SP1-12) connected to the lateral carriage. Optionally,

4This is likely conservative due to the presence of additional lateral compliance in the load frame.
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Figure 5.9. (a) Lateral carriage assembly without a bicycle wheel mounted. (b) Friction
coefficient of the lateral bearings as a function of vertical load. The error bars represent the
95 % confidence interval from 4 tests.

the change in tension of a single spoke may be measured using a standard knife-edge extensometer with a
2-inch gauge length.

All sensors are read by the 24-bit analog-to-digital converter provided with the United Testing control
hardware. The control software is capable of running preset testing routines with logic driven by sensor
inputs (e.g. a program could be designed to load to 1001b, then unload to 151b, then load until failure or a

preset displacement).

5.3.2. Experimental procedure

Three bicycle wheels without tires were tested until lateral buckling failure. All three wheels were built
from identical components to the same nominal specifications®. The maximum and minimum spoke tensions
were kept to within +10% of the mean tension. No special effort was made to make the wheels laterally or
radially true, however some adjustment was made to Wheel 2 to remove an excessive lateral wobble without
sacrificing tension uniformity. The spokes were stress-relieved prior to testing by the method described by

Brandt [10].

53ee Appendix B.1 for complete wheel properties
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Table 5.2. Test parameters, selected results, and post-mortem properties.

Wheel 1 Wheel 2 Wheel 3

Lateral dead load [N] 58 58 220
Peak radial load [kN] 4.49 4.39 3.51
Radial stiffness [kN/mm] 1.944+0.006 1.999 +0.014  2.003 = 0.005
Onset of non-linearity (5%) [kN] 2.79 1.85 2.14
Before test

Spoke tension [N] 852 + 21 862 + 52 867 + 33

Lateral tolerance [mm] +0.5 125 +1
After test

Spoke tension [N] 638 (1475, 0)* 694 (1409, 84) 722 (1150, 195)

Lateral tolerance [mm)] +6.8 +5.7 +4.2

# (max., min.) tension

The wheel was loaded directly at a spoke position. The wheel was first loaded to 100 lbsradial load to
force the load pin to settle into the rim. Prior experiments showed that this load was sufficient to cause the
pin to settle, but not sufficient to plastically deform the rim or spokes. Next, a small radial preload was
put on the wheel and a lateral dead load was applied using a pulley and hanging weights connected to the
lateral carriage. The dead load was applied in the direction opposite the side of the loaded spoke (i.e. if
the wheel was loaded at a spoke connected to the left hub flange, the lateral load was acting to the right).
Previous experiments had shown that the wheel naturally buckles in this direction without a bias load. The
MTS crosshead was then moved downward at a fixed velocity until the radial load dropped below 90 % of
the peak load. The wheel was then unloaded until the radial load dropped below 101b. After testing, each
spoke tension was measured and the deformed lateral shape was measured using a dial indicator mounted

to a bicycle wheel truing stand.

5.3.3. Results

Load-displacement and displacement-displacement curves for the three tests are shown in Fig. 5.10. The
load-displacement curves exhibit the same three failure points as the ABAQUS simulations: (1) non-linearity
caused by spoke buckling, (2) rim buckling associated with a sharp increase in lateral displacement, and (3)
unstable rim collapse. In every case, the rim buckled in the direction of the applied lateral load opposite the

loaded spoke.
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Figure 5.10. Radial buckling experimental results. (a) Load-displacement curves. (b) Dis-
placement diagrams. (c)-(e) Post-mortem inspection of tested wheels showing change in
spoke tension (bars) and lateral deformation (line). Blue bars represent the spokes on the
same side as the lateral load (and buckling direction), while orange bars represent spokes
on the opposite side (see cartoon inset in (c). The spoke at the load is shown in red.

The lateral dead load significantly decreased the peak load and radial displacement to rim collapse:
a +162N (36.41b) increase in lateral load decreased the peak radial load by 1000N (2201b). There is no
obvious trend in spoke buckling load. Radial displacement has a much larger effect on spoke tensions, per

unit displacement, than lateral loads due to the orientation of the spokes.
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The residual deformed shape (black lines in Fig. 5.10 (c)-(e)) is that of an asymmetric “taco”. The
average spoke tension has decreased, likely both due to radial yielding® of the rim and yielding of some
spokes. The three spokes near the load point (red bar and adjacent blue bars) for wheels 1 and 2 have lost
most or all of their tension due to radial yielding. Away from the load point the pattern in residual spoke
tensions follows the lateral displacement: at each “wave” the tensions are higher on the side opposite the
direction of rim displacement. The influence of the radial deformation has completely disappeared at this
distance. A wheel damaged in such a way is difficult or impossible to true by adjusting spoke tensions alone.
The necessary adjustments to true the rim will exacerbate the difference in spoke tensions.

Wheel 3 shows less evidence of radial yielding of the rim than wheels 1 and 2: the spoke tension directly
above the load maintained its original tension (the increase due to lateral rim motion is balanced by the
decrease due to some possible radial yielding). No spokes in wheel 3 have gone completely slack.

All three tests were performed on wheels without tires in order to isolate the structural behavior of the
wheel. The pin, set inside the rim cross-section and oriented with its axis in the plane of the wheel, effectively
applied a point load to the rim. The localized loading is at least partially responsible for the localized yielding
observed in these wheels. A tire would spread out the radial load to more spokes and possibly delay the onset
of nonlinearity. However, since rim buckling and collapse are both global phenomena controlled more by the

lateral stiffness of the rim, I speculate that a tire would not appreciably affect the peak load or collapse load.

5.3.4. Comparison with theory

In order to compare the experimentally-determined radial strength with Eqn. (5.15), it is necessary to
determine the rim radius R, the effective spoke axial stiffness F,Ag, the lateral stiffness at zero spoke
tension K loat, the radial stiffness K,,q4, and the critical buckling tension T.. The effective axial stiffness of
the butted spokes is calculated by modeling the spoke as a bar with three distinct cross-sections along its
length, as described in Appendix B.1. The remaining parameters are estimated from theory: the lateral and
radial stiffnesses are calculated using the mode matrix method, Eqn. (2.57), with 36 included modes and the
smeared-spokes approximation (equivalent to Eqns. (2.70) and (2.64)). The buckling tension T, is estimated
using Eqn. (4.6).

6by radial yielding I mean yielding of the rim by in-plane bending.
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Substituting these values into Eqn. (5.15) gives a predicted strength of 4.87kN, compared with the
average strength of wheels 1 and 2, 4.44 kN, a difference of less than 10 %. As noted earlier, the experiment
may slightly over-predict the true radial strength due to friction in the lateral carriage bearings. Evidently,
the competing failure model gives a reasonable prediction for the strength in absence of lateral loads for a

wheel with properties typical of those in wide use today.

5.4. Concluding remarks

The problem of buckling under external loads is significantly more complex than the problem of buckling
under excessive spoke tension. Failure under external loads is controlled to some extent by a balance of two
competing failure modes: buckling of the spokes (localized), and buckling of the rim (global). For lateral
loads, an approximate treatment of this competition yields a rule-of-thumb of T, = 0.57; for maximizing
the lateral load the wheel can withstand without spokes buckling. For radial loads, the competing mode
model gives a prediction of the buckling load which matches well with simulations and experiments.

The critical tension 7T, plays an important role in wheel failure. Although the buckling tension for a
wheel with a modern double-wall rim is generally too high to approach in practice, the effect of tension on
lateral stiffness controls the failure under external loads. The critical tension is an important metric to be
optimized through design even if the maximum tension will never be exceeded. The competing failure modes
model assumes that the peak load is not sensitive to tension. This assumption has been validated against
computational simulations but should also be validated experimentally. It is likely that the tension will have
a strong effect on the dominant failure mode. A wheel built with low tension will likely experience significant
rim yielding prior to lateral buckling, a failure mode which was ignored in this analysis.

It’s difficult to imagine a realistic scenario in which a wheel would collapse under a purely radial load since
any misalignment between the load and the plane of the wheel produces a lateral force. The testing apparatus
built at Northwestern University has the ability to apply combined loads. The experiments described in this
chapter showed a significant effect of lateral load: an increase in lateral force of 162 N resulted in a reduction
in radial strength of almost 1kN. With a few more tests, a failure diagram could be constructed which would
define a safe region in lateral force—radial force space. Such a diagram for spoke buckling load rather than

peak load could already be constructed with the linear theory described in Chapter 2.
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Wheel failure may also depend on the details of the rim cross-section. It has been assumed here that the
bending and torsion stiffness of the rim are sufficient for predicting its structural behavior. However, two
rims with identical stiffness may vary considerably in their resistance to plastic yielding. A buckled wheel
may yield under a combination of bending and torsional strain and the relative importance of these two

modes may have implications for the ability to easily repair such a rim [90].
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CHAPTER 6

Optimization of bicycle wheels

A thesis entitled “Reinventing the Wheel” would not be complete without delving into the topic of
optimization. For 150 years, bicycle designers and wheelbuilders have sought to improve the wheel across
multiple performance metrics by changing dimensions, materials, and construction methods. This process
occurred largely by trial-and-error, although in recent years component design has been greatly aided by
finite-element simulation. My intent in this chapter is not to give an exhaustive optimization routine which
can be followed to give the perfect wheel under any set of performance criteria, but rather to explore general
trends which emerge when optimizing the wheel under a highly restrictive set of constraints.

Optimization requires at minimum a space of tunable design parameters, an objective function defining
the performance characteristic or characteristics to be optimized, and a model which predicts the performance
characteristic as a function of the design parameters. Some design parameters are tunable by the wheelbuilder
such as lacing pattern, spoke type, and component selection, while others are tunable by the component
manufacturer such as rim cross-section shape, material, and hub flange spacing.

Keller tackled the problem of optimizing the spoke geometry in order to maximize a weighted sum of the
lateral stiffness and torsional stiffness [42]. With this objective function, most design parameters are trivial
(e.g. spoke diameter will always optimize to the maximum possible value) so he limited the design space
to the number of spokes on the left and right sides (with the total number fixed) and the in-plane spoke
inclination angles (8 in this thesis). He used formulas for the lateral and torsional stiffness from Goldberg
[31] which are flawed in several respects' although they trend in the correct direction. Keller’s optimized

wheels have different numbers of spokes on the left and right sides even for symmetrically-dished wheels,

1FiI‘St, Goldberg treats the rim as a rigid body. This is a reasonable approximation for the torsional stiffness (Goldberg’s formula
is approximately equivalent to Eqn. (2.65) in this thesis), however it is grossly incorrect for the lateral stiffness. Second, even
if the rigid-rim approximation is used, Goldberg’s formula gives a value which is approximately 50 % higher than the correct
result (Eqn. (2.72) in this thesis). This is apparently due to Goldberg’s assumption that the rim translates as a rigid body in
the lateral direction without rotation under a point load, which violates equilibrium as well as good sense.
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Table 6.1. Comparison of selected references on wheel optimization.

Ref. Subject Design space Objective Model Algorithm
[42]  bicycle wheel spoke lacing Weighted average Rigid rim, brute-force search
pattern of lateral stiffness linear-elastic over hypercube
and rotational spokes®
stiffness
[83]  Dbicycle wheel spoke lacing Multi-objective: Rigid rim, Genetic
pattern stiffness and peak linear-elastic algorithm
spoke force spokesP NSGA-II and
NSGA-III
[19, 18]
[92] automotive wheel material Mean 2D (plane stress)  Bi-directional
distribution compliance® finite-element evolutionary
method structural
optimization
(BESO) [39]

# Using equations developed by Goldberg [31].
" Using a video-game multiphysics engine.
¢ Minimized the stored strain energy under a fixed loading scenario.

which suggests flaws in implementation®. However, it is common to use spokes of different thicknesses on
the left and right sides of an asymmetrically-dished wheel.

Svensson optimized spoke lacing patterns using a multi-objective evolutionary approach [83]. The multi-
objective framework is attractive for the bicycle wheel problem because the range of sensible objective
functions (compliance, peak stress, mass) have different units and do not combine in a straightforward or
unique way. Rather than searching for global optimum solutions, Svensson searched for solutions lying near
the Pareto-optimal front (sets of solutions in which neither objective function can be minimized without
penalizing another one). The lacing pattern was represented as prescribed connections between evenly-
spaced hub holes and rim holes, so all of the evolved patterns could conceivably be realized with off-the-shelf
components, unlike in Keller’s approach. A major drawback of Svensson’s approach is the simplicity of
the wheel model: the rim is represented as a rigid ring, while the spokes are treated as linear springs.
The loads were applied at fixed locations, so some solutions evolved highly asymmetric spoke patterns which
exploited the simulator by concentrating spokes at the load points. Nevertheless, the optimizer found several
conventional spoke patterns including the ubiquitous “3-cross” pattern, and something closely resembling

the lesser-known “crows-foot” pattern.

°In calculating the lateral stiffness, he occasionally came across negative values which he incorrectly attributed to buckling.
Goldberg’s formulas do not capture elastic instability and the error is more likely due to a misinterpretation.
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Zuo, Xie, and Huang optimized the material distribution in automotive wheels using a topology opti-
mization approach [92]. They enforced a circumferential periodicity constraint with a prescribed number
of pie-slice-shaped unit cells in order to guarantee realizable solutions. Wheel performance was assessed by
a 2-dimensional finite-element model under differently-weighted combined loadings including tire pressure,
tangential (braking or acceleration) traction, and distributed radial pressure from the ground reaction. Sev-
eral of the optimum wheels generated bear striking resemblance to existing designs. Increasing the number
of unit cells caused optimal designs for differently-weighted loading scenarios to converge to structurally
similar layouts.

Neither of the studies on bicycle wheels [83, 42] reviewed here and no study that I am aware of incor-
porates the behavior of the rim into an optimization strategy for the bicycle wheel. A system-level approach
to optimization of the wheel must consider the realistic mechanics of the wheel, especially given the relative
flexibility of the rim compared to the spoke system. Even the wheelbuilder selecting off-the-shelf components
has a daunting array of choices in materials and cross-sections. In this chapter I will explore a simplified
optimization problem parameterized by only the mass fraction of the rim, and illustrate the trends and

scaling laws for size and mass that emerge from this highly constrained problem.

6.1. Performance criteria

This thesis is focused on structural behavior, so the performance criteria here will be restricted to
structural characteristics. Many other relevant criteria including aerodynamics, effective inertia®, and even
aesthetics could be considered, but are beyond the scope of this thesis. The performance criteria considered
here are lateral stiffness, buckling tension, and radial strength.

Lateral stiffness. The lateral stiffness is perhaps the most intuitive parameter to the average consumer.
Unlike the radial stiffness, which is orders of magnitude higher than the stiffness of the tire, the lateral
stiffness is small enough that it may affect the handling, stability, and “feel” of the bicycle [71, 80]. As
discussed in Chapter 5, the lateral stiffness and spoke tension interact to give the maximum lateral force

which can be withstood without spoke buckling.

3including translational and rotational inertia with a no-slip condition.
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Buckling tension. The spokes must be sufficiently tight to support external loads without buckling, but
not so tight that the lateral stiffness of the wheel is severely reduced. As a general rule of thumb, the
tension should be around 50 % of the critical tension (see Section 5.1). Even though the critical tension is
in no danger of being exceeded for most reasonable wheel designs, increasing the critical tension allows the
wheelbuilder to safely build to a higher tension.
Radial strength. The radial strength, approximated by the competing failure modes model described in
Section 5.2.3, is important for the carrying capacity and ability to withstand radial overload from potholes
or steep drops.

The performance criteria described here are not independent—increasing the lateral stiffness generally

increases the buckling tension and the radial strength.

6.2. Design space

The design space for a bicycle wheel includes parameters under the control of the wheelbuilder such as
the rim type, spoke type, spoke lacing pattern, and average spoke tension, and parameters under the control

of the component manufacturer such as hub dimensions and rim cross-section.

6.2.1. Relevant design parameters

The structural characteristics of the wheel should not vary significantly from point to point on the rim. It
would do no good to significantly reinforce one segment of the wheel, only to have the wheel buckle after
rotating 180°. In this chapter we will restrict our attention to periodic spoke patterns which can be accurately
modeled by the smeared-spokes approximation. Furthermore, decades of iteration have failed to produce a
spoke pattern which has significant practical benefits over the traditional cross-laced pattern used on the
majority of bikes. The lateral and radial stiffness are not significantly affected by the in-plane spoke angle
B while the torsional stiffness is maximized when the spokes are tangent or semi-tangent to the hub. It
is sufficient to first optimize the design parameters of a radial-spoked wheel and then substitute tangential
spokes.

One aspect of the wheel which has been aggressively and successfully optimized is the rim cross-section.

The earliest bicycle rims were made of wood, which was later supplanted by strip steel for most consumer
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Table 6.2. Wheel design parameters.

Component Symbol Name Optimizes to Parameterization
Hub wy, hub width ~ 2R wp, /R constrained
dy, hub flange diameter ~ 2R dp/R constrained
R rim radius Z€ero constrained
T cross-section radius 00 r/R constrained
Rim tow wall thickness Zero Eqn. (6.5)
Pr mass density N/A
E.G  elastic modulii N/A
Ng number o.f spokes 00 Eqn. (6.7)
Spokes As cross-sectional area Zero
P Ps mass density N/A
E, Young’s modulus N/A

rims. Wood remained the material of choice for racing until the development of extruded aluminum profiles
which allowed the creation of very complex interior geometries*. Rims with a hollow channel (double-wall
rims) are superior to single wall rims because of their greatly increased torsional stiffness. There may still be
opportunities to optimize the particular shape of the rim cross-section, however in the interest of generality I
will assume that the rim cross-section is a hollow circle, characterized by its outer radius r and wall thickness
tw. The second moments of area for bending and torsion are:

[TA - (T - tw)4]7 J = E[r4 - (7" - tw)4]

(6.1) L=I= :

PP

The wheel parameters considered are given in the first column of Table 6.2.

6.2.2. Narrowing the design space

The full design space described in Table 6.2 has seven dimensions plus two categorical variables (rim and
spoke material). However, many of these parameters are either highly constrained or trivially optimize to
one of their extreme limits. The rim radius will go to zero if left unconstrained, or to its minimum value if
constrained. Likewise, the rim cross-section radius will optimize to its maximum value. The only remaining

non-trivial rim parameter is the cross-section thickness, which can also be parameterized by the rim mass.

Mavic covertly introduced an aluminum rim, painted to look like wood, into the 1934 Tour de France [36].
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The rim parameters are linked by the equation
(6.2) Meim = 272 pp R(2rty, — t,°)

where p, is the mass density of the rim material. The spoke parameters are similarly linked. If the
smeared spokes approximation is used, the stiffness of the spokes system only depends on the total cross-
sectional area of the spokes, nsAg. If the discrete spokes method is used, ng will tend towards infinity while
A, tends towards zero. Like the rim parameters, the spoke parameters can be grouped and parameterized

by the total mass of the spokes:
(6.3) Mispk = PsNsAsls

where pg is the mass density of the spoke material. The hub parameters are important for how they affect
the geometry of the spoke system. In this thesis it is assumed that the hub is much stiffer than the spoke
and rim system. If the hub flange diameter is not constrained it will exploit the hub rigidity assumption
by optimizing to a value close to the diameter of the rim, thereby shortening the spokes and increasing the
spoke bracing angle. The hub width will always optimize to make the spoke angle approximately 45° to
maximize the lateral stiffness for a given volume®. The hub width is constrained by the available space in

the frame after accommodating the sprockets, and should be fixed.

6.2.3. Rim mass fraction

The complete design vector for a wheel, under the constraints and assumptions described above, can be

written as

T Wp dh

(64) X = {frima (Ra M)a (R’ Ev R) 7(E7G7Esapr7ps)}

where frim = Mypim /M is the fraction of wheel mass in the rim, and M = My, +Mspk is the total mass of

the wheel, not counting the hub. The remaining groups in the design vector are as follows: Xewtent = (R, M)

5This can be demonstrated by the following argument: noting that if the hub diameter is much smaller than the rim diameter,
the rim radius is approximately R = s cos . The lateral stiffness of a single spoke is Kéat = (EsAs/ls)sin? a. If the volume
Vs = Asls is held fixed, the lateral stiffness becomes Kéat = E VS/R2 cos? asin? a. This function is maximized at o = 45°,
implying a hub width approximately equal to the rim diameter.
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( Ll @) are dimensionless properties

are the extensive properties of the wheel (radius and mass). Xgeom = (%, 5, %

governing the geometry of the wheel including the rim slenderness r/R, the dimensionless hub width wy, /R,
and the dimensionless hub diameter dj/R. The material vector Xm.u = (E,G, Es, pr, ps) describes the
relevant material properties of the rim and spokes.

Described in this manner the design vector provides a way to compare wheels of equivalent size, shape,
and materials. It does not make sense to compare a wheel with a 50 mm hub width to a wheel with a 70 mm
hub width, nor to compare a 700C wheel to a 20” folding bike wheel; one will always outperform the other
on the metrics considered here. The remaining relevant parameter, the rim mass fraction, is an intuitive
design parameter which can be optimized for a wheel of a given size, geometry, and material. Low fim
means more or heavier spokes with a slender rim while high f,;,, means a heavier rim supported by fewer
or lighter spokes.

In terms of the parameters collected in the design vector, the rim wall thickness, spoke length, and total

spoke cross-sectional area are:

(6.5) te =R

(3G - e

o el ()] )

M(l - fmm)

. sAs =
(6.7) n s

The hub flange diameter clearly cannot exceed twice the rim radius. For the reasons described above,
(dn/R) will be fixed at 0.166 for all the wheels studied here. Nominally, the rim mass fraction f;, may
vary from zero (all spokes) to one (all rim). However, if Xegtent: Xgeom, and Xmau are fixed, frim, may
have an upper bound less than one due to the fact that the rim wall thickness cannot be greater than the

cross-section radius.

max . 27T2R3p7“ T2
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Figure 6.1. Trends in one-parameter optimization. (a) Lateral stiffness. (b) Buckling
tension. (c) Radial strength. M = 0.1, 0.5, 0.8 and 2.0kg. R = 0.3m. ng = 36. r/R =
0.033. dp/R = wy/R = 0.167. Rim material: aluminum (E = 69 GPa, G = 26 GPa, p, =
2700 kgm~3). Spoke material: steel (E, = 200 GPa, ps = 8000 kg m~3).

6.3. One-parameter optimization

With Xeztents Xgeoms and Xmau fixed, the optimization problem outlined above reduces to a bounded,
single-parameter search over f;,,. Figure 6.1 shows how the performance criteria outlined in Section 6.1
vary with f,;, for wheels with different masses.

The optimum rim mass fraction to maximize the lateral stiffness does not depend on M or R. The lateral
stiffness favors a relatively light rim and heavy—or many—spokes. This strategy also has the advantage
that concentrating the mass in the spokes decreases the rotational inertia of the wheel for a given mass and
radius. The behavior of Kj,; with f.;, reflects the differing roles of the spokes and rim in supporting loads.
The spokes support external loads and channel forces to the hub, while the rim acts mainly to spread the
load so that it is shared between several spokes. The positive returns on increased rim mass diminish once
the rim is sufficiently stiff to involve a few spokes in the load-affected area.

High lateral stiffness is not useful if the spokes cannot withstand service loads without buckling. A
strong wheel should be capable of withstanding tensions in excess of the expected loads without significantly
reducing the lateral stiffness. The critical buckling tension does not vary smoothly due to the discrete

buckling modes, n = 2,3,.... As the rim mass approaches zero the buckling tension approaches zero (the
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Figure 6.2. Scaling of strength with size and mass. Xgeom and Xmau are the same as in Fig.

6.1. (a) Scaling with radius (M = 1kg). (b) Scaling with mass (R = 1.0m).
spokes cannot be tensioned without a rim to support the compressive reaction force). A rim with no spokes
can support non-zero tension (in this case the wheel reduces to the problem of a radially-loaded ring studied
by Timoshenko [85]), but has no ability to channel forces to the hub.

The radial strength involves both the lateral stiffness and the buckling tension, as described in Chapter

5. Following the trend of 7T,, optimizing the radial strength favors roughly equal mass in the rim and the
spokes. An optimum wheel seems to obey Aristotle’s advice to seek a happy medium between stiff spokes

and a stiff rim.

6.4. Scaling of strength with size and mass

Figure 6.2 shows how the strength varies with radius or mass, holding the other fixed. At each value of R
or M, the maximum rim mass fraction and optimum rim mass fraction are calculated. When the total mass
M is less than the mass of the fully dense rim, the optimum rim mass fraction is stable and independent of
R or M. The red stars in Fig. 6.2 (a) are solutions for which the maximum rim mass fraction is less than
one.

Scaling by structural analogy. The radial strength is governed by buckling. We can discover the scaling
law for buckling strength by analogy with a familiar structure: the Euler column. The buckling load for an

Euler column scales as P. ~ EI/L?, or alternatively, P. ~ Kj,;L. If the dimensions of the column (length,
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width, depth) are all scaled by the same scaling factor «y, then the buckling load scales as P. ~ 2. The
column mass scales with the volume, i.e. 3. Therefore, the strength scaling can be rewritten P, ~ M~y~!.

The bicycle wheel stiffness is a function of both the rim stiffness, which scales as EI/R? ~ ~, and the
spoke stiffness, which also scales as E;A;/R ~ 7. By analogy with the hinged column model, the radial

buckling load also scales as Kjq; R ~ 2. We arrive at the same results as for the Euler column, namely:

(6.92) P.~ MR
P,

6.9b —~ ~R!

(6.9b) 7

Equation (6.9) illustrates how the size of a wheel affects its strength. The structural efficiency of a
wheel—its strength-to-weight ratio—is meaningless without accounting for its size, hence the observation by
Papadopoulos commenting on Burgoyne and Dilmaghanian [12] that “a furniture caster is several times as
‘efficient” as a typical bicycle wheel [60]. Smaller is stronger—a fact which explains both the remarkable

feats of BMX riders as well as the demise of the Ordinary bicycle.
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Concluding Remarks

The pursuit of the perfect bike is generally couched in superlatives: the lightest wheels, the most gears,
the stiffest frame (but vertically compliant, please!). But the strength of the wheel is found not in extremes,
but in delicate balance; in gentle harmony between competing or opposing forces. The spokes and the rim
work together to create a strong wheel. The rim keeps the spokes under tension and spreads out loads to be
shared by multiple spokes, while the spokes channel forces to the hub and prevent the rim from buckling.
Bending and torsion modes in the rim compete for strain energy, ultimately favoring the mode with the
smaller stiffness. These stiffnesses should not differ greatly in an efficient wheel.

The theory developed here, and the experiments validating it, clearly demonstrate for the first time
the competing effects of spoke tension: increasing tension prevents the spokes from going slack under load,
but decreases the lateral stiffness of the rim. Under external loads, the balance between these two effects
determines the dominant failure mode: spoke buckling (loss of stiffness), or rim bucking (unstable collapse).

The bicycle wheel is already a popular subject of study for hobbyists or engineering students learning
to use finite-element codes. But experimentation has been hampered by the difficulty of obtaining the
section properties of the rim. The four-point bending test, qualitatively described by Jim Papadopoulos and
quantitatively analyzed here, can be used to obtain El; and GJ with the help of a dial indicator, a laser
pointer, and some known weights. But even these tools or the expertise to use them properly may be out
of reach for many enthusiasts. The acoustic test described here can be performed with nothing more than a
smartphone and a piece of string and could be easily implemented in an app. It may also be possible to use
the acoustic test on a complete wheel to estimate the lateral stiffness or the buckling tension.

A number of interesting questions remain unexplored. The modal stiffness results described in Section
4.4 suggest that spoke behavior may be sensitive to boundary conditions. The stiffness contribution of the

J-bend, inbound spokes used in that study fell well-short of their ideal stiffness. The lateral stiffness results
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described in Section 2.6.2, (outbound spokes laced to a hub with slightly differently-sized holes) showed no
evidence of this non-ideal behavior. A relatively simple test fixture could be designed to measure spoke
stiffness at a range of tensions while controlling a variety of variables.

This thesis did not attempt a detailed analysis of stresses over the rim cross-section. Knowledge of the
stress distribution under large loads could reveal how and where plastic deformation occurs during buckling.
Fatigue can also lead to damage and failure of the rim, especially near spoke holes. The inside surface of the
rim at the ground contact point experiences tensile stress due to the bending moment and a reduction in
local stresses near the hole as the spoke relaxes. These alternating stresses are superimposed on the static
compressive stress due to the average spoke tension. The competition between these stresses could affect the
growth of fatigue cracks around spoke nipples.

These and many other questions will continue to engage engineers, wheelbuilders, and students of all
types. I hope that the theoretical framework, experimental techniques, and computational tools developed

here can be a starting point for new investigations into the mechanics of the bicycle wheel.
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APPENDIX A

Stiffness matrix for asymmetric n-cross wheel

The most general practical special case is that of the asymmetric wheel with tangent spokes and an
arbitrary spoke offset vector. There are four spoke types: left-side leading, left-side trailing, right-side

leading, and right-side spoke. The four independent spoke vectors are:

(A.1a) n' = cle; +chey + cles

(A.1Db) n" = —cle; + ches  ches
The offset vector is assumed to be symmetric across the rim.

(A.2a) b,' =biei + bres

(A2b) bsr = —b1e1 + b262

The initial tension must be different on the two sides so that the lateral components balance. The left

and right tensions are:

_ ArRC
(A.3a) T,=T (zﬂchlrz>
ns(cich +cjcy)
_ 4 !
(A.3b) Tz: =T ( 1 7TrRCI vl )
ns(cich + cfes)

in terms of the average radial tension per unit circumference, 7. One further simplification is made by
setting I,' = I,” = I,. The spoke length generally differs by less than 1%. The smeared-spokes stiffness

matrix is given below.
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(c)? +(c))?  cich —cich 0 bi(cjch +cfef) — b2 [(c))? + (cf)?]
(Ad) k= Mefeds (cg)” + (c5)? 0 ba(cies — chh) — by [(c5) — cb)?]
4RI, (&) + ()2 0
(bich — bach)? + (bich — bach)?
(ch + e —chep) 0 0 0
T ch (1= (e5)?) + 1 (1 = (ch)?) 0 0

* Is(ckeh + et
T (1= (c)?) +ef(1 = (c5)*) 0

0 cici(cg—ch) 0 —bichef(cy +c5) —ba [e} (1 = (¢)?) + ¢f (1 = (c})?)]

0 0 bacieq(ch — ch) + b1 [ef (1 — (c3)?) — (1 — (c5)?)]

r 0 0
Ls(chej + cfeh)

b7 [ch (1= (c5)?) + T (1 = (ch)?)] + b3 [eh (1 = (e])?) + ¢f (1 = (¢])?)]

+2b1bact et (ch + cb)
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APPENDIX B

Wheel properties

B.1. Standard research wheel

Many of the experiments and theoretical calculations described in this thesis use a wheel with stan-
dardized components and geometry for ease of comparison. The “standard research wheel” comprises a
Sun-Ringle CR18-700C 36-hole rim laced to a custom hub with double-butted Wheelsmith DB14 276 mm
spokes. Unless otherwise noted, the spokes are all oriented outbound (with the heads on the inside of the

hub flange).

(a)

c
+ .
[ T ]
X
. S
S

Figure B.1. (a) Diameter measurement of the Sun-Ringle CR18 rim. (b) Centroid and

shear center of a thin-walled C-channel beam [85]. (c) Assumed location of the shear center

of the CR18 rim cross-section.
Rim. The Sun-Ringle CR18-700C aluminum rim has a shallow double-wall construction whose shape ap-
proximates a C-channel beam. A C-channel beam with a fully-open cross-section has a shear center outside
the cross-section below the web [85] (Fig. B.1 (b)). The behavior of the CR18 rim should be somewhere

between that of a fully-closed, symmetic cross-section and that of a fully-open C cross-section. Therefore

I measure the radius at the “bottom” of the cross-section (Fig. B.1 (c)). By this method, the effective
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Table B.1. Properties of the standard research wheel and fat bike wheel.

Standard research wheel Fat bike wheel

Rim Sun-Ringle CR18-700C
R [mm)] 304 300
Mrim (8] 538
pr [kg/m3] 2700
E [N/m?] 69 69
G [N/m?] 26 26
A [mm?] 104 170
EIL [Nm?| 11149 72
EI, [Nm?] 219 £ 40 6995
GJ [Nm?| 26.3 +1.2 98
Hub custom adjustable hub
width [mm] 50 50
effective width (elbows in) 53
effective width (elbows out) 48
diameter [mm] 58 50
Spokes Wheelsmith DB14 276 mm
number 36 36
arrangement radial radial
diameter [mm] 1.7/2.0 2.0
effective diameter [mm] 1.78
EAcfy [kN] 522 628

radius is 304 mm. The cross-section stiffness parameters are estimated using the acoustic method described
in Chapter 3.

Hub. The custom research hub used in this thesis was designed by Joseph Alim, Mehdi Lamnyi, Alexandra
Koukhtieva, and Simon Tebbe for an undergraduate capstone project sponsored by Jim Papadopoulos [4].
The hub comprises a solid chromoly steel %-inch diameter “axle” with oppositely threaded ends, and two
mild steel hub flanges threaded onto the axle and secured with jam nuts. With this turnbuckle design, the
hub flange spacing can be changed by simply rotating the axle relative to the flanges. The research hub does
not have a bearing so it cannot be rolled like a standard bicycle wheel. The purpose of the solid axle is to
make the hub very stiff relative to the rim and spokes system.

Spokes. The wheel is built with stainless-steel double-butted Wheelsmith DB14 276 mm J-bend spokes.
The thick section at the top and bottom of the spoke has a diameter of 1.99 mm while the thin swaged

middle section has an average diameter 1.72mm and a length of 205 mm. The effective cross-sectional area
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Table B.2. Properties of the wheels in this study. Linear dimensions are given in millimeters.
EI,, EI,, and G.J are given in Nm?2.

Rim Hub Spokes
Wheel R FEI; FEI, GJ Diam. Width Number Diam.
High wheel 600 300 300 100 50 90 64 2.5
Vintage road 315 150 150 15 50 50 36 1.8
Modern road 300 200 200 80 50 50 24 1.8
Cheap MTB 280 200 200 12 50 60 32 2.0
Tandem 300 200 200 &0 50 70 40 2.0
Small 225 150 150 40 50 50 32 1.8
Track 300 200 200 150 50 60 32 1.8

is calculated using the series-springs rule for the thin and thick sections:

I Lol
B.1 _
(B-1) EA.,;  EA, | EA,

By this method, the effective spoke diameter is 1.78 mm. For stainless steel (F = 210 GPa), this gives
an effective axial stiffness of EA.fy = 521 kN.

The complete wheel properties are given in Table B.1.
B.2. Fat bike wheel

The example fat bike rim is modeled as a prismatic aluminum (F = 69 GPa, G = 26 GPa) beam with
a hollow, thin-walled, rectangular cross-section (width: 80 mm, height: 5mm, wall thickness: 1mm). The

relevant properties are given in Table B.1.

B.3. Example wheel library

Several example wheels are defined for the purposes of illustrative calculations and simulations. The
“high wheel” represents the kind of wheel that would be found on an Ordinary, or “penny-farthing,” bicycle
popular in the 1880s. The “small” wheel might be found on an adult folding bicycle or a youth bicycle. All
of the properties are hypothetical and are not meant to correspond to any particular wheel or product.

All the wheels have aluminum rims (E = 69 GPa, G = 26 GPa, p, = 2700kg/m?3) except for the high
wheel rim, which is constructed of steel (E = 200 GPa, G = 80 GPa, p, = 8000kg/m?). The cross-sectional

area of all rims is 100mm?. The remaining properties are given in Table B.2.
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APPENDIX C

Acoustic testing additional procedures and results

C.1. Frequency response of smartphone microphone

| | |
[=p} = () o [\)

Relative microphone sensitivity [dB]
|
(0]

|
—
o

0.01 0.1 1 10 100
Frequency [kHz]

Figure C.1. Frequency response of the iPhone SE built-in microphone used in this study.

The frequency response of the built-in microphone in an Apple iPhone SE (model A1662) was measured
in an anechoic chamber. The smartphone and a calibrated reference microphone with a flat frequency
response (Etymotic Research ER-7C Probe Mic System) were placed on a foam block 66 inches from a
single mono speaker (Roland MA-12C Micro Monitor). Approximated pink noise was generated from an

online source (https://mynoise.net/NoiseMachines/whiteNoiseGenerator.php) and played through the
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Table C.1. Rim properties determined by acoustic and mechanical tests. R is given in
millimeters, M.y, is given in grams, Ely, FI;, and GJ are given in Nm?2.

Acoustic Static

Rim R myim EI, GJ n FEI GJ m

Alex-ALX295 305 480 310.0+14.8 85.7+£4.7 0.4054+0.061 288.0+17.5 96.5+3.8 0.487+0.017
DTS-R460 304 459 274.0+13.6 103.6 5.8 0.449£0.065 256.0+15.5 114.8+£5.8 0.542+0.031

CR18-20” 217 380 103.0£5.0 26.4+1.0 0.175£0.016 1020£6.2 24.7+£1.5 0.134+0.019
CR18-700C 304 538 111.0£9.2 26.3+1.2 0.120£0.022 113.0£6.9 25.9+1.7 0.099 £ 0.021
X404-277 307 594 131.0+£10.6 169+£0.9 0.108+0.026 134.0+82 159+1.0 0.068=+0.018
Y2000-26” 271 459 1140+74 14.6+0.7 0.114+£0.021 113.0£69 13.4+£0.9 0.088+0.019

Y2000-700C 302 551 125.0£9.8 1924+1.0 0.123+0.026 123.0+£75 18.9=£1.2 0.096=£0.019

speaker. A spectral average was obtained from both microphones using the Fast Fourier Transform with a
buffer size of 8192 samples at 44.1 kHz sample rate with 50 averaging windows and discarding the phase.
The iPhone microphone relative sensitivity was calculated by taking the ratio of the iPhone spectrum to the

reference spectrum and normalizing by the amplitude at 5.38 Hz.

C.2. Peak identification procedure

The following procedure was used to identify the radial and lateral mode frequencies for each rim: First,
the two spectra were compared with the noise spectrum to identify any peaks with a signal-to-noise ratio of
at least 10 (note the first two apparent peaks at 27 Hz and 60 Hz are both present in the noise spectrum and
can therefore be discarded). Next, the lowest peaks were compared between the lateral and radial spectra
to find duplicates. In the case of duplicates, the peak was assigned to the spectrum with the greater relative
magnitude.

After identifying the approximate location of each peak, the precise peak parameters were determined

by fitting a Lorentzian peak function of the form:

1 r
C.1 Ffi=—)—————
(e 0=(z) T=arrre
Fitted curves for f394, frad  flat  flat "and flot are shown below:

C.3. Rim properties

Complete properties determined by the acoustic and static tests for all rims are given in Table C.1.
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APPENDIX D

Tension measurement technique

I measured spoke tensions using the WheelFanatyk analog tensiometer and the calibration table supplied
with the instrument. The tensiometer works on the principle that the spoke under tension behaves like a
guitar string, i.e. the lateral stiffness is proportional to the tension. The spoke is loaded by a linear spring
with a precisely known stiffness and the displacement is measured on the opposite side from where the load is
applied. The instrument is shipped with a calibration table giving the tension for a range of displacements.

A straightforward analysis of the mechanics involved, assuming that the tension remains constant and
the bending stiffness is negligible, leads to the following relationship for the tension as a function of the

measured displacement:

(D.1) T=a (;) +b

where T is the spoke tension and § is the displacement measured in millimeters. The parameters a and
b differ slightly for different spoke diameters because the preloaded spring contacts the spoke at a different
point along its stroke, and thick spokes may be more affected by bending stiffness. By fitting the model
above to the calibration data, I determined the following parameters for different spoke diameters:

Table D.1. Calibration constants for WheelFanatyk tensiometer.

Spoke diameter

Parameter 09mm 095mm 1.2mm 1.5mm 1.7mm 1.8mm 2.0mm

a [N mm] 480.8 466.4 434.1 466.4 423.5 428.2 427.2
b [N] -156.8 -189.8 -93.3 -189.8  -2194  -273.6  -323.5

The spoke tensions reported in this thesis are calculated using the model above to effectively interpolate

the values supplied by the manufacturer.
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APPENDIX E

Analysis of the four-point bending test

In the four-point bending test, the rim is supported at 3 and 9 o’clock and loaded at 12 and 6 o’clock
with an out-of-plane force P. A dummy torque @ is applied at each point in the same sense as the rotation

of the cross-section. Free-body diagrams of the complete rim and upper section are shown below:

Figure E.1. (a) Force diagram for the four-point bend test. (b) Free-body diagram of the
top half of the rim. (c) Free-body diagram of an arbitrary section of rim.

The internal shear, lateral bending moment, and twisting moment are Fy, Ms, and Mj, respectively.

The symmetry of the problem gives us the conditions
(E.1a) F = —F}

(E.1b) Mg = M3

(E.1c) Mg = M?
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Equilibrium of forces and moments gives

(E.2a) J g
P
(E.2b) Mo — b= PR Q
2 2
(E.2¢) M§=M:=0

The internal forces can now be determined by making a cut at an arbitrary location 6, as shown in Fig.

E.1 (¢). Equilibrium of forces and moments gives

P
(E3a) Fl = 5
P
(E.3b) M cosf — Mzsinf = TR(lfsinﬂ)+%
P
(E.3¢) My sin @ + Mg cosf = TR(cosﬁf 1)
Solving (E.3) for M> and M3 gives
(E.4a) My = PR(cosf — sin ) + % cos
PR
(E.4b) M3 = —PR(sinf + cosf) + - - %sin@
The strain energy in the upper half of the rim is given by
/2 M2 M2
E. =2 . | Rd6
(E-5) u /0 <2E12 +2GJ)R

The displacement and rotation at the load point is determined using Castigliano’s theorem: wug = g—g,
¢ = g—g. This is the “balanced” deflection, i.e. the vertical deflections at each load point assuming that the
slope du/d# is zero at the supports. In the un-balanced four-point bending test (three points are constrained

and the third is loaded), the displacement will be u; = 2uy.

3
(E.6) u =~ 22 2(3 — ) + (2~ )]
(E7) o= me -

- 8GJ



