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ABSTRACT

NOMENCLATURE

The objectives of this study were: (i) to determine the stresses as a result of assembly and
the stress concentration of a clamped connection, (ii) to demonstrate the importance of
the effects of assembly in fatigue life predictions and (iii) to verify the accuracy of fatigue life
predictions by measuring fatigue life experimentally. A stem-handlebar assembly used in
off-road bicycles was chosen for the study because it is a critical assembly for which
structural reliability must be insured to prevent serious injury. Assembly stresses in the
handlebar exceeded 200 MPa and stress concentration because of the attached stem in-
creased the applied stress by 40%. A stress-life prediction indicated that assembly effects
would reduce predicted fatigue life of the handlebar by a factor of approximately 20. The
measured fatigue lifetime of the handlebar was longer than that predicted by using the
stress-life approach, but was much shorter than that predicted when assembly effects were
ignored. Therefore, assembly effects have a significant effect on fatigue life predictions and
should be included in lifetime assessments for clamped mechanical assemblies.

Keywords bicycle; clamped assembly; fatigue; handlebar; stress concentration;
assembly stress.

X = coordinate direction ahead of the bicycle, parallel to ground
Z = coordinate direction normal to X, upward from ground
0, = angle in the X-Z coordinate system, measured from X
« = angle of loading, with same sense as 6,
R = load ratio, stress ratio
&1, e — strains along (L) and perpendicular to (T) the handlebar axis
oL, o — normal stress components along (L) and perpendicular to (T) the handlebar axis
E, v = Young’s modulus and Poisson’s ratio
on = normalized bending stress
W = weight applied near the end of the handlebar
L = distance from applied load (moment arm)
7, = outer radius of the handlebar
I = moment of inertia of the handlebar cross section
Bx, Bz = normalized bending stress as a result of a force along the X or Z direction
Fx, F; = force applied in the X or Z direction
Oapp — stress as a result of applied load
B, = normalized bending stress as a result of a force applied at angle «
Omass — effective assembly stress
1o = total stress; sum of applied stress and effective assembly stress
Omax — Mmaximum total stress
0eq = equivalent stress in fatigue
N; = cycles to failure
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INTRODUCTION

One common type of mechanical connection used in
order to assemble structural components is a clamped
connection, which can affect the fatigue performance
of the assembled structural components. Examples
of clamped connections include the joining of a hub to
a shaft by using a set screw, the attachment of a hub to a
shaft by using a clamp, the securing of piping by using
a yoke and the attachment of a bicycle handlebar to its
stem via a pinch clamp (Fig. 1). In all the clamped
connections shown in Fig. 1, the tightening of the
securing fastener(s) produces assembly stress in the as-
sembled structural components. Further, because these
connections are also a point of support and/or a change
in cross-section, stress concentration will also occur.
These two effects of clamped assembly affect both
the mean and amplitude values of cyclic stress and
hence will influence fatigue performance of the assem-
bled structural components.

Though many applications demand that the clamped
structural components carry significant levels of cyclic
loading thus rendering the effects of assembly on fatigue
performance of interest’ there have been few previous
studies on the fatigue lives of structural components in
clamped assemblies. To our knowledge, only a single
clamp-specific, quantitative study of the effects of assem-
bly on fatigue performance has been reported previ-
ously.* This study investigated clamping a collar onto a
solid cylindrical shaft and found that assembly reduced
the fatigue strength of the shaft by 55% at long lifetimes.
While demonstrating that assembly has a profound effect
on high-cycle fatigue life of a structural component, this
study did not quantify either the assembly stress per se or
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Fig. 1 Examples of mechanical assemblies: (a) hub connected to a
shaft by a set screw,! (b) split hub,’ (c) pipe yoke2 and (d) bicycle stem.

the stress concentration, so that no analytical prediction
of the fatigue life of the assembled structural components
was made. Because the analytical prediction of fatigue life
would be useful in the design of structural components
assembled by clamping, the general goal of the present
study was to develop and verify a method for predicting
high-cycle fatigue life of structural components in
clamped assemblies. In order to meet this general goal,
the specific objectives were as follows: (i) to quantify the
effects of assembly in a fatigue-prone structural compon-
ent for a particular clamped assembly, (ii) to include the
assembly effects in an analytical prediction of fatigue life
for that structural component and (iii) to verify the ana-
lytical fatigue life prediction with fatigue testing of that
structural component.

In order to satisfy these specific objectives, a particular
clamped assembly must be selected. In the off-road bi-
cycle, clamped components play a key role in rider sup-
port and control of the bicycle. Critical clamped
assemblies include the stem-handlebar, seatpost-frame
and numerous similar assemblies. These clamped assem-
blies are critical because the structural components may
experience high service loads and their failure can result
in either the loss of steering and braking control or the
loss of support for the rider’s weight, thereby leading to
serious injury. Such failures have occurred in service and
have led to a number of product recalls for off-road
bicycles (e.g. Refs [5, 6]). Accordingly, the handlebar in
the stem-handlebar assembly was selected in order to
satisfy the objectives above.

METHODS
Materials

A stem and handlebar were selected from commonly
available, off-road bicycle components. The stem had a
one-bolt clamp (1-bolt stem), where the clamp wrapped
around the handlebar and bolted together on the under-
side of the stem (Fig. 2a). The 1-bolt stem was made of
steel and had the stem extension perpendicular to the
quill. The handlebar was 580 mm long, with a cylindrical
cross-section of nominal outer diameter of 25.4 mm and
wall thickness of 2.2 mm. The bar had a bend of 6° (Fig.
2b) and was made of 6061-T6 aluminum (material prop-
erties given in Table 1).

Table 1 Material properties for 6061-T6 aluminum’

E v S, S,

73.1 GPa 0.345 276 MPa 310 MPa
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Experiments

Assembly stress

In order to determine stress in the handlebar as a result
of assembly, strain gages were mounted on the outer
surface of the handlebar and measured strain change
during clamping. Four, two-element, 90° strain gage
rosettes were placed at 90° intervals around the circum-
ference, so that each rosette had an element orientated in
both the longitudinal and transverse — that is, circumfer-
ential — directions of the handlebar.

Assembly strain was measured at 10° increments around
the stem-handlebar interface, with gage centers 1.6 mm
away from the edge of the clamp. The assembly strain
was measured by repeatedly tightening the stem clamp
bolt with the handlebar rotated through 80°, in 10°
increments, relative to the stem. In order to ensure con-
sistency in the clamping force from tightening the stem
clamp bol, the bolt force was measured with a bolt force
transducer made from a cylindrical steel sleeve instru-

(@) - 17°

-~

FATIGUE OF CLAMPED CONNECTIONS 943

mented with strain gages. Bolt force was measured,
rather than tightening torque, because friction does not
allow consistent bolt force at a given measured torque.®
The stem clamp bolt was tightened until the bolt force
transducer indicated a specific strain, corresponding to
an average tightening torque of 11.4Nm (100 in-Ib).

Stress concentration

The instrumented handlebar was also used in order to
quantify the stress concentration in the handlebar when
loaded in bending. Because the theoretical bending stress
is zero on the neutral axis, loads were applied along two
orthogonal directions in order to determine the stress
concentration. For each loading direction, the instru-
mented handlebar was rotated incrementally by 10°
with respect to the stem in order to map the bending
strain around the entire stem-handlebar interface. The
two load directions were 287° and 197° with respect to
the x-axis of the reference frame used in this study

Clamp
Extension
N\

Load near end
of handlebar, P/2

(b) Applied load, P
Center load
i
ixture Clamp bolt Handlebar
A~ lof 6° bend
Fig. 2 Test articles and loading: (a) one- AT Support —

bolt stem and (b) stem-handlebar assembly
with handlebar cross-section. Here, (a) also P/2
shows the X~Z coordinate frame and

typical 17° head-tube angle assumed, as

~— L =240 mm

P2

well as the direction of applied load used in
fatigue testing (322° from the x-axis); (b)
also shows the three-point bending used for
fatigue testing, where roller supports were
placed where the hands would apply loads
and a centre load fixture was attached to the
stem quill.
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(Fig. 2a). Bending stress was produced by hanging three
weights of 159,204 and 248N from the end of the
handlebar. The bending strain data were reduced to
stresses and these were compared to stresses from beam
theory in order to quantify stress concentration.

Fatigue tests

Constant amplitude cyclic loads were applied by means
of a servohydraulic test machine to the stem-handlebar
assembly with the handlebar in 3-point bending (Fig. 2b).
The middle load was applied to the stem quill and the
outer loads directly to the handlebar. All testing was
performed at an applied load ratio of R =0.1. The
span used in testing was 520 mm, so that the bar was
loaded near its ends, similar to field loading.

A special test fixture was designed for the 3-point bend-
ing fatigue test. The hydraulic actuator was connected to
the part of the fixture that held the stem. The handlebar
rested on two rollers supported by an arm that spanned
the length of the handlebar and the arm was attached to a
load cell. This fixture loaded the handlebar such that
the loads near the end of the handlebar were at a load
angle a = 322° relative to the x-axis (Fig. 2a). This load
angle was used because a recent study of fatigue as a
result of loads occurring during down-hill, off-road
cycling indicated that this load angle was appropriate
for a single-axis fatigue testing protocol.” This load
direction is also similar to the loading direction used
in another recent study'® to rank stems for fatigue
performance.

In order to map the load-life curve for the handlebar,
five load ranges (maximum load = 1.2,1.4,1.7,1.89 and
2.1kN) were used in order to obtain lifetimes between
10* and 10° cycles. Five replicate samples were tested at
each load range.

In order to ensure that most of the test cycles were
required to initiate, rather than propagate, a fatigue
crack, a compliance-based failure criterion was imple-
mented. Fatigue tests were terminated when the load-
line compliance (as indicated by the displacement of the
hydraulic actuator) increased 10% compared to the com-
pliance at the beginning of the test.

Data analysis

Assembly stresses

Longitudinal (o1,) and transverse (o) stresses were com-
puted from the strains measured at various points around
the circumference of the handlebar. The material re-
sponse was assumed to be elastic and in plane stress, so
that stresses were computed from:

E(er, + ver)
N M

_ E(er +ver)
TETT @

where E is the modulus of elasticity, v is Poisson’s ratio,
et is the measured transverse strain and ¢, is the meas-
ured longitudinal strain.

Stress concentration

Stress concentration was quantified by using normalized
bending stress. Because the stress concentration factor is
undefined on the neutral axis, it was not a useful quantity
in the present study. The normalized bending stress on
was computed as the ratio of the longitudinal stress to the
maximum bending stress determined from beam theory
in the absence of assembly effects:

on(a, 0y) = <VV21’(,) o1 (o, Op) (3)

where W is the weight applied to the end of the bar for a
given value of a1, L is the distance from the point of load
application to the edge of the stem, I is the moment of
inertia of the handlebar cross-section, and 7, is the outer
radius of the handlebar. The equation acknowledges the
dependence of on on the angle of loading o and on the
position around the circumference of the handlebar 6y,
which arises from the geometry of the stem clamp and
the distribution of the bending stress.

In order to determine the normalized bending stress
within the context of the definition above, strains were
measured as a result of the cantilevered loads and the
corresponding longitudinal stress o1, was calculated from
Eq. (1). The normalized bending stress was determined
for each of the three loads used in the experiments and
these values were averaged to reduce uncertainty.

Because the normalized bending stress depended on the
loading angle o, the normalized bending stress at an
arbitrary angular position 6}, and arbitrary loading angle
was determined from the two distributions of normalized
bending stress measured in the experiments (o = 287°
and 197°). In order to aid in the comparison of the results
for the 1-bolt stem with those obtained on other
stems (in future work), the two normalized bending stress
distributions were transformed into the reference axes
(Fig. 2a). Therefore, the results for normalized bend-
ing stress are presented in terms of normalized bending
stress contributions corresponding to loads applied in the
X- and Z-directions. These are defined as By and By,
respectively, and were determined from the normalized
stress found for the two orthogonal load axes by using a
coordinate rotation:
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Bx(0y,) = sin(287°) o (197°,0,) — sin(197)"ox(287°,0,)  (4)

Bz(0y) = — cos(287°)*on(197°, 04) + cos(197) ox(287°,0,)  (5)

Bx and By enable the calculation of applied bending
stresses around the handlebar by simply multiplying the
normalized bending stress contributions by applied force
components in the X- and Z-directions, the moment arm
and cross-sectional properties of the handlebar:

Lr,

1

where Fx (f) and Fy(t) are the force components applied
at a distance L from the edge of the stem, as a function of
time ¢. For the present study, which considers constant
amplitude loading applied along a single direction
(o = 322°), itis also illustrative to present the normalized
bending stress for loading along a single direction:

Gapn(1.00) = =2 (By P (1) + BzF4(1)) (6)

B, (0y) = Bx(0y) cos(a) + Bz(0) sin(x) (7)

where B,(0,) is the normalized bending stress for the
specific angle of loading « and is a function of the angular
position around the handlebar 6,,.

In order to verify the superposition of the normalized
bending stress contributions given in Eq. (7), the nor-
malized bending stress also was determined experimen-
tally with the load applied along a third angle, « = 317°
and these results were compared to the normalized stress
distribution computed by using Eq. (7).

Fatigue life predictions

The assembly stress was assumed not to vary with time
and was therefore treated as an effective mean stress.
Because the assembly stress was biaxial, Sines’s method""
was used in order to account for the effect of assembly
stress in fatigue. Sines’s method relates the mean stresses
in any three mutually orthogonal directions to a single,
effective mean stress value:

Om = Oxxm + Oyy,m + Ozam (8)

where oy, is the effective mean stress and G,m, 0m,
0..m are the mean values of the three normal stress
components during a given loading cycle. For the biaxial
state on the outer surface of the stem-handlebar assem-
bly, the effective assembly stress in fatigue, o, ., Was
determined by adding together the assembly stresses in
the longitudinal and transverse directions:

UnLass(Gb) - GL.ass(Gb) + O-T,ass(gb) (9)

The total stress at each point on the handlebar was
determined as the sum of the applied and effective as-
sembly stresses:

© 2002 Blackwell Science Ltd. Fatigue Fract Engng Mater Struct 25, 941-953
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O'Tot(tv Hb) = aapp(t7 eb) + am,ass(eb) (10)

where o, is the total stress in the handlebar at a given
time and position around the circumference. The total
stress was used in subsequent fatigue life predictions in
order to account for both assembly stress and applied
stress as affected by stress concentration.

Failure was predicted from the cyclic stresses of Eq. (10)
by using the Walker equation.'? Fatigue lifetime was
predicted at each of 360 points around the handlebar —
that is, every 1° — and the shortest life was taken as the
predicted lifetime for the handlebar. Linear interpolation
was used in order to estimate values of the assembly
stress and the normalized bending stress, which were
measured every 10°. For a given level of applied loading,
both the maximum stress o, and stress ratio R were
determined for the point of interest by using the total
stress of Eq. (10) and used in order to determine an
equivalent zero-to-tension cyclic stress o.q from the
Walker equation:'?

Geq(gb) = Omax(0p) (1 — R(eb))(m3 (11)

The equivalent stress was then used in order to estimate
constant amplitude lifetime, Ny, by using:

N Geq(0) -9.84 >
= \871.5 MPa (12)

The Walker exponent (0.63) in Eq. (11) and the fatigue
strength coefficient and exponent (871.5 MPa and —9.84)
in Eq. (12) were previously reported’ and were found
from fatigue data for 6061-T6 over a wide range of stress
ratios.

Using the above equations enabled the point of max-
imum damage to be predicted, accounting for the com-
bined effects of applied external loading and assembly.
The point of maximum damage for a constant amplitude
cyclic load test is the location of highest equivalent stress
and consequently has the shortest predicted lifetime. If
assembly effects were not included, then the point of
maximum damage would occur 180° from the loading
direction, but assembly stress and stress concentration
can alter the location of this point.

Failure analysis

For each fatigue test, the location of crack initiation was
determined. The location of crack initiation was import-
ant because it showed the location of the maximum
localized stress as influenced by various factors such as
specimen variations, fretting and proximity to grooves in
the handlebar. The location of crack initiation was deter-
mined by observing the fracture surface under magnifi-
cation and noting where the crack initiated. Using
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intervals of 5°, a histogram of the locations of crack
initiation was used in order to experimentally determine
the location of highest stress, which was compared to the
location of maximum damage predicted by using the
Walker equation.

RESULTS
Assembly stress

The magnitudes of the assembly stresses in the longitu-
dinal and transverse directions varied depending on the
location around the handlebar (Fig. 3). The longitudinal
assembly stress was generally positive with local peaks of
92.5 and 104.3 MPa occurring at 6, = 147° and 327°,
respectively (Fig. 3). The minimum longitudinal stresses
of —2.8 and —15.3 MPa occurred at 47° and 207°. Trans-
verse stresses resulted from the effects of secondary
bending caused by clamping which distorted the cross-
sectional shape from circular (e.g. oval). As a result, the
transverse stress was either positive or negative
depending on the angular position. The maximum
transverse stress of 116.7 MPa occurred at 287° and the
minimum of —197.1 MPa occurred at 197° relative to
the x-axis.

Stress concentration

In order to appreciate the stress concentration induced
by the stem-handlebar assembly, the normalized bending
stress contributions at each point around the handlebar
circumference were computed and were compared to the
stress contributions at each point as a result of beam

theory — that is, no stress concentration. If no stress
concentration were present, then Bx would be equal to
negative cosine and Bz would be equal to negative sine
(Fig. 4). The discrepancies between the actual normal-
ized stresses and their corresponding theoretical trigono-
metric functions are an effect of the stem-handlebar
assembly. The largest value for Bx was 1.41 at 187°; the
largest value of B, was 1.32 at 247°.

The measured normalized bending stress for a load
along o = 317° agreed closely with the results of Eq.
(7) (Fig. 5). This confirmed that the normalized bending
stresses determined with loads along two orthogonal axes
provided adequate information in order to estimate
stresses in the handlebar with the load applied along an
arbitrary load angle. Therefore, Bx and By were suffi-
cient to map out the bending stress under loading along
an arbitrary direction.

Comparison of the normalized bending stress for the
direction of loading used in fatigue testing (¢ = 322°)
demonstrated the stress concentration unique to the
stem-handlebar assembly (Fig. 6). With no assembly
effects, the stress would be equal to 1.0 at 6, = 142°.
Owing to assembly, however, the maximum normalized
bending stress was 1.39 at 0, = 177°. Effects from as-
sembly shifted the location of the maximum bending
stress by 35°. The maximum normalized bending stress
occurred in the region of the stem reinforced by the stem
extension (Fig. 6).

Fatigue life predictions

Assembly effects significantly influenced the fatigue
life prediction of the handlebar. The predicted point of
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maximum damage for the constant amplitude cyclic
loading occurred at the point of highest equivalent stress
(and consequently the point of shortest lifetime). When
stem effects were included in the calculation, the point of
maximum damage was 167° (Fig. 7). At the point
of maximum damage, the assembly effects created an

© 2002 Blackwell Science Ltd. Fatigue Fract Engng Mater Struct 25, 941-953
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Angle relative to the x-axis, degrees

elevated stress state that resulted in a shorter predicted
fatigue life than the lifetime predicted without assembly
effects. For an applied maximum load of 1700 N, assem-
bly effects reduced lifetime by a factor of 18 (Fig. 8) and
shifted the point of maximum damage by 25° (Fig. 7),
compared to when the assembly effects were ignored.
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Fatigue tests

Fatigue test data showed that the handlebar had a longer
life than that predicted for nearly all levels of loading, but
had a shorter life than that predicted without including
the assembly effects (Fig. 8). The assembly effects signifi-
cantly reduced the fatigue lifetimes at the point of max-
imum damage for all levels of stress. Deviations from the

1 Calculated for P,,,, = 1.7kN,
240 p . =0.17kN, « = 322° and
L = 240 mm.

life predicted with assembly effects increased as the max-
imum stress (force) increased, with the prediction having
an increasingly shorter life — that is, conservative. Exam-
ination of fracture surfaces suggested that most cracks
nucleated at 170° (Fig. 9), which was only 3° different
from (or 0.7 mm away from) the predicted point of max-
imum damage of 167°.
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of statistics on the stem.

DISCUSSION

In order to prevent structural failure of the handlebar in
the off-road environment, which could lead to serious
injury, this study was intended to assist in the design
and qualification of the stem-handlebar assembly. In
order to provide this assistance, this study had three
objectives. The first objective was to determine the as-
sembly stress and normalized bending stress in the
handlebar from assembly; the second objective was to
analytically predict the constant amplitude load
fatigue life of the handlebar both with and without
assembly effects; and the third objective was to

© 2002 Blackwell Science Ltd. Fatigue Fract Engng Mater Struct 25, 941-953

experimentally determine the high-cycle constant ampli-
tude load fatigue life of the handlebar with the stem
clamped. The key findings were:

1 The assembly introduced effects in the form of mean
stresses and stress concentration that were large enough
to substantially affect the predicted fatigue life of the
handlebar.

2 The experimental results from the constant amplitude
load fatigue tests were bracketed by predictions

ignoring and including the assembly effects, with the

prediction including the assembly effects being con-
servative.
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Before discussing the importance of these results, several
issues associated with the methodologies used in order to
obtain these results merit critical examination.

Methodological issues

In order to quantify assembly effects, the stem bolt was
tightened consistently. Manufacturers recommend a
tightening torque of 9.0-11.4Nm (80-100 in-Ib). In
order to generate the maximum assembly stress and
hence the most conservative fatigue life prediction, we
used 11.4Nm for all experimental procedures. In order
to ensure consistent clamping, a bolt force transducer
was employed instead of relying on measured tightening
torque.

Presumably, the effect of stress concentration would be
greatest at the edge of the interface between the stem
clamp and handlebar, and the concentrated stress would
vary around the handlebar. In order to determine the
concentrated stresses at a point on the outer surface of
the handlebar close to the stem in two directions, small
strain gage rosettes were mounted onto a handlebar.
Physical limitations kept the midpoint of the strain
gages 1.6 mm away from the edge of the stem. Therefore,
the maximum magnitude of the concentrated stresses, as
quantified by the normalized bending stress, may have
been underestimated.

In order to account for the assembly stress effect in
fatigue life predictions, several assumptions were made.
First, the stress-life approach was adopted and this as-
sumed elastic material behaviour. This method was
selected because it was simple to implement, because it
is widely employed in the bicycle industry and because it
was capable of predicting the effects of assembly at the
long lifetimes exhibited in bicycle components. Second,
the assembly stress was considered to be a stress that
remained constant while the applied loading fluctuated.
Third, Sines’s method was used in order to account for
the measured biaxial assembly stress.'' This method was
chosen over a mean von Mises stress because it often
provides a better match to experimental fatigue data
when the mean stress components are of opposite
sign'’ as in the present case (Fig. 3).

Because the assembly stress alters the mean stress dif-
ferently at various positions around the handlebar, a
method had to be selected for predicting the fatigue life
that considered the effects of the mean stress on the life
prediction. The Walker equation was selected because it
gave a better fit to the reference fatigue data’ than did
other mean-correction equations (e.g. Goodman'* and
SWT?"). In principle, other mean-corrections could be
applied and should lead to similar results.

Three-point loading was used in order to apply bending
loads to the handlebar, which mimics field loading in

off-road cycling. A bicycle rider loads the handlebar
with his/her hands toward the end of the handlebars,
suggesting the wide span of the loading used (Fig. 2b).

In order to simplify the design of the test fixture, it was
loaded only in compression. In order to maintain a com-
pressive load during constant amplitude load testing, a
stress ratio R > 0 was selected for testing. However, typ-
ical off-road bicycle loading exhibits both compressive
and tensile loads. Results at other stress ratios may show
either smaller or larger effects of assembly than those
found at R = 0.1.

In order to terminate each fatigue test, a criterion based
on the compliance change of the specimen was used. The
initial compliance was calculated at the start of each experi-
ment and the experiment was terminated when the initial
compliance increased 10%. It was found that the test spe-
cimens spent at least 97% of their fatigue life before a
visible crack was present. This implies that at most 3% of
the reported fatigue life was spent in crack growth.

Importance and interpretation of results

Assembly stresses and stress concentration because of
stem clamping must be considered when calculating the
stresses in the handlebar. Assembly stresses depend on
the position around the handlebar and the bolt
tightening force. The stress concentration, quantified
by using normalized bending stress, depends on the pos-
ition around handlebar and the angle of loading applied.
The assembly effects shifted the predicted point of max-
imum damage (and maximum equivalent stress) by 25°
for the loading direction used in this study (¢ = 322°)
from 0, = 142° to 0, = 167°. At 167°, assembly effects
increased the nominal applied stress by 36%
(B322o = 1.36) and increased the mean stress by
57.7 MPa. Quantification of the two assembly effects
enabled more accurate modelling of the stress state pro-
duced in the handlebar.

Both the assembly stress and normalized bending stress
were elevated in the vicinity of 6, = 167° because the
stem clamp was reinforced by the stem extension in this
vicinity. Here, the handlebar deformation is more re-
strained than in other areas. The material in this vicinity
therefore resisted bending deformation and experienced
an elevated stress state (stress concentration).

The maximum normalized bending stress of 1.41 deter-
mined in this study was lower than what might be
expected by assuming a single part of similar geometry.
Handbook stress concentration factors rely on dimen-
sionless ratios, and for the present stem and handlebar
the closest geometries were those of a solid stepped shaft
in bending or a hollow stepped shaft in tension.'® The
ratio of the outer diameter of the stem to that of the
handlebar was approximately 1.2. The stem did not
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contain a radius per se, but the edge was rounded such
that a reasonable approximation for the fillet radius to
handlebar outer diameter ratio was 0.05. With these
ratios, handbook'® stress concentration factors range
from 1.6 to 1.8, which is significantly larger than was
found experimentally (1.41). The difference may be at-
tributed to many factors such as differences in fillet
geometry or differences in the number of parts (because
the stem-handlebar assembly was two parts, it was
possible for the stem clamp to deform independently of
the handlebar, thereby altering stress concentration).
The difference may also be a result of the small distance
between the edge of the stem clamp and the strain
gages used for estimating the stresses near the edge of
the stem.

Experimental fatigue results for constant amplitude
loading were bounded by fatigue life predictions, which
included and ignored the assembly effects (Fig. 8). The
effects of assembly acted to increase the equivalent stress
and decrease predicted life. The fatigue life predicted
with the stem effects was shorter than the experimental
life and the prediction converged with the data at lower
levels of loading (Fig. 8). This may be attributed to
localized plasticity occurring at higher loads, with the
deformation being elastic at lower loads. Because the
fatigue prediction was based on elastic behaviour — that
is, superposition of applied and assembly stresses and the
use of static loads for stress concentration determination
— the lack of agreement at higher loads is not surprising.

The median location of crack initiation in the constant
amplitude load tests was close to the predicted point of
maximum damage. The assembly effects were predicted

(a) Crack initiation

Fig. 10 Here (a) outer surface of a failed
handlebar and (b) fracture surface of the
handlebar shown in (a).
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to shift the location of crack initiation by 25°, relative to
what would be expected from beam theory, from 142° to
167°. The fracture surfaces exhibited a median failure
location of 170° (Fig. 9). Several factors were not ac-
counted for in the fatigue prediction, but were present
in the fatigue tests, including fretting, material inhomo-
geneity and proximity to grooves (Fig. 10a). Despite
these effects, the difference between the predicted and
experimental failure locations was small. In fact, the
spacing between the grooves was 7° (Fig. 10a), or about
twice the difference between the predicted and experi-
mental failure locations. The large difference between
the actual failure location and the location predicted by
beam theory (142°) underlines the importance of assem-
bly effects in influencing the fatigue performance of the
handlebar.

Fatigue cracks in the experimental fatigue test initiated
near the edge of knurling grooves, often near a region of
fretting. All specimens had some signs of fretting as a
result of relative motion between the stem clamp and the
handlebar (Fig. 10a). A photograph taken normal to a
typical fracture surface indicates that fatigue failure initi-
ated at the outside surface because the markings in this
picture point back to the location of fatigue crack initi-
ation (Fig. 10b). The most common location for failure
initiation was near the end of the grooves in the handle-
bar (Fig. 10). These grooves, included in the design in
order to reduce slip between the handlebar and stem,
induced a stress concentration at their end, which
further elevated the applied stress and made the end of
the groove especially prone to failure. Because the
stem clamp bolt is typically tightened to 11.4 Nm, the

A, =6.8°=1.5mm

Crack
initiation
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corresponding clamping force is sufficient to inhibit slip
of the handlebar in the stem without the grooves. It may
therefore be beneficial for the manufacturer to remove
the grooves from the handlebar, which should then ex-
hibit improved fatigue life. However, removing the
grooves would increase the contact area between the
stem and the handlebar and may therefore lead to an
increased propensity for fretting because of reduced con-
tact pressure. Therefore, the effect of removing the
grooves would need to be verified by fatigue testing.

The stem clamp assembly effects significantly reduced
the constant amplitude load fatigue performance of the
handlebar. The predictions indicate that stem clamping
reduced the fatigue strength of the handlebar by 28% at a
life of 107 cycles (Fig. 8). In terms of fatigue lifetime, the
predictions suggest that clamping reduced life by a factor
of approximately 20 (Fig. 8). A previous experimental
study by Lea* also found significant effects as a result of
clamping. That study employed 6.4 mm diameter shafts
loaded in rotating bending where heavy cylindrical split
collars (3.8 mm wide and 28.6 mm outer diameter) were
clamped at the shaft mid-span. Tests both with and with-
out the clamped collars showed that clamping reduced
the rotating bending fatigue strength 55% at a life of 10’
cycles. The smaller effect of assembly on fatigue per-
formance found in the present study is likely because of
greater compliance of both the hollow handlebar and the
stem clamp, compared to the solid shaft and heavy collar
used by Lea.

The above results suggest that handlebar life prediction
based on simple beam theory, and ignoring the effects of
assembly, would lead to nonconservative results. A simple
approach to account for assembly would be to employ a
fatigue strength that is 28% of the strength in plain
specimens of similar material. However, the specific re-
duction used in design would depend on the specific
handlebar, stem and tightening torque employed. Design
variables such as the radius of the clamp edge, stem
stiffness and the angular positions of the extension and
clamp bolt would all influence the assembly effects and
hence the fatigue behaviour. Therefore, in order to best
account for the effects of assembly in predicting the
fatigue life, the experimental approach taken here in
measuring assembly and bending strains should be dupli-
cated and then the methods presented herein should be
used in order to predict the fatigue life.

CONCLUSIONS

The conclusions from this study are summarized as
follows:

1 Assembly of an off-road bicycle handlebar to a stem with
a pinch-clamp introduced substantial assembly stresses in

both the (104 MPa) and
(—197 MPa) directions. These large stresses occurred

longitudinal transverse
using the bolt tightening torque recommended by the
manufacturer.

2 A method unique to this study was developed in order to
quantify the stress concentration effect around the entire
circumference of the handlebar at the stem-handlebar
clamp junction and the method was validated. This
method revealed that the stress concentration at the
stem-handlebar clamp junction increased the applied
stress by 40% and shifted the location of the maximum
bending stress by 35°.

3 Assembly effects significantly influenced the fatigue life
prediction of the handlebar. For an applied maximum
load of 1700N, assembly effects reduced lifetime by a
factor of 18 and shifted the point of maximum damage
by 25° compared to when the assembly effects were
ignored. These large differences between the lifetimes
and failure locations with and without assembly effects
underline the importance of assembly effects in influen-
cing the fatigue performance of the handlebar.

4 Fatigue tests of the stem-handlebar assembly revealed
that the handlebar had a longer life than that predicted
for nearly all levels of loading when assembly effects were
considered, but had a shorter life than that predicted
when assembly effects were not considered. Therefore,
in order to conservatively estimate the fatigue life of a
handlebar, both the assembly stresses and stress concen-
tration must be determined and then included in fatigue
life predictions.
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