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ABSTRACT

The goal of this research is to design, analyze and manufacture a
carbon fiber bicycle stem that maximizes the use of carbon fiber composites.
The stem is the part'of the bicycle that connects the handlebar to the fork.
The design is difficult due to the small size and complex geometry of the part,
thus not obvious to conceive with a standard composite manufacturing
approach.

With all the required specifications and the experience of the early
prototypes, a general manufacturing plan was devised. Work began with a
concurrent design and analysis process. The machining and preparation of
the prototyping molds followed. After a limited production of prototypes, a set
of jigs was designed to perform the post-machining operations and a series of
tests was run to detect any possible flaws in the design. The resulting design
was successful in terms of weight, stiffness, strength and aesthetic properties.

Even though the process is here applied to a composite part for the
sports industry, the manufacturing techniques developed in this project can
be applied to many other fields such as aerospace or automotive.

KEYWORDS: bicycle stem, RTM, design, carbon braid, inner bladder,
manufacturing



RESUME

Le but de cette recherche est de faire la conception, 'analyse et
la production d’'une potence de vélo qui maximise l'utilisation de la fibre de
carbone. La potence est la partie qui relie le guidon a la fourche. Le projet
représente un défi puisque la piéce est petite et posséde une géométrie
complexe, ce qui empéche [utilisation des techniques de production
traditionnelles.

Avec 'expérience acquise des prototypes antérieurs et une liste
de caractéristiques bien précises, un plan de production a pu étre élaboré.
Tout a commencé avec une approche simultanée de la conception et de
I'analyse structurelle. L'usinage et la préparation des moules ont suivi. Aprés
une production de prototypes limitée, un ensemble de gabarits pour faciliter
les opérations de post-injection était de mise. Le produit final fut un succes,
autant au niveau de la structure, du poids, de la rigidité et de I'esthétique.

Méme s'ils sont ici appliqués aux articles de sports, les
procédés élaborés dans cet ouvrage peuvent étre utilisés pour différentes

applications comme I'aérospatiale et I'automobile.

MOTS CLES: potence, vélo, conception, tresse, carbone, vessie
gonflable, production, moulage par transfert de résine.
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1. INTRODUCTION

Within the last twenty years, fiber reinforced parts have played a major
role in the improvement of sports equipment. Their stiffness, lightweight and
appealing appearance have made them a must in all performance sports. In
many disciplines such as hockey, tennis and fishing, composites are
progressively replacing the traditional wood equipment. Of course, weight
saving has been the major driver for such changes. However, design
optimization driven by the study of load applications has been a major
contributor to performance enhancement [1,2]. Moreover, the inherent
damping properties of carbon fiber composites and their proven durability also
played a major role in this market reorientation [3]. /

Traditionally, composites have been used almost exclusively in
aerospace, which normally does not need to produce parts in large quantity.
The new demand for composite products has pushed the sports equipment
manufacturers to develop new, high volume manufacturing methods to meet
to the consumer demand [3,4]. In 1990, already 10 percent of the fiber
produced worldwide was used for sport equipment end recreation application.
Sport is the third largest user of advanced composites behind
defense/aerospace and elastomer reinforcement [5].

The cycling industry has played major role in the development of new
manufacturing processes to improve the performance of bicycles by reducing
weight and improving properties. As an example, champions such as Greg
Lemond and Lance Armstrong have won the Tour de France on bicycles
almost exclusively made of carbon fiber (Figure 1) [3]. “Composites lend
themselves to a range of possible frame designs because they are not limited
by the inherent material properties of metals”, says Jim Colgrove, head of
Treck's OCLV carbon engineering group [6]. Since then, a large number of
graphite parts have flooded the market such as forks, handlebars and seat
posts. In a paper published in 1993, Stephen C. Levin had predicted this
diversification of the bicycle market through the use of composite materials
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[7]. His report stated that bicycle components had the best potential to
generate profit since they showed higher profit margins that complete bikes or
frames and because riders will tend to upgrade their bikes while keeping the
same frame.

Figure 1: Lance Armstrong on his composite bike {3}

However, prior to 2003, no manufacturer could produce a handlebar
stem entirely made of composite materials. The stem is the part that connects
the handlebar to the steerer tube of the fork (see Figure 2). This void in the
market is somewhat surprising since the stem is an important component that
is subjected to high loading. Typically, racers will use their arms on the
handlebars to counteract the high loads imparted to the pedals, creating an
impressive amount of torque on the stem [8,9]. The stem should also be stiff
enough so that it has minimal deflection when the rider leans on it
Furthermore, as it is responsible for the control of the bicycle, failure of the
stem must be avoided.

This research encompasses the design, manufacturing and testing of a
new prototype bicycle stem that maximizes the use of carbon fiber over
metallic inserts. In order to be competitive in the market, the target weight
was set below 125 grams. The major design challenge resides in the small

12



size of the part and the rapid manufacturing of a strong hollow component.
The stem body should also be molded so it requires no further bonding. This
is why the post-molding operations are also an important issue. Fixtures must
be designed in order to obtain reproducible parts. This research will cover the
complete design process, beginning with a simultaneous modeling (CAD) and
finite element stress analysis (FEA). All aspects of prototype development will
then be described, such as mold design, flow modeling and manufacturing
parameters, and concluding with the testing of the prototypes. However,
before going into the design, it is important to clarify the different concepts
referred to in this research.

1.1 Description of a Bicycle Stem

The stem connects the handlebar to the fork. It is an important
component of the bicycle geometry that contributes to the ease of handling as
well as the position and comfort of the rider. Since it is connected to the
steerer tube, a description of the stem is impossible without first inspecting
the different stem-to-steerer tube connection methods available on the
market. These connections are commonly hamed headsets.

Stem — i i~ Handlebar

Head Tube —

Frame

. — Fork

Figure 2: Identification of the bicycle stem and related components [10]
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The headset configurations and respective stem desions

The fork attachment to the body generally comes in two different
designs: threaded and threadless sfeerer tubes. The first one is the classic
one. A bearing race is press-fitted on the fork crown (junction of the tube and
the branches) while bearing cups are pressed into the bike head tube. The
top most bearing race and the steerer tube are threaded to fit each other and
adjust the tension applied on the bearings. A lock nut is then installed over
the connection to fix the assembly.

Figure 3: The threaded fork headset [11] and the “7” shaped stem.

Note the wedging mechanism used to fix the stem in the steerer tube (circled)

A “7" shaped stem is inserted in the steerer tube, left open at the top.
The stem uses a wedging system, commonly made of an angled nut at the
end of a long screw (see Figure 3), to remain in place. This design is
becoming less popular since it tends to damage the steerer tube by applying
non-uniform loading. The only people still using this design do it for sake of
tradition.

The most common current design is the threadless headset,
also called aheadset [12], the brand name under which the system is
patented. Similar to the threaded one, the fork is rotating inside two sets of
pressed cups and races. However, in this arrangement, the steerer tube goes
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all the way through the bike head tube. As shown in Figure 4, a cap is placed
on top of the stem to apply pressure on the bearings and fix the whole
assembly.

Bearing tension screw

Stem cap /

/y Centering sleeve

Stem

Stem bearing race

Bearing cups

Fork bearing race \

Fork \

Figure 4: The threadless fork-stem configuration [13]

The stems used for this type of configuration are basically made of two
clamps, a vertical one for the steerer tube and a horizontal one for the
handlebar. Therefore, since this layout is more popular and much lighter than
the threaded one, the stem was designed to fit a threadless tube. This design
also has a much better potential for composite integration, since the wedging
mechanism would be incompatible with a carbon fiber fork tube.

Current market review

There are several existing stem designs. Most of them are made of
metallic alloys such as steel, aluminum or even magnesium. As seen in
Figure 5, their shapes, sizes and fastening methods are extremely diversified.
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Figure 5: Different stem designs available on the market. [14,15,16]

The new prototype falls into the high-end market. It was therefore
important to target its competitive products for comparative purposes. Table 1
shows the different stems that were identified as benchmarks for the design.

It is evident from Table 1 that this is not the first stem design to
incorporate the use of carbon fibers. However in every case, the designers
relied on aluminum for the clamping devices and used carbon fiber in the
boom section of the stem (see Figure 6). This is where the current research
differs from the competition, by reducing the amount of metal content to a
minimum.

Boom Section ———\

Handlebar
Clamp Diameter

Handlebar Clamp

Steerer Clamp

. < |

Figure 6: Typical Stem Anatomy

Stem angle
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; Clamp
Manufacturer . Weight )
and Model Material (@) Diameter

(mm)

Angle

Picture (degrees)

Uniko Carbon 155 25.8 80/100

Deda
Forza Carbon 119 31.8 82/98
[19]

™
The Stem Magnesium 95 25.8 80/100
[14]

* Weight given for the 110mm instead of the standard 120mm

Table 1: Available competitive products
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1.2 Composite Materials

Definition

A composite material consists of an heterogeneous assemblage
of two materials of different nature, completing each other and leading to a
material where the performance is greater than that of the components taken
separately [20]. Nowadays, most composite materials for high performance
structural elements are made of a combination of synthetic fibers and polymer
resin. The reinforcement (fibers) gives the strength to the parts while the
matrix (resin) maintains the integrity of the part.

Manufacturing processes overview

There are several ways to manufacture composite parts. The selection
of the process depends mostly on the geometry and the end use of the
design. A definite advantage of composite materials is their oriented
properties. Unlike isotropic materials, the properties of a composite
(orthotropic) material depend on the orientation of the reinforcements. It
allows tailoring of the composite in order to remove material in areas and
directions where stress is minimal [21]. The selected process should be able
to comply with the required arrangement of the fibers. Moreover, the selection
of manufacturing technique has an impact on the production time and cost,
mechanical properties, fiber volume fraction and surface finish. The
designer’'s work is to evaluate the pros and cons of each applicable method
and choose the one that is believed to give the best results. Some of the most
commonly used methods are presented below with a short description.

» Hand / Wet Lay-up: The dry fibers are placed in a mold surface and
painted with resin.
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» Pultrusion: Impregnated fibers are mechanically pulled through a die.

» Filament Winding: A rotating mandrel is mechanically wrapped with
continuous impregnated fiber reinforcement.

= Infusion: A dry fiber pre-form is placed in a vacuum bag. Resin is then
drawn through the pre-form. This method is often used to produce
large parts.

* Prepreg and Resin Transfer Molding are the two most widely used
techniques to make high performance composite parts. A more in-
depth evaluation of both methods is pre-formed in order to choose the
appropriate one for this application.

Pre-impregnated fabric and tapes (Prepreg)

Prepreg is an abbreviation for (fibers) pre-impregnated (with resin). In
this process, the fibers are coated with resin as they are woven or rolled in
unidirectional tape. Heat is used to polymerize the resin and solidify the part.
Prepregs are widely used in several advanced composite designs due to their
precise control over fiber volume (Vi) ratio and precise layer cutting
possibilities. Moreover, prepreg design works with a wide variety of tooling
systems. The material and cost of the mold depend on the complexity and
number of parts that need to be produced. A common way to process
prepregs is to place the fiber lay-up on a mold surface and cover it with a
hermetic (vacuum) bag. Since the fiber layers are tacky, it is relatively easy to
stack the different layers on top of each other. To create compaction and
retrieve air from the part, vacuum pressure is applied within the bag and the
part is forced to comply with the mold shape. Aerospace quality parts are
normally placed in autoclaves (large pressurized ovens) where the applied
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pressure on the laminate will no longer be limited to atmospheric pressure. A
typical autoclave has the capacity pressurize up to about 5 MPa, usually by
means of pressured nitrogen [22]. This allows for a high level of part
consolidation, which is known to improve physical properties. Also, voids and
air bubbles are more properly squeezed out and the layers are pushed up
against the mold surface, creating better dimensional tolerance on the
finished part. On the negative side of prepregs, handling of these fabrics can
be very difficult. In a production environment, the operator must be very
careful to align the plies in accordance with designer specifications. Different
systems have been developed to solve this problem such as laser positioning
systems and automated tape cutting and lay-up machines.

Designs that use pre-impregnated fibers have been incorporated into
the sporting goods industry for many years. In 2002, recreational applications
accounted for US$38.9 millions of Hexcel's sales, a world leader in production
of prepreg fabrics [1]. Companies such as GT and Kestrel build their
competition monocoque bicycle frames using pre-impregnated carbon fiber
[23,24]. Both these companies use an internal bladder to consolidate the
material against the closed steel mold.

Although it is widely used in many different applications, the raw
material has further disadvantages of being very expensive and creating a lot
of waste. The waste problem can be minimized using numerically controlied
cutters and optimized cutting patterns. However, the intermediate step of
impregnation is still very costly. This high cost has encouraged many
designers to consider alternative manufacturing methods.

Resin transfer molding (RTM)

Closely related to infusion, RTM is a closed, rigid mold process. As
shown in Figure 7, a dry fiber pre-form is placed between two mold surfaces
and an injection pump is used to push resin through the fibers. The air exits
through the strategically placed vents as the resin front advances. The
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injection is stopped when all the air is evacuated from the mold. The resin can
then be cured and when the cure is completed, the part is ready to be de-
molded. Similarly to the infusion process, it is possible to use vacuum
assistance in order to reduce the air entrapment and assist resin injection
[25].

Preform  Tool Injection  Cure Demold

F LYY ¥
R

Figure 7: Schematic of the RTM process

The science of RTM is fairly new. It only gained in popularity during the
1980’s, although applications of RTM began as early as 1946 [26]. It is only
with the development of low-viscosity and high performance resins that high
fiber-resin ratios were achievable, which attracted more designers to consider
RTM. It is now considered to be a cost effective [25,27] process that is used
in many applications ranging from mass production of car spoilers [28] to
specialized production of missile shrouds [29].

There are many advantages to RTM. First of all, since the tools are
machined to the outer dimensions of the final part, a high level of dimensional
tolerance is achievable. Excellent surface finish of the part is also attainable,
which is related closely the quality of the tool [21,30]. Thus, it is possible to
produce components that require minimal post-molding finishing. It is also
very flexible, since almost any type of reinforcement or resin system can be
used. Buying resin and dry fiber material in bulk makes the process less
expensive than prepreg by saving the intermediate step of combining them
into a prepreg. It is also known to be a safer production process than hand
lay-up because the operator is not in direct contact with the resin and avoids
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inhaling hazardous volatiles such as styrene [31]. Moreover, very complex
components can be made using RTM. Dry fabrics allow much better
drapability (the ability to conform to the mold shape) than pre-impregnated
material [32]. The possibility to mold difficult shapes means that a high level
of part integration can be achieved, which leads to lower costs and faster
production rates [4,21]. Incorporating several substructures together into one
major structure is more efficient both structurally (structural integrity) and in
terms of productivity [27]. This advantage of RTM increases reproducibility of
the process and enhances quality control [4].

Compared to plastic injection molding or autoclave curing, RTM is
considered a low-pressure process. It is usually performed between 1 and 10
atm although most applications will not exceed 6 atm. This means that
injection can be performed using inexpensive means such as a pump
powered only by pressurized air.

However, RTM has its drawbacks. The fibers can be washed away by
the flow of resin and the subsequent change in fiber orientation can affect the
mechanical properties of the final product [31]. Also, although some work was
done to implement low-cost tooling [33], production molds are usually
expensive due to the close tolerances and materials used (typically aluminum
or steel). The tooling can be even more expensive when it comes to
complicated parts since more time will have to be put in the design of the
injection pattern and machining. The location of the injection port(s) and
vent(s) is critical to a complete filling of the mold. One needs to carefully study
the geometry of the part and the subsequent flow of resin through the resin in
order to design an effective RTM tool. Finally, the manipulation of dry fabric
sometimes makes the pre-forming and lay-up awkward. Tackifier, hot
pressing and different braiding and sewing techniques were developed or
adapted to facilitate these procedures [21,34]. However, when using tackifier,
it is important to make sure that it is compatible with the used matrix, as
shown in Berthelet et al. [35]
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Just like any composite process, the success of RTM is dependent on
several factors. For RTM, the critical ones are the process temperatures of
the resin or the mold, the injection pressure profile, the mold design, the
quality of the pre-form and operator skills [21]. Thus there are many
parameters that have to be set and optimized, especially for an extended
production environment.

Fiber wetting and permeability are two concepts that one has to be
aware of in order to obtain a quality part. Fiber wetting describes the ability of
the resin to bond with the dry fibers and has a direct effect on the quality of
the final part. A good consolidation and thorough wetting of the fibers is of
primary importance. This is also why permeability of the pre-form is important.
Permeability is the property of a media that defines how easily fluid can flow
through it. In RTM science, it is widely used to predict the resin flow front by
using Darcy’s law of flow through a porous media. Combining the
permeability, the pressure difference and the viscosity of the resin, one can
use Darcy’s law combined with finite element techniques to simulate the
injection process [36,37]. This allows the designer to position the mold
injection ports and vents adequately in order to achieve a reliable and
reproducible process. This concept will be further explained in section 6 on
injection simulation of the molds.

Evaluating the different advantages and difficulties of RTM in relation
to the new stem prototype part, it was thought to be the process of choice.
The difficult geometry of the part and the possibility for a fast production cycle
made it very appealing.

Already, many different bicycle components have been developed
using RTM. Namely, Octeau and Lessard [38] were successful at designing
an extra-light carbon fiber fork with a titanium steerer tube. A machined foam
core was used to fill the braided fabric. Similarly, Quaresimin et al. optimized
the design of a carbon fiber crank set by RTM [39]. However, the proposed
prototype for this research shall not make use of a foam core but will be
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hollow in order to satisfy the challenging weight target. Consequently,
alternative methods for making hollow parts were investigated.

Hollow molding using resin transfer molding

There are several manufacturing methods used to produce hollows
components. Water soluble cores, thermoplastic cast inside metal tools,
filament winding and shrink tape over a metal mandrel are only a few of the
possible processes already developed [40]. The decision of using an
inflatable bladder was based on ease of manufacturing and because it allows
for superior material consolidation. The process could also be used with
prepreg fibers but the wrapping of the flexible bladder is very difficult and
leaves a great margin for error. Also, the stickiness (tackiness) of the
prepregs and their lower drapability restricts the possibility of conforming to
small radii [32]. In the RTM process, dry fibers are loosely placed around an
inflatable bladder before being inserted in the mold cavity. The bladder is then
inflated and fibers become draped to the mold surface. As shown in Figure 8,
the injection flows around the pressurized bladder and exits by the vent. After
curing, the hollow part can then be de-molded. Depending on the type of
bladder, it can either be retrieved or left inside the part. Thinner bladders can
remain in the part without affecting the mechanical properties [32], as is the
case with typical composite squash and tennis racquets. However, if the
remaining bladder becomes loose, then it will tend to cause vibrations or
rattles that may bother the user [41].
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1. Insertion of Preform

Figure 8: The combined bladder-RTM process [42]

One of the main advantages of bladder molding is the possible use of
continuous braided fibers. Using this type of reinforcement allows the making
of a 3-D hollow part without any seams or discontinuities, improving the
performance of the laminate. This is especially useful for complex geometries
[43]. It also facilitates the lay-up process as the bladder is simply inserted
inside a tubular pre-form instead of having to wrap around it. In the production
of tubular components such as baseball bats, the combination of braided
sleeving and RTM has been called a “marriage made in heaven” [44]. In spite
of this, braided fibers pre-forms have the particularity of changing fiber angle
and thickness when the braid diameter is varied. Designers have to take
these property changes into account since it directly affects the mechanical
behavior of the final part [45]. The mathematical relationship between the
braid diameter and the fiber angle can be described by the following equation
[46].
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Equation 1: The change in diameter of a braided tube
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Figure 9: The same braid, shown for two different diameters revealing changes in fiber angle

The change in fiber angle not only affects the mechanical behavior of
the final product but the way the flow travels at the moment of injection.

The change in thickness resulting from changing the braid diameter
can easily be calculated by using the braid calculator provided by A&P
technologies, on their website [47]. The change in thickness is critical when
designing inserts or cores since the remaining thickness of the fibers can
locally affect the fiber/resin ratio and therefore, the permeability. Eventually,
this will have an impact on the resin front at the time of injection.
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The combined bladder-RTM process is widely documented by Michaeli
& al. in various publications [32,45,42,46,48]. The articles contain several
experimental approaches for different process parameters such as draping of
the fibers in different mold geometries, permeability and working pressures.
Although the combined application of the RTM process and the inner bladder
molding is established, it still presented a difficult design challenge when
adapted to the needs of this project, considering the relatively small size of
the part. Namely, the connection method of the bladder remains a challenging
issue in this process. The present research explores a novel approach for the
integration of a bladder holder tool within the sealed injection perimeter.
Further description of the process will be provided along the presentation of
the work done on this design.
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2. STEM DESIGN

2.1 General Dimensions

Figure 10 shows the basic design of the stem, which is similar in
dimensions and clamping method to conventional designs. The specifications
of the stem were set with an industrial partner in order to be competitive in the
market and fulfil consumer demand. The stem is 120 mm long and is
designed to weigh less than 125 grams. The handlebar clamp was made to
accommodate a 31.8 mm handlebar tube, while the steerer tube is 28.6mm in
diameter. A stem angle of 82 degrees was found to be within market
standards and popular with the riders.

3t.4

Steerer Tube Region

D ] e ‘ (also called “external cap”)

Handlebar Region

Figure 10: General dimensions and design of the stem

The steerer clamp is closed with two M5 screws that clamp around the
steerer tube. To avoid metallic inserts in this area, the stem is drilied through
and a special sleeve is used to fasten the screws. The flat regions where
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those fasteners are located have been integrated into the stem shape to
avoid machining into the fibers after the injection. This also improves the
structural integrity of the part. The handlebar clamp has four threaded
aluminum barrels molded within the stem to fix the cap over the bar. It uses
four M4 fasteners instead of the conventional two because this configuration
is judged to be safer and tends to dissipate the handlebar load over a larger
surface [49]. The wide mouth of the handlebar clamp was designed to create
maximum of friction on the bar, thus reducing the possibility of slipping and
improves stress distributions at the bar/clamp interface.

2.2 CAD Model

An aesthetically attractive CAD model was obtained but not easy to
achieve. Optimization of the stem from the original prototypes required
removing a lot of volume in the steerer tube region. This meant that the
rectangular elevatibn of the steerer cylinder had to merge into the circular
cross section of the boom extension. It was made possible by defining three-
dimensional intersection curves (Figure 11) and connecting them with
blended surfaces.

Figure 11: Parameterization curves used in the CAD model

The red and blue lines are the discussed 3D intersection curves

The model was made in such a way that all the critical dimensions
were parameterized. This becomes convenient when modifying and
optimizing the stem shape and when designing the post machining fixtures
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(section 7). The parametric model was also done for the future purpose of
producing other similar stems in different sizes (shorter or longer).

2.3 Design of Manufacturing

The stem body is mostly made of braided carbon fiber tube. The size
has to be picked to accommodate the large change in diameter along the
stem and still deliver the expected mechanical properties in critical regions.
The biggest supplier of braided carbon fiber in North America is A&P
Technologies. Two of their standard products were targeted as possible raw
material for the building of the prototypes. Their specifications are described
in Table 2 [50].

GAMMASOXm
Carbon Fiber Braids

THICKNESS
PRODUCT CODE DIAMETER ANGLE YIELD FABRIC } WEIGHT at 509 FV

MEDIUM FABRICS
U57L200X| 2.00] 50.8] 45°] 22.4 15 12;,.,‘4? 420} 0.018; 0.46
V57L250X] 2.50} 63.5 45°; 18.4 12 11.9 403} 0.018] 0.46

Sleevings braided with 34 Msi modulus, 640 ksi tensile strength carban.

Table 2: Properties of the two braided tubes geometry

The manufacturing is achieved through the use of various inserts. The
first insert is the carbon steerer tube. A 26.8mm ID tube with a 1mm wall
thickness is pre-made using prepreg on a mandrel. This tube is then cut to
size before being inserted in the stem mold. Also, since the bladder cannot
get through the steerer tube a lightweight insert has to be placed in the
steerer tube region (see Figure 12). This insert is made of molded-to-shape
polyurethane. This polymer is very strong in compression, has a low density
and exhibits a good chemical bonding compatibility with epoxy. Using inserts
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increases the thickness of certain areas without compromising the weight
target. Furthermore, it provides just enough room in the mold for the fiber
thickness required in order to obtain the desired fiber/resin ratio. Note that the
external cap is also made in similar fashion.

Pre-molded internal cap with aluminum

Carbon fiber steerer tube g
nserts

)
!
|
i
[~

Rear polyurethane insert External cap polyurethane cor

Figure 12: The stem inserts

Finally, another insert called the internal cap is placed to make the
inside surface of the stem. This carbon insert is pre-molded and contains the
aluminum barrels that will later be threaded. Figure 12 shows the position of
each insert inside the stem. One of the major concerns in this design is the
structural integrity between the skin layer and all the other inserts. This
problem is one of great importance since it directly affects the reliability of the
final product. To solve this issue in the handlebar area, the end of the pre-
form is folded over the two flat surfaces of the internal cap (shown in Figure
13-A). This encloses the insert and keeps it from being ripped off in case of
an impact. Also, the testing of early prototypes led to the implementation of
another fiber overlap layer between the steerer tube insert and the body. In
the original design, the tube was only joined to the skin by a thin resin bond
on its ends. The implemented solution is a folded braided tube that connects
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the entire exposed surface of the tube to the rest of the body. This
arrangement is shown in Figure 13-B.

This shows how closely related mechanical behavior and production
implementation are when using the RTM process. The design was also
conducted using principles of simultaneous engineering [51] by running
concurrent mechanical analysis through the process. Several numerical
models and load cases were tackled in order to validate the CAD design.

Figure 13: The two folded sections connecting the inserts

(A) The fiber from the pre-form is folded over the internal cap (blue region).
(B) The carbon fiber interface between the steerer tube and the body.
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3. STRUCTURAL ANALYSIS

3.1 Material Characterization

In order to get reliable structural analysis results, it was important to
characterize the material as well as possible before intending to simulate its
behavior. In order to obtain the physical properties of braided carbon fiber
fabric, a special mold was machined, respecting ASTM standards [52]. The
mold was made to accommodate different sample thicknesses by means of a
picture frame placed between the two mold faces that can have any thickness
(Figure 14). The sample test specimens were injected using four plies of
carbon fiber braid, which results in a test section thickness of 2 mm. The
samples have thicker ends (tabs), covered with fiberglass to avoid breaking at
the base and provide a firm clamping region for the grips of the test machine.

Figure 14: The standard test mold, picture frame and sample coupons

Plates were injected with different fiber angles such as 30, 45 and 60
degrees and coupons were cut from the plates. According to company
information (see Table 2), 2 mm thick laminates made of four plies should
represent a 48 percent fiber / resin ratio when the fibers are oriented at 45
degrees. As this project aims for a 50% fiber content, this is judged
acceptable. For the case of 30 and 60 degrees, the fiber content was slightly
higher, reaching close to 53 percent. Because of the tight time schedule, only
tensile properties were measured. The experimental test results are
presented in Figure 15, Figure 16 and Figure 17.
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Figure 15: Stress-Strain curve and linear interpretation for braided fabric at 30°
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Figure 16: Stress-Strain curve and linear interpretation for braided fabric at 45°
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Figure 17: Stress-Strain curve and linear interpretation for braided fabric at 60°
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It is of interest to notice how the samples (especially the 45-degree
sample) do hot behave in a linear manner. This concept is well referenced in
the literature and is due to the non-linear elastic behavior of the sheared
matrix [53,54]. The linear correlation was therefore estimated as well as
possible, as shown on all three figures, in order to obtain the initial modulus.
From the acquired data, composite laminate theory was applied to estimate
the other properties. In order to do so, many assumptions had to be made
and certain properties were found by interpolating from known properties of
other fiber reinforced materials. A large spreadsheet allowed interpolating the
data for other fiber angles, in increments of five degrees.

3.2 Model Development

Two different finite element software packages were used to produce
results. IDEAS was first used while the initial design was developed to
determine the required lay-up. The model was a simplified one and the
material properties used were assumed to be those of T300/Epoxy (the actual
properties had not been measured yet). Using such an assumption was not a
big problem considering that it was only used to validate the shape and
identify general stress concentrations.

The second model was a more refined one because it came later in the
design process. The exact shape of the stem was used to create the meshing
in ANSYS. For several reasons, the loading cases were found difficult to
model. First, it is important to model the clamping loads applied on the stem.
The part is pre-loaded by the fasteners at its two ends, which already induces
stresses even before it is put in service. Also, it was difficult to implement the
inserts in the model. The resin joints are known to be very difficult to model,
especially since their thickness is much smaller than the rest of the other
elements [39,65]. To simplify the analysis, perfect bonding between the
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elements was assumed. Another complication came from the modeling of the
change in braid diameter. As a rule of thumb, it is known that a variation of 10
degrees in the fiber angle can result in a change in some properties of up to
20%. Therefore, it is an important factor that needs to be included in the
analysis. To do so, the stem was separated in 6 different sections and
different ply orientations (and properties) were assigned to each of them. In
order to have an accurate model, the sections were chosen such that the
braid angles would be accurate to +/- 5°. The model is presented in Figure
18.

AN
RABHENTS m ¥ RS
KEAL HUM 1350315

Figure 18: The FEA model highlighting the different material sections

Finally, another difficulty encountered was that there is no reliable
available data on the extreme load cases on a bicycle stem. Therefore, it was
difficult to simulate the behavior of the stem for case of an accident.

The problem was approached using three different load cases. First,
the handlebar elements were fixed and given radial constraints. A load of
1400 N was applied at every fastener locations to simulate the clamping
effect on the stem. Figure 19-A presents the loading case graphically. The
same analysis was also performed on the external cap to look for induced
stress concentrations. The second case consisted of applying the fastener
loads to the steerer clamp. 2000 N loads were applied to each of the two
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fastener locations, as shown in Figure 19-B. Note that in both cases,
symmetry was used in order to reduce computing time.

Figure 19: The clamping loads simulation cases

Three service loading cases were: pure torsion, bending and actual
riding loads defined by Van Der Aa [56). The model for these cases is quite
simple. The steerer tube is fixed and loads are applied using rigid elements
(Figure 20). For the pure torsion and bending cases, arbitrary loads were
applied and a linear relation allowed an estimate of the maximum loading.
Riding loads are described as an out-of-phase loading of +164 N / -147 N in
the vertical direction applied at the end locations of the handlebar. The rider is
also assumed to pull towards himself with 9 N at each hand location. A
standard 44 cm handlebar span was used in the simulation. This simulation is
the most important one and shows the different stress concentrations in the
part.

(A)

Figure 20: The models for riding loads and full stem analysis
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Finally, the displacements from the steerer clamping loads and the
reactions of the riding loads on the steerer tube are integrated in the clamped
handlebar case as boundary conditions (Figure 20-B). This is an attempt to
analyze the effects of the different loading cases all at once.

3.3 FEA Results

Using the results from the first model (IDEAS), it was decided to adopt
the 2" (50.8 mm) diameter braid for all four carbon fiber plies. Using this
material allows for a 45-degree fiber angle in the “neck” (connection between
the steerer tube and the boom section) of the stem. It seemed to be proper
since this section was identified as an important region of stress
concentration, especially in torsion. However, it is important to mention that
this lay-up was only used in the early prototypes. As depicted in the section
on testing (chapter 8), new prototypes were produced replacing two plies with
two 2.5” (63.5 mm) braids. The reasons of such changes will be discussed
later in this document.

The second set of load cases (ANSYS) was processed and
displacements were obtained. However, most of the results seemed
unrealistic in terms of displacements, probably due to the challenging material
characterization. Nevertheless, the results of each case were used to draw
conclusions about stress concentrations and location of ply failure. The Tsai-
Wau failure criterion was used in order to determine ply failure and the results
were found to be of great interest. The results of the service load cases
(torsion, bending and riding loads) were particularly helpful to validate the
design. Three graphical ply-failure solutions are presented in Figure 21.
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Figure 21: The FEA results under service loading depicting failure index in ply #1
(A)Bending (B)Riding (C) Torsion

Before the production of the first prototypes, the lay-up could have
been improved if a more precise model had been developed. The high risk of
ply failure under bending loads (arrow, Figure 21-A) was initially judged to be
normal, considering the presence of a large discontinuity in the fibers.
However, early testing of the prototypes (section 8) showed a major case of
de-lamination as the loads were transmitted from the steerer tube to the body
of the stem by a thin resin bond. Modeling of the bonded joint would have
helped to determine more precisely the location of the de-lamination.
However, the model helped the understanding of the failure case and led to
the re-design of the reinforcement plies.

The numerical analysis of the load cases allowed to separately identify
the dangerous zones of the design and allowed for validation of the prototype
shape. It was observed how material characterization was important in order
to obtain reliable displacement and failure information and that a thorough set
of material tests should be performed before attempting to build a FEA model.
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4. MOLD DESIGN

Tooling design for RTM is somewhat critical since the quality of the
parts and the ease of manufacturing relies mainly on the quality of the tooling
[21,30,31]. All aspects of the molding process should be planned before
starting any practical work. Mold orientation (on which face will the pre-form
be placed), heating and clamping method are only few of the important
variables [57]. The mold must also have judiciously located injection and vent
ports. The lack of existing design rules for location of these ports calls for an
approach based on experience and trial and error [58]. However, computer
simulation packages have recently been developed to help designers in this
regard.

As mentioned in section 2.3, the stem is made using different inserts.
Most of these inserts require their own set of tools and post-machining
fixtures. The complete manufacturing process consists of five molds, three of
which are made for resin transfer molding. Molds should be airtight so that
application of vacuum in the mold does not pull any air inside the cavity. This
is why the vents and injection ports were all placed on top of the mold, and
not on the part line. By placing the ports in this way, it is possible to seal the
cavity with a single silicone or viton o-ring. Viton is usually cheaper but tends
to bond with the epoxy, making the de-molding process more difficult.
However silicone is more fragile and extra care should be taken during the
manipulation. A set of toggle clamps was used to close the mold quickly. This
design did not perform as well as expected since it was not always possible to
apply as much pressure as bolts would. Actually, they were found to make the
manipulation and closing of the molds more time-consuming. All injection
molds were also equipped with a set of two alignment pins, important devices
essential to the precise mating of the two mold halves. The injection ports
were made of brass with nylon quick connectors. By drilling the base of the
fitting, it was possible to insert the tube all the way down to the part surface

40



while sealing and locking it at the same time. This was done so that the part
would de-mold more easily, with less resin remaining in the fitting.

The desired fiber-volume ratio of the parts was 50%. The braid supplier
specifies that the layer thickness at such a fiber ratio should be of 0.46 mm
(Table 2). However, as discussed previously, the material thickness changes
significantly when the braid diameter is modified. This is an important factor
that should be taken into consideration, especially when setting the
dimensions of the molded inserts.

4.1 Molded Inserts

Two inserts are used as cores to compact the fibers against the mold
cavity in certain locations (Figure 12). In the stem mold, it fills the area where
the bladder cannot reach while for the external cap; it is used to give
thickness to the part without compromising its weight. In order to obtain the
right shape, the CAD model was used to offset the surfaces of the original
parts. For prototyping purposes, only one insert was molded at a time. The
material used is thermosetting polyurethane (Ren 6430, by RenShape
solutions). This material is often used to make prototype molds by dipping. It
shows good mechanical properties, especially in compression, and has a low
density of about 1 g/cm® [59]. A few prototype parts also allowed observing a
good chemical compatibility with the epoxy, leading to strong bonding with the
composite layer. The material is originally white but can be colored black
upon mixing in order to camouflage it in the carbon fiber design. This is done
using ivory black paint pigments. An interesting observation was how the
viscosity of the polyurethane decreased with the addition of the pigment. This
is rather counter-intuitive but this effect of pigmentation on thermoset resins
has been reported by other researchers [60]. The downside to this material is
that it takes 24 hours to cure at room temperature. However, heating the mold
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will accelerate the cure but the effects of this cure on the properties of the
material have not been studied.

One of the difficulties in designing this kind of mold is to avoid air
entrapment, which would result in an incomplete part. Since the liquid
material is only poured, one cannot benefit from the advantages of
pressurized plastic injection such as high production cycles and minimal air
trapping. Also, the injection ports have to be strategically placed in order to be
easily de-moldable and leave the shape intact when retrieved.

As showed in Figure 22-A the internal cap core is designed to be
poured from one end and flow to the other. Small “pools” are used to connect
the different injection ports and vents.

Figure 22: The polyurethane inserts molds.

[A] Injection port and vent of the external cap mold
[B] The ejector screw allows to retrieve the steerer insert

The steerer insert mold uses an ejector screw to be able to retrieve the
part. A standard tap/screw arrangement is sufficient since no pressure is
applied to the mold. This design proved to be very successful and should
always be considered when designing molded-to-shape cores in aluminum
tooling (Figure 22-B).
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4.2 The External Cap

As shown in Figure 10 and Figure 12, the external cap is the part that
is screwed over the handlebar to fix it in place. This mold had an important
design constraint related to the aesthetics of the final part. The end of the top
and bottom fiber layers had to join on the face mating with the stem body and
not to the side so that the layer interfaces would not be visible in the final
configuration. To do so, the mold cavity was designed lower than the part line
in order to leave extra material in the bolt axes direction. A trimming operation
could then be performed leaving the trim line invisible once the stem is
mounted.

Figure 23 shows where the trim has to be performed in order to keep
the part line invisible. The tool is made so that flat carbon fiber braided tape
can be used to sandwich the polyurethane core. Braided tape was selected in
order to match the appearance of the rest of the body and because of its
extremely good draping properties. Good drapability is required to be able to
conform to the complicated shape of the mold with no problems.

Vent ' Injection port

wems  TRIM LINE

A- Cap as it comes out of B- Cap, after trimming
the mold operation

Figure 23: The external cap trim line

Consequently, the injection port and vent could not be traditionally
placed from left to right. The injection port was placed in the middle of the part
while the vent was placed at a surrounding cavity location (Figure 24). Only
one vent port was initially judged to be sufficient.
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No special means of de-molding is required to eject the finished part.
Since the injection port is placed at the bottom of the female cavity, it can be
used to push the part out manually.

Central
injection port Surrounding
cavity vent
Vent port

Rough and
finished samples

Figure 24: The external cap tool

4.3 The Internal Cap

The internal cap acts as an insert to the stem mold. It creates the
surface that mates with the handlebar. It contains the four aluminum barrels
(later to be threaded) used to attach the external cap to the stem. Combining
composites along with metals has been a field of interest for years. When
doing so, there are several factors the designer should not overlook. Void
generation, galvanic corrosion, bonding compatibility and bonding surface
area are some problems that should be monitored. Galvanic corrosion occurs
when aluminum is placed in direct contact with carbon fibers. The electric
compatibility between the two materials leads to corrosion at the fiber-matrix
interface, weakening the ability of the composite to transfer load [61]. When
studied in a laboratory, the specimens are soaked in salt water to speed up
the effects. Under atmospheric conditions these effects can take several
years to happen, however they still have to be taken into considerations.
Meanwhile, Golubovic studied the bonding of composite with metallic inserts
and showed that interesting mechanical properties could be achieved if the
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geometry of the insert was designed correctly [62]. Ferret et al. [63] studied
the integration of metallic inserts in RTM and explained how manufacturing
process can be optimized to reduce problems in vicinity of the inserts.
Judicious positioning of the inserts combined to a careful fiber placement that
avoids extra fiber compression are keys to the process success. In addition,
several successful designs show that fiber/metal integration is possible.
Octeau [64] showed that a titanium steerer tube could be effectively molded
together with the composite legs of a bicycle fork. The theory of
composite/metallic interfaces is also widely used in the aerospace field since
connections between mechanical parts and composite components are often
unavoidable.

Since it is a popular practice, many standard metallic inserts are
available for composite material use [65,66]. However, the discussed
prototype had several geometric limitations. The fasteners being small and
placed in the four corners of the handlebar clamping face, no standard inserts
could be used. The custom design had to maximize the bonding surface and
allow for a problem-free installation in the mold. It was decided to connect the
metallic barrels in pairs. The linking plate would prevent the insert from
delaminating or slipping while providing a large bonding area with the fabric
material. Because of cost considerations, the insert was made of aluminum.
However, titanium would have been the material of choice since it would
reduce the risk of galvanic corrosion [67]. In a production design, the
aluminum insert base could be sandwiched between two thin layers of
fiberglass to shield the aluminum from the carbon fibers. This technique is
common practice in composite design. Another solution is to use and acid
etching solution to threat the aluminum surface before molding. Figure 25
shows the design of the aluminum insert. It went under the working name of
“dogbone”, due to its particular shape.
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Figure 25: The custom-made aluminum insert and the internal cap

Figure 25 also shows the final internal cap design. The geometry of the
mold to produce this part is quite simple. In order to reduce production time,
three parts are made from one single injection. The inserts are slipped
through the weaves of flat braided carbon tape and inserted into their
alignment holes. This is shown in Figure 26.

Figure 26: The position of the custom inserts in the mold

The connection between the two barrels also helps with the
manipulation and positioning of the inserts. Resin pockets are found at the
beginning and at the end of the cavity to ensure an even progression of the
resin front through the fibers. Of the five carbon plies required to fill the mold,
two are placed before the inserts. The mold also accounts for the change in
thickness due to the inserts. This way, the permeability should not be affected
and the resin should wet all the fibers evenly. A close-up of the finished mold
is depicted in Figure 27.
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Figure 27: The internal cap mold and ejector devices

The depth of the female cavity makes this part very difficult to
eject from the mold, therefore, a set of ejector screws is required. Unlike the
polyurethane inserts discussed previously (section 4.1), the mold of the
internal cap is filled with pressurized resin. This means that the ejector screws
must be sealed during the injection process. The design of such ejection
devices can sometimes be tricky for the designer. Also, the ejector screws
heads must be counter-bored into the mold so it can sit flat on the table
during the lay-up and injection. To facilitate the approach, a short design
method was devised. Figure 28 and Equation 2 describe the approach.
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b= O-ring groove width
= Distance of o-ring from the thread during injection
= Thread engagement during injection
H= Head height
= Extra counter-bore depth
= Thickness to mold cavity

Figure 28: The design of an ejector screw system

From the Figure 28, we can write

_X-(b+s+T+H)-E
3

Equation 2: Maximizing the ejector screw travel

a

Using Equation 2, we can maximize the travel of the ejector screw(s)
for any mold thickness. The designer arbitrarily defines all parameters except
the ejector travel (a). This proved to be a very useful tool that would give
exact dimensions. The ejector screws are machined using 1/2-inch (12.7
mm) cap or hex screws while the size of the non-threaded portion is set to 3/8
inch (9.63 mm). The o-ring placed around the ejector screw must remain

48



within the hole at all times to avoid degradation due to insertion. Application of
some lubricant before installation also prevents premature wear of the seal.
The depth and width of the o-ring cavity is made according to standard piston-
bore assembly. Such design tools are available in any mechanical
engineering handbook.

4.4 Stem Body Mold and Bladder Holder

The most important and innovative mold is the one used to make the
stem body. The manufacturing process was optimized to enhance
reproducibility and eventual integration into a production environment. The
advancement in molding technology was motivated by the use of a flexible
bladder to create the hollow region in the stem body.

Latex bladder as inflatable core

To reproduce a negative of the stem'’s inside cavity, the surfaces of the
CAD model were offset by 4 millimeters. From this reduced computer model,
a mold was made using Ren-Shape, an easily machined compound that is
commonly used to make low-cost prototype parts. The mold is shown in
Figure 29 along with one of the rough parts. Rapid prototyping was also
considered but the cost was found to be prohibitive. Moreover, such degree of
precision was not required.
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Figure 29: The mold used to make the bladder dipping mandrels.

A dense thermoset polyurethane called ProCast Blue (by RenShape)
was used to make 10 mandrels. Since the part has two opposite curvatures,
the molded part requires some machining afterwards. Different grinding,
drilling and sanding operations were performed. A threaded aluminum rod
was inserted at the end of every specimen. These mandrels, shown in Figure
30, were then used to manufacture the bladders.

Figure 30: The ten finished bladder-dipping mandrels.

The bladders are manufactured by dipping the mandrels in a liquid
latex solution. Since it is a very specialized process, we sent the mandrels to
Latex Technology, in California [68]. Latex has great properties when it
comes to bladders. First, it is a fairly cheap material, especially if it is
compared to silicone. It also has no chemical reactivity with epoxy resin and
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its maximum elongation before rupture is of the order of 300 to 400%. This
means that it can be easily adapted to the complex shape and corners of our
design without rupturing. The bladders were made with approximately one
millimeter-thickness, to make sure that they would be resistant enough to be
reusable. It was also specified to the manufacturer that the metal rods had to
be dipped as well and that the resulting necks should be about 30 mm long.

Neck

The two
opposite
curvatures

Figure 31: A latex bladder sample

The fiber pre-form

Although some previous work on combined RTM-bladder processes
suggest the use of a partially inflated bladder to make the pre-form [48], a
slightly different approach was used here. The four layers of fabric are placed
on a plastic mandrel, made from a reduced negative of the mold cavity
(Figure 32-A). A thin layer of tackifier is spayed between each ply to maintain
the shape and fiber orientation (Figure 32-B). The level of tackifier should be
kept to a minimum since it may act as a contaminant and can greatly affect
the mechanical properties of the part [35]. Note that the two outer layers are
one centimeter longer than the two inner ones to accommodate the fold-over
described in the design section. The mandrel is then split and retrieved
resulting in a usable pre-form (Figure 32-C).
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The pre-form mandrel Making the pre-form Removing the pre-form

Figure 32: The pre-forming process

The bladder holder

The innovation of the stem mold lies in the bladder holder. This part of
the tooling has several functions. First, it holds the latex membrane in place
by squeezing its intake knob between two conical surfaces (Figure 33). This
ensures a leak-free joint that is practically foolproof in a production
environment. Michaeli et al. explored this type of design in 1993 [48]. In a
later paper, they even automated the sealing process by using a pneumatic
piston arrangement [32]. Although Michaeli's design and the one presented
here are similar in clamping method and application they differ in the way they
are integrated to the mold assembly. In the present design, the tooling is
placed entirely inside the mold cavity, while Michaeli uses an external fixture.
The conical rod going through part A of the bladder holder (Figure 33) is
threaded to fit into the second part (B) and acts as a mechanical connection
between the two. By putting the two parts together, the cone is pulled in and
this applied tension keeps the assembly altogether. Figure 34 depicts this
novel connection technique.
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Bladder

Conical surfaces

Figure 33: Exploded schematic of the bladder holder system

The conical rod is also drilled through to inflate to the bladder. In fact,
part B (Figure 33) also acts as a connection between the air compressor
connected to the top of the mold to the inside of the bladder. The surface
where the two halves of the bladder holder mate as well as the flat one where
the air connector is located are sealed with o-rings to avoid any leaks during
the injection. This is important since the bladder holder is within the sealed
area of the mold cavity. Trek also uses a bladder connector that lies within the
seal of the mold [3], but their rigidized bladder process is used with prepreg
fabrics, rather than RTM. To the knowledge of the authors, the current
method is the first time that such integration is used in conjunction with liquid
composite molding. The design is rather complicated since resin flows
everywhere within the sealed area. Therefore, the tooling must be de-
moldable and every connection must be sealed individually.
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Figure 34: Assembly of the bladder holder

Finally, not only does it hold the bladder in place and serves as a
connector for air supply, but the bladder holder also acts as a third face to the
molding process. The front face is used to align and hold the internal cap. The
latter is drilled in the middle to fit tightly around the circular extrusion coming
out of the handlebar face. In this way, the external cap is centered and the
metallic barrels are aligned in the mold. It is against this face that the fiber
coming from the body is folded over the insert to assure undeniable structural
integrity, as depicted by Figure 13-A. This last particularity, of molding a third
face to the component at the same time as connecting the bladder makes the
design even more unique and pushes the degree of part integration to a
another level. Note that the seal around the two halves of the fixture is used
to create a discontinuity in the resin flash to allow the operator to unscrew the
assembly after the injection.

The stem mold

The challenge of the stem mold was the positioning of the vents and
injection port. To do so, hypotheses were made to predict the flow of resin. A
parabolic protrusion was made at the steerer end of the stem. This channel
was created to allow the flow of resin to advance evenly through the pre-form.

- On the other hand, the vent was somewhat problematic. In the stem lay-up
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(seen in Figure 35), the extra fibers that are not included in the handlebar
fold-over (Figure 13-A) are placed in cavities under and on top of the bladder
holder. It was decided that those two regions would be used to locate the vent
port. The bottom cavity was connected to the top by an empty channel
(runner), imitating design was recommended by Michaeli for the production of
carbon hollow tubes by resin transfer molding using an internal bladder [32].

Air inlet

Cavity for extra fibers \

Vent port

Vent channel /

Injection port

Figure 35: The stem molding and general geometry of the molds

Polyurethane

O-ring insert location

Plastic Tube

Dowel pin

Figure 36: The alignment system for the carbon steerer tube insert
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In order to position the carbon fiber tube adequately during the
injection process a special plastic plug is inserted into the tube (Figure 36).
Dowel pins are passed through the fiber pre-form and center the plug. Small
grooves are machined in the stem mold to support the dowel pins and assure
a perfect alignment of the tube. The plastic plug has two o-ring grooves
located on top to prevent the resin from flowing between the carbon tube and
the plug. The polyurethane insert is placed against the steerer tube, inside the
pre-form. It self-aligns between the fabric plies.

Apart from the above anomalies, the mold was designed in a similar
fashion as the molds described in the previous sections. No ejecting
mechanism was planned but it should be a requirement in a production
environment. It is suggested that two screws should be placed under the
injection port protrusion and under the flat surface of the bladder holder.

Also, it was found that a wider injection port would have been
beneficial for reducing pinching of the fibers at the end of the pre-form.

4.5 Mold Machining and Finishing

As shown in Figure 37, the molds were machined using Computer
numerical control (CNC) machines. The complex CAD files were exported to
MasterCam, where the tool paths were optimized. Due to the complexity of
the surfaces, most finishing tools were ball end-mills. Even with extreme
caution, the tools leave many ridges called “scallops”. After the machining
operations, the mold must be sanded. In order to obtain a great surface finish,
different grit sizes are used in sequence. Insert molds were sanded up to 600
grit while visible parts of the stem (body and external cap) were brought to a
mirror finish of 2000 grit. Apparently, a minimum 1000 grit is necessary to
obtain a glossy surface finish on the final component [30]. Once the sanding
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is complete, the mold surfaces can be polished and a stem can now be
injected (Figure 38).

Figure 37: External cap mold on the CNC and scallops left in the stem mold after machining

Figure 38: The finished stem body molds
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5. INJECTIONS

In the RTM process, resin is pressurized and forced through a fiber
pre-form. Consequently, a resin injection machine is required. Many models
are available on the market [69,70]. The one used for this research is the
Radius 2100 [71], a long air piston equipped with a displacement indicator
and a controlled heating jacket. Collecting information on temperature,
displacement of the piston and pressure is important because as they
represent the three main control parameters during the injection.

5.1 Resin Selection

The choice of a resin system is an important step of design with RTM.
Many resin systems were investigated and parts were produced with several
of them. The ideal resin for our application would have the following
properties: low viscosity, short cure time at less than 100 °C, high modulus
and high gloss. These are typical desirable requirements common to many
RTM designs [72].

Viscosity is known to be a determinant factor in flow behavior through
the dry fabric. Generally, viscosity is given in function of temperature, as
those two properties are highly related. The lower the viscosity of the resin,
the easier it should be to go through the pre-form. Typically, commercially
available resins can have viscosity values as low as 10 mPa-s. Injecting
under temperature also tends to temporarily decrease the viscosity of the
resin before the cure is triggered. This change of phase is generally sudden
and the time elapsed since the mixing is called the gel time. The cure
dynamics also changes in function of the heat applied during the process and
mechanical properties can therefore be affected. A short cure time is also an
important requirement in order to accelerate the production. The limiting
factors for cure temperature are the melting point of the injection tubes and
cooling of the mold before the next injection. Teflon tubes have melting points
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of over 260 °C but are very expensive. Since the tubes are consumables in
the injection process, it is important to minimize their cost. Polypropylene
tubes were found to be the material of choice, with a fairly high melting point
of 100 °C and a price of about one fifth the price of Teflon [73]. It is also
important to take the cooling time of the mold into consideration when setting
the cure limits. A longer cooling time could mean that fewer injections can be
performed successively. Furthermore, a resin with interesting mechanical
properties was required since the part should minimize deflections under high
loading. High modulus for a cured resin is generally judged to be around 3
GPa. In addition, since one of the secondary goals is to produce parts that
require as little surface finishing as possible, a high gloss resin would be
appreciated. This way, it is possible to take full advantage of the process.

The selection process was also based on the cost of the resin and
availability at the time of production. There are also several other important
parameters that have to be taken into account such as fiber wetting, pot life
and ease of machining of the resin, but they are more specific to each resin
systems. The considered resin systems are shown in the following table.

Name Company Type Typical use
Modified Vinyl- .
DERAKANE 8084 Dow Laminating
Esther
EPON Resin 862 / .
. RTM/ Fitament
EPI-CURE Curing Agent W/ Resolution Epoxy .
winding
Accelerator 537
EPON resin 9504 / .
. Resolution Epoxy RTM / Infusion
EPI-CURE Curing Agent 9554
TDT 177-114 . _—
) Vantico Epoxy Laminating
(Miapoxy 100)

Table 3: Resin systems evaluated
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It is important to note that several epoxy systems could be suitable for
this process. However, it was judged that a comparison between four different
compositions was acceptable, considering the scope of this project.

The following table presents the different properties of the matrix materials
considered.

Flexural Tensile
Viscosity
Cure Modulus Strength Modulus Strength Pas@ Pot life Gel Time
mPa-s
hrs @ °C GPa MPa GPa MPa °c hrs @ RT* min@ °C
Derakane
05@ 90 3.3 132 29 76 360 @ 25 0.5 2@ 90
8084 [74]
Epon 05@
8@ 121 3.14 122 1.95 59 50 @ 80 7.9
862 [75) 121
Epon
P 5@71 | 2904 120 293 79 350 @ 25 1 30 @71
9504 (76}
Miapoxy
100[77] 24@25 N/A N/A N/A N/A 800 @ 25 0.5 38@25

* RT = Room temperature
** Estimated, from experience

Table 4: Important resin properties

All four matrices were used to make prototype parts. From inspection
of the de-molded parts, it was possible to make a choice.

Derakane 8084

The first prototypes were made using this modified vinyl-ester. An
elastomer is used in this resin formulation to increase the strength and impact
resistance. It was first thought to be a great resin since most ester-based
resins are rapidly cured with heat and are usually cheaper than epoxies.
However, cutting of a specimen made with this system showed that the
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impregnation of the fibers was not through and that the part was not fully
consolidated. On top of that, it was observed that the resin was chemically
reacting with the bladder, leaving the inside of the stem tacky. This indicates
contamination of the resin thus leading to poor mechanical properties.
Although this matrix led to a glossy surface finish, large regions of resin
shrinkage left some characteristic marks. Shrinkage is a characteristic of
ester-based resins and can create high level of residual stresses [78,79]. It is
possible to combine additives to reduce this effect but it was judged
unnecessary because of the other problems with this resin.

EPON 862

This resin was initially thought to be the most suitable for our
application. It was designed especially for RTM, with a viscosity comparable
to water at 121 °C. The problem is that a fast cure can only be attained with
temperatures in the range of 175 °C. As stated before the low-cost tubing
cannot sustain such temperatures. Still, a couple of samples were made
using a 121 °C cure for eight hours. The results were disappointing as the
part came out with a very poor surface finish. Therefore an alternate solution
was sought.

EPON 9504

Described as high fatigue strength by the manufacturer, this resin can
be cured in approximately 5 hours at 71 °C. It also has low viscosity at room
temperature (350 mPa-s), which is easier to process since it requires no pre-
heating of the mold. The part quality was found to be satisfying but the main
problem was in the de-molding process. When impacted, the solidified resin
would shatter to a powder. This was found to greatly complicate the de-
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molding and cleaning of the mold. Moreover, when machined, the resin would
melt and leave residue on the tools. Diamond coated tools would therefore
get clogged with resin. Considering the numerous machining operations to be
performed on the parts and the complications encountered, this resin was not
considered further.

Miapoxy

This general use structural epoxy showed impressive behavior for the
application. Having the highest viscosity of the four tested systems (a
measured 739 mPa-s at room temperature), it was not expected to give good
results. However, it has given fully consolidated parts with the glossiest
surface finish. It was a concern that this resin is marketed as a 24-hour, room
temperature cure and might not be applicable to a production environment.
Still, the supplier confirmed that it was possible to use a higher temperature to
accelerate the production process without affecting the mechanical
properties.

5.2 Injection Parameters

In order to have a repeatable process and good mechanical behavior
of the parts, guidelines should be outlined concerning the process
parameters. Injection pressure and temperature are the two controlled
parameters. In all injections, they are meant to give a slow and thorough
displacement of the flow front. The injection is stopped when there are no
more bubbles coming out of the vent port. It is believed that clamping the vent
tube for about a minute upon arrival of the front is beneficial since it allows the
small bubbles to collapse together. This way, air is easier to drain afterwards.
Once there are no (or very few) bubbles coming out of the vent, the tube can
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be clamped permanently. Injection pressure is typically increased to reduce
the size of possible small air bubbles and/or defects.

The temperature control profile was identical for all molds. To produce
the prototypes, the cure was performed with a single heating plate, placed
underneath the molds. To assure a good thermal contact, a heat sink
compound was used. Also, insulation plates were made for every mold in
order to reduce the amount of heat loss. A typical cure cycle for the selected
resin will begin with room temperature (or slightly higher) injection.
Immediately after clamping the vents, temperature is increased to 80 °C.
Using the hot plate, it takes approximately 30 minutes to reach the set
temperature isothermally. Using integrated heating elements can significantly
reduce the heating time, therefore shortening the cure process. A hundred
and twenty (120) minutes later, the molds are retrieved from the heating plate
and cooled for 15 minutes. The part is ready to be de-molded but it is
important to mention that a post-cure (although it was not performed) would
be an important addition to the process. Post cures are usually meant to finish
the consolidation of the part by completing the chemical linking inside the
resin.

Internal cap

This mold was very easy to inject. The fairly simple shape of the mold
did not present any complications. The mold was injected at 240 Pa and the
injection pressure was not varied during the advancement of the front. A 450
Pa static pressure (after clamping) was applied. It usually took less than two
minutes for the front to go through and very little time (less than 1 minute)
before the air is completely evacuated from the mold.
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External cap

A major issue encountered with this mold was the variation in the
perform thickness. This variation created large changes in permeability and
made it difficult to get a reproducible process. Therefore, it was decided to
operate the injection at 410 Pa at the beginning and slowly climb up to full
pressure (690 Pa) until the flow exits the vent.

Stem body

Optimizing the injection parameters of this mold was one of the main
goals of our research. As mentioned in the introduction, implementing bladder
molding and RTM is not an easy task. It is found to be quite more challenging
when the part is small. On top of the normal RTM parameter optimization, the
pursued goal is the balance between the air pressure in the bladder core and
the injection pressure from the pump [32]. Two methods are referenced in the
literature.

One method consists of injecting the resin at a higher pressure than
the bladder pressure [80]. This creates a fast resin flow outside of the fiber
pre-form. The vent is then clamped and the bladder pressure is increased to
wet the fibers completely. This method was tried and results were not
acceptable. In fact, after cutting one of the prototypes made with this
technique, it was discovered that the two internal layers were not fully
impregnated. With a low bladder pressure, there is nothing preventing the
resin from flowing preferentially around the fibers rather than through the
fibers. Such a part loses all of its mechanical advantage, as the stresses
cannot be transferred to the reinforcement. No further efforts were put into
optimizing this technique since another approach was also possible.

In his extended work on the combination between bladder molding and
RTM, Michaeli states that the pressure of the bladder should always be at
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least 0.2 MPa higher than that of the injection pressure [46]. This way, the
flow is forced to go through the pre-form and a complete wetting of the fibers
is expected. This pressure should be kept as low as possible while still
preforming complete fiber draping. The increase in bladder pressure tends to
compact the fibers and decreases permeability of the preform, which results
in larger energy requirements. His work also encourages increasing the
bladder pressure after the injection is clamped to obtain a better (higher)
fiber/resin ratio and superior consolidation of the part.

Considering the amount and quality of the information available, the
latter technique was adopted. The optimal pressure parameters were found to
initially set the pump at 205 Pa and the bladder at 410 Pa. Once the injection
is clamped, the injection pressure is slightly increased to 275 Pa and the
bladder pressure is adjusted as a function of the desired surface finish. It was
observed that the surface finish and the weight are inter-related and strongly
dependants on the difference between static pressures. Therefore, a nice
glossy surface finish will require approximately 450 Pa of bladder pressure
while a low resin/fiber ratio will require around 520 Pa. The choice of this
parameter is mostly a function of the amount of surface finish one wants to
put on the part. However, since all sports equipment has to go through a
secondary paint job, it is preferable to use a higher static bladder pressure.

It was also noticed that this particular mold caused resistance to
evacuate all the air from the pre-form. Bubbles would come out of the mold
for a long time before settling, which would waste a lot of resin. After
inspecting the possibilities of leaks from the bladder holder and its various
connections, it was thought that it might have to do with the design itself.
Other problems were also noticed on the manufactured parts. In fact, it was a
priority to find the cause of the following recurring defects.
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5.3 Recurring Defects

Dry patch in the stem body

A defect of great concern was a dry patch that would appear on the
middle of the stem body (Figure 39). Two hypotheses were considered. It was
possible that the resin was going ahead of the front by the flash and closing
further along to trap air in the part. The flash region is defined as the space
between the molds within the o-ring where the two molds mate. Typically, this
region will fill with a thin resin film that is removed upon de-molding. However,
this film sometimes came out thicker, especially due to fiber pinching between
the mold halves.

Figure 39: Location of the recurring dry patch

The other possibility was that the tackifier used in the pre-form making
process (section 4.4) created regions of reduced permeability that blocked the
resin flow. This effect is investigated, along with other effects of tackifier by
Shih and Lee [34]. To determine the exact source of the problem, a flow
simulation had to be run and is described in Chapter 6.
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Voids in the handlebar clamp

Several injection attempts of handlebar clamp exhibited voids,
especially close to the vent (Figure 40). Those defects are hypothetically
caused by the difficulty the flow to fully impregnate the bladder holder face.
This will be studied in the next section (Chapter 6) about flow simulation. This
theory is somewhat confirmed by the large amount of bubbles coming out of
the vent before the injection can be clamped. Moreover, the surface mating
with the handlebar also had a film of resin that was rather thick and uneven.
The resin film is too thick because the hole in the internal cap does not fit
exactly to the bottom of the alignment knob of the bladder holder. Rounding
the edge of the hole inside the cap solved the problem.

Figure 40: Voids in the handlebar face of the stem

Finally, it was observed that the edges were quite resin-rich. This is
due to a lack of fibers coming from the body in the fold-over process. Use of
tackifier in this region made the following experiments successful as it
prevented slipping of the fibers during the lay-up process.
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Voids on handlebar mouth

The stem often exhibited voids on the top and bottom of the handlebar
region. Figure 41 shows the problematic area. These voids were caused by
the extreme change in angle of the braided fabric. The diameter of this region
is quite large and in addition the fiber fold-over also tends to increase the fiber
angle. Such a sudden change in angle causes disruption of the flow front and
tends to create imperfections in the fiber impregnation.

Figure 41: Problematic region on the handlebar mouth

Similarly, Jinlian, Yi and Xueming showed numerically and analytically
that the cross flow of resin and fibers in a woven laminate tends to cause
voids [81]. Replacing the outermost and innermost layers with a larger
diameter braid effectively solved the problem. Although the change in fiber
angle was just as drastic in these layers, the more favorable permeability
along the resin front direction improved the injection dynamics and filled the
voids.
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6. FLOW SIMULATION

Since RTM has gained in popularity, there has been a growing need to

understand the behavior of the flow of resin through the pre-form. Since RTM

is a closed mold process, it is difficult to visually comprehend the motion of

the resin. Generally, a better understanding of the manufacturing process

translates in a better control of the production. In composites, this means an

automatic improvement in the mechanical properties of the resulting structure

[82]. This is why numerical simulation tools were developed. Such simulation
tools can help the designer to accomplish several tasks [36,83,84,85]:

>

Position the injection points and vents in a way to avoid air
entrapment and ensure a complete filling of the mold. S. G.
Advani [86] showed that vents, especially those under vacuum,
have a great influence on the flow displacement through the fabric
material. This effect is even larger when it comes to pre-forms of
lower permeability, such as in the present application. Poorly
designed gates and vents can lead to areas of the part containing
no matrix material.

Obtain the pressure distribution during the injection in order
to validate the numerical model. Knowledge about the pressure
distribution can also be used to reduce the injection pressure,
leading to an easier and cheaper manufacturing process. In a
paper from M.K. Um et al. [87], it is proposed that a high inlet
pressure can also cause wrinkles in the pre-form. Consequently,
optimal process conditions are obtained by minimizing inlet
pressure and favor a steady flow rate. Such parameters can be
studied through flow simulation.

Optimize filling time to enhance production cycles. This is more
relevant for high volume applications or injection of large parts. By
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simulating the flow displacement, it is possible to minimize the filling
time and therefore increase the productivity.

>  Debug mold problems and recurring defects. In the event that a
mold is already in use, mold-filling simulation can be used to
explain certain phenomenon and bring solutions to the designer.
Although flow simulation is more efficient when it is used before the
molds are manufactured, it can still be useful in post-design
optimization. This is the most relevant reason why flow modeling is
used in this research.

However, theoretical simulations have certain limitations when it
comes to modeling practical applications. Deviations like non-uniformity in the
fiber placement, race tracking over sharp corners or small geometric
deviations can change the theoretically defined permeability values and give
different flow patterns [53,88]. Such deviations from reality mean that the
results should be treated as guidelines.

The theory to describe mould filling is based on flow through a porous
media and is known as Darcy's law [36]. It states that the flow rate is
proportional to the pressure gradient and inversely proportional to the
viscosity of the fluid.

K
y-Elgp
M

where

[K]= permeability tensor (m?)

g = resin viscosity (Pa-s)

P= Pressure (Pa)

V= Flow front velocity (m/s})

Equation 3: Darcy's law

The permeability is a characteristic of the medium (pre-form) that
usually needs to be measured experimentally, in a laboratory. It is always a
function of the fiber alignment, fiber spacing and other complex geometrical
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factors. The highest permeability of a fabric is along the fibers. Going across
the fiber makes it harder for the fluid to flow, resulting in a lower permeability.

Most commercially available packages also take into account the
thermal effect on resin viscosity. Such modeling will not be tackled in the
present application due to the small size of the part and room temperature
injection.

6.1 Permeability Measurements

Since a flow simulation can only be as good as the permeability data it
uses, it is important to run permeability tests on the materials [37]. Many
theoretical models have been developed to estimate the permeability of the
material. [53,89] One of the popular formulations is the Carman-Kozeny
equation where permeability is only dependent on the type and geometry of
the reinforcement [87]. However, a specialized experimental setup at Ecole
Polytechnique was available and permeability tests were conducted there.

The experiment consists of varying the volume fraction (Vi) of sample
pre-forms at same fiber angle to get the permeability as a function of the
volume fraction. Three tests are necessary to trace a permeability curve [90].
Preferably, samples volume fraction should be close to the one used in the
process. The chosen approach was to keep the mold thickness constant and
vary the number of layers placed in the cavity. A set of templates was used to
cut all the samples with the same fiber angle. Injecting calibrated silicone oil
in a transparent mold and monitoring the time taken for the resin to flow past
predetermined distances provides the information needed for permeability
calculations. The data processing is automatically done by the computed
(data acquisition system) and results are generated instantly.

Tests were performed on both 45 and 30-degree samples. Two
permeability curves were obtained by fitting power or exponential curves
through the obtained results. The permeability values for other fiber angles
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were extrapolated (such as at 60 degrees). The results are shown in Figure
42.

Permeability vs Volume Fraction
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Figure 42: Permeability of braided fabrics as a function of volume fraction

6.2 Model Development

The PAM-RTM package was used to simulate the flow of the resin in
the mold. A set of seven materials was used to model the flow behavior and
predict recurring defects. From the initial mesh, different zones were defined.
Each zone is associated with a material (Table 6) and is assigned a porosity
value. The sections under the effect of bladder pressure are more
compressed, thus are expected to be less permeable than the sections
depending only on tolerances (such as where the plastic insert is placed). The
next figure shows all the different zones defined on the stem.
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(A)

B)
Figure 43: The two flow simulation models
Zone ID Name Material (Resi:/(l)?riiselrtyRatio)
1 Flash Flash 1.00
2 Plastic Insert Braid 50 0.57
3 Mouth Braid 60 0.50
4 Handle Bar Face Flash 1.00
5 Runner 1 Runner 0.98
6 Top Tube Braid 50 0.60
7 Body Braid 45 0.50
8 Bladder Holder Flash 1.00
9 Fold Over Braid 45 0.54
10 O-Ring Impermeable 0.00
11 Side Vents Braid 60 0.35
12 Lower Body Braid 50 0.50
13 Runner 2 Runner 0.98
14 Diffuser Braid 45 0.40
15 Dry Patch Braid 45/Dry spot 0.50
16 Bladder Holder Knob Impermeable 0.00

Table 5: Properties of the different zones of the stem simulation
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The porosity is used to locally evaluate the permeability, using an
interpolated function. The permeability data obtained during the material
characterization was changed to be a function of porosity instead of fiber
volume (porosity = 1 — fiber volume fraction). The fabric materials were
defined using the relations obtained from the curve fitting process. Thus, for
any configuration of the material, a permeability value can be generated.

Permeability (m?)
Material Name K1] K2]
Braid 60 8E-13911% | 1E-gx54%%8
Braid 45 7E-13°10088% | 7E.13¢!008%
Braid 50 5E-13¢'%19% | 4E-13¢!!P*
Flash 1.0 E-9 1.0E-9
Impermeable Defined as Tool Material
Runner 2.0E-6 2.0E-6
Handlebar Face 1.0 E-10 1.0 E-10
Dry spot 1.0 E-13 1.0 E-13

Table 6: Initial material properties

The permeability of a runner can quickly be approximated by a
Poisedille flow in an empty channel [91]:

K=D%/12

Equation 4: Evaluation of empty channel permeability

~ On the other hand, it is difficult to find an estimate for the permeability
of the flash region. Therefore, the permeability was varied, trying to create a
representative effect. The handlebar face permeability was judged to be
small, since the two solid surfaces are pressed together by the bladder
pressure. During the analysis process, the material properties were varied
according to the different hypothesis. This way, solutions to several cases
were computed and analyzed. The main results are presented below.

74



6.3 Simulation Results

The first goal was to see if a race-tracking flow (using the flash gap)
possibly closed back on itself to trap some air. Using a flash permeability of
approximately 10 times larger than the one through the fibers, it was seen
that the flow was not likely to be responsible for the dry patch. This simulation
did not take air entrapment into account. This kind of simulation is faster and
helps to see the global flow of the resin in the mold. The results seem to be
close to the actual progression of the flow front, steady and complete (Figure
44-A). A second simulation was performed, accounting for air entrapment
while increasing the flash permeability by a factor of five. Although the
permeability seems exaggerated, the results (Figure 44-B) show that it is
rather unlikely that the small dry spot found in some specimens is due to the
flash. Furthermore, dry patches would have occurred on both sides of the
stem (as predicted by the simulation), which was not the case.

Final i

Initial

(®)

(A)

Figure 44: High permeability flash simulations
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To validate the second hypothesis, a refined model with a section of
higher permeability was inspected (Figure 43-B). The results matched almost
exactly the location and size of the defect (Figure 45). A closer look at the
process allowed to see that the method used the make the pre-form was
inadequate as too much tackifier was used. Thus the permeability was
affected. Tackifier was also only applied on one side of the body, whibh
explains the asymmetry. Reducing the amount of tackifier used in the pre-
forming process solved the problem.

Dry region
Figure 45: Filling of the mold with region of higher permeability

The goal of the second simulation was to study the possible air
entrapment in the handiebar clamp region. The model presented in Figure 46-
A shows that there are some filling issues in the handlebar cavity. Although
the air will eventually leave under higher pressure or vacuum, it remains a
region at risk because of the way it fills. It was suggested that the flow would
more easily go through the handlebar surface if it did not have a vent all
around. The first (earlier) stem prototype mold had a comparable bladder
holder design. Figure 46-B shows that blocking the circular runner can slightly
improve the filling of the handlebar cavity. Although it is about to be
implemented in the subsequent versions, one of the limits of the simulation
code is the inability to handle the displacement of trapped air. Since the dry
region is small (located almost completely between the faces of the bladder
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holder and the internal cap), it is believed that vacuum application combined
with resin flow rate will be able to eliminate it.

Filling Times (s) Filling Times (s)

Last zone
to fill

303
273
243
212
182
125
121

91

60,

30

Figure 46: Handlebar filling simulation showing possible air entrapment region

The results of flow simulation provided some promising results and
design guidelines. It also allowed to identify the source of various recurring
defects identified in Section 5.3. However, in the future, it should be
considered prior to building the tooling. This way, full advantage could be

taken from the simulation, implementing the solutions directly in the mold
design.
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7. POST MACHINING FIXTURES

Upon de-molding, the stem has to undergo an extensive set of
operations in order to bring it to its final shape. Figure 47 shows the rough
and finished state of the stem, side by side.

Figure 47: The rough and finished stems

Similar finishing operations are performed for both the internal and
external caps (Figure 23). In order to manufacture a number of prototypes
and prepare the eventual production, a methodology had to be developed in
order to achieve a fast, problem-free production cycle. A set of fixtures was
designed to assure reproducibility in the process. In a production
environment, those fixtures have to be designed for safety so that even an
unspecialized worker can use them without risk.

This part of the manufacturing process is an integral part of the design
and cannot be simply improvised. Post-machining steps have to be taken into
account from the very beginning, before designing the tooling.

From previous experience, it is known that carbon fiber is very difficult
to machine. The composite structure can be severely damaged if fibers are
pulled out during the trimming or drilling processes or when the friction with
the tool raises the local temperature drastically [92,93,94,95]. This is why very
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high tool speeds are required. However, this also tends to create high tool
wear. Consequently, carbide or diamond coated tools are preferred over
conventional ones [96].

Due to similarities between the different fixtures, only the operations
performed on the stem body are presented. This fixture shows a high level of
integration. It combines all the operations that are typically used in the post
machining process such as routing, drilling and sawing. Bear in mind that this
design was made for the production of a few dozen of prototypes. In a
production environment, most of the steps would be separated to
accommodate a higher production rate. The post-machining fixture is shown
in Figure 48.

1. Steerer tube drilling
2, Steerer clamp drilling

3. Handlebar clamp
drilling

4. Steerer clamp
trimming

5. Handlebar clamp
trimming

6. Alignment notch for
handlebar clamp drilling

Figure 48: The stem post-machining fixture

The first operation after de-molding is to remove the alignment plug
from the steerer tube. The fixture is used to hold the stem flat and level
(Figure 48-1). A diamond coated hole saw is used to remove the four plies of
carbon covering the plastic plug. The holes left by the alignment pins are
used to guide the pilot drill. Once the centering plug is removed, the holes for
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the steerer clamp can be drilled. An M6 carbide drill is used with the fixture
providing exact location through the drill bushings (Figure 48-2). Removing
the extra material left from the injection port completes the steerer section. In
the description of the post machining operations on fork design, Octeau [64]
suggested that the trimming operations be performed using NC machining.
However, routing was adapted from the wood manufacturing industry and
adapted to the composite manufacturing process. The tools are equipped with
bearings and used by following template shapes (Figure 48-4/5). The extra
fibers close to the vent port are also removed using this process. Figure 49
presents the operations being performed on the stem.

Figure 49: Routing extra material on the stem using templates

Using the groove (Figure 48-6) to align the stem vertically, the holes in
the handlebar clamp can be made in the internal cap. The external cap is
placed in the removable cap (Figure 48-3) and drilled at the same time
ensuring perfect alignment of the holes. Removing the external cap, M4 taps
are made using a tapping arm. The final operation is to cut the slot in the back
of the steerer clamp. L-shape brackets are added to the fixture and the back
of the stem is slid through a diamond coated tile saw.

Sanding the part line and any sharp edges finishes the parts. Minor
surface defects can also be filled before the final clear coat is applied.
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8. TESTING

Good results from testing are important to assure repeatability and
consistency in the properties of the parts. Once the first parts are made, it is
important to verify if the design was valid by mechanically testing the part. In
composite materials, this step is even more critical since the reliability of the
part often depends on small design details and the manufacturing process.
This chapter describes the techniques used for the testing of prototype
handlebar stems and gives the results of the various tests.

8.1 Testing Methods

Very few standard test procedures have been established for testing
composite bicycle parts, especially stems. Consequently, companies such as
Trek tend to develop their own standards and test fixtures that are more
adapted to composite design and exceed the traditional specifications [97].
The testing procedure of the prototype stem was inspired from the ISO Cycles
— Safety Requirements for Bicycles Standards [98]. However, making fixtures
and test setups for all the suggested tests would have been quite tedious and
very difficult considering the short time span of the project. This is why the
procedure was based on the four ISO tests that were judged to be the most
relevant.

= Static Pure Torsion
» Static Bending

= Torsion Fatigue

» Bending Fatigue

The test fixtures were made to accommodate an existing data
acquisition system. The available equipment consists of a position feedback
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pneumatic piston, a data acquisition card and a virtual instrumentation
program (VI). The pneumatic piston has a 3000 N pushing capacity and a
slightly lower pulling capacity.

Pneumatic cylinder on steel mount
Control valve

Signal converting unit

VI and Data acquisition cards

Figure 50: The test equipment

8.2 Test Apparatus

Torsion

The goal of this fixture was to transform a single force application into
two equal and opposite forces. This was achieved by building a combination
of a lever arm and a pivot, as shown in Figure 51. The distance between each
arms and the pivot is 3.5 inches while the distance between the piston arm
and the pivot is 7 inches. The choice of 3.5 and 7 inches means that the stem
is subjected to two opposite forces of the same magnitude as the one applied
by the cylinder. From the piston load and displacement, the torque applied to
the stem can be calculated as well as the angle of rotation of the stem at the
point of torque application.
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Figure 51: The torsion test fixture

The following simplified diagram (Figure 52) shows that torque and
angle of rotation are essentially measured at the same location:

Torsion Case

Torque, T
y and angle
of rotation 0

( 0 >

| Stem Length, L |
z | “l

Figure 52: Simple case of clamped end torsion

From the values of torque and angle of rotation, the torsional stiffness
(GJ) of the stem can be obtained from the following equation [99]:

/=11
0

Equation 5: Torsional stiffness of clamped end torsion
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where: GJ = Torsional stiffness
T = Applied torque
6 = Angle of rotation
L = Length of member

The torsional stiffness is a value that can be used to compare one test
to the other or (in a possible future set of tests) to compare the current stem
to competitor stems. Keep in mind that because the stem actually has a
changing cross-section area, the value of GJ represents an “average” value
over the length of the stem.

Bending

The bending fixture is quite simple. It is a steel fork attached to a 1-1/4"
cylinder where the stem clamps. It allows the piston to push and pull the stem
for any desired load. The assembly can be seen in Figure 53. The load case
is comparable to a cantilever bending situation (Figure 54).

Figure 53: The bending test fixture

The displacement of the cylinder is the same as the displacement of
the cantilever beam at the load application point. The following simplified
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diagram shows that load and the deflection are essentially measured at the
same location:

Bending Case
nding Lase Stem Length, L

=
.

lLoad P, deflection w

Figure 54: Simple case of clamped beam under bending load

From the values of load and deflection, the flexural stiffness (El) of the
stem can be obtained from the following equation [99]:

3
o P
3w

Equation 6: Bending stiffness of clamped beam under bending load

where: El= Flexural stiffness
P = Applied piston load
w = Deflection at the load application point
L = Length of cantilever beam (stem length)

The flexural stiffness is a value that can be used to compare one test
to the other or to compare the current stem to competitor stems. Keep in
mind that because the stem actually has a changing cross-section area, the
value of El represents an “average” value over the length of the stem.
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8.3 Test Cases

Static pure torsion

The goal of this test is to determine the torsional rigidity
(torsional stiffness) of the stem. Assuming small displacement theory, the
measured displacement of the piston can be changed into a rotation angle
theta and plotted against torque (which is calculated from the applied load).

From the ISO specifications, the stem should be able to
withstand a torque of at least 108 N-m. This value, converted for our lever
arm, requires application of a piston load of 607 N on the assembly. The test
peak load was set at 1000N, or approximately 178 N-m. The load was
increased linearly, from O to 178 N-m, over a period of one minute, until it
reached the peak value where it was kept for 15 seconds. Load was then
released. The stem was tested for both the positive and negative directions of
the piston, thus testing both positive and negative torsion modes.

Static bending

Similar to the static torsion test, the goal of the experiment is to
find how stiff the stem is when a rider leans down on it (flexural stiffness). To
verify this, the ISO norm requires no less than 1600 N applied at a 45-degree
angle to the steerer axis. It was decided that the stiffness of the stem would
be easier to compute if the load was applied directly in the steerer axis (see
figure 4). The 1600 N-force applied at 45 degrees was transformed into
components and the out-of-plane component, 1130 N was used. This gives
essentially the same bending load as the ISO test. Since the control system
always tends to undershoot, the peak load was set to 1150 N. The test was
repeated a couple of times for each specimen. Once again, the load was
increased linearly from O to 1150 N over a period of one minute and then
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maintained at its peak for 15 seconds before being released. The load was
only applied downwards as it represents the critical condition for this case.

Torsion fatigue

The same torsion fixture was used to fatigue the stem body. The load
was applied in a sinusoidal manner with set amplitude of 640 N, which
converts to a torque of 114 N-m. During the cycle, the maximum load was
640 N and the minimum load was -640 N, thus the fatigue cycle went from the
positive torsion to the negative torsion regimes (fully reversed fatigue
loading). The ISO test recommended to apply two 200 N out of phase forces
at each end of a chosen handlebar. Since the longest standard handlebar is
approximately 47 cm wide, we converted the load value of 200 N to give an
equivalent torque of 94 N-m (according to the dimensions and lever arms of
the test apparatus). This way, the test load amplitude is set about 20% above
the requirements, testing the part more intensively. The stem was twisted in
both directions for 5,000 or 10,000 cycles, at a rate of one cycle every 4-
seconds.

Bending fatioue

The bending fatigue test was performed in both inward and outward
directions, as prescribed by ISO. We applied a 950 N load amplitude with fully
reversed loading (cycling from 950 N to —950 N) for 50000 cycles, using a
rate of one cycle every 4-seconds. Fatigue testing uses the same fixture as
the static test (shown in Figure 53). More cycles were performed in this test in
comparison with the torsion fatigue since the FEA results showed an
important zone of possible ply failure.
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8.4 Tested Specimens

Unfortunately, although many specimens were built to test the process
parameters and the resin, only few were available for testing. Therefore, it
became important to get the most data out of each prototype. Table 7
presents the four tested specimens and the tests that were performed on
each of them.

. Tests
Name LWelght ® Resin Lay-up (chronological
ength (mm)
order)
I 2 Epon 862 Tnitial Static Bending
_ Static Torsion
117 . Torsion Fatigue
T2 120 Derakane Initial Static Torsion
113 . .
T3 120 Miapoxy Initial Static Torsion
Static Bending
. Bending Fatigue
123 . Steerer tube reinforcement / . :
T4 120 Miapoxy larger braid diameter Static Bending
ZOOM 240 . Static Bending
ALU 90 Comparative test - ALU Static Torsion
TRUATIV 145 . Static Torsion
ROULEUR 120 Comparative test - ALU Static Bending
TIME 132 Comparative test - Carbon Static Torsion
MONOLINK 120 P Static Bending
ALPHAQ 190 . Static Torsion
BI-MATRIX 120 Comparative test - Carbon Static Bending
™ 100 Comparative test - Magnesium Static Torsion
THE STEM 120 P & Static Bending
IT™ 165 Comparative test - Carbon Static Torsion
MILLENIUM 120 P Static Bending
ITM 165 . Static Torsion
UNIKO 90 Comparative test - Carbon Static Bending

Table 7: Tested stems
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Other tests were also performed on defective components (during
product development) but the results are not included in this document.

8.5 Static Test Results

All stems were statically tested in order to calculate stiffness values.
Since it is not necessary to present every graph of the results of this section,
only some typical examples will be presented in order to demonstrate the
process and the type of raw data generated by the test machine’s data
acquisition system. The essential results will then be collated in a table at the
end of the section.

Torsion stiffness

As discussed previously, the collected data from the data acquisition
unit are graphed and a regression is computed through the linear portion of
the data. Since the static load ramps are applied several times on the same
part, more than one set of results is obtained. An example is shown in Figure
55.
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Static Torsion Testing
STEM T4

200.0
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Deflection Theta (degrees)

] *Ramp A [+1000N] »Ramp A [-1000N] + Ramp B [-1000] = Ramp. B [+1000] |

Figure 55: Static torsion test - Example of plotted results

The offset between the different ramps is due to the initial friction in the
testing fixture. When the torsion on the stem is released, it is not always able
to spring back completely, leaving the next test with a residual negative
displacement. However this is not critical since the slope of the graph
represents the real data of interest. In this graph, four stiffness values
(representing two runs of the same test in positive torsion and two runs in
negative torsion) are quite similar. Assuming that the rigidity in the positive
and negative mode should be the same, average the four values is taken and
only one scalar quantity for GJ is presented.
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Bending stiffness

Similarly to the torsion case, the displacements values collected are
plotted against the applied load. Figure 56 is an example of a static bending
test results.

Static Bending Test
STEM T4

1150.00

850.00

75090

Load (N)

6560.00

350.00

150.00
0.0¢

Deflection {mm)

Figure 56: Static bending test - Example of plotted results
Note that each of the stems was tested at lest a couple of times. Once again,

the curve offsets are due to the restricted spring-back of the assembly after
each test.
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Summary of static tests results

Test Sample Torsion Sztiffn(.ess [GJd] Bending Stifi;ness [ET]
(N-m“/radian) (N-m"°)
STEM T1 487 519
STEM T2 509 355
STEM T3 486 465
STEM T4 581 821

Table 8: Static tests results for the different design iterations

Table 8 shows that when loaded in pure torsion, the samples T1, T2
and T3 had very similar behavior. It is reasonable to assume the tosional
rigidity of the initial lay-up to be around 490 N-m2. However, Stem T4 was
found to be 20% stiffer in torsion, taking advantage of the minor lay-up
changes that were introduced (the steerer tube reinforcement and the wider
braid).

Although the differences between the design iterations did not seem to
play a very important role in the torsion case, it greatly affected the bending
stiffness. Essentially, this is explained by the exclusive use of +/- 45-degree
braids in the construction. When a bending load is applied to the braided
fibers, they tend to shear the resin, making the type of resin used and the
complete wetting of the fibers more critical. This explains the large difference
between T1 and T2, because T1 uses a higher quality resin. Unfortunately, as
depicted in Section 5.1, this resin is very difficult to work with and it was not
considered for production. Moreover, we can see that the new lay-up of T4
reaches almost twice the bending stiffness of the original stem. The new lay-
up connecting the tube and the body fibers together provides a more integral
structure resulting in improved stiffness properties. Moreover, the use of a
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wider diameter braid changed the fiber orientation () and provided extra
stiffness in the bending direction.

Test Sample (IEI(-;;HZ) Sll’f%;]ﬁc (1\[11?32) SI};}?]ﬁc
N-m)/g (N-m%) /g

 STEMT4 581 472 821 6:67
Truativ ROULEUR 540 3.72 522 3.60
AlphaQ BI-MATRIX 532 3.67 1290 6.79
Time MONOLINK 507 3.84 661 5.01
IT™M MILLENIUM 506 3.07 1077 6.53
ITM THE STEM 316 3.16 780 7.80
ITM UNIKO 285 1.73 382 231
Zoom ALU 242 1.01 315 1.31

Table 9: Stiffness properties of competitive products compared with the final design iteration

When compared to other equivalent products in the industry, the stem
shows very encouraging results. Table 9 presents a number of different
competitor stem designs that were statically tested in order to get a
performance measurement. It shows torsion and bending stiffness in columns
1 and 3, respectively. In addition GJ and El are normalized with the weight of
each stem (specific stiffness) shown in columns 2 and 4. An ideal stem would
have high stiffness combined with low weight. Thus high values are expected
in all columns. In cycling, stiffness is the main performance barometer as it
indicates how much the component will twist or deflect under high loading
(such as a sprint or a climb) [3]. In torsion, the latest prototype has surpassed
competition by at least 10%. However, when taking the weight of each
component into account (specific stiffness), T4 shows an undeniable
advantage on all the other tested designs. As opposed to off-road cycling,
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racers will appreciate a maximum of torsion stiffness in order to reduce the
handlebar deflection to a minimum [100]. In bending, the stem showed slightly
more compliance than some competitors. This is mainly due to the absence
of unidirectional fibers. Still, compliance is sometimes judged as an
advantage in road cycling since the extra flex on will act as a vibration
damper and make the ride more comfortable [4]. We can also see that the
specific bending stiffness is still quite high, proving that the designed shape
takes full advantage of the material.

8.6 Fatigue Tests Results

Fatigue tests allow predicting the behavior of a mechanical part over
time by applying a repetitive load for a set number of cycles. Once the tests
are complete, another static test is usually conducted in order to verify if there
is any decrease in static stiffness. Since fatigue tests normally decrease the
mechanical properties of the parts, only one type of fatigue test was
performed on each sample.

Torsion faticue

The T1 and T2 stems were subjected to 5000 and 10000 fully reversed cycles
of 114 N-m respectively. The graph in Figure 57 shows the load applied and
the corresponding extreme displacements. This way, we can interpret the
changes in deflection due to damage caused by the repeated twisting. In a
typical graph (like the one in Figure 57), two things are expected: a constant
applied torque (because the test is being done in load control), and a
relatively constant deflection reading until fatigue failure. At this point, the
deflection will begin to increase slowly as a result of decreased stiffness. In
Figure 57, since the deflection did not increase, failure did not happen.
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Torsion Fatigue Testing
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Figure 57: Fatigue torsion test - Example of plotted results

In Figure 57, an adaptation period can be seen, characteristic of the
first few thousands of cycles. However, past 1700 cycles, the deflection
remains constant, indicating no apparent fatigue damage.

Bending faticue

For bending fatigue of stem T3 (shown in Figure 58), a large and
gradually increasing change in maximum deflection can be seen. This was
mainly due to the early de-lamination of the steerer tube carbon insert from
the rest of the stem body. From then onwards, the stem slowly continued
failing by tearing the thin interface between the body and the tube insert,
depicted by a gradually increasing deflection value (stiffness reduction).
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Bending Fatigue Testing
STEM T3

Max deflection
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Figure 58: Bending fatigue failure results of stem T3

Results from Figure 58 (and similar results) enabled the detection of a
design flaw in the initial lay-up. Although it was not evident in the torsion test,
it is clearly apparent in the bending test. The design of the carbon lay-up was
changed, adding an interfacing carbon layer to the inside of the stem
(described in section 2.3 and Figure 13). This way, the tube insert would no
longer be connected to the body solely by its rim, but by an overlapping
carbon fiber layer that forms a lap joint between the tube and the stem body
(Figure 13-B).

Stem T4 was subjected fatigue testing for 50,000 cycles and showed
an impressive change in reliability when compared to the other samples.
Since the tube did not delaminate, it allowed the stem to keep its rigidity
throughout the entire process. The results are shown in Figure 59.
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Bending Fatigue Testing

STEM T4
Max deflection

Applied Load (N)
Deflection (mm)

-1500
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Min deflection
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Figure 59: Bending fatigue of sample T4

Summary of faticue results

Torsional Rigidity [GJ] Bending Rigidity [EI]
2 2
Sample (N-m%) (N-m
Initial After After Tnitial After After
Condmonmg Fatlgue Conditionin Fatigue
STEM T1 487 555 539 519
STEM T2 509 542 511 355

STEM T3
STEM T4

Gradual damage

821 855 855

Table 10: Fatigue tests results

The collected results show that the torsion fatigue was not a problem in
the initial design. The two tests showed no decrease in torsion stiffness after
the repeated loading. Stem T1 even shows an increase in torsional stiffness.
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This apparent discrepancy is not unusual in the field of composite structures.
When a composite structure is subjected to low level fatigue loading, the
fibers will initially tend to stretch and settle themselves in a better way to
counter the load. This is sometimes called the “conditioning period”. Because
of this phenomenon, the stiffness can increase slightly. This phenomenon is
has been described in previous research, as seen in Figure 60 below. The
figure clearly shows that when a unidirectional carbon sample is fatigue
tested in tension, it will appear to have an increase in stiffness in the early
portion of the cycling.
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Figure 60: Normalized residual stiffness of a unidirectional 0° ply under longitudinal tensile
fatigue loading conditions [101]

Note that the increase can be relatively large (almost 20%) for residual
stiffness in the fiber direction. This phenomenon is the reason why some
samples have increased rigidity after fatigue testing (see Table 10). The
stems are being subjected to relatively low-level fatigue resulting in minimal
damage and “stiffness conditioning”.

However, the precarious bonding joint between the steerer tube and
the rest of the stem revealed an important design weakness in the fatigue
bending tests. The stiffness value of T3 after fatigue is greatly reduced.
However, the design problems were solved in the final version of the stem
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(T4). It showed minimal change in deflection after 50,000 cycles and even
gained some bending rigidity after the conditioning period.

Inspecting the results of these tests, it is believed that it is a good idea
to condition the samples for a few thousand cycles before testing the initial
stiffness. Although it does not have any negative effect on the final product, it
would be easier to compare the change in rigidity after fatigue loading.

An ultimate bending load test was attempted in order to see when the
stem would break. However, the equipment reached the piston load limit of
3000 N without breaking the stem in bending. Once again, this is a very
positive result that ensures that the clamping method and the body
construction is adequate and will not fail, even under extreme loading.
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9. CONCLUSIONS

The scope of this research was the complete design process of a
carbon fiber bicycle stem. All aspects of the design were successful,
beginning with a final part weight of 123 g. Moreover, use of carbon fiber over
metallic inserts was maximized with less that 2% of the structural weight was
in metallic inserts (excluding fasteners). The concurrent design and
mechanical analysis helped to design a shape minimizing stress
concentrations. From the model, a complete set of molds was manufactured
and several prototypes were produced. Experiments allowed debugging of
the manufacturing method and evaluating different resin systems. Flow
simulation models proved particularly useful at identifying the source of
recurring defects and evaluating solutions.

The combined molding using RTM and an inflatable core presented
difficulties but proved to be the most efficient process for this application. The
development of a multi-purpose bladder holder allowed the part to come out
of the mold without any further bonding required. This demonstrates the part
integration capabilities of the RTM process. The need for removal of the extra
material led to the design of post-injection machining fixtures that allowed for
repeatability in the production of prototypes.

These prototypes were used to perform tests and find an important
flaw in the design that was solved by adding extra reinforcement in the lay-up.
The modifications showed significantly improved behavior in both torsion and
in bending. Comparative tests placed the stem above all the competition in all
measured categories with an impressive stiffness to weight ratio.

One of the main contribution of this thesis lies in the development of
manufacturing methods for composite materials, specifically in the area of
RTM processing.

This research shows an opportunity to further optimize fiber reinforced
hollow components. The design of the manufacturing system shows how it is
possible to use the inner bladder/RTM molding method, even when the part is
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relatively small and complex in terms of shape and inserts. Thus, the method
shows great potential for use in other industries such as aerospace or
automotive.

Figure 61: The final product
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