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ABSTRACT

Carbon fibre has not been extensively used in teeeldpment of motorcycle
swingarms. This study investigates the developrogatcarbon fibre swingarm with
an emphasis on the structural integrity and on ldgugy a finite element model
(FEM).

The motorcycle swingarm is a critical componentha rear part of the motorcycle.
The literature shows that swingarms need to bexgtemough to handle various loads
experienced in the field, stiff enough to increasatorcycle response and stability,
and light enough to improve motorcycle performanod reduce the rear unsprung
mass. To this end carbon fibre was used in theyuled a swingarm for a Ducati

1098 motorcycle due to its high stiffness and gjiierio weight ratios. The current
research presents the first step in the designepsoof a single-sided carbon fibre

swingarm.

A test rig was developed for testing the stiffnasd strength of swingarms. Vertical,
lateral and torsional stiffness values of 500 kNA45 kN/m and 550 Nm/deg

respectively, were determined from deflection measents. The lateral and
torsional stiffness values are on the lower spectof stiffness values when compared
with swingarms measured in the literature whichgasgs the swingarm will exhibit a

sluggish response and reduced weave mode stadtilityedium to high speeds. To
determine the strength, strains were measured @rswhngarm. Maximum strain

values of 1100 @& were measured which are considerably lower thanultimate

strain of 8000 g for the material which indicates the swingarmtisrsg enough.

Furthermore, a finite element (FE) model was degwedioso that later design iterations
could be completed more quickly and cheaply. THhe fRodel showed good
correlation with the vertical displacement resylis§ference~ 4%); the torsional
deflection difference was approximately 28% and ltteral deflection difference,
50%. The experimental lateral loading used wasN,3@sulting in a displacement of
0.3 mm as compared to the experimental verticalitmpused which was 8000 N,
resulting in a displacement of 16.5 mm. The edige to lash and bedding in which is

plausibly in the region of 0.15 mm is likely theusa of the poor correlation between



the measured and FE lateral deflection results sSttains calculated by the FE model
showed both good (less than 10% difference) and @amer than 100% difference)
correlation. Plausible reasons for the poor cati@h results were determined to be
largely due to the influence of ply overlap andattesser extent, gauge misalignment
and gauge placement accuracy. The first iteratibrthe prototype carbon fibre
swingarm is 1.5 kg lighter than the original alumm swingarm. Future work will

look to improve the stiffness of future swingarnsigas using the FE model.
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1. INTRODUCTION
1.1 Background

Carbon fibre has not been extensively used in teeeldpment of motorcycle
swingarms. This study investigates the developrogéatcarbon fibre swingarm with
an emphasis on the structural integrity and on ldgugg a finite element model
(FEM). The motorcycle swingarm plays an importasie in the rear part of the
motorcycle. The literature shows that strengthlifnstss and weight are important
factors in motorcycle swingarm design. The swingahould be strong enough to
handle typical loads experienced in the field affl enough to increase the response
and stability of the motorcycle. The weight of #heingarm should also be reduced
to improve motorcycle performance and increaserdlael holding of the rear wheel.
Most motorcycles use materials such as steel, alumi and magnesium in their
swingarm design. Carbon fibre however, offers hensuch as low weight while
maintaining high stiffness and strength charadiesi§1] and being able to tailor the
material characteristics for specific applicatip2ls The current research presents the
initial phase in the design and manufacture of rhara fibre swingarm for a Ducati
1098 motorcycle using preliminary laminates. Efisy, a swingarm was
manufactured using an initial design of the carliibre laminates and this study
proceeded to investigate the swingarm from a siratintegrity point of view. The
literature further shows that the development ofinite element (FE) model is
important in the continued improvement of the swaimg design. To these two ends,
a test rig was developed for measuring deflecttordétermine stiffness) and strain
(to determine strength) of swingarms and the resmu#re used in developing an FE
model. The results provided insight into furthesgible areas of improvement in the
design of a carbon fibre swingarm. As indicatedva) this research report does not
present information regarding the design of théaarfibre laminates but presents the
testing of the swingarm (to determine the stiffnasd strain characteristics) and the
development of a FE model. Once the stiffnessattaristics were obtained, it was
then possible to see which areas of design (inectudhe laminate) might need

improvement.



1.2 The Motorcycle Swingarm

The motorcycle structure is made up of three mammonents, namely the front fork,
the main frame and the swingarm [3] (Figure 1).

Front fork

Figure 1. Example showing the main components ofraotorcycle. [4]
The swingarm is the main component of the rear esusipn of a motorcycle and
functions to connect the rear wheel to the chamsisto regulate the rear wheel-road

interaction via the spring and shock absorber [Bigure 2 presents an example of a
rear part of a motorcycle and its swingarm.



Attached to
shock absorber

—

ached to main

Figure 2. Example of the rear part of a motorcycleshowing the swingarm.

[4]
There are two basic swingarm designs, namely thibldesided, shown in Figure 3

and the single-sided, shown in Figure 4.

Connects to rear wheel axle

Connects to spring and shock

| absorber

Connects to frame

via bearings

Figure 3. A double-sided swingarm [G]



Connects to rear wheel

axle

Connects to frame

via bearings

Figure 4. A single-sided swingarm [7].

A benefit of the single-sided swingarm is thatlibws for easier removal of the rear
wheel during racing [2]. A twisting moment actstie single-sided swingarm which
does not exist in conventional double-sided desi@hsand to maintain torsional
rigidity similar to that of a double-sided swingarextra material may need to be
added which increases the unsprung mass. Thisbh@ay disadvantage because in
general a higher unsprung mass decreases the tdeahof the rear wheel. This
presents the need to reduce the weight of the suwimg

The swingarm lateral and torsional stiffness isvaihdo be important in swingarm
design [3] [8] because they affect the side to siderement (weave mode) of the
motorcycle. In general, it is desirable to maxienike swingarm stiffness to reduce
the weave mode instability [9]. The vertical stés also plays an important role in
the motorcycle setup. The swingarm and the regension spring form two springs
in series between the main chassis and the wHhéelot stiff enough vertically, the
swingarm can change the motorcycle setup and peoduoredictable behaviour.

Although each motorcycle will require different wak for swingarm rigidity,
Cossalter [10] states that typical values for Etswingarm stiffness are 800 kN/m —
1600 kN/m and 1 kNm/deg — 2 kNm/deg for torsiortdfreess. No literature was

found documenting typical values for vertical steés.




It should be noted that no standards were foundgbeern swingarm design. The
literature essentially shows that the swingarm khbe strong enough to handle the
various loads, light enough to reduce the unsproags, and be designed to limit the
dynamic instability of the motorcycle. More detaill be presented in Section 2.2 on

swingarm development.

1.3 Composite Materials
The swingarm under investigation is made from carbbre composite (Figure 5)
and this section presents a brief overview of caositpomaterials and classical

laminate theory (CLT) which governs composite desig

Figure 5. Sample carbon fibre composite sheets.][[L

A composite material consists of two or more didtimaterial types acting in
combination. This definition can be applied toastwrange of materials but is mainly
used to describe fibre reinforced plastics (FRBshss glass, boron and carbon fibre
where carbon fibre reinforced plastic (CFRP) iseasingly being used [12] [2].

A variety of materials which are light and havehgrength and rigidity have been
used for swingarms, including aluminium [13] and gmesium alloy [14] with

magnesium being the lightest of the varioustalscurrently being used. Carbon fibre
has a similar weight density to magnesium, yet ttu¢ghe ease of forming these
materials into complex shapes, carbon fibre caarggneered to have a much higher
stiffness to weight ratio than magnesium [15]. Tse of composites allows for a
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range of benefits such as being able to modify regerial characteristics and
structural stiffness [2], and having high strengtid stiffness to weight ratios [1]. In
the automotive industry, composites have been useldassis, car doors, drive shafts
and leaf springs.

Although the benefits of carbon fibre over metaks &ell documented, developments
in the application of carbon fibre reinforced piastas not been as fast as expected
[12] and in motorcycle design there has not beedespread use [13]. Reasons
include high carbon fibre price, complex motorcyskeapes and general industrial
challenges which indicate the supporting carbomefilmdustry is not yet mature
enough for mass production [13] [16].

A difficulty arises when designing a component gsaomposite material since not
only must a design of the component be carriedmutdue to the anisotropic nature
of composite material, the material itself mustoalse designed. Anisotropic
materials have properties that change accordinglitection due to their non-
homogeneous nature and differences in propertitegela fibres and the matrix [12].

Classical laminate theory (CLT) is used to prethet properties and behaviour of a

laminate which consists of laminae (plies) oriesdian different directions (Figure 6).
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Figure 6. Example of carbon fibre composite sketcehowing different layers
orientated in different directions. [17]

When applying this method, the following assumpdiane made [12]:
* Each lamina is macroscopically homogeneous andryelastic
* The plies are perfectly bonded to each other whemihg the laminate

* The laminate has infinite through thickness shddmess. The through

thickness direction is normal to the lamina surface



* The plane sections remain plane when the lamisdtent or extended.
CLT provides a method of calculating strains andvatures in the laminate if the
forces and moments acting on the laminate are knd@anversely, if the strains and

curvature are known, then the forces and momemtgeaalculated.

FEA is the most popular numerical technique forlysiag composite structures
according to Wood [18] and the finite element paekANSYS (ANSYS® Academic
Research, Release 14.5, Composite PrepPost, ANB¥.pused in this study, bases
its composite software on CLT. Difficulties arigéhen trying to obtain material
properties and failure strengths for composite nedte
1.4 Project Overview
This study begins by reviewing literature to estblvhat research has been carried
out in the following areas:

* The development of test rigs (both experimental artdal) for the testing of

automotive components.

* The design and testing of motorcycle swingarms.

* The application of finite element analysis (FEAtimposite materials.
Based on the literature review, a few points waldeen. The first is that a need exists
to develop automotive components from compositeenas due to their lightweight
and high strength and stiffness properties. Thaés warried out using an initial
laminate design and this study investigates th@ge A single-sided carbon fibre

swingarm shown in Figure 7 was developed for a BU€&98 motorcycle.



Figure 7. Single-sided carbon fibre swingarm for @ucati 1098 motorcycle
[19].

The second is the importance of determining tHeness characteristics of swingarms

because of their effect on the stability of the onogcle. For fatigue and static testing
of the swingarm, a durability test rig was develbigure 8).

Figure 8. Swingarm test rig developed to test thearbon fibre swingarm.

The vertical, lateral and torsional stiffness chteastics of the swingarm as well as
strains at various positions were determined froenexperimental tests.
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Lastly, there is the need to develop a finite eleinmeodel of the swingarm which will
facilitate cost-effective design optimisations. isSThesearch report presents a study of
the stiffness characteristics and strain distrdoutof the swingarm as well as the

development of a finite element model of a carbbrefswingarm.



2. LITERATURE REVIEW

2.1 Automotive Test Rig Development

A considerable amount of research has been cayueith the development of test rigs
for automotive component design. Product developn® no longer confined to
experimental testing but now also includes tesitmthe virtual (computer simulated)
environment. Advantages of virtual testing inclumeng able to evaluate the design
early in the development process before the prptoty available and also allows for
data to be obtained to help with setting up expenital testing [20]. Virtual models
are best at delivering an understanding of systexhawour, interactions and
sensitivity, whilst physical tests are good at iffgimg absolute levels of performance
and the response of complex systems [21].

Durability tests have been used extensively inraotove component design. Servo-
hydraulic rigs (used for durability testing) areeoof the main experimental methods
used in automotive design [22]. Durability tegisrhave been built to test the fatigue
life of motorcycle handlebars (Figure 9) [23], wvahi suspensions (Figure 10) [20]
and motorcycle frames [24] to name a few. Duriagtihg, results are generally
obtained by measuring strain on the component ameh tcalculating the
corresponding stresses.

\-

Figure 9. Durability test rig for motorcycle handlebars. [23]
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Figure 10. Durability test rig for suspension sysm. [25]

The literature indicates that there is an increpsiged to develop virtual tests that can
simulate the experiments. Multi-body simulationE8) has been used to simulate
suspension test rigs and thereby calculate actielesabending moments and forces
in motorcycle frames (Figure 11) [20]. Forces ghdted in MBS may then be used in
the FEA of the component to calculate stressesstmaths. In certain cases, FEA is
carried out to first obtain an indication of theess and strain distribution which then

allows for more strategic strain measurements tedvaed out during experimental

testing [22] [23].
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Figure 11. Example of multi-body simulation usingpADAMS® simulation
software.
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From this discussion on test rigs, it is clear floatthe successful design and testing
of automotive components, there is the need to eunlvirtual (FEA) and

experimental methods.

2.2 Swingarm Development

A survey of the literature shows that there hasidarited research into the design
and testing of motorcycle swingarms and even lassthe development of composite
swingarms. Armentani, Fusco and Pirozzi [8] deteed lateral and torsional
stiffness values of three double-sided aluminiumingarms by carrying out
experimental tests and FEA. They claimed thatntlaén difficulty in designing the
swingarm is to obtain the right balance betweenfla@onal and torsional stiffness,
although no indication is given of what the riglhtdnce is. They initially defined the
loads acting on the rear wheel during corneringhewviewed from the rear of the
motorcycle (Figure 12) along the longitudinal axtee moment caused by the
centrifugal force (that tends to restore the motdec to the vertical position) is
balanced by the moment caused by the weight omthiercycle and rider (that tends
to cause the motorcycle to fall over). Assumingftthe wheels are thin, the resultant
of these two forces is balanced by a resultantitgaand friction force at the wheel-

road contact point that acts along the plane ofitheel.

12



Normal force

Figure 12. Loads acting on the swingarm during carering assuming thin
wheels [8].

In reality however, due to the thickness of the@syrithe resultant force does not act in
the plane of the wheel but along the line conngctire centre of mass and the tyre
contact point (Figure 13). This actual resultamicé (R) has components acting
parallel and perpendicular to the wheel plane. plagendicular component will
generate both a lateral force and a moment abeubtigitudinal axis.
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Figure 13. Loads acting on the swingarm during carering assuming thick
wheels [8].
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For a motorcycle with a mass of 230 kg, Armentdralecalculated the lateral force
and moment to be 125 N and 31 Nm respectively whlaky applied during
experimental testing and FEA. The loads were adpio three different swingarms
used on a Kawasaki ZX10R, Suzuki GSX R1000 and Ho@®R1000R. To
simulate real loading conditions, the lateral ddften was measured while a spacer
and spindle were mounted to the wheel connectiantp@s shown in Figure 14.
Lateral stiffness values of 603 kN/m, 804 kN/m &&% kN/m were calculated from

the force and deflection measurement.
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Figure 14. Lateral loading of the double-sided alminium swingarm using
spacer and spindle to simulate real loading condiins [8].

The torsional loading however, was measured withusirig the spacer and spindle.
The moment of 31 Nm was applied via a force of 249.(25.4 kg) on one of the

swingarm legs as shown in Figure 15.
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Figure 15. Torsional loading of the double-sidedvengarm without using a
spacer and spindle.

It is unclear why Armentani et al. did not make w$dhe spacer and spindle when
applying the torsional loading. By applying theadoonly on one arm without the
spacer in between, it is most likely that highesptacements were measured than if
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the spacer and spindle were inserted to simulaldife conditions. By applying the
load without spacer and spindle, torsional stiffnesmlues of 5896 Nm/rad
(102.9 Nm/deg), 8068 Nm/rad (140.8 Nm/deg) and 806frad (140.8 Nm/deg)
were calculated for the Kawasaki ZX10R, Suzuki G&2000 and Honda CBR1000R
swingarms respectively. The torsional stiffneshies are therefore assumed to be
less stiff than what would be measured while sitmdgreal life conditions. It will be
seen later that these torsional stiffness valuesnaleed much lower than other values

measured in the literature.

Dragoni and Foresti [26] aimed to improve a magmasswingarm design by using

carbon-epoxy composite material. They claimed that structural behaviour of

magnesium is satisfactory but sought to reducentaies of the arm while maintaining
a similar stiffness. Before investigating the casife design, an FE model of the
original magnesium model was verified by simulatithg torsional response and
comparing it with experimental values. They stai@ the torsional response is the
single most important feature of the swingarm framatructural point of view. The

finite element package ALGOR was used to build e model of the composite

design because it supports anisotropic plate elsranted for laminate structures.
Three models were built based on three designpuré-torsional load was applied to
each of them, and the laminate thickness was a&djust obtain similar stiffness

values to the magnesium design. No detail is plexvias to the magnitudes of the
loads. Normalised results show that the final cosite design had an increased
torsional stiffness of 10%, a reduced mass of 30 @& reduced mass moment of
inertia of 40%.

Risitano, Scappaticci, Grimaldi and Mariani [5] aiento link objective data such as
swingarm stiffness and natural frequencies withjesilve information such as
handling and comfort perceived by riders. Theyinodal that to characterize the
swingarm, it is important to look at the torsiostffness. The less stiff the swingarm
is, the heavier the motorcycle feels to the driaved the more difficult manoeuvring
becomes. The stiffer the swingarm, the quicker rsgponse is during cornering.
Risitano et al. tested the torsional rigidity agdhaetrical behaviour of three double-
sided aluminium swingarms. A rig was built thatiicbapply a purely torsional load

to the swingarm and measure the twist angle allmuitangitudinal axis. This was
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done in both clockwise and counterclockwise dimetti No explanation was given
for how the magnitudes of the torsional loads (leetavO and 400 Nm) were derived,
and it is assumed that the loading was applied Iginp obtain the stiffness

characterization. The loads were applied by hyldrgacks and deflections were
measured via potentiometers. From the tests, owaki stiffness values of

670 Nm/deg, 890 Nm/deg and 1330 Nm/deg were foumdtle three swingarms
(Figure 16).
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Figure 16. Torque-angle curves for three swingarmgs]
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An FE model was built in ANSYS Workbench and simtksts were simulated. The
average difference between the FE and experimesgalts was under 4%.

Cossalter, Lot and Massaro [27] studied the effeetswingarm has on the weave
mode stability of a 150 cc scooter. The weave mdescribes the side to side
oscillation of the motorcycle which is due to yamdaroll effects of the motorcycle.
Cossalter et al. showed that from 0 m/s to 18 @#skim/h), the degree of torsional
and lateral rigidity has negligible effect on theave mode stability. However, as the
torsional stiffness increases, the weave modelsyaipicreases at speeds higher than
18 m/s. The weave mode stability also increasdébeatateral stiffness increases, but
only up until 36 m/s (130 km/h). At speeds abod® km/h an increase in lateral

stiffness shows a decrease in weave mode stabiliherefore at speeds greater than
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130 km/h, the torsional and lateral stiffness dffethe weave mode stability in a

contradictory manner.

Lake, Thomas and Williams [28] summarized work iearout by various researchers
on the effect that swingarm stiffness has on théorogcle weave mode and found
conclusions that matched Cossalter et al. [27] ebokake et al. state that it is
obvious that the increase in torsional stiffnessaases the weave mode stability but
askedwhat are acceptable values of swingarm torsionéiingts® They showed that
Sharp [29] claimed that a torsional stiffness vai@09 Nm/deg would approach an
absolutely rigid swingarm. However recent desidrsve significantly higher
swingarm stiffness values. For example, CossHI®rstated that modern swingarms
have stiffness values of between 1000 Nm/deg af@ Rbn/deg as discussed earlier.
Risitano et al. [5], also discussed above, detegthiralues of 670 Nm/deg and higher.
The values calculated by Armentani et al [8] (desmd earlier) of between 102.9
Nm/deg and 140.8 Nm/deg, appear to be unusuallyfdowwingarms and even lower
than what was suggested by Sharp [29] and thelgessiasons for their low stiffness
values were discussed earlier. Lake et al. [28ickmle their study on torsional
stiffness by saying that the reported torsiondfr&ss on contemporary swingarm

designs is not consistent.

Iwasaki, Mizuta, Hasegawa and Yoshitake [14] dgvetba magnesium swingarm
due to the growing concern over improving fuel@éncy in motorcycles. Four finite
element models of the swingarm were built using M&xstran. The first was a
conventional aluminium design and the other thresghs were of magnesium. The
torsional rigidity of the designs was analysed gdinite element models and a test

rig. The redesigned swingarms were 10% lighter&i% more torsionally rigid.

Dragoni (discussed above) [26], Airoldi & Bertolig] and O’Dea [13] carried out
designs of swingarms using composite materialse I&tter two investigated methods
of designing the swingarm by optimising the staglsequence of the laminates in the
composite. Airoldi et al. carried out a redesighacsingle-sided swingarm using
carbon fibre composite. The goal was to comparenaposite swingarm design with
an existing aluminium design. They aimed to mizenthe torsional, lateral and

vertical deflections as well as the mass by ingasing the stacking sequences of the
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plies. Genetic algorithms were used to identifraination sequence that gave the
desired stiffness properties. FEA was only caroed on the original aluminium
design and not on the composite arm which was dedigising an optimisation
algorithm (implemented in Matlab). O’Dea redesdjraexd manufactured a double-
sided swingarm from a Honda CRF450 using carbae f@poxy composite moulded
in metal inserts. The method of design was cawigdusing the Composite Modeler
ply modelling and fibre simulation software deveddpby Simulayt Ltd [30].
Composite Modeler allows the user to specify thsigie of the plies and then

simulate the manufacturing process to highlight pmgsible manufacturing problems.

2.3 Leyni Durability Test

Thus far the literature has focussed on determifatgyal and torsional stiffness of
swingarms. The only literature found that lookedvertical loading of swingarms
was the Leyni Durability Test used by Gaiani [3ittcarried out fatigue tests on an
aluminium single-sided swingarm in the verticalediton. The Leyni Test rig
consists of a drum with a 300 mm high step on @ amns with a speed of 20 km/h
and rotational frequency of 3.7 Hz. The rear witéel motorcycle is mounted on the
drum and as the drum rotates it applies an impose to the wheel every time the
step passes. During the cyclic loading, the ingiatic load due to the driver and
passenger was 1960 N and a maximum applied loadiB§00 N occurred when the
step impacted the wheel. Therefore although thieeotiresearch is based on static
loading, the magnitude of the vertical loads agpliethe Leyni Test were taken into

account.

2.4 Experimental Strain Measurements on Composites

Due to the swingarm being made from carbon fibvesis necessary to study literature
discussing measuring strain on orthotropi@aterials. Tuttle and Brinson [32] studied
strain gauge transverse-sensitivity effects andremue to gauge misalignment when
measuring strain on orthotropic materials. Thadvarse-sensitivity refers to a strain
gauge responding to a strain field that is perpmridr to the gauge’s major axis. This
response is undesirable because the reading ofbten®ot the actual strain in that
direction but a combination of axial and transvestain. The effect of transverse

! A material whose properties differ in the x-,ydandirections.
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sensitivity should always be considered when stimibeing measured in a biaxial
stress field and if the error due to this phenomeisosignificant, then correction

should be made. A full discussion on correctingtfansverse sensitivity can be seen
in [33] but the basic equations for correcting snarse sensitivity are presented in
Equations 2-1 and 2-2 which can be used when dteosain gauge is applied to

measure strain.

&x = (1 —voKp) (Emx — thmy) (2-1)

&y = (1- UOKt)(Emy — Ki&mx) (2-2)

Where Emxs Emy Strains measured along the x and y axes,

Kt = Transverse sensitivity factor calculated byiding the
transverse gauge factor by the axial gauge faciomnally
between -0.05 and +0.05,

€, &y = Corrected or true strains in the x- and y-dicew, and

v = Poisson’s ratio of the material on which thenofacturer’s

gauge factor was measured, normally 0.285.

Concerning gauge misalignment, due to the orthatromture of carbon fibre
composites, the principal strain direction doesalatays coincide with the principal
stress directions. Therefore if a gauge is intdndemeasure strain along a specific
direction and there is slight misalignment, ernmay occur which are larger than that
for an isotropi€ material. The error is dependent on the following

* misalignment of the gauge with the intended dimtbf measurement, and

* angle between the fibre direction and the measumnedigection.
Tuttle and Brinson [32] looked at the effect of gaumisalignment at plus and minus
2 and 4 degrees with reference to the intended akismeasurement on a
unidirectional graphite epoxy composite. It wasrfd that the largest errors occurred
when the angle between the gauge direction anéiltfeedirection was 8°. Errors of

15% and 30% occurred for thé @nd 4 misalignment. Therefore when comparing

2 A material whose properties are the same in edltions.
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the FE results with the experimental values in i88&.3.2, the effect of gauge

alignment is discussed.

2.5 Finite Element Analysis on Composites
As presented in Section 2.2, only a few papers vierad that directly investigated
composite swingarms. It was necessary therefordoriefly look at literature

focussing on the use of FEA for general compogf#ieations.

Ali [34] studied the performance of FE techniqugsabalyzing structures where the
theoretical solutions were available. These stmestincluded an axially loaded plate
and a simply supported plate and beam. A fundaahdifticulty with FE systems is

their inability to accurately define the orientatiof composite materials which are
anisotropic. Stresses are discontinuous at tieefatte of two plies. The stress-strain
relationship for a laminate can be synthesized ftbm properties of all the plies

making up the laminate. The entire stack of ptias therefore be modelled with a
single shell finite element because the materiaperties of the laminate are
completely reflected in the elastic moduli matriéesthe element. These matrices
can be calculated if the thickness, material prigeand relative orientation is known

for each ply in the laminate.

Yinhuan and Zhigao [35] analysed the mechanicatatteristics of a glass fibre leaf
spring using ANSYS software. Glass fibre reinfargastics (GFRP) are orthotropic
materials and the SOLID 46 laminated element wasl urs the finite element model.
This element allows for up to 250 layers where regerial properties, thicknesses

and orientations can be specified for each layer.

Mian, Wang and Dar Zhang [36] investigated the profibre orientation and
laminate thickness for three composites, namelyaSsgepoxy, Kevlar/epoxy and
Carbon/epoxy used in pressure vessel design. THR8YAS Parametric Design
Language (APDL) and Design Optimization module wssd in the analysis and the
numerical results were verified using Matlab codesdnl on classical lamination
theory and Tsai-Wu failure criteria. Tsai-Wu faduwriteria were used to predict first

ply failure of a composite laminate.
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3. OBJECTIVES
This study took the initial step in the design ofcarbon fibre swingarm. The

following objectives were set:
1. Determine the vertical, lateral and torsional sgfs and strain characteristics

of a prototype swingarm through experimental tgstin

2. Develop an FE model of prototype carbon fibre swmgy which would be
validated using the strains and displacements meadsiuring experimental
testing. The loads used during experimental tgsiere applied to the FE

model during validation.
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4. METHODOLOGY

A carbon fibre swingarm was developed using aniainilaminate design. To
determine which areas on the swingarm are inadedr@nh a design point of view, it
was necessary to determine stiffness and strairactesistics from deflection and
strain measurements and also to develop a FE moikis section describes the
following:

1. The setup of the test rigs

2. The experimental tests

3. The development of the FE model

4. The FE simulations carried out on the swingarm

4.1 Experimental Equipment and Instrumentation

This section presents the equipment and instrurtientased in the vertical, lateral
and torsional tests. The torsional and laterdstbave slight variations which are
discussed in Sections4.3 and 4.4. Table 1 preséhé equipment and
instrumentation used during testing and the figuhes they appear in. The design

and manufacture of the test rig was presented lackth[37].

Table 1. Equipment and instrumentation used in theest rig.

Component Figures
Hydraulic jack for applying loads 17
Three brackets for rigidly mounting the swingarm &78
Two plummer block bearings 18
Chain for transmitting the load between the hydcajaick and the load 17
cell and swingarm

Load cell (50 kN) that provided the load readingBor the load cel 17

calibration, see Appendix B.

Rosette strain gauges (120 for measuring strain in the 0°, 45°, and 9020 and 115
directions to 129

NI data acquisition hardware 130

LabView software for reading and recording stragasurements -

Computer -

Dial gauges for measuring deflection 17
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Figure 17. Test rig showing various components.
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Figure 18. Test rig showing various components.
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el

Rocker arm

assembly

Figure 19. Connection from swingarm to rocker-arm.

The positioning of strain gauges is often basetherstrain distribution obtained from
FEA. In general, gauges are placed in areas slgoavimiform and high strain field.
In this case, due to the complexity of building & model of the swingarm, this
approach was not taken. This was because it wiaknoovn if the FE model would
present accurate enough results on which to baspdsitioning of the strain gauges.
Therefore the gauge positioning was based on tleniog:
* Comparing the strain at the aluminium inserts i strain in the middle of
the swingarm.
* Looking at the type (tensile or compressive) angmitade of the strain at the
lower and upper arms of the swingarm.
* Assuming that the highest strains would generatiyuo on the top arm which
is potentially the furthest distance from the naludixis.

24



Rosette strain gauges (see Figure 20) were useeasure strain on the swingarm.

Figure 20. Rosette strain gauge.

Rosette strain gauges measure strains at zerg;fieet and ninety degrees which
allows for measuring the strains along the zeraekgnd ninety degree axes of the
carbon fibre laminate. These two directions cqmoesl to the longitudinal and
transverse directions of the fibre. As shown igufes 21 and 22, the gauges were

mounted at 8 positions on the swingarm.
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Figure 21. Strain gauge measurement positions.

Figure 22. Strain gauge measurement positions.

Each strain gauge had its own local coordinateegaystThe zero degree (longitudinal)
direction for each gauge was lined up with the globaxis which corresponds to the
longitudinal axis of the swingarm (Figure 22). Thenety degree (transverse)
direction was aligned perpendicular to the longitatigauge direction and parallel to
the surface on which the gauge was placed. Théiguoeg of the strain gauges can

be seen in more detail in Appendix D.
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4.2 Experimental Rig Setup and Loading — Vertical Testig

This section describes the set-up of the teshiag applied loading to the swingarm in
the swingarm vertical plane. The test rig is showirigure 23. Although it shows

the loads being applied to the swingarm in thezworial plane via the hydraulic jack,

it actually simulates the vertical swingarm loadscduse the swingarm is rotated

through 90 on the test rig.

Hydraulic jacl

Direc

tion of loau [
Pa A 8 W

\VL,

Figure 23. Swingarm test rig to apply vertical loal.

More detail with respect to the manner in which sikengarm was attached to the rig
is discussed under Section 4.5.5 when describiagdhnstraints for the FE model. In
the vertical test, loads of between O N and 800@dye applied in increments of
1000 N. The aim was to include the range of laadke Leyni Test and also to apply
a wider range of vertical loads on the swingarm determine the stiffness
characteristics.

4.3 Experimental Rig Setup and Loading — Torsional Teshg

This section describes the setup of the rig dutorgional loading of the swingarm
(see Figure 24). The aim of this test was to apgigrsional load to the swingarm in
order to calculate the torsional stiffness and teasure strain. The equipment,
instrumentation and positions of the strain galagesthe same as that used during the
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vertical loading. The difference here is that dival steel shaftwas attached to the
wheel mount and the hydraulic jack was elevatedroter to apply the loads at a
distance from the longitudinal axis. This resulte@ moment about the longitudinal
axis of the swingarm. From the reader’s perspective longitudinal axis goes into
the page.

Raised hydraulic jac
' “e

;- . - »
/ Vertical steel v
= & ’
| shaf

I ; Wheel mount

Figur 24. Rig setup to aply a torsional load oswingarm.

The torsional loading was based on the work camwigdoy Risitano et al. [5] and the
aim of these tests was to determine the torsidifadess of the swingarm by applying
a moment and calculating the angle of rotation.sitno et al. applied loads of
between 0 and 400 Nm and measured the deflectigle &or each load application.
The loads applied during the current test incluthesl range but went up to 680 Nm.
Figure 25 shows that due to a single force beirgieg at a perpendicular distance

from the longitudinal axis, a force and couple matret at the wheel mount [38].

% For more detail on the design of the verticallstbaft, see Appendix E.
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Dial gauge 2

Dial gauge 1

e
.

Figure 25. Test rig showing the steel arm used the torsional test.

The length of the moment arm was 340 mm and thgeran forces was between O N
and 2000 N in increments of 100 N. Equation 4-g&spnts a sample equation
showing how the moment was calculated using a fofd®0 N.
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M =Fd

= 100 x 0.34 (4-1)
= 34 Nm
Where: M = Moment [Nm],
F = Load applied on the vertical steel arm [Nida

= Length of moment arm [m].

Therefore based on the methodology above, Tablegepts the range of forces and

moments that were applied.

Table 2. Forces and moments applied during torsiai test.

Force [N] | Moment [Nm] | Force [N] | Moment [Nm]
100 34 1100 374
200 68 1200 408
300 102 1300 442
400 136 1400 476
500 170 1500 510
600 204 1600 544
700 238 1700 578
800 272 1800 612
900 306 1900 646

1000 340 2000 680

As discussed earlier, due to the applied forcebming a coupfe a resultant force
occurs at the wheel mount. Therefore a defleationonly occurs at the top of the
arm but also at the wheel mount. When measurireg ahgle of rotation, the
deflection at the top of the steel arm and theedéthn at the wheel mount were both
taken into account (hence the need for two diaBgaushown in Figure 25). To
present the method of calculating the angle oftiaiaa schematic is presented in

Figure 26. During loading, both the top of theem and the wheel mount deflect

* A couple is defined as two parallel forces thatehthe same magnitude but opposite directions and

are separated by a perpendicular distance [34].
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to the left. In order to obtain the net deflectatrthe top of the arm, the deflectisn
at the wheel mount, was subtracted from the défles; at the top of the arm. The

two dial-gauges were used to measure deflectitmeabottom and at the top.

S, Top of steel arm

«—
A

r=0.34m

4_— L |
S, Wheel mount

S

Figure 26. Schematic of deflection of steel arm dung torsional loading.

The resultant deflection was divided by the raditBz! m as shown in Equation 4-2 to

calculate the angle of rotation.

(52— 1) (4-2)

Where: Angle of rotation [rad],

Deflection measured at wheel mount [m],

$ @
I

Deflection measured at top of steel arm [m{ a

Radius [m].

ﬂ
1

The torsional stiffness was then calculated usiggaion 4-3

M (4-3)
ke =

Where: k= = Torsional stiffness [Nm/rad],

<
I

Moment [Nm], and
Angle of rotation according to Equation 4r2ad].

>
1]
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The units of the the torsional stiffness were cotedeto Nm/deg by multiplying by
7 [rad]/180 [deq].

4.4 Experimental Rig Setup and Loading — Lateral Testiig

Due to the swingarm being rotated°9@bout the longitudinal axis, in order to
simulate a lateral load, a vertical load was appiethe wheel mount. As shown in
Figure 27, the hydraulic jack was disconnectedwaeigihts were simply placed on the
wheel mount which would apply a load vertically dovards.

Figure 27. Rig setup for applying lateral loads irthe global z-direction.

The range of loads was based on work carried ouAlgentani et al. [8] who

calculated a maximum lateral load of 125 N. In therent test, a load of up to
133.4 N was applied. Three mass pieces of 4.58.6§, kg and 4.49 kg were used to
apply increasing loads as shown in Table 3. THeden was measured at each

load increment using a dial gauge positioned atbibttom of the wheel mount as
shown in Figure 28.
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- Dial gaug:

Figure 28. Position of dial gauge during lateraldading test measuring the
lateral deflection.

Table 3. Loads applied during lateral test.

Load | Total mass [kg] | Total weight [N]
1 4.58 44.9
2 4.58+4.53 = 9.11 89.4
3 9.11 +4.49=13.6 133.4

4.5 Development of the Finite Element Model

The carbon fibre swingarm is an intricately mantfeed component.

are laid up by hand and several different areagpoes, occur on the swingarm with

different layups. A layup (or stackup) is a numbg&taminae (or plies) overlaid on

each other, each potentially having a differentefibrientation and type of weaving
(such as unidirectional or woven).
unidirectional plies with fibre orientations of -450°,

measured according to a reference axis. The cdib@swingarm has a number of

For examplelagup could have three

different layups consisting mainly of two types adrbon fibre plies, a 300 gfm

unidirectional fibre and a 380 gfrwoven fibre.
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4.5.1 Software

ANSYS Composite PrepPost together with ANSYS St&trtictural was used in the
FEA (Figure 29). ACP (Pre) was used for pre-preices (creating the composite
layups) and ANSYS Static Structural was used tolyapipe mesh and boundary

conditions, to solve the simulations, and alsoitewthe deflection and strain results.

- A - B
8 P ACP (Fre) i T Stabc Structural

2 & EngneeringData ' ,————8 2 & EngnesringData +
3 | {® Geometry v g8 3 () Geometry v
G @ Mode W R P Model o =
5| i Setup v ———a5 B§ SectonData v 4
ACP (Pre) 5 @ setp v 4

7 | Solution o

8 @ Results ¥ .

Static Structural

Figure 29. ANSYS Workbench Project Schematic showg the three parts of
the simulation.

4.5.2 Assumptions

To develop the finite element model, it was necgsga first determine the various
zones on the swingarm and the type of layup thademg each zone. Once that
information was obtained, various initial assumpsiovere made:

* Only the most significant zones with their layupsrgzmodelled. Due to the
complex shape of the swingarm and the large numwif®ones, to simplify the
modelling, the smaller zones (which had slight ediéhces in layup to the
larger more significant zones) were modelled with $ame layup as the larger
zones.

* Lamina overlap was not modelled due to its compyexPlies were modelled
essentially assuming butt joints. For more discms®n ply overlap, see
Appendix C.

e The aluminium inserts (shown in Figure 30) were maidelled. The aim of
the simulation was to get an overall impressionhef effects of the loadings

and the aim of leaving out the inserts was to simfiie FE model.
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Figure 30. Swingarm showing the aluminium inserts.

Furthermore, the supplier supplied limited inforioaton the material properties and
therefore standard properties for both the unitiveal and woven plies were
assumed which are presented in Table 4. The ajppatx thickness of each ply is
also given.

Table 4. Material properties of the carbon fibre gies used in the FE model.

Material E; = G v Thickness
[GPa] [GPa] [GPa] [mm]
Unidirectional (300 g/f) | 135 10 5 0.3 0.3
Woven (380 g/M) 70 70 10 0.1 0.38
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45.3 Model Preparation and Mesh Generation

ANSYS DesignModeler was used for modifying and prepy the swingarm solid
model for FEA in ANSYS. First the solid model waansformed into a surface
model to allow for later modelling of shell elem&ntFurther preparation included
repairing holes, sharp angles and edges which eflofer a better FE mesh to be
created. The model was also sectioned for modgthe various layups and applying
the various loads using the Named Selection functio ANSYS. After model
preparation, the mesh was generated as shown umeF8iL. The mesh consisted of

triangular and quadrilateral shell elements witl694 nodes and 52,295 elements.

Figure 31. Finite element mesh on the swingarm

The element type used in the mesh was a SHELL18&hwik a 4-node structural
shell suitable for analyzing thin to moderatelyckhshell structures. It has six degrees
of freedom at each node: translation in the xand z-directions, and rotations about
the x-, y- and z-axes. The element is used foerky applications for modelling
composite shells.

4.5.4 Creation of the Layups

The various zones made it possible to create tHeondibre layups in ANSYS ACP
(Pre). Before creating the layups, the types dene used in the layups, namely the
380 g/nf woven fibre and 300 gfrunidirectional fibre, were defined with their
material properties. Thereafter a specific layopdach zone was created based on

the number of plies used, the type of plies andh @hg's orientation. The main zones
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covering the top and bottom arinef the swingarm are presented in Figures 32
through 39. As discussed earlier, the smaller gaovith their layups were included in

these larger more significant zones with their f/ghown in these figures.

Figure 33. Top zone of the top arm.

®> Not all the zones are shown here. The aim isve the reader an indication of the method of zgnin

to create layups in those areas.
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Figure 34. Inside zone of the top arm.

Figure 35. Zone underneath the top arm.
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Figure 37. Top zone of the bottom arm.
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Figure 38. Inside zone of the bottom arm.

Figure 39. Underside zone of the bottom arm.

455 FE Model Boundary Conditions
Figure 40 shows a solid model of the test rig asbgnmvith the aim being to present
the constraints on the swingarm and how they wepdied in the FE model. The rig
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was built to simulate how the swingarm is mountethe motorcycle. Point A shows
the wheel mount position where the vertical, ldterdorsional loads were applied

Rocker arm

assembly

Figure 40. Positions of loading and constraints othe swingarm.

Points D and E represent where the swingarm is bteduto the main motorcycle
chassis via bushes. These constraints were mddallthe FE model as cylindrical
supports which only allow rotation about the piadis and no translation in any
direction. The pivot axis here is essentially frBwint D to E which is the axis about
which the swingarm pivots. Points B and C indicateere the swingarm was
connected to the rocker arm assembly via revolitgy. Figures 41 and 42 show
close-ups of the rocker arm assembly which congtisvo rigid aluminium links

connected to an aluminium cross member.

41



.

o -_lh_ T

v

Rigid nks

Figure 42. Rocker arm assembly.

It is important to note that the centre of the sra&mber also acts as a pivot point
where only rotation about the axis coming out ef plage is free. Every other rotation

and translation is fixed.

The rocker arm was modelled using line bodies auh déine body was designated a

certain length, material and cross section to sateuhe aluminium links in the rocker
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arm assembly. Figure 43 shows the FE model wihlitie bodies representing the
rocker arm assembly. The parallel rocker arm limkexe attached to the main

swingarm using revolute joints which allow the kno rotate about an axis parallel to
the swingarm pivot axis. The parallel arms wetacdited to the cross member also
with revolute joints allowing rotation about thevpi axis. The cross member was
then attached to ground also via a revolute jotnitsacentre. The revolute joint

allows for rotation about the axis parallel to theot axis and is constrained in every
other translational and rotational direction. Tigeire presents the revolute joints as

red dots and the centre of the cross member ishattito ground.

Pivot axis

Figure 43. Finite element model of swingarm showamthe rocker arm. The
red dots indicate the positions of the revolute jaits.

4.6 Finite Element Analysis —Vertical Testing

During the vertical loading simulations, due to ragilinear, the FE model was
subjected to the maximum load of 8000 N in theigaltplane as shown in Figure 44
and deflection and strains were determined. Tiselt® were compared with the

deflection and strain measurements obtained dexpgrimental testing.
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Figure 44. FE model showing constraints applied ding vertical loading.

4.7 Finite Element Analysis —Torsional Testing

The FE model was subjected to the maximum momen688f Nm about the
longitudinal x-axis as discussed in Section 4.3ue@o the force applying both a
moment about the longitudinal axis and a resulfarde in the motorcycle vertical
direction, both a force and a moment were applgesh®own in Figure 45. The aim of
this simulation was to calculate the strains arftedegon due to the torsional load and

compare it with the experimental values.
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Figure 45. FE model subjected to a moment about ¢hlongitudinal x-axis
and a force in the motorcycle vertical direction.

4.8 Finite Element Analysis —Lateral Testing

The maximum lateral force of 133.4 N was appliedht® FE model to simulate the
maximum load applied in Section 4.4. The FE maglshown in Figure 46. The aim
of this simulation was to compare the lateral deiten with the experimentally
measured lateral deflection.

Figure 46. FE model subjected to a load in the motcycle lateral direction.

45



5. RESULTS AND DISCUSSIONS

This section presents and discusses first thetseBoim the experimental deflection
and strain measurements. Thereafter the resudits the FEA are discussed and

compared with the experimental results.

5.1 Swingarm Deflection

The vertical deflection of the swingarm is shownHigure 47 and is based on the
experimental set-up discussed in Section 4.2. fits¢ observation is that the

swingarm exhibits a linear relationship betweertdéoand deflection within the range
of loads applied. A maximum deflection of 15.85 muas measured at the maximum
load of 8000 N. Furthermore, Figure 47 shows tlmpes of the curve to be

approximately 500 N/mm or 500 kN/m which represehts stiffness coefficient of

the swingarm in the vertical direction.

Vertical deflection
e | | | | | | |
| | | | | | e
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| | | | | |
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Figure 47. Vertical deflection of swingarm showindghe vertical stiffness
coefficient of 500 kN/m.

As discussed earlier, the swingarm and the sprinthe rear suspension form two
springs in series between the chassis and the wide swingarm must therefore be

rigid enough to not negatively affect the effectstéfness between the chassis and
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the wheel. Consider two springs in series as showfigure 48, wheregk ksy and
Kert represent the stiffness coefficients of the rgaing, swingarm and effective
stiffness between the chassis and wheel, respbctidgpical values for rear springs
on the Ducati are between 50 kN/m and 100 kN/msuAsng a rear spring value of
50 kN/m the equation calculating the effectivefsébs is as follows: 1+ 1/ksw =
l/kes. The effective stiffness is calculated as 45 kN/phe swingarm therefore needs
to have vertical rigidity considerably higher thiuat of the rear spring, in the region
of ten times higher. Therefore it can be safeuaged that the effect that the carbon
fibre swingarm will have on the effective stiffnesstween the chassis and the wheel
will be minimal. This indicates that the largeetdifference in the vertical stiffness
between the rear spring and the swingarm, the ictbseeffective stiffness will be to
that of the rear spring. Essentially the loweinrgpistiffness dominates the effective
stiffness. It is concluded therefore that the g@@m has a sufficiently high rigidity to

not negatively affect the rear spring.

___ Chassis

Kep = 50 kN/m

Ksw = 500 kKN/m

<« Wheel

Figure 48. Schematic showing the rear spring anche swingarm as springs
in series between the chassis and the wheel.

The vertical deflection of the swingarm was als@swed during unloading, i.e. once
the maximum load of 8000 N was reached, the load decreased by 1000 N
increments and the corresponding deflections wecerded. Figure 49 shows the
vertical deflection during loading and unloading f@o sets of tests that were carried

out.

47



Vertical deflection
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Figure 49. Deflection during loading and unloadingpf the swingarm

It can be seen that the loading and unloading suexéibit a form of hysteresis. The
unloading graphs show higher strains at the sa@ |dVhat is interesting to see is
that during the step from 1000 N to zero, bothstebbw that the swingarm deflection
moves to a negative deflection from where it sthr(Eigure 50). It would be
expected that due to hysteresis there would be geent strain in the swingarm. The
reason for this may be due to slight play in tlgesetup and possible overshoot due to
inertial effects. The slight overshoot is approaiety half a millimetre compared

with the total deflection of approximately 16 mm.
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Vertical deflection
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Figure 50. Deflection during loading and unloadinghear the zero load

mark.

Figures 51 and 52 present the torsional defleatesults based on the experimental

set-up discussed in Section 4.3. Figure 52 sholimear trendline to approximate the

slope of the curve as 550 Nm/deg which represémddrsional stiffness coefficient

of the swingarm.
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Figure 51. Torsional deflection of the swingarm.
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Figure 52. Torsional deflection of the swingarm sbwing the torsional

stiffness coefficient of 550 Nm/deg.

This value appears to be approximately in the reiddithe spectrum of values found
50
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Table 5. Comparison of torsional stiffness valuesbtained from the

literature.

Designation Torsional stiffness [Nm/deqg]
Kawasaki ZX10R (Armentani et al.) 102.9
Suzuki GSX R1000 (Armentani et al.) 140.8
Honda CBR 1000R (Armentani et al.) 140.8
Sharp 209
Ducati Carbon Fibre 550
S2008 (Risitano et al.) 670
SM 2008 (Risitano et al.) 890
BNG 2008 (Risitano et al.) 1330
Cossalter 1000 - 2000

The 550 Nm/deg is higher than the 102.9 Nm/deglaii8 Nm/deg determined by
Armentani et al. [8] and the 209 Nm/deg suggeste&lmarp [29]. It is lower than

those obtained by Risitano et al. [5] of 670 Nm/d@@0 Nm/deg and 1330 Nm/deg
and also lower than the typical values presentedCbgsalter et al. of between
1000 Nm/deg and 2000 Nm/deg [10]. As discussedséation 2.2, the values

calculated by Armentani et al. were calculated authusing a spacer and spindle to
simulate real conditions. It was felt that theleletions calculated by Armentani et al.
were higher than if real life conditions were siated which means their stiffness
values were lower. Due to the uncertainty of tmsional stiffness values calculated
by Armentani et al., the carbon fibre swingarm wather compared with the value of
209 Nm/deg by Sharp and the higher stiffness valmestioned above. This

uncertainty shows the need to develop a standatdothef testing both single-sided

and double-sided swingarms to determine the stiffrebaracteristics.

Based on the value suggested by Sharp, the carbi@ dwingarm is stiff enough.
However, when compared with the higher values detexd by Risitano et al. and
Cossalter, the rider may experience a “heavieré rie to the lower torsional
stiffness. Furthermore, as was discussed by Gessl al., lower torsional rigidity
reduces weave mode stability at higher speeds.reldre the results suggest the
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carbon fibre swingarm may cause the motorcyclexfgegence lower stability in the

weave mode at higher speeds than the other motescyc

Figures 53and 54 show the torsional loading andachhg for two different tests.

Hysteresis is shown to occur in the swingarm whicluld add to the torsional

damping.
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Figure 53. Torsional deflection of swingarm duringloading and unloading
during two torsional tests.
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Torsional deflection
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Figure 54. Torsional deflection during loading andunloading near the zero
mark.

The lateral deflection (based on Section 4.4) of 8wingarm is presented in
Figures 55 and 56 with Figure 56 adding a lineamdtine approximating the slope of
the curve. The slope of the curve representsatezdl stiffness coefficient equal to
approximately 445 N/mm (445 kN/m).
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Lateral deflection of swingarm
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Figure 55. Lateral deflection of the swingarm.
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Comparing this result to those obtained by Armen&ral. [8] and typical values

stated by Cossalter [10] (Table 6), it can be shahthe swingarm lateral stiffness of
445 kN/m is on the lower end of the spectrum. imailar manner to the torsional
rigidity, the lower lateral stiffness may cause tlter to experience a “heavier” ride
due to the slower response time. The lower ssn@ompared with other values)
may also reduce weave mode stability at mediumigben speeds. However as
shown by Cossalter et al. [27], the lower latet#fress may increase the weave
mode stability at high speeds.

Table 6. Comparison lateral stiffness values.

Designation Torsional stiffness [kN/m]
Ducati Carbon Fibre 445
Kawasaki ZX10R (Armentani et al.) 603
Suzuki GSX R1000 (Armentani et al.) 804
Honda CBR 1000R (Armentani et al.) 965
Cossalter 800-1600

Although the results show the torsional and latstiffiness values of the carbon fibre
swingarm to be generally lower than other swingatiffiness values, it is difficult to
state whether the swingarm will certainly affece tbornering response time and
weave mode stability as suggested. In comparinggasms, a few points should be
noted. First, the affect that swingarm stiffneas bn weave mode was studied on a
150 cc scooter (Cossalter et al. [27]). The qoedi ask here is, can the results from
a scooter be compared with that of a much larggngamotorcycle? Second, which
follows on from the first, is it appropriate to eatly compare swingarm stiffness
values of different motorcycles with one anotheEach motorcycle consists of a
number of different components such as wheels,drand suspensions, each with a
certain mass, stiffness and damping. Each motacyotentially has a different
overall dynamic system. A direct comparison dfrstiss values may not provide the
overall picture of how the swingarm affects thetsysas a whole.

The discussion suggests that it is better to coempaingarms that have motorcycles

with similar overall dynamic systems. To determihe actual effect that the carbon
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fibore swingarm stiffness would have on the motokeywould require firstly a
comparison with the stiffness values of a standduichinium Ducati 1098 swingarm.
Furthermore, it is recommended to carry out expenitd acceleration and strain
measurements on both the original aluminium swimgand the carbon fibre
swingarm while the motorcycle is being operatedulgh typical driving conditions at
increasing speeds. Only then could more conclusisgements be made regarding
the effect that the swingarm has on the motorcycléhis study however, has
successfully characterized the stiffness of thbaafibre swingarm.

5.2 Strain Analysis
The results and discussions of strain measurenmntfie swingarm are presented

next.

5.2.1 Strain Gauge Validation

Before the strain gauges were mounted on the swimgad measurements were
made, an axial strain gauge was mounted on a eamtirectangular plate and loads
were applied. The strain was measured and compatiedhe FEA carried out on the
plate (Appendix A). The aim of this exercise wawalidate the strain measurements
with classical laminate theory used in the FEA.fféences of less than 2% were
found between the FEA and strain gauge reading&isgahat the measured values

corresponds well with the results obtained using.FE

5.2.2 Strain Gauge Transverse Sensitivity

Strain gauge transverse sensitivity was discussé&kction 2.4 where equations were
presented that calculate the actual strain alorgawge axis based on the strain
measured axially and perpendicular to gauge aXisese equations were applied to
the measured strain in the &d 90 axes where the x-direction corresponds to 0° and
the y-direction corresponds to 90°. Table 7 shthesmeasured strai@s, andey, at

the maximum vertical load &000 N Furthermore, only Positions 3 through 6 were
taken into account because the data acquisitioersyenly captured both the x- and
y-direction strains needed to calculate the erusr b transverse sensitivity at Gauges

3-6. Tables 8 and 9 show the actual strajna(ide, ) using transverse sensitivity
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factors ofK; = +5% (0.05) and -5% (-0.05) respectively. Thes&an’s ratiovg for
steel was taken as 0.285 [39].

Table 7. Measured strain in the longitudinal and tansverse directions at

maximum load of 8000 N at Positions 3-6.

Table 8. Strain correction at Positions 3-6 using; = +5% (0.05).

Position | g, [pe] Emy [ue]
3 -592 831
4 -1090 660
5 1050 -884
6 725 -394

Position | g, [ug | % error | g [ug | % error
x-direction y-direction
3 -625 -5.5 848 -2
4 -1109 -1.7 702 -6.4
5 1077 -2.6 -923 -4.4
6 734 -1.2 -424 -7.6

Table 9. Strain correction at Positions 3-6 using; = -5% (-0.05).

Position | g, [ue] | % error | g [ug | % error
x-direction y-direction
3 -558 5.7 813 2.1
4 -1072 1.7 614 6.9
5 1020 2.9 -843 4.6
6 715 1.4 -363 7.9

The maximum error due to transverse gauge sengitixas approximately -7.6% and

+7.9% for Strain Gauge 6 in the y-direction. Basedhese results, it was assumed
that the errors were small enough to ignore whesgarting the experimental results
in this section. It should be noted that the ammthis section was to obtain an
indication of the type and magnitude of the straind therefore errors of less than 8%

were considered small enough to ignore. Howevéenvcomparing experimental
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and FE results in Section 5.3.2, the errors dueattsverse sensitivityweretaken into
account when attempting to minimize the error betwéhe FE and experimental

results. The following section presents the stragults as measured.

5.2.3 Strain Measurements

For the sake of clarity, the strain gauge measunémpeasitions on the swingarm are
presented again in Figures 57 and 58. The lower @fers to the part of the
swingarm that contains Positions 2 and 3; the top eefers to the region where
Positions 4, 5 and 6 are situated; Position 1 itherwheel mount and Positions 7 and

8 are on the pivot points.

Figure 57. Strain Gauge measurement positions
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Figure 58. Strain gauge measurement positions.

Before proceeding, it should be noted that during vertical loading tests, two
channels measuring the longitudinal strain in Gaufjeand 2 did not function.
Therefore out of the possible eight longitudinahist measurements, only six were

measured.

Figure 59 presents the longitudinal strain measargsnat Positions 3 through 8
during the vertical loading. The strain on the &om at Positions 4, 5 and 6 measured
the highest strains. At the maximum load of 8000G¥uges 4 and 5 measured
approximately 1100 gi(compressive) and 110G |itensile) respectively and Gauge 6
measured approximately 75@ (tensile). Therefore based on the positions medsur
when designing the swingarm, it is important to \nihat the highest longitudinal
strains in both tension and compression occur eridp arm during vertical loading.
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Longitudinal strain due to vertical force
1200 | | | | | | |
| | | | | | |
| | | | | | |
| | | | | | |
| | | | | | L
1000~ - - SR S S R S 5l
l l l l l l 1
| | | | | | |
| | | | L | |
| | | | - 1 | T
500 [ -~ - e B
| | I | | | |
| \ | | | | |
— | 1 I | | | |
g e | | | s
E 0 «;\—/;; - = = - — [ — - —————— _—_ _ |__ _ ___LC_____1______
g e : | T~
2 l l \\ l B
| T ! | 3 | 8
B500------ “r ****** : - == ;;‘F*f*j* ﬂ‘ ****** : ****** 4#*\ﬂ<
l l l T l l
| | | | T N | |
| | | | | *;\ |
| | | | | I |
1000} - ----4------ - R Rt A
l l l l l l l
| | | | | | |
| | | | | | |
| | | | | | |
_1500 | | | | | | |
0 1000 2000 3000 4000 5000 6000 7000 8000
Vertical load [N]

Figure 59. Longitudinal strain measured at positios 3 through 8.

Normal strain due to bending in a beam is givernhgyequatiorz = My/El whereM

is the bending moment acting at the measurememit,pois the distance from the

neutral axisg is the modulus of elasticity arids the second moment of area. It is
difficult to discuss the strain results with redptecthe distance from the neutral axis
because it is uncertain where the neutral axishefsdwingarm lies. However, the
higher strain on the top arm may be due to a laseeond moment of area in the top
arm compared with that in the bottom arm. Alse, lthwest strains occur at the pivot
point at Positions 7 and 8. This is due to thenahium inserts being mounted at

those positions which increase the rigidity of thpssitions substantially.

The transverse strain due to vertical loading @ashin Figure 60. Positions 3 and 4
experience the highest tensile strains of approbain®00 £ and 650 @ respectively
and Position 5 experiences the highest compressiaen of approximately 900&u
Typical ultimate strain values for a woven carbitme ply are approximately 800G
for both the axial and transverse directions. &aunidirectional ply the ultimate
strain is approximately 1000 and 5000 g for the axial and transverse directions
respectively. The measured strains were consibjedalver than the maximum

allowable strains which indicates the laminate giess strong enough to handle the
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vertical loading. Furthermore, the ultimate stsaame typical values for single plies.
In the case of the swingarm, the laminates corsfist number of plies bonded
together which increases the strength. It is efgmrtant to know that during vertical
loading that causes bending in the swingarm, lowlgial as well as transverse strains

occur on the swingarm. This is due to the natfitbelayup design.

Transverse strain due to vertical force
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Figure 60. Transverse strain measured at positionk through 7.

Figures 61 to 63 show the magnitude and directifostrain (due to vertical loading)
occurring at the positions on the bottom and tapsar The reason only the bottom
and top arms were looked at was to determine heviodding affects the middle part
of the swingarm. In the figures, the arrows poigtaway from each other specify
tensile strain and the arrows pointing toward eaitter specify compressive strain

along that direction.

Position 3 experiences compression in the gauggtlainal direction and tension in

the transverse direction.
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Figure 61. Maximum longitudinal and transverse stain at Position 3 during
vertical loading.

During vertical loading the bottom (Position 6) athe side (Position 5) of the top
arm experienced tension in the longitudinal di@ti@nd the top of the arm (Position

4) experienced compression in the longitudinalatios.

Figure 62. Maximum longitudinal and transverse stain at Positions 4 and 5
during vertical loading.
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Figure 63. Maximum longitudinal and transverse stain occurring at
Positions 6 during vertical loading.

The fact that the top part of the arm is in comgi@sand the bottom part is in tension
in the longitudinal direction is expected. The #ym can be considered to be a beam
with a bending moment applied to it which causesabmpression at the top and the
tension at the bottom. The side of the top arnsjtm 5, also experiences tension in
the longitudinal direction. This may indicate, dicethe asymmetric design of the
swingarm and the shape of the top arm that as whegarm is loaded vertically
upward, a slight rotation about the longitudinalsaaiso develops as shown in Figure
64. This may also be the reason why in the traissveirection, there is a stretch on
top and compression on the side and bottom of dpearm. This suggests that
coupling exists between vertical and torsionalaiom. That is, as a load is applied
in the vertical direction, not only are verticalfldetions seen but also torsional

deflections.
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Figure 64. Schematic of the vertical and rotationktranslation of the
swingarm during vertical loading.

To establish the relationship between the stramthe top arm as the vertical load is
increased, the strains were normalized (Figureb@8ed on the maximum strain of
1100 e. The numbers on each column refer to the gaugeiqo, and the letters L

and T refer to longitudinal and transverse direicespectively.

1.5
5L=17
1 I = —
4T=0647 61=0.687
=
‘B 05
b
-
a3 0 -
2 H
£
205 4
£ 6T=-0367
_1 —
-1.5
Measurement Positions

Figure 65. Normalized strain on the top arm of theswingarm due to vertical
loading.
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As the vertical load is applied, Positions 4 anexperience the same magnitude of
longitudinal strain but with Position 4 in compness and 5 in tension. The
longitudinal strain at Position 6 is approximatély time as large as the maximum
strain. Therefore the areas which will govern dlesign are Positions 4 and 5 in the
longitudinal direction and Position 5 in the traese direction. If a linear strain is
assumed, then these positions will experience rifirst under vertical loading
conditions.

Figures 66 and 67 present the longitudinal andstrarse strain occurring during
torsional loading. During the testing, the datgusition system did not capture
Strain Gauge 2 in its longitudinal direction anda#t Gauge 8 in its transverse
direction. Also, it appeared that the data fromaift Gauge 7 in its transverse

direction did not present proper results and waseeflore not included.

At the maximum torsional loading of 680 Nm, Positi6 experienced the highest
longitudinal strain of approximately 38G.u The longitudinal strain was highest on
the top and underside of the top arm (Positionsadl &. In terms of the positions
away from the aluminium inserts, Positions 4, 5 d@hdxperience tension and

Position 3 experiences compression in the longmaidiirection.
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tudinal strain due to torsional loading
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Figure 66. Longitudinal strain due to the torsiondloading. Strain gauge

positions are shown on the figure.

The highest transverse strain due to torsionalitgadvas measured at Positions 5

and 6 of approximately 25G(compression). Positions 3, 4, 5 and 6 all exqree

compression in their respective transverse direstauring torsional loading.

Transverse strain due to torsional loading
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700
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Figure 67. Strain in the transverse direction duéo torsional loading.
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Figures 68 to 70 present graphically the straisioing at the positions in the central
part of the swingarm.

Figure 68. Maximum longitudinal and transverse stain at Position 3 during
torsional loading.

Figure 69. Maximum longitudinal and transverse stain at Positions 4 and 5
during torsional loading.
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Figure 70. Maximum longitudinal and transverse stain at Position 6 during
torsional loading.

As the moment is applied, the three sides of tpheaton all experience tension in the
longitudinal direction with the largest tension oaing on the underside (Position 6).
It was expected that the top of the arm (Positlpwduld experience compression due
to bending but it appears that the combination of torsion &edding results in

longitudinal tension and transversal compressioalbthree sides.

If the results on the top arm are normalized (Fegud), a relationship can be
developed between the results. The results sugjggstiuring torsional loading, the
underside of the top arm (Position 6) is the lingtposition in that the underside will

most likely fail first in both directions.

® The reader should remember that during torsiaralihg a resultant force also occurs at the wheel
mount due to the applied force not being a coupleesultant force therefore also acts in the sarny

vertical direction.
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Figure 71. Normalized strain occurring on the toparm of the swingarm due

to torsional loading.

5.3 Finite Element Analysis

This section presents the results obtained from RBA. The assumptions for

modelling the FE model are briefly presented again:

e Only the layup at the major zones were modellech viite smaller zones

included in the larger more significant zones.

» Ply overlap was not modelled due to the complexitthe swingarm design.

* The aluminium inserts were not modelled.

Therefore when viewing the results, the reader lshkeep in mind the assumptions

that were made to model the highly complex swingarm

5.3.1 Finite Element Analysis: Deflections

The deflections of the swingarm were compared Wighexperimental results. Figure

72 shows the vertical deflection of the swingarne ttuthe maximum 8000 N vertical

load.
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Figure 72. Vertical deflection at 8O00N.

Table 10 compares the vertical deflection calcdlaby the FE model and the
deflection measured during experimental testing4.4% differencébetween results

was calculated which is acceptable.

Table 10. Comparison between experimental and FE@ertical deflection at
the wheel mount.

Experimental deflection FEA deflection [mm] % Difference
[mm]
15.8 16.5 4.4

Figure 73 shows the deflection calculated by thenfeielel during torsional loading at
maximum load and moment of 2000 N and 680 Nm rasy¢. In a similar way to
that shown in Section 4.3, the rotational angle walsulated by obtaining the net
displacement and dividing it by the radius. Therefas shown in Figure 73, the
deflections at either side of the wheel mount webtained and the difference
between them was calculated (4 mm — 2.8 mm = 1.9. mihis refers to the net
displacement at the top of the wheel mount whicts wlevided by the distance
between the two measurements points (80 mm) toirolitee rotational angle:
1.2 mm /80 mm =0.015 rad or 0.86 deg.

" The percentage difference values calculated s xdbtument made use of the experimental results as
the reference values. For example, ((16.5 — 15B8)x100 = 4.4 %.
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Figure 73. Deflection measured during maximum tori®nal loading of
2000 N and 680 Nm.

The maximum angle measured during experimentalintgesivas approximately
1.2deg. A comparison between the experimental FBA angles of rotation is

presented in Table 11 which gave a difference &#2

Table 11. Comparison between experimental and FEfotation at the wheel

mount.
Experimental rotation FEA rotation [deg] % Difference
[deg]
1.2 0.86 28

The FEA lateral deflection was calculated as appnately 0.15 mm at the maximum
lateral load of 135 N as shown in Figure 74. Tledlegtion measured during
experimental loading was 0.3 mm, twice as larg¢has calculated by the FEA. A
difference of 50% was calculated between FEA amukeemental lateral deflection
(Table 12).
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Figure 74. Lateral deflection under the 135 N load

Table 12. Comparison between experimental and FERteral deflections at
the wheel mount.

Experimental rotation FEA rotation [mm] % Difference
[mm]
0.3 0.15 50

An initial reason for the large difference could bee to very low deflections
(0.3 mm) in the lateral direction. At low defleantis large differences occur in relative
terms because the errors due to lash and beddiregehanore significant effect. At
larger loads and deflections a higher degree ofetairon will result. For future
testing, more accurate results may be obtainedudhntarger loads are applied in the
lateral direction.

5.3.2 Finite Element Analysis: Strains

The strains calculated by the FE model were alsapewed with the measured strains.
It should be noted that only the strains situat@dyafrom the aluminium inserts were
analyzed. Due to not accurately modelling theaeat the aluminium inserts, the
results obtained by the FEA at those positions wertetrusted and were therefore
ignored. Only Positions 2 to 6 were analyzed aathmared with experimental

values. Furthermore, as was seen in Section ke2data acquisition system did not
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record proper results for Gauge 2 in the longitatotirection and therefore only the

results from Gauge 2 in its transverse directioreve®mpared with the FE results.

All the following results shown in the FEA figurase based on the maximum vertical
load of 8000 N. Due to the linearity of the FE ralpdit zero load there is zero strain
and at the maximum load of 8000 N the swingarm egpees the maximum

magnitude of strain.

The underside of the swingarm, which includes Rwsig, is shown in Figure 75.
The transverse strain calculated by the FEA atghiat was approximately -23G:u

The measured strain at the same load was -45@nad a comparison between
experimental and simulated strain over the entifé 08000 N range is presented in

Figure 76.
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Figure 75. Strain distribution for Position 2 in the gauge transverse
direction at vertical load of 8000 N.
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Position 2, transverse direction
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Figure 76. Comparison between FEA and experimentaksults at Position 2
in the gauge transverse direction.

Firstly, when comparing the FEA strain and expertak strain at 8000 N, a
difference of 100 x (-450 - (-230)) / (-450) = 4%as calculated. This difference is
large and to find possible reasons for the diffeegttansverse sensitivityandgauge
misalignment were looked at first. The transverse sensitiwgs based on strain
measurements in the zero and ninety degree dinscéind due to the data acquisition
system not measuring the longitudinal strain atitPos2 it was not possible to
calculate the transverse sensitivity at this poltit assuming a transverse sensitivity
error for Gauge 2 of -7.6 % (based on the largegative error of -7.6% found at
Gauge 6 in Table 8), then the measured transveram st Gauge 2 reduces to
approximately -416 ¢4 This reduces the difference between FE and ewpatal
results to approximately 45%. In terms of gaugsafignment, Tuttle and Brinson
[32] state that gauge alignment cannot be guardriteélerances better thad to 2
degrees. To determine the effect of gauge misalem, the local coordinate axes in
the FE model were rotated +2 degrees and -2 detpesetermine what effect it has
on the FE results. Figures 77 and 78 show thdtseguPosition 2 when rotating the
axes -2 degrees and +2 degrees respectively. {fdia at -2 degrees rotation is -

205 £ and at +2 degrees it is -28@.uUsing the “best” results from the transverse
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sensitivity (-416 ) and the gauge misalignment (-28@),ua difference of
approximately 33% was calculated which shows acedulifference.

i -4 1504e-004 2

-2.0584e-004 23

Figure 77. Position 2 in the transverse directiomwith the axes rotated

- 2 degrees.

\

-2.8106e-004 2

-5.0158e-004 3

Figure 78. Position 2 in the transverse directiomwith the axes rotated
+2 degrees.

Looking at further potential reasons for the ladierence, Figure 79 shows that
Position 2 in the transverse direction, is in thddie of a high strain gradient, i.e. the
strain is changing rapidly in this area.
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Figure 79. Close up of the strain distribution forPosition 2 in the gauge
transverse direction at vertical load of 8000 N

If the results on the FE model are viewed approtetge?0 mm to the right, a value
of -450 |k is obtained. Also, moving approximately 10 mm &@dmm to the top
left, it can be seen that the strain on the FE mbdeomes 107 ¢1and 368 g
respectively. Therefore the position chosen tomhthe 90° (transverse) strain gauge
is near a region that changes from tensile to cesgive strain and it is possible that
the strain gauge readings in the transverse dareatiould not yield accurate results
due to small changes resulting in high strain défees. Even though this is the case,
simply by moving approximately 20 mm to the right the FE model, strains very
near to the measured values were found. Ther&fsed on the above discussions,
transverse sensitivity, gauge misalignment andgh Istrain field gradient may all

plausibly explain in part the difference in the FBAd measured strains.

The strain field for Position 3 in the longitudirgitection (horizontal direction in the
figure) at 8000 N is shown in Figures 80 and 81.PAsition 3, a longitudinal strain
of -43 e was found on the FE model. Once again it careke shat Strain Gauge 3

in the longitudinal direction was placed in theioggof a high strain gradient.
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Figure 80. Strain distribution for Position 3 in the gauge longitudinal
direction.

Figure 81. Close up of the strain distribution forPosition 3 in the gauge
longitudinal direction.

The comparison with the experimental results iswshdn Figure 82. The
experimental longitudinal strain measured at thisigion was -592 g1 and the

difference was calculated as 100 x (-592 - (-43)p92) = 93%. Once again, this
difference is large and is likely due to the highais gradient surrounding the

measurement point. For example, studying Figureit8tan be seen that moving
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approximately 20 mm below Position 3, a positivaist of 28 |£ was found and
moving similar distances above the measurement,pgafues in the region of 1%
to 22 & are found on the FE model. This means that bbthve and below the
measurement point the strain changes rapidly fregative to positive. As discussed
with Position 2, it is possible that a strain gaypdgced in a region such as this will

not yield accurate results.
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Figure 82. Comparison between FEA and experimentaksults at Position 3
in the gauge longitudinal direction.

The strain gauge transverse sensitivity error ¢afion reduces the measured strain to
approximately -557 g1 Rotating the axes through +2 degrees, a stfaii® e is
obtained shown in Figure 83. Therefore it can bactuded that the transverse
sensitivity and the gauge misalignment do not @agignificant role in the large
difference obtained and that the difference is nmisly due to the high strain

gradient. Further strain gauge testing needs tab@d out in this area.
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Figure 83. Strain at Position 3 in the longitudin&direction with the axes
rotated +2 degrees.

The strain field around Position 3 in the gaugedvarse direction (vertical direction
in the figures) is shown in Figures 84 and 85 ag@pmately 43Qe.

Position 3 (T) = 43Qe

0.000 0.050 U.l‘UU(m)
Figure 84. Strain distribution for Position 3 in the gauge transverse
direction.
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Figure 85. Close up of the strain distribution forPosition 3 in the gauge
transverse direction (vertical direction in the figure).

The experimental strain measured at 8000 N wasoappately 850 g and a
comparison between experimental and FE results tbeerange of loads is presented
in Figure 86. The calculated difference in thedfid measured strains is 100 x (850 -
430)/830 = 49%. As can be seen in Figure 85 ainstod 850 & is found
approximately 15 mm below the measurement poirtiis Shows that although the
exact point does not give the correct results, gomdelation occurs nearby. Due to
ply overlap, slightly different load paths existtire real swingarm as compared to the
model which plausibly explains the difference ie #E and measured strains.
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Position 3, transverse direction
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Figure 86. Comparison between FEA and experimentaksults at Position 3
in the gauge transverse direction.

Rotating the axes through -2 and +2 degrees ddesgroficantly change the result in
as shown in Figures 87 and 88. Also, the error Wué&ransverse sensitivity was
approximately 2% which would not significantly clggnthe results. The large

difference is then most likely due to ply overldigang the load paths in that region.

0.070 ()

Figure 87. Position 3 in the transverse directiomwith axes rotated -2
degrees.

81



0.070 {rm)

Figure 88. Position 3 in the transverse directiomith axes rotated +2
degrees.

The strain in the longitudinal direction on the ®ge of the top arm (Position 4) was
found to give very good results. Figure 89 showe FE longitudinal strain
distribution on the top arm with a value of -110€ at Position 4. The measured
strain was -1090 guand Figure 90 shows the comparison between expatahand
FEA results for Position 4. An error of approxielgt100 x (-1100 - (-1090)) / (-
1100) = 0.9% was calculated. Therefore this reshlbws that the FE model
corresponds well with the experimental resultseatain positions.
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Figure 89. Strain distribution for Position 4 in the gauge longitudinal
direction at 8000N.

Position 4, longitudinal direction
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Figure 90. Comparison between FEA and experimentaksults at Position 4
in the gauge longitudinal direction.

When the axes were rotated through +2 and -2 degrheegitudinal strains at
Position 4 of -11221¢ and -10551¢ were obtained which do not significantly change
the results. Error due to transverse sensitivayg walculated to be less than 1.7% (see
Section 5.2) and therefore would not significamiffect the results either.
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The strain on the top side of the top arm in trens® direction is shown in Figure 91

with the strain at Position 4 in the transversedion being approximately +170@.u

-0z B = Position 4 (T) = 170ue

0,050 (r)

Figure 91. Strain distribution for Position 4 in the gauge transverse
direction at 8000N.

The experimental result at 8000 N was approxima@ély & (see Figure 92), and a
difference between the experimental and FE resifilis7% was calculated which is

exceedingly high.
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Position 4, transverse direction
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Figure 92. Comparison between FEA and experimentaksults at Position 4
in the gauge transverse direction.

Rotating the axes through +2 and — 2 degrees qiliees FE strain of 1820gpand
1690 |t respectively and does not decrease the errorfisigmnily. Applying gauge
transverse sensitivity effects, a measured straif0d e was calculated as shown in
Table 8. Therefore it can be concluded that tfferéinces are not due to sensitivity
factors or gauge misalignment. Once again, theereaeeds to be reminded that the
swingarm and the layup of the swingarm is very cemp Not modelling the ply
overlap due to the complexity of the swingarm was of the major assumptions and
to accurately model the overlap would present gidaculty. The layup on the top
part of the top arm consisted mainly ©5° woven plies with the fibre reference
direction being along the longitudinal direction tbhe swingarm. In an attempt to
simulate the overlap on the top arm, exi4&* woven plies were added in this region
because during layup the overlap consisted maihlthese types of plies. After
adding three plies on the top, new longitudinal tradsverse strains were calculated
by the FEA and shown in Figures 93 and 94 respalgtiv
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Figure 93. Updated longitudinal strain at Position4 by adding 3 plies.

L0953e-001 8 P —

T ~+1000pe

Figure 94. Updated transverse strain at Position By adding 3 plies.

For the longitudinal strain, there was no noticealifference with a strain of
approximately -1050 g1being calculated by the FE model. Therefore thestrains
remain the same in the longitudinal direction. eer, simply by adding the three

plies, the transverse strain was reduced from 1id@ approximately 10004q. This
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presents a reduction of about 40% and a new diféereof just below 40% when
compared with the experimental value of {25at 8000 N. This exercise shows that
by simply adding three plies to simulate some degy overlap in that area, the
transverse strain becomes more accurate and tiggudimal strain remains almost
the same. The overlap plays a huge role in obigiaiccurate transverse FE strain
results but does not appear to affect the longiidstrain results in this region. This
may be due to high Poisson’s ratio effects basether45® plies. It is concluded
therefore that if highly accurate results are to dieained at Position 4 in the
transverse direction, a method would need to beldped to accurately model the

overlap.

The longitudinal strain calculated by the FE maatdPosition 5 (on the side of the top
arm) is shown in Figure 95. Strain of approximatel00 (£ was calculated by the
FE model and the experimental value was 1050 fthe comparison between the
experimental and FE results (Figure 96) show goodetation at this position
(difference of 5%). Once again, good results Hasen found along the longitudinal
direction and no significant difference was foundhew looking at transverse

sensitivity and gauge misalignment.

e Position 5 (L) = 110Que

EEET-

Figure 95. Strain distribution for Position 5 in the gauge longitudinal
direction.
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Position 5, longitudinal direction
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Figure 96. Comparison between FEA and experimentaksults at Position 5
in the gauge longitudinal direction.

Figure 97 shows the transverse strain distributanthe side of the top arm near
Position 5. A strain of approximately -1200 at Position 5 was found from the FEA.
The experimental result was approximately -8Z0mhich gives a difference of 38%

(see comparison in Figure 98).
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Figure 97. Strain distribution for Position 5 in the gauge transverse
direction.
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Position 5, transverse direction
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Figure 98. Comparison between FEA and experimentaksults at Position 5
in the gauge transverse direction.

Rotating the axes -2 degrees reduced the FE stpanil88 pe which is not a
significant change. The change in measured stam to transverse sensitivity
(-923 e from Table 8) reduced the difference to approxetya80% which is a
significant difference. Once again, the differereeost likely due to the overlap not
being modelled which causes different load pathl. the results are viewed
approximately 10 mm above Position 5, then strahspproximately -840 g1are
found on the FE model which are very close to tleasared value of -87Cu This
shows that the FE load paths are slightly differenthe actual load path due to
different rigidity in the transverse direction. i$hposition is therefore relatively

accurate.

Figure 99 presents the strain distribution undex tbhp arm (Position 6) in the
longitudinal direction. It can be seen that thaistdistribution is highly uniform and
the longitudinal strain calculated by the FEA atsiBon 6 was approximately
1000 [e. A strain of 725 pwas measured during testing which results in ferdihce
of approximately 38%. Figure 100 shows the congparibetween experimental and

FE results over the range of loads. A possibleaedor this error could be due to the
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narrowing of the arm and curve of the arm at tlusitoon. It was concluded earlier
with respect to Position 4, that the increase ;+#5° plies does not play a role in
changing the longitudinal strain. But in this gabecause of the narrowing and
curvature it is possible that the lack of overldfecs the longitudinal strain more.
However, by moving up 10 mm (see Figure 99) amstohiapproximately 730 guwas
found which is very close to the measured strdihis could again indicate that the
inaccuracy is due to not modelling ply overlap whicause the load paths to be

slightly different.

s, «—
LS S o 6 (L)~ 1000

Figure 99. Strain distribution for Position 6 in the gauge longitudinal
direction.
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Position 6, longitudinal direction
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Figure 100. Comparison between FEA and experimenitaesults at Position
6 in the gauge longitudinal direction.

To determine the effect of overlap in the regionPokition 6, threa45® plies were
added to this section. Figure 101 shows that tee strain was found to be
approximately 1100 ¢1 which suggests that the addition of the plies does
significantly change the longitudinal strain. Thessimilar to what was found earlier
at Position 4 and 5, namely that the longitudiriedis is not significantly affected by
the addition oft45°plies. Furthermore, the effect due transverseitbahs error
(1.4%) and the rotation of the axes (with valuesl®88 (£ and 1050 g) do not
explain the difference. It is not certain what 88% difference is due to, but as was
shown in Figure 99, more accurate correlation isiébwithin 10 mm above Position
6.
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Figure 101. Longitudinal strain at Position 6 afte adding three £+45° plies.

In terms of the transverse strain at Position Balae of approximately -830s was
found as shown in Figure 102. The comparison batvexperimental and FE results
is shown in Figure 103. Comparing the FE res@8@.c) with the measured strain
(- 394 pe) gives a difference of approximately 110% whichvesy large. Before
looking at possible reasons for the difference,uf@g102 shows that simply by
moving 10 mm below Position 6, strain of approxietat400ue is found which is

very close to the measured result (less than 2férdiice).

]

ETTTY Position 6 (T-30ug

Figure 102. Strain distribution near Position 6 inthe gauge transverse
direction.
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Position 6,transverse direction
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Figure 103. Comparison between FEA and experimenitaesults at Position
6 in the gauge transverse direction.

By applying the three plies af45° (as discussed earlier) the strain at Position 6
become significantly more accurate. Figure 104wshatrain at Position 6 of
approximately -40Que which yields a difference of approximately 2%. d®ragain,

the importance of modeling ply overlap is evident.
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Position 6 (T)= -4001¢

Figure 104. Strain distribution for Position 6 inthe gauge transverse
direction with the addition of 3 +45° plies.

5.3.3 Effect of Ply Thickness on FE Model Accuracy
To add completeness and due to relatively largeretveing found at certain points
on the FE model, the effect of ply thickness onr#salts was also investigated.

Table 4 showed that the original thicknesses ofuiglirectional and woven plies
were 0.3 mm and 0.38 mm respectively. To studyetffiect of ply thickness, each
thickness was changed by +5% and -5% and the sefudin Position 4 were
evaluated and presented in Table 13. This exeveeseto develop an indication of

the effect of ply thickness so not all the posisiovere looked at.

Table 13. Effect of change in thickness of plieg Rosition 4.

Thickness ub Woven Longitudinal | Transverse
change [%] [mm] [mm] strain [pe] strain [pe]
+5 0.315 0.4 -1050 1560
-5 0.285 0.36 -1050 1850

The results show that by increasing both plies &y the longitudinal strains remain

the same but the transverse strain decreases bgxapptely 8% from the original
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1700 pe. The transverse strain is increased by about 9#nwhe thicknesses are
decreased by 5%. Although not very large, the ghaim thickness of the plies
definitely plays a role in the results obtainedthe transverse direction. Therefore
any slight error in the thickness could add to thasons why differences were

obtained.

534 Finite Element Model — Conclusion

The finite element model shows areas of satisfgcf{tgss than 10%) and poor
(>100%) correlation with the experimental resulishe reader may consider some of
these values to be highly unacceptable and gepdtalf opinion would be valid.

There is the need therefore for further discussigastify the work.

It was briefly mentioned earlier that a strain gauglidation test was carried out
before testing the swingarm (see Appendix A). @ime of the validation test was to
determine if the readings obtained from the stgange measurement were closely
matched by the calculations carried out using ©akdamination theory. As
discussed in Appendix A, the strain gauge resuksewcompared with classical
laminate theory results using FEA in ANSYS. It vei®wn there that differences of
less than 2% were found for three separate tdsts is mentioned because for a very
simple carbon fibre structure it is possible to lyghly accurate results. The structure
was a simple rectangular beam consisting of a nuwiyglies at various orientations.
But when a very complex structure such as the savings modelled, it seems very
challenging to obtain a finite element model of sw@angarm to correlate with strain
gauge measurements. The reasons for the diffeseimcéhe results have been
discussed above. These differences seem to bandsirdue to ply overlap but can
also be attributed to gauge misalignment, gaugaswexse sensitivity and ply
thickness. If the swingarm was made of an isotrapaterial, then most likely a
much higher degree of correlation would be found.

A question then could be asked: is building a éimkement model the best method for
determining stress and strain distribution for saclkomplex composite structure?
Most analysts would say it is and for simple stuoes it is easy to be convinced that it
is the best method. But for a complex structurehsas the carbon fibre swingarm,

unless a method is found to model the numerouslapseroccurring over the
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swingarm, it may not be possible to obtain accucateelation. To obtain accurate
results in certain areas of the swingarm may regthie analyst to focus on a certain
section and only model that section. The straneset would need to be determined
by experimental measurement and then the forcesramdents acting at that point
could be reconstructed on the FE model. Therdfstad of modelling the entire
swingarm in a more general way, a specific sectionld be modelled in a more

accurate way.
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6. CONCLUSION AND RECOMMENDATIONS

6.1 Conclusions

Carbon fibre has not been extensively used in teeeldpment of motorcycle
components due to high costs and manufacturingteants. Carbon fibre has a
higher strength/stiffness to weight ratio than mate such as steel, aluminium and
magnesium and therefore can provide better straictinaracteristics at lower weight.
This research report presented the first step endisign process of a carbon fibre
swingarm for a Ducati 1098 motorcycle. Using préfiary carbon fibre laminate
designs, the aim was to develop a swingarm thab#g&t satisfactory strength under

typical loading conditions with reduced weight.

The literature showed that it is important to clotgeze the stiffness of the swingarm
for two reasons. The first is that the degreeigifiity of the swingarm affects the
response time of the motorcycle when cornering.e $acond is the effect that the
stiffness (specifically lateral and torsional) has the weave mode stability of the
motorcycle. Therefore the stiffness coefficienterev calculated by measuring
deflections in the vertical, lateral and torsionalections while the swingarm was
subjected to typical loads experienced in the fieldateral and torsional stiffness
values of 445 kN/m and 550 Nm/deg respectively, ewdetermined from the
deflection measurements. Both values are on tiverl@nd of the spectrum when
compared with other stiffness values found in fkerdture. The lower lateral and
torsional stiffness values may negatively affead theave mode stability of the
motorcycle at medium to high speeds and also c#usemotorcycle to have a
sluggish response when turning. The verticalrstgs coefficient was calculated to be
500 kN/m and was deemed sufficiently rigid to negatively affect the effective

stiffness between the chassis and wheel.

Results from the strain measurements were fourisetoonsiderably lower than the
ultimate strains for the type of laminates employedhe design. Longitudinal and
transverse strain was measured at eight positionth® swingarm. Even at high
vertical loads of 8000 N and moments about theitadmal axis of 680 Nm (applied
separately), the measured strain did not exceedesabf 1100ue in tension or

compression. These values were well under thematd strain for typical
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unidirectional and woven plies of between 5Q@0and 800Que. It is concluded that
the swingarm is sufficiently strong at the posiidhat were measured. Furthermore,
the strain measurements show that during vertoalihg, there is a coupling between
vertical and torsional loading. This means that tluthe asymmetric design of the
swingarm, as a vertical load is applied, therels® a twisting of the swingarm.
Results also suggest that during vertical loading limiting position is the side of the
top arm, Position 5. This means that during ireeeavertical loading, Position 5
measures the highest strain in both the longitudind transverse direction and will
therefore most likely fail first. Similarly, Pogit 6 (underside of the top arm) is the

limiting factor during torsional loading.

In terms of weight, the carbon fibre swingarm wasasured to be 1.5 kg less than the
original aluminium swingarm which satisfies the uggment for a reduction in

weight.

A finite element model of the composite swingarmswaeveloped based on the
following assumptions: not modelling ply overlapdathe aluminium inserts and
simplifying the modelling to model only the majoores. In terms of deflection,
good correlation was found for the vertical deiflect(less than 5%). Less accurate
results were obtained for the torsional (28%) aatdrhl (50%) deflection. Reasons
for the large difference in lateral deflection armst likely due to the very low
deflection measurements of less than 1 mm and ndeling ply overlap. To obtain
a higher degree of accuracy, it may be necessamgppty loads of an order of
magnitude higher for the lateral deflection.

When comparing the FE strain results with the erpemtal strain gauge values in
order to further validate the model, a range ofedénces between 0.9% and 157%
were initially found. Two areas were focused oerms of FEA strains, namely the
bottom and top arms of the swingarm. On the lo@aen two positions were
measured in the longitudinal and transverse doasti Results showed differences of
between 49% and 93% which are significantly largénis can be attributed to the
strain gauge measurements being placed in a rap@dlgging strain field. For two
out of the three positions on the lower arm, adeurasults (less than 10% difference)

were found within 10 mm to 20 mm from the measumnpesition on the FE model.
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This may indicate that due to not modelling ply ae, the load path is slightly

different.

Three positions were measured on the top arm imitladinal and transverse

directions. The longitudinal results showed dgferes of 0.9%, 5% and 38% for
Positions 4, 5 and 6 respectively. Although Posit produces differences that are
large, very accurate results are found 10 mm altleeeneasurement position. The
longitudinal strain on the top arm therefore praetliacceptable results.

Positions 4, 5 and 6 in the transverse directiadpeced differences of 157%, 38%
and 110% respectively. Gauge transverse sengivitl gauge misalignment were
looked at for possible reasons for the differenbes did not show significant

improvements in the results. Position 5 was shtéevinave very accurate results
10 mm above its measurement point. An attempintollate ply overlap was carried
out in these areas by simply adding tht&°plies. The results were drastically
improved. Position 4 improved from 157% to jusiole40% difference and Position
6 improved from 110% to less than 2%. This exersisowed the major effect that
ply overlap has on the results. A summary of tbengarison between FE and
experimental strain is presented in Table 14.

Table 14. Comparison of experimental and FE straimesults.

Position | Exp. FE | Difference Notes New Difference
strain | strain [%] FE after addition
[ue] [me] strain | of 3+45°plies
[ne] [9%6]
2L - - _ . No reading on _ _
DAQ
2T _450 _230 49 . Error due to - -
high strain
gradient,
Accurate
strain 10mm
to the right
3L -592 43 93 . Error due to _ _
high strain
gradient
3 T 850 430 49 . Error due to _ -
no ply overlap
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Accurate
strain 15mm
below

4L -1090 | -1100 0.9 ) - -

4T 660 1700 157 * Erordueto 1000 40

no ply overlap
Add 3 plies to
simulate

overlap

5L 1050 1100 5 ) - -

5 T '870 _1200 38 . Error due to - -

no ply overlap
Accurate
strain 10mm
above

6L 725 1000 38 «  Error due to _ _

no ply overlap
Accurate
strain 10mm
above

Add 3 plies to
simulate

overlap

6T -394 -830 110 * Erordueto 400 2

no ply overlap
Accurate
strain 10mm
above

Add 3 plies to
simulate

overlap

6.2 Recommendations

The stiffness values of the original aluminium sgam were not known and
although the stiffness results suggest the mottecyll exhibit slow response and
lower stability, a clearer picture will be obtaingd direct comparison is made with
the original aluminium swingarm. Furthermore, gietmine the actual response and
stability of the swingarm, there would be the néeaarry out experimental testing

during motorcycle operating conditions.
With regard to the FE model, it is of vital imparte that a method is devised to

accurately model ply overlap for future researcBoth the torsional and lateral

deflections and the transverse strains dependyhmhlply overlap. Furthermore, if
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highly accurate results are required then it magessitate only modelling a specific

part of the swingarm and focussing the analysithahpart alone.
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Appendix A Strain Gauge Validation

Prior to applying strain gauges to the swingarmyas necessary to compare results
from a basic strain gauge application with resu#igng classical laminate theory. A
carbon fibre plate consisting of a number of plés/arious types and orientations
was fixed at one end and a load was applied aittiey end as shown in Figure 105.

Figure 105. Rig setup for testing the carbon fibreplate.

The plate that was used, closely resembled onéh@fntain layups used in the

swingarm but the details are withheld here.

A load was applied toward the end of the beam whiclhuld cause a maximum
bending moment near the fixed side (as well asnatent shear force along the plate).
An axial strain gauge (see Figure 106) was moungad the fixed end of the plate

and the strain along the length of the plate wassmed.
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.,;', | Axial strain gauge

Figure 106. Axial strain gauge applied near the fied end of the plate.

The length, width and height of the plate were 26, 50 mm and 5 mm
respectively. As a further validation test, it wdecided to use ANSYS Composite
PrepPost to calculate the strain based on classicahate theory and at the same

time determine the accuracy of ANSYS Compositéhre€ tests were carried out with

increasing load applied at the end of the beame Idad and the measured strain are

presented in Table 15.

Table 15. Load applied to cantilever plate and theesultant axial strain

from experimental setup.

Load [N] | Measured strain [ue]
34.8 509
79 1117
123 1732

Thereatfter, the carbon fibre plate was built in AM&SComposite PrepPost and the
same constraints and loads were applied to the Indgéigure 107 shows the plate
with the applied force at one end and a fixed supgtahe other end.
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Figure 107. Constraints applied to the carbon fibe plate created in Ansys

Composite.

Figure 108 presents the strain along the plateaplgcal form after the first load of

35 N was applied.

0.000
I 49 a0

0.025 0.075

1.050 0,100 {re)

Figure 108. Graphical FEA results for the cantileer plate.

Figure 109 shows the strain of 4@89calculated at the same position as the strain

gauge.
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Figure 109. Longitudinal strain of 499ue obtained from Ansys Composite.

Table 16 shows that the FEA which utilizes cladslaminate theory, calculated
results within 2% of the measured strain. The iemg two measurement values
were also compared and both had differences othess2%

Table 16. Comparison between the measured straimd the strain
calculated by ANSYS.

Measured strain [ue] | FEA [pe] | % difference

509 499 2
1117 1125 1
1732 1757 15

The experimental strain results very closely malehclassical laminate theory results
and this exercise also shows a degree of confidandée results calculated by
ANSYS Composite. It was therefore felt that theutes were validated.
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Appendix B Load Cell Calibration

A 50kN load cell was used during the testing talréee applied loads. The following
presents the calibration of the load cell unit.e Toad cell was attached to a crane via
a steel chain as shown in Figure 110.

Steel chain

50 kN load cell

Figure 110. Top part of the load cell calibratiorrig showing the load cell
attached to the portable crane via a steel chain.

A basket was hung from the load cell via a belshswn in Figure 111. Known
weights were placed inside the basket to applydhds and the value shown on the
load cell display was read. Table 17 presentddted mass applied to the load cell
and also the load cell readings.
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Figure 111. Basket carrying weights applying a Ia&to the load cell.

Table 17. Calibration values for the 50kN load cél

Description | Total mass [kg] | Load cell reading [kg]

Basket + belt 3.91 4
31.3 35.2 34
31.25 66.5 68
31.3 97.8 100
31.4 129.2 131
314 160.6 162
31.4 192 193
31.4 223.4 225
31.5 254.9 255
31.4 286.3 288

Figure 112 shows the calibration graph togethen witinear trendline. The trendline
indicates what the load cell will display if a givenass is applied.
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Figure 112. Calibration curve for the 50kN load ck.

More importantly, to know what the actual forceniBen a value is read off the load
cell display, the axes were simply inverted anddheation y = 0.995x — 0.33 was
obtained. This means that if the load cell read8kd for example, then the actual
load will be y = 0.995(100) — 0.33 = 99.17kg. Thilows for adjusting the load until

the correct loading is applied.
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Appendix C Ply Overlap

Ply overlap occurs when two adjacent plies are rtemlion each other as shown in
Figure 113.

E 4| Overlap
]

Figure 113. Schematic of plies overlapping eachtudr.

This method was not used when creating the finlment model in ANSYS
Composite due to the difficulty of modelling theeolap. Therefore in the areas

where ply overlap exist, the method used was toahtbd adjacent plies as shown in
Figure 114.

———F———

Figure 114. Adjacent plies without ply overlap.
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Appendix D Strain Gauge Positions and NI Data

Acquisition System

The following figures show the positioning of theasn gauges.

Strain gauge

A -

Figure 116. Strain Gauge 1.
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Figure 118. Strain Gauge 2.
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Strain Gauge 3

Figure 120. Strain Gauge 3.
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Figure 121. Strain Gauge 4.
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Figure 122. Strain Gauge 4.
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Figure 123. Strain Gauge 5.
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Figure 124. Strain Gauge 5.
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Figure 126. Strain Gauge 6.
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Figure 128. Strain Gauge 7.
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Figure 129. Strain Gauge 8.
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Figure 130. NI data acquisition system connected the strain gauges on the
swingarm.
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Appendix E Test Rig Modification Calculations and
Drawings

The design and manufacture of the test rig canele@ $n Chacko [37]. However
modifications were made to the rig in order to gppksional loading. A steel shaft
was designed that would act as a moment arm ty @ploment to the wheel mount
of the swingarm. The arm would be subjected toaaimum load of 2000 N at the
top end. The length of the arm from the load agion point to the top of the wheel
mount is approximately 250 mm. Therefore the maxmmoment calculated at the

wheel mount is given in Equation A.1

M = Fd
= 2000 x 0.25 (A.1)
=500 Nm

The maximum bending stress in the shatft is caledlat Equation A.2.

I (A.2)

_ My
- md?
64
_ (500)(0.3)
~ n(0.6)*
64
= 235.7 MPa

Where: ¢ = Stress due to bending [MPa]
y = Maximum distance from neutral axis [m]

| = Second moment of area of shaff[m

o
1

Diameter of shaft [m]

The maximum stress of 235.7 MPa is below the ysttdngth of 250 MPa for steel
therefore the shaft is thick enough. The desigawidrgs of the shaft is shown in
Figures 131 to 133.
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Figure 131. Isometric view of the top part of thesteel shaft.
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Appendix F Mesh Dependency

The effect that the mesh has on the results iepted in this section. Figures 134 to
136 present the strain at Position 4 on the fieiegnent model at decreasing element

sizes. Figure 134 shows a strain of -1i641sing element sizes of 5 mm.

-1.1624e-003 8 ‘

Figure 134. Position 4 with element size of 5 mm.

Figure 135 shows strain of -1164 at Position 4 using element sizes of 3 mm.

i

1542003 §

Figure 135. Position 4 with element size of 3 mm.
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Figure 136 shows strain at Position 4 of -1162vith an element size of 1 mm.

]
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Figure 136. Position 4 with element size of 1 mm.

It can be seen that as the mesh is refined, thdtsedo not significantly change
(Table 18). The percentage difference betweesttlatn using element sizes of 5 mm
and 3 mm is ((1162-1164)/1162) x 100 = -0.172 % cWwhis negligible. The
percentage strain difference between the 3 mm amdni element size mesh is
((11640-11626)/1164) x 100 = 0.12 % which alsoagligible. This exercise shows
the results are mesh independent.

Table 18. Mesh sensitivity.

Element size [mm]| 5 3 1
Strain [pLe] 1162.0| 1164.0| 1162.6
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