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Abstract. In this work the analysis of a carbon fiber bigydtame is described. This kind of structure isjscted
mainly to dynamic loads, such as impacts from ttoeeigd and inertial forces from the cyclist body.eTtesign of a
carbon fiber structure adds other variables to pveject, as it only makes sense to use carbon fibeave mass and
gain rigidity, which are very dependent on the eatrfiber orientation and the matrix choice. By mliny the
problem using finite elements on non-linear dynanaicalysis it is possible to achieve results véogeto the reality
and to clearly check the best lay-up schedule aattixnfor improving the frame's resistance, weigd rigidity. It
was found a standard as a base for loading thecttine, which defined two different tests. Thoseewapdeled in
commercial software, using contact logic to predioe¢ forces transmitted to the frame from test apps and
dynamic loads to simulate impacts. The problem sedged using an explicit analysis algorithm. Fiyala stability
analysis was done to check the integrity of thecstire during the impact. The analysis conclusipesmitted building
a structure with geometry, material type and oraiun defined, with a prediction of weight and safargins based
on international standards.
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1. INTRODUCTION

Different from what is found on a leisure bicydlee design of a competition frame has some stractinallenges,
demanding very low weights, since a couple of graars separate the second for the first place. Sualcrigidity has
another important hole on those frames: very logidity leads to great loses of energy caused byesxof
deformation, on the other side, a very high rigiditakes the bike hard to control and uncomfortatlein (1985).

The application of composites on sports goods Imabled great developments on recent years. Patigubn
cycling industries, carbon fiber reinforced plastieFRP) brought lots of advantages due to its ptazeof great
rigidity, low density and great strength, Peter89@). There is also the possibility to align thbefis adequately,
making a structure strong and rigid in some digecthat is needed and lass rigid on another, saritwork as an
absorber. That is why lots of components in modgkas are made of CFRP: suspension, wheels, haardisdat post,
tires, crank arm and frame, among others.

The present paper describes a methodology for zinglya composite bicycle frame employing the firstement
method (FEM). The main objective was to find thstrilbution of a fail index along the structureoaling reinforcing
only the regions where it was necessary, by chaogelse geometry or by local material additionse Téad cases were
based on specific standards for bicycle safety.

Due to the low weight of the frames nowadays, shingtaround 1 kg, it was necessary to know pregite stress
distribution along the piece, guaranteeing thecstinal integrity without leading to a weight greatean usual for
carbon frames. To make this happen, it was searameddeling technique which was closest as poshite physical
tests and that make possible for a house compateachieve the convergence on the solution of theaahc
formulation of the problem.

After many consecutive analyses, for each load,daseas found geometry and lay-up schedule tharaptee
structural integrity inside the safety margins. To&l weight also stands below the maximum esthbti, concluding
the analysis objectives.

2. GEOMETRY

The frame geometry comprehends lots of variabletmke into account as the impacts on ergonomicsthagc
appeal, interfaces with other pieces and structffatts. Since this work is only concerned with #ructural analysis,
the only deem about those aspects in the geomesigrm for this analysis.

The type of ridding of the bike has a prime impoc&on its structure, as if defines the intensity the type of the
loads over it. Usually a mountain bike is strontjem a speed one. An downhill frame, in turn, iergger and heavier
than a mountain bike frame. It was decided to a®aly mountain-bike, because this is the most vlersate. The
method of analysis could be employed in any otlipe tof frame once the loads are consistently adafate other
values.

The geometry was developed using an commercial Géfwvare, assuming usual angles for this type aé.
Those usual angles were obtained from comparinghgetes of famous bikes suppliers like Giant (20@3nnondale
(2009) and Specialized (2009). Tubes were made aihigh diameter, looking for improving the seotidnertia
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without implying on high weights. Those tubes thatuld come in contact with the fork and the seattpeere made
with a compatible diameter.
When the geometry was ready, it was imported feraalysis software using a neutral format (iges).

2. LOADS

Intending to correctly analyze the structure, itsweecessary to adopt a standard as a base favatiecases. The
ISO 4210 Safety Requirements for Bicycles (19963 wlaosen, which states two different tests to beedm frames:
the falling mass and the falling frame-fork assgmbh addition to those load cases, it was requihed the structure
resists the impacts with a margin of 50% based sai-Hill fail index, on each element.

2.1. Falling Mass

On these test, a 22,5 kg mass impacts on the ffarkessembly, falling from 180 mm to impact a 1rkgss roller
installed in the front of the fork. The assemblyliamped on rear axle attachment points, in a \waya line, passing
by both rear and front axles, makes a normal t@tband plane.

After this impact, there shall be no visible eviderof failure, and the permanent deformation of desembly,
measured between the centerlines of the wheel,sstledi not exceed 40mm.

2.2. Falling Frame-Fork Assembly

Using the same assembly for the falling mass tast,second test is done by fixing the rear axlowahg just
rotation on this axle free. 20 kgmass must be placed on seat tube, with its cefitgravity coincident with this tube
center line and on a distance?® mmfrom the end of it.

The assembly is elevated till the center of gragityhe mass is coincident with a line, perpendictib the ground,
passing through the rear attachment. On this mgntlemtassembly is allowed to fall, impacting onteekanvil and
concluding the tests.

3. MODELS

During the project, many forms of modeling were éypd, starting from simple ones and progressieddyvating
the sophistication, as it was found important toiee results closer to the physical reality of pheblem.

In this paper it will only be described the finabdeling, once it was the most accurate and the useel to
determine the final lay-up schedule. This last nhquiedicts the contact between the frame and therdtuibes of the
assembly: the fork and the seat post tube. The dtapaere simulated on a dynamic problem of initahditions
specified by a conservation of energy approach. Shetion was obtained through an explicit algarittonce it was
found very difficult to achieve convergence witle iimplicit one.

The structure was modeled employing arol@@D0 plate elements, seen in Fig.1, with a refinemesgrele
determined during the analysis based on the pogcigteded for the results and the computationalress available.

Figure 1: Model representing the frame on ABAQUB03e elements in blue are S4R, the ones in re83Reend the
green ones are solid tetrahedral TETR.
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The properties used to model the carbon fiber latemwas obtained from CENIC Engenharia Ind. Cata base
data, for a T300 unidirectional laminate with ep®@52 resign, cured at 80°C and pos-cured at 120f@ bag
molding process. Those properties can be seeneohiab. 1:

Table 1: Properties of unidirectional carbon filaéth 5052 epoxy resin:

Elastic Properties Strengths

E; 139 GPa O11,ut 1769 MPa
E, 9,21 GPa O22.Ut 52,1 MPa
G1=G13 5,39 GPa T12 102 MPa
Gos 3,542 GPa 011.Uc 1037 MPa
V1=Vi3 0,32 022.Uc 199 MPa
Vo1 0,024

Vo3 0,3 Density 1600 Kg.th

The 1 axis is the laminate principal axis, whichame that in a 0° unidirectional composite the 1sauill be
coincident with the fibers direction. The 3 axisnisrmal to the laminas plane and the 2 axis comapldte trihedral
coordinate system.

E, — Is the Young’s Modulus of the x axis of the laai

G,y — Represents the Shear modulus on the xy plane;

Vyy — Represents the Poisson ratio’s in the xy plane;

ox,ut — Represents the ultimate stress in tractionérxtaxis;
oxx,uc — Represents the ultimate stress in compressitheir-axis;
T 1, — Represents the ultimate shear in 12 plane;

To determine the orientation of the laminate mais,ahe symmetry axis of the tubes was used @&saete. It is
important to notice that the transition region begw different tubes leads to a discontinuity ofperties, since the
modeling of a smooth transition would make necgstia definition of different axis for each elemémthe region, a
task that would demand an immense effort of timeenT it is expected to find a numeric discontinuty the stress
field on these regions that would not be preseatrieal situation.

The other pieces that come in contact with the &ravere modeled using the properties of the AlSI518&el and
the AL 6061 aluminum, which can be find on Tabn® &ab. 3 above, obtained from MIL-HDBK-5J (200Bje fork
tube and the seat post tube were made of alumimghwéth plate elements. The rolling mass was sitedlaising the
steel properties and tetrahedral solid elements.

Table 1: Properties of Al-6061 T651 aluminum, estea from MIL-HDBK 5J:

Al- 6061 Properties
E 71 GPa
G 26 GPa
% 0,33
Density 2700 Kg.n

Table 2: Properties of AlSI 1025 steel extractearfiMIL-HDBK 5:5:

AISI 1025 Properties

E 200 GPa
G 76 GPa
Y 0,3

Density 7861  Kg.rd
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Since metals where considered as isotropic masettadre is no need to use subscripts to identifterrals axis for the
engineering constants.

3.1. Case 1: Falling Mass

To adapt the model for the falling mass test it wasessary to clamp the rear attachment and themdoa
concentrated mass on the roller, with the valu2b kg Over this mass was imposedl® m/sinitial condition,
obtained by the conversion of gravitational potargnergy to kinetic energy just before the impact:

mv?
Ep =mgh=E¢ =5 1)

Whereh is the variation of the vertical component of thgact mass, from the initial to the final positievhen it
hits the frame.

Although this modeling technique does not represesactly what really happens during the impact, riégults
along the first impact are very close. This ochesause during the real impact test the mass nr@ntanstant contact
with the roller, as it decelerates, converting kimenergy into elastic potential energy plus a lsmaergy fraction
dissipated as heat. After the mass complete shapframe will star releasing the stored energyhimgsthe mass
upright till the equilibrium position, when the dant stops. Until this final contact instant, siatihg the22,5 kgmass
by a concentrated one fixed on the roller it's adyapproximation due to the constant contact empthiabove. It is
important to notice that after this moment this elody is no longer valid. Since the first impacthe most critical one,
if the model resists it will certainly resist ththers.

As the structural damping was very difficult to knavithout experiments, it was neglected in a coveive
approach. This happens since any kinetic enemgpg tio be dissipated during the impact, leadingndoe energy being
stored as elastic potential energy, which leadsgber stress levels.

3.1.1 Results

On Fig. 2 below, it can be seen on the color sitedanost critical frame step along the impact, daseTsai-Hill
criteria. The tubes representing the frame fork thedseat-post tube are seen in white elements,neitcolor scale,
since there is any interest in analyzing those aomapts in this work.

On the composites elements, the failure indexes wery low, in general, and the higher values Vieuad on
tubes transition regions.

TSAIH

Multiple section points

(Awg: 75%)
+Z.171e+00
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.6678-01
+5.833e-01
+5.000e-01
+4.167e-01

+1.EE7e-01
+8.333e-02
+0.000e+00

z

Step: Analise explicita

J&Y Increment 1171358: Step Time = 3,5000E-02
Primnary YWar: TSAIH
Defarmed War: U Deformation Scale Factor: +1.000e+00

Figure 2: Tsai-Hill plotting along the model. TirS§EP 3,5.18, Biggest Tsai-Hill index = 2,171.

Zooming the inferior region of the head tube, ih && seen that some elements fail. On the colde #da indicated
a maximum failure index value of 2,171. These typéstransition regions would require a more sojtesed
modeling, with a greater refinement and absenadisziontinuities between the elements, in orderowectly predict
the failure characteristic.

Since this failure is localized, it was considergthecessary to reinforce the region and, instead, @fdding
aluminum ring when building the prototype to theustural tests.
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+0.000=+00

Stgp: Analise explicita
Infrement 1171358: Step Time =
Prjrnary Var: TSAIH

Deformed Var: U Defarmation Scf

Figure 3: Elements that indicate failure on thedrotof head tube.

3.2. Case 2: Falling Frame Fork Assembly

Based on the final model that passed case 1pieaded with the modeling of the second one. It d@ase by
setting just one degree of freedom on the reaclattents of the frame, allowing the rotation on tear axle. The
concentrated mass was removed from de rolling nmesd, another one placed on the position establislyethe
standard and with the value ©® kg

The rolling mass was restrained to translate palipalar to the impact plane. This condition represehe moment
that the rolling mass hits the steel anvil, andtsti slide over it. By simulating the problemdikhis turns it more
conservative, once that constrain will work as @nplwith infinite rigidity, and will make much easito achieve the
convergence on the analysis.

The velocity on the moment of impact was imposedraitial condition for the dynamic problem, metform of
angular velocity distributed on all model in respecthe rear axle. To obtain this velocity consgion of energy was
applied again, this time with the conversion ofvifiitional potential energy into rotational kineénergy:

_16?
B == 2
E, =mgh (3
E,=E (4)

The assembly inertia’s, Eq. (2) was easily obtafra the software. The variation of highEqg. (7) was obtained
from the assembly’s center of gravity vertical comgnt. The same was done to obtain the weight(@qg.

| =(19.08) m’kg (5)
m=(724) kg (6)
h=(0,0323 m (7)

This leads to the following value, Eq. (8), for flm¢ational velocity of the assembly:
w=(155)rad/s (8)

The model is depicted in fig. 4:
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Figure 4: Model representing the second test witkrént colors representing different laminateioeg.

3.2.1 Results

Again the highest failure index values were foundlre tubes transitions regions. On fig. 5 a clufsthe head tube
is shown. Except for local stress concentratiohs, liiggest values were found around 0,6. On the haae’s top
portion a small red region is seen, indicatingftilire. The same way as explained before it wasdde to add a local

reinforcement and check on the physical tests.

TSAIH

Multiple section points

(Avg: 75%)
+1.755e+00
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8,333e-02
+0.000e+00

Step: Anal g B
g—Y Increment =g 1.3000E-02

Soale Factor: +1.000+00

Figure 5: Head tube Tsai-Hill fail index plottingrfthe second test.

On fig. 6 the seat tube is seen in detail. Thigippwas found to be another critical region of ffame in this test
since it resists a very strong flexural moment.Hfite final lay-up schedule the biggest failureeixéh this region was

0,66 indicating no failure.
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+0.0008-+00

Step: Analise explicita

Increment 343630; Step Time =
Primary Var: TSAIH

Deformed war: U Deformation Scg

Figure 6: Fail index on seat tube for the secont te

The last critical region was the bottom brackegtulbhich can be seen detailed on fig. 7. The cdioreelements
between the chain stays and the bottom bracketitubeate failure. Modeling this kind of regionrisally hard since
the main axis of the laminate should be definedefich element. In addition to this the elementsssghould be very
small due to the low curvature radius in this gpmrtiThose results points to a stress concentratf@igprobably won’t
exist on the real frame. A local reinforcement watablished and the failure analysis concluded.

Btep: Analise Frame:

TSAIH

Multiple section points

(Avg: 75%)
+2.3328+00
+1.000e+00
+3.167&-01
+8.333e-01
+7.500e-01
+6.667&-01

+0.000e+00

Step: Analise explicita
)—Y Increment  309977; Step Time = 1,9000E-02
= Primary Var: TSAIH

Deformed War: U Deformation Scale Factor: +1.000e+00

Figure 7: Fail index around the bottom bracketdoand test.

3.3. Stability analysis

To make sure that the frame would pass on possetést, if was found necessary to check the mddbllisy since
some sections were made very thin what can ledotctd buckle. The same tests described above wedzled again,
but know directed to buckle. The problem was matiele FEMAP, and solved with NX NASTRAN, comprehemgli
3166 plate elements, manly QUAD.

Models constrains where made in the same way aseéhefhe unitary force load on the first case wefinéd in the
same direction as the velocity initial conditionsaan the dynamic model.

On the second, the unitary force load was positdaner the CG of the 70 kg mass, since it is 97%eftotal, and
was aligned to the tangential velocity the masslavbave just before the impact.

This approach is explained from the dynamic natdrthe loads over the frame. When the frame is tg@h the
deceleration of the masses transmits great forcéset structure. By checking buckle on the framghviérces on the
same direction of the deceleration of the masséspbssible to discover at which value this wdutghpen. Then, since
the duration of the impact is known from the dynamnalysis, it is possible to predict the forceSngcduring the
shock from impulse theorem and, consequently,dfice buckle or not.

The time for stopping the mass on first simulatieas 3,5.10° seconds. With 82,5 kgmass and initial velocity of
1,9 m/s the average force acting during the shock was:

Fres =1221N ©)
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For the second test, the time for sopping tds10® seconds, with Z0 kgmass and an initial velocity 4fm/s the
average force acting on second test was:

Fresg = 5000N (10)

The analysis results, Fig. 8 for the first testi¢ate a first buckle witi1319,45 Nof force acting over the frame.
This value is much higher than expected for ttss, iedicating that the frame is stable on the fiesse.
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Output Set: MODE 1, EIGY=11319.45
Defarmed(0.0467): TOTAL TRANSLATION 0
Contour: TOTAL TRANSLATION

Figura 8: First mode of buckle for the Falling Masst (11319,45 N). Color scale plotting translasiover the frame.

On the second analysis the first buckle mode happéthn a force of 20683,5 N, in a anti-symmetricadde, seen
on Fig. 9 above. Comparing this value with theneated average force for this test, there is no leuekpected.
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Output Set: MODE 1, EIGY=206835
Defarmed(0.158): TOTAL TRANSLATION
Contour: TOTAL TRANSLATION

Figure 9: First buckle at 20683N. Color scale iatiivg of translation over the frame.
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4. CONCLUSIONS

The results of those simulations indicate thatfthme won't fail, once the lay-up schedule is uasdiefined in the
analysis. Information on the lay-up definition ajothe structure and the amount of material defittedugh the
simulations presented in this paper are confidentia

The total weight of the structure was estimatetidaaround780 g a reasonable weight for the structural mass. In
the production process there will always be sonthtiathal weight due to excess of materials as rasith fibers. There
is also the inserts that are necessary to enateldanes between the frame and the other piecaking everything into
account to total weight will rest arouddl kg a very light frame for mountain bikes.

The method of analysis described above can be fmwedny kind of frame by adjusting the margin ofeta
according to the use of the frame: a downhill aggtion will require much more from the frame whempared to a
speed bike, which makes important to guaranteeshigtargins or to raise the loads by an adequaterfac
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It was not calculated any prediction of structuigidity of the frame in the method. This can ldada very rigid or
very soft frame, both inefficient. Thus, the metteah guarantee a safe structure but, in other taptztely design a
competition frame, it will be necessary additioeibrts to achieve a lay-up schedule with an adegrgidity.
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