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Highlights
« Strength analyses of a chopper type motorcycle frame under static and dynamic loads'were performed.
« Strength analyses were carried out using the Finite Elements Method.
« The stress and safety coefficient values of the hybrid frame were higher.
* The total deformation values of the steel frame are lower.
» The strength values of the steel frame are better than the hybrid frame.

Article Info Abstract

Motorcycle use is increasing and becoming widespread every day in the world, especially in
Received: 19 Mar 2024 Turkey. As the need for motorcycles increases, the basic structural parts of motorcycles,
Accepted: 05 Sep 2024 especially the frames, are desired to be stronger and cheaper as well as lighter. For this reason,

although motorcycle frame materials are mostly steel or aluminum, in recent years hybrid
materials consisting of composites and various alloys, especially in frame construction, have

Keywords become widespread in the motorcycle industry. In this study, a preliminary design of two separate
Finite element method motorcycle frames consisting of steel and hybrid (steel, aluminum alloy and carbon fiber
Motorcycle frame reinforced polymer (CFRP) composites) materials were made with solid modeling, and a finite
Design element model of both frames was created. Thus, the deformations and stresses created by the
Hybrid materials static and dynamic loads acting on the frame were analyzed, and the frames were compared in
CFRP composites terms of static and acceleration loading.

1. INTRODUCTION

The loads acting ‘on thesmotorcycle frame during its lifetime are mainly; static weights of the driver and
passenger;, enginestransmissioh and other accessories, dynamic loads arising from the road, and
acceleration-deceleration inértia. A motorcycle frame exposed to such static and dynamic load conditions
should.not deform excessively, have optimum strength and rigidity to carry all loads, and should maintain
the structural stability of the vehicle. In addition to these enhanced strength properties, the availability of
materials‘and easg’of production are important factors, which affect the production cost of a motorcycle.
However, nowadays, lightness is one of the most important factors desired due to fuel efficiency for
customers. Also, it is desired that it requires little maintenance during use after production and is not
affected too much by environmental conditions.

The construction of a steel motorcycle frame takes a long time and requires expert Mig/Tig welding. On
the other hand, as a result of long-term use, corrosion in the weld seams, defects in the weld seam and
fatigue due to faults, cracks, and breaks may occur. In order to minimize these disadvantages, frames made
of composites such as CFRP, which attract attention with their strength and lightness, have come to the fore
recently. It is expected that a solid tube joint can be obtained by cutting CFRP tubes in appropriate sizes,
processing the ends of metal materials (like the neck stem of the frame) in the appropriate form, gluing
them with epoxy resin, applying carbon and/or kevlar fabrics (prepreg) to support the frame joints. Thus, a
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frame can be produced in a faster time than welded manufacturing, does not require expert welding labor,
shows more strength, and is resistant to cracks and breaks can be made. Also, with the motorcycle frame to
be created using CFRP composites, a lighter frame will be obtained compared to the steel frame. In this
way, it is estimated that the lifetime of the motorcycle will be longer with the use of a composite frame that
is resistant to corrosion and vibration and has natural damping properties. On the other hand, it is thought
that fuel consumption will decrease due to the composite frame, which is lighter in weight than the steel
frame. In addition to this, Mateusz et al. [1] compared several possible chassis configurations, including
the design with several areas reinforced using CFRP and with the additional stiffening element mounted.
They observed that the use of CFRP reinforced sections increases the life of a chassis due to the orthotropic
structure of CFRP. Also, Fentahun and Savasg [2] stated that CFRPs provide some advantages, such as the
potential for maximum mass reduction in vehicles and the potential to reduce carbon emissions by making
the vehicle lighter.

In the literature and production sector research conducted within the scope of this‘studypa Chopper-style
motorcycle frame made of carbon fiber material and tubing has never been encountered. However, similar
studies found in the literature are given here. In the study of Jeyapandiarajan.gt al., [3]attempts were made
to design a structurally stable chassis for an electric motorcycle. Thus, real“time forces on‘the chassis were
simulated with 3 different materials, AISI 1020, Aluminum 6063-T6 and, AlSI 4340, considering various
parameters obtained from the literature research. It has been tried t@’ determin€ the maost suitable material
for the targeted chassis. Dama et al. [4] produced an automotive Flex Body Space-Frame Structured
prototype using the finite element modeling and analysis methad. This prototype work was produced with
Additive Manufacturing technology using Fused Deposition Modeling Technigue in a shorter time and at
lower cost. Mat and Ghani [5] designed a lightweightfand low, frictional resistance chassis for "Eco-
Challenge" race cars in their study in 2012, and examined-the,behavior of this chassis when subjected to
normal vehicle loads such as engine and driver weight, acceleration, braking and cornering forces. This
chassis should also have been able to protect theddriver in the event of a collision. A steel space frame was
chosen for the chassis design in question. The chassis is simulated with five different loading conditions.
These were the static load (dead load) of the vehicle supported on the axle base was 4g load on the main
pulley, 1.5g acceleration, 1.5g deceleration (braking). and 2500 Nm/degree torsional load.

A structural analysis of a motorcyc€le planned to be produced by the Ajp brand was carried out by Rechena
[6] using the finite element method. With Static simulations and bending analysis for parts under
compression loads, the loads,and safety,factors that will act on the vehicle were tried to be estimated. In
another study by Lianget al."[7] in 2014, the fatigue life of a motorcycle frame made of two different
materials was estimated y,conducting a road trial together with computational simulation studies based on
the finite element analysis method.@In the study by Tripathi and Ambikesh [8], carbon-flax hybrid
composite was used instead of steel for the motorcycle frame. With this new material combination, FEM
analysis of the matoreycle frame was performed for various loads under static conditions. It was observed
that the maximum- defarmatien-occurred in the driver tube and it was stated that this could be improved in
terms of strength byyproviding an extra rod support from below.

In the'study‘conducted by Neeraja et al. in 2012, a frame was modeled using 3D modeling software Pro /
Engineer, astructural analysis was made by applying wheel forces to verify the strength of the frame, and
the final stress limit for the model was determined in this analysis. Four materials (alloy steel, aluminum
alloy A360, magnesium and CFRP) were studied to select the best material for the frame. In the results of
working; It has been determined that the stress values for all materials are lower than the allowable yield
stress values, so that the design is safe. Comparing the results for the four materials, the stress is the same
and the displacement is less for the CFRP material than for the other three materials. Therefore, for the
design, it was concluded that CFRP is a more suitable material for the suspension frame. In addition, for
future work; It has been stated that the model can be prepared properly by using CFRP composite, this
material is the most suitable material for the production process since it has less density compared to other
materials used in frame production, it can withstand very high loads and reduces the cost of frame
manufacturing. It has been emphasized that CFRP has an almost infinite service life when protected from
the sun, and unlike steel alloys, there is no durability limit when subjected to cyclic loading [9]. In the thesis
of Slaiman in 2018, it was stated that CFRP material gives good strength and a lighter weight compared to
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steel and aluminum, while carbon fiber like titanium is also very expensive. It has been emphasized that
motorcycle frames produced with CFRP are good in theory, but cannot be used as long as frames made
from other materials. Thus, it has been argued that only a few bicycle frames were produced with CFRP,
carbon was combined with epoxy to achieve good results, but could never be used in motorcycle frames
[10].

In addition, when the production sector is examined, it has been seen that carbon fiber has been tried in the
construction of the frame of some motorcycles. In particular, BMW company has made some trials for the
production of motorcycles with carbon fiber frame [11], but these studies could not pass to the mass
production stage. In 1983, Honda company produced a futuristic Nr500 model motorcycle with a full
carbon fiber frame. This production has never competed in official races, but has been adtest run for the
future.

Many small manufacturing companies have experimented with carbon fiber frame” In“1990, businessman
Piero Ferrari created a spectacular carbon fiber frame for Cagiva's 500 Gp motor€ycle. Famousimotorcycle
racer Randy Mamola has tested the frame, which is very accurately steered but produces,a‘lot of vibration.
It has been observed that this frame produced is quite rigid [12]. In 1985, the Honda Cbx750 Black Buffalo
model motorcycle with a carbon fiber frame was produced by the Japanese racing.car manufacturer Dome.
The driver of the motorcycle said; “Black Buffalo worked very welléand remained intact when I crashed at
high speed. To me, it seems inevitable that this technology will"feed Moto Gp.” However, not a single
carbon fiber frame motorcycle was produced that competed indhe motarcycle racing industry until 2019.

Garofano et al. in the study of [13] in 2023, they investigated the ‘use of laminated composite panels in an
electric minibus chassis as an effective way to reduce the“glebal mass of the chassis structure and at the
same time increase their structural performance in terms of torsional stiffness and crashworthiness. By
replacing specific steel tubes with CFRP laminated composite structures, different chassis configurations
were numerically developed and detailed simulations were performed to compare both masses and
mechanical responses.

In this study, a preliminary design of a motorcycle frame-has been made, which has not been done before.
Static and dynamic loading analyzes were carried out for two separate motorcycle frames made of only
steel and hybrid use of CFRP composites with aluminum and steel materials using the finite element
method. As a result, the strength behavior of the pre-designed motorcycle frame was revealed. Thus, it was
aimed to create a lightweight'and robust hybrid frame structure that can be used in motorcycles. In this
study, mechanical vibrations originating from the engine/road and fatigue strength were not considered. In
the study, the torsional loadsyon the frame designed from the tube were not taken into account. Only the
tensile and compressive stresses in the pipes are taken into account. In addition, the behavior of the
motorcycle chassis‘design in case of impact has not been examined. The impact phenomenon and fatigue
will be examined in the future.as another study subject.

2. MATERIAL METHOD
2.1. Preliminary Design with Solid Modeling and Material Properties

In the study, the motorcycle frame whose geometry is designed as tubular is the frame of a “chopper” model
motorcycle. The main reason for choosing the chopper model motorcycle is that this type of motorcycle is
a simple and durable vehicle with the least possible equipment. In the preliminary design, the connection
interfaces of the engine-transmission and other sub-equipment were not included, only the frame was
designed. As a result of the structural strength analyses, it was planned to complete the missing connection
interfaces on the frame at the final design and prototype stage. This study includes only structural strength
analysis and does not include fatigue analysis, final design, and prototype production stages.

Solid modeling of the motorcycle frame was done in Solidworks software. Two different frames were
modeled in order to determine the advantages and disadvantages by comparing them with each other; the
first of these is designed from steel material with welded manufacturing, and the second is a hybrid frame
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made of CFRP, aluminum and steel materials. A simple motorcycle design made is given in Figure 1. Only
the frame type changes in the designs, and the other systems are exactly the same.
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Figure 1. Motorcycle preliminary design model

This model was used in static and dynamic loading analysis. The Solid'model; includes the frame, fuel tank,
engine-transmission, front fork, front fender, rear fender, front'wheel and,rim, rear wheel and rim, seat,
front light, handlebar, battery, other small parts (front and rear axles), anddriver. The remaining other
components (wiring, hydraulic tube connections, alternatorpstarter, etc.) were added to the final design,
their weight was included in the frame weight and considered in‘the analyses.

The most characteristic features of a motorcycle are the steering axis, the rake angle, the front ground trail,
the rear ground tail and the center of gravity [14]. These characteristic features were determined in
appropriate value ranges and applied to the frame:

Within the scope of detailed preliminary design studies; Modeling of wheels and rims has been done.
International standards were used in'these solid\modeling studies; Iso 5751-1 (Motorcycle Tires and Rims-
Part 1: Design Guides) [15], Iso 5751=2,(Motorcycle Tires and Rims (Metric Series)-Tyre Sizes and Load
Carrying Capacities) [16)/and-Iso 4249-3 (Matorcycle tires and rims- Part 3: Rims) [17]. At the end of the
study; 160/80B16 rearwheel size and 90/90-21 front wheel size were determined, wheel and rim sections,
and solid models were created according to the aforementioned standards. On the other hand, the "Old
School Chopper,Frame Fabrication™ descriptions given in The Chopper Builders Handbook [18] were used
in modeling the tubexassembly of the frame.

After solidhmodeling; ANSYS Finite Element Analysis (FEA) software [19] was used for static and
dynamic analyses. Far this purpose, solid models of designed motorcycle frames were imported to ANSYS
FEA software to applyfinite element method procedures (defining connections, material properties, Mesh,
etc.). Other modeling details of each frame was given below.

2.2. Modeling Details of the Steel Frame

The image of the frame made of Aisi 4130 (St 37-2) steel material is given in Figure 2. It is envisaged that
the joints of all parts of this frame are welded, and all welded seams are considered to be flawless.
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Figure 2. Frame design with steel material and mesh structure

The mesh structure of the designed steel frame was created and it is confipmed that'ityis ‘suitable for the
meshing quality criteria of Element Quality, Aspect Ratio, Skewness,Jacobian Ratio and Orthogonal
Quality of the ANSYS FEA software. Accordingly, the steel frame copSists of 426.272 nodes and 255.475
elements. Tet10 (10 nodes tetrahedral) elements were used in steel ghassis‘meshing.

2.3. Modeling Details of the Hybrid Frame

There are three different materials in the structure of thedybrid frame. In fact, it was originally planned to
be designed with two materials (aluminum alloy and CFRP-cempasites). However, it was decided to use
AISI 4130 material for the parts to be bent, since the aluminum material causes problems by cracking during
the bending process. For the four difficult parts that require angled joints; it has been decided to manufacture
them with the additive manufacturing method in arder to be easy to manufacture and to add an originality
to this work. Additive manufacturing was, carried out by Fatih Sultan Mehmet University Aluteam
Laboratory in Istanbul. The image of the frame designed with the hybrid use of AISI 4130, CFRP
composites, and AlSi10Mg materials is given in Figure,3:

AlSilOMg | | CFRP | | AISI4130 | AlSi10Ms=

CFRP AISI4130

Figure 3. Frame design with hybrid materials

It is assumed that the Aluminum, steel and CFRP composite parts in the Hybrid Frame were bonded
together with 0.5 mm thick epoxy adhesive used in the aerospace industry. In the connections, epoxy
adhesive and other parts (aluminum and steel) were assumed to join perfectly. CFRP composite tubes have
outer diameter of 32 mm. In addition, the wall thickness of CFRP composite tubes was assumed as 1.5 mm,
namely, CFRP composite tubes were modeled from 5-layer carbon fibers (each layer is 0.3 mm thickness)
with 0°/90° fiber stacking configuration. Besides, all parts in the FEA model were assumed to have linear
elastic properties. The physical properties of the materials used in the study are given in Table 1.
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Table 1. Material properties (from Ansys Material Library)

Property CFRP AlSI4130 AlSi10Mg Epoxy
(Normalized) Resin

Density [gr/cm?] 1.42 7.83 2.67 1.16
Poisson Ratio 0.30 0.32 0.33 0.35
Modulus of Elasticity 0° [GPa] 61.3 206.1 72.0 3.78
Modulus of Elasticity 90° 613 206.1 790 378
[GPa]
Yield Strenght 0° [MPa] 805.0 507.8 251.0
Yield Strenght 90° [MPa] 805.0 507.8 251.0

Since the hybrid frame does not consist of a single material as in the steel fral
made before the analysis. First of all, since the hybrid frame consists of tw

process, the “Mechanical Model” and “Acp (Pre)” sub-modules must
platform. Before analysis, solid models of all different materials ar

AISi10Mg and 8 AISI 4130 parts in
re 4.

structures [17]. The image of 17 pieces of C osite tubes modeled as layers, containing 5 laminates,

in the Ansys Acp Pre module is given in Figure 5.

150,00 450,00

Figure 4. The view of 12 metal materials in the design modeler module
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ed each layer was
0.30 mm thick). There are 34 pieces of CFRP Reinforceme i composite material
mechanical model (Figure 6).

odeled in the""Mechanical Model" and the
combined in the "Static Structural”

After the metal and adhesive parts of the hybrid fra
composite parts in the "Acp (Pre)" module, all solid mo
analysis environment.

The mesh structure of the solid model crea e hybrid frame is shown in Figure 7. There are 416.182
nodes and 218.428 elements in this st mesh structure has been validated according to the
atio, Skewness, Jacobian Ratio (Gauss Points) and

Figure 6. Image of 34 pieces of CFRP reinforcement coating parts in Acp Pre module

For example; according to the Jacobian Ratio Gauss Points criterion, the mesh metric average value was
found to be 0.931 for the hybrid chassis, and according to the "(Bad) 0-1(Perfect)" criterion, it was
determined to be at a very good level.
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125,00

Figure 7. Mesh structure of hybrid material frame

After four solid model groups are combined in the Static Structural module, the process that needs to be
1ery The purpose of this

Vbt Mods

150,00 x : #ﬂ Z/'<I
: Exa?e’of bonded metal parts to epoxy adhesive solid model

As the mission/group is the heaviest component (approximately 25% of the total mass), its
i the position of the motorcycle's CoG [20].

The loal i the steel frame designed in this study was designed as a total of 280 kg, with a total
ight of 180 kg and a driver of 100 kg. 100 kg is too much for the rider, but often riders carry
extra load on their bikes, so an additional 20 kg is added to the rider's weight. However, a weight reduction
of 10.16 kg has occurred in the hybrid frame due to the use of CFRP composites and aluminum materials.

The CoG of the hybrid frame obtained in the Solidworks program is given in Figure 9. For the CoG
measurement, the point where the rear wheel touches the ground is taken as the reference.
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Figure 9. CoG dimensions of the motorcycle with hybrid frame

The dimensional and total weight difference between the CoG of motorcyeles'with steel'frame and hybrid
frame are given in Table 2. The location of the hybrid frame's own CoG is shownyin Figure 10(a). For static
and dynamic loading finite element analyzes, the position of the CoG is changed to'the,location of the CoG
of the main integration. Figure 10 (b) shows the location of the moadified CoG:

Table 2. Motorcycle physical dimensions with steel and hybrid frame

Parameter CoGto CoGto Front  Trail, Tube Front Rear” Motorcycle’s
Rear  Ground, and Rear B[mm] <Diagm, Wheel Wheel Total Mass,

Axle, H[mm] Axle, D[mm] Radius, Radius, m[kg]
b[mm] P[mm] Ri{mm} R{mm]
Steel frame  749.37  639.20 1959.35 112.37 31.75 353.50 340.0 280.0
Hybrid 754.65 644.30 1959.35,112.37 31.75 353.50 340.0 269.8

frame

Center of Mass (mm)
X=587,01
Y=-651,41
Z=-0,009
Own CoG of the
Frame
,Center o;Mass (User Overridden)(mm)] |
X=513,43 ‘
Y=-313,23 ‘
J Z=-0,090 3
|
|
Main Assembly’s
CoG
(b)

Figure 10. a)‘The location of the hybrid frame's own (foG, b)"The location of the fnodified CoG
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3. FINITE ELEMENT ANALYSIS OF STEEL AND HYBRID FRAMES
3.1. Assumptions for Analyses
Some assumptions used in static and dynamic finite element analyses in the study are given below.

i) The road is considered to be straight (without slope, without water, without snow, asphalt and clean) and
in normal condition.

ii) In the calculations, the position change and movements of the rider on the motorcycle while driving will
be considered constant. The CoG changes due to this situation will be neglected.

iii) The weight of the fuel and cooling system (water and oil) added to the total mass of the motorcycle
equals approximately 13 kg.

iv) Under normal conditions, the position of the CoG will change slightly as the fuelilevel drops. In this
study, the change of the CoG due to fuel reduction is neglected.

v) The load acting on the rear wheel directly acts on the frame. The transfer load \during braking and
acceleration is considered constant without any loss of energy.

vi) It is assumed that all loads acting on the wheels (rear or front) directly affect the frame of the motorcycle.
Therefore, the value of these parameters in the analyses will beimuch higher than in normal operating
conditions, because in this study it is assumed that the shock:@bsorbers do not work. (Although not accepted
in this study, some energy will actually be absorbed by the shockiabsorbers), so the safety factor will be
lower than the normal situation, but on the othef hand the motorcycle will be controlled in more difficult
conditions.

vii) The adhesive joints at the metal part and composite tube joints in the hybrid frame are also modeled
as solid. Thus, the behavior of the bonding places whase.material is epoxy resin will also be analyzed.

viii) Besides, the designed steel and hybrid frames are modeled as the hard tail.
3.2. Static Load Analysis

The location of the center of gravity-and'the static forces are shown in Figure 11.

Q2

mg

NS'V 7 b st
P >

<
<

Figure 11. Position of center of gravity and static forces [18]
The force exerted by the motorcycle on the ground is given in Equation (1);
G=m.g. 1)

Here, m is the mass, and g is the gravitational acceleration. The front wheel load of the motorcycle in the
static state is given in Equation (2);
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b.G
st = ? (2)

The rear wheel load of the motorcycle in the static state is given in Equation (3);

G.(p—b
Nsr::—i%—l . 3

According to the balance of static forces, the application of the gravity force from the CoG, the application
of the N¢ and Ny (divided by two, applied from each axle housing) forces on the solid model and the
boundary conditions are shown in Figure 12.

B: Static Structural
s. i Ansy

Timei1.s nsys
1/15/202412:28AM 2022R1

[ Cylindrical Support: 0. mm

= “ | .“ '
@
0.00 300,00 600.00 (mm)
I - . ki

15000 450,00

Figure 12. Application of forces and boundary conditions for static loading analysis

Here, the motorcycle front wheel load Ny is assumedtoyact on the steel frame and applied from the steering
neck, although some of the forcesdfrom the ground are damped due to the presence of shock absorber springs
in the front fork. As the boundary conditions; “Cylindrical Support” was applied from the bearings in the
steering neck, where the radial and axial movements of the cylindrical support were released and the
tangential movement was$ fixed.\A “Displaeement Support” was applied from the right and left rear axle
housings, where the movement/in the x and z axes was fixed, only the movement in the y axis was allowed
(When the z axis was fixed'and the x“and y axes were released, the solution of the finite element method
could not be reached, an erroraecurred in the analysis).

Accordingly, as a result ofthesstatic loading analysis made in steel and hybrid frames; Total deformations
are given in Figure 18, Equivalent (Von-Misses) Stresses are given in Figure 14.
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Figure 13. Total deformation for static analysis (a) Steel Frame (b) Hybrid Frame
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Figure 14. Von-Mises stress for static analysis (a) Steel frame (b) Hybrid frame

After the static loading analysis, the detailed pictures of the regions where the maximumistresses occur in
the hybrid frame are shown in Figure 15.
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(a) (b
Figure 15. Maximum equivalent (Mon-Mises) stress distribution under static loading analysis in (a) AlSI
4130.region, and (b)AISILOMg region (Detailed Pictures)

Comparison of static loading analyzes of steel and hybrid frames is shown in Table 3. In terms of max. total
deformation, it is seen that the deformation value of the hybrid frame is considerably higher than the
deformation valuge of the steel"frame. It is considered that this is due to the fact that the steel frame has a
more rigid structure due.to its welded joint structure, while the hybrid frame is due to the integration of a
large number of parts joinediby-bonded joints. In addition, it is considered that the maximum deformations
in the neck of the frame will’‘be much lower under real operating conditions due to the presence of springer
forkand froht wheel,On the other hand, considering that the engine and transmission group will also be
connected to the frame under real operating conditions, it is certain that the deformation values will be
much lower.

Table 3. Comparison of steel and hybrid frames

Nm. Feature/Analysis result Units Steel frame Hybrid frame
1 Max. total deformation [mm] 2.73 15.98
2 Max. equiv. Von-Mises [MPa]  445.01 204.36
stress
3 Safety coefficient - 1.1 2.5

As can be seen in Figure 15 (a), maximum stress occurred only on the bottom of the seat tube which is
made of AISI 4130 steel. According to the analysis result, it has been determined that the safety coefficient
of the hybrid frame is s=2.48, according to the 507.8 MPa safety stress specified in Table 1. In the rear axle
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housing of the frame, where high stress is detected, safety conditions are provided since the maximum stress
value is lower than 251 MPa, which is the safety stress of AISi10Mg material. In other parts of the frame
containing CFRP material; It is seen that the stress values vary between 0-68.139 MPa values, and in this
context, the safety factor for other regions is approximately s=11. The safety factor of the steel frame is
s=1,1 as it is shown in Table 3. In the case of static loading, the Hybrid frame presents a stronger structure
than the steel frame.

3.3. Maximum Acceleration Load Analysis

This section considers all the forces that can affect the motorcycle's frame when the motorcycle is traveling
at maximum acceleration (maximum speed equals 130 km/h). Therefore, first, all known parameters
(forces) were found, all other parameters were calculated using some static equations (Newton's Second
Law, Equilibrium Law and Dynamic Equation) and then, all these parameters were entered into the
computer program (As Solidworks design software, Ansys Workbench were used to detect Stresses and
displacements). Accurate determination of all stresses and displacements of finitexelements isiimportant in
order to obtain results as accurately as possible. Figure 16 shows all unknown foreces that need to be
calculated. This calculation study is based on the calculation method of \#Cossalter's work [21].

112,376

Figure 16¢Forces acting en motorcycle on acceleration for Hybrid Frame
The forces given in Figurel6,are;

¢ Normal forces N and N exchanged between road and tires,
e The weight force of,the motorcycle acting on the center of gravity, m.g,
2
o sForce of inertia dueto acceleration m.% (F),
e The force S exerted by the ground on the motorcycle at the contact point of the rear wheel in
response toithe driving force of the motorcycle engine,
e Aerodynamic drag force Fp,
o Tirerolling resistance force Fy,
e The aerodynamic lift force is F.
Thus, the drag force acting on the hybrid and steel frames [19];

1
FD = EpCDAVZ . (4)

Here p is the density of the air, A is the front area of the motorcycle, Cp is the aerodynamic drag coefficient,
V is the forward speed of the motorcycle.
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CpA=0.745 m? value is taken according to [19]. Besides, if the aerodynamic drag coefficient value is
compared with the graph in Figure 17 created by Vittore Cossalter [19]; It is seen that for CoA=0.74 m?
and 130 km/h values, Fo~550 N will be around, so 566.86 N found by Equation (4) is consistent.

2000 /45/01./ //
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y 1500 03
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Figure 17. Graph of velocity, aerodynamic drag force, dragarea [19]

Aerodynamic lift force Fy;
FL = %pCLAVZ . (5)

Here C. is the aerodynamic lift coefficient. Accarding to Vittore Cossalter's book [19], CLA=0.12 m? is
taken. (Upper limit is used.)

It has been determined in the experiments and road tests that the tire rolling resistance F corresponds to
approximately 2% of the total motercycle weight [19]. In this way,

Fw = 1%omg . (6)

To find the force of 4nertia caused by the acceleration of the motorcycle, the values obtained in the
“Acceleration Time Test” aredised. Aecording to this; As a result of four acceleration tests, the arithmetic
average time value found to reach 100 km/h was determined as 17.9 s. (Performance tests were carried out
at the beginning ofthis,PhD with the use of a test bike. This article does not contain detailed information
about ground tests)

— LAV
AHA~TR (7)

e 100 kmy/h-0 4 27.7m/s
H 17.9s=00"  17.9s

The acceleration is found to be 1,5 m/s%.Thus, the inertial force during acceleration is found by the Equation

(8)
Fi=may . ®)
In line with the assumptions given earlier, a motorcycle in linear motion is taken into account. It is assumed

that the motorcycle balance equations written for steady-state motion also apply to vertical translation and
rotation. Thus, if Newton's Second Law of Motion is used, horizontal balance of forces in acceleration;
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Using the results (4), (5), (6) and (8) from Equation (9), the drive force of the motorcycle S is found in the
negative direction. Here, assuming that the m.g, S, Fw, Fo, FL and F, forces act on the plane of the CoG, for
the dynamic load on the front wheel during maximum acceleration (130 km/h), according to Figure 16;

Ns is found from Equation (10). Likewise, the rear wheel dynamic load is derived from the moment balance;

Accordingly, the force values to be applied to the hybrid frame in the acceleration dynamic analysis are
given in Table 4.

Table 4. Force values to be applied in acceleration dynamic analysis
Weight,  Front Rear Lift Drag Tire Inertra Drive

m.g[N] Wheel Wheel Force, Force, Rolling [Force, Force,

Forces Load, Load, FL[IN] Fp[N] Resista _FyN] S [N]
N¢[N] N, [N] nce,
Ew[N]

Steel frame  -2744.0 692.60 1960.09 91.30 566.8, 54.8 420.0 -1041.7

Hybrid frame 2644.43 663.84 1889.28 91.30"566.8 1 52.8 404.76  -1026.5

The driving force (S) acting on the frame;
M = S.h. (12)

Ms moment will be reflected (The sign is negative because it is clockwise relative to the CoG). Tire Rolling
Resistance (Fw) acting on the frame;

Mewmoment will be reflected (The.sign ispositive because it is counterclockwise with respect to the CoG.).
The normal force (Nf) on the front wheel is reflected directly to the frame without being damped, despite
the wheel and frontfork shock absorbers. The force under real use conditions will be much lower than this
value. The same is truexfer the rear wheel force acting on the frame as well.

The application of the boundary conditions to the model is given in Figure 18, two moment values applied
are,shewn in‘the figure..Moments are applied directly to force the frames.
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Figure 18. Application of boundary conditions in accelerationorx. Hybrid"Erame

In this context, after applying a cylindrical support, two displacement supports, seven forces and two
moments to the analysis model, the total deformation results forsthe acceleration analysis are given in

Figurel9. Equivalent (Von-Misses) Stresses are given in Figure,20.
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Figure 9. Total deformation for acceleration (a) Steel frame (b) Hybrid frame
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Figure 20. Von-Mises stress for acceleration (a) Steel frame (b) Hybrid frame

After the acceleration load analysis, the region where the maximum stresses occur in the hybrid frame are

shown in Figure 21.
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B: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress - Top/Bottom - Layer 0
Unit: MPy
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Figure 21. Region of highest equivalent (Von-Mises) stress in aceeleration

Comparison of acceleration loading analyzes of steel and hybrid frames is shown in Fable 5.

Table 5. Comparison of steel and hybrid frames for acceleration

Nm. Feature/Analysis result Units Steel frame Hybrid frame
1 Max. total deformation [mm] 0.55 2.12
2 Max. equivalent VVon-Mises [MPal 29279 61.99
stress
3 Safety coefficient F 2.3 4.0

It is seen that the values of both frames are low in‘terms of total deformation. Max. deformation occurred
in the backbone region of both frames. It is estimated”that the values will be lower if the engine and
transmission is mounted on the ffames.

Equivalent (Von-Misses). Stress value is max. 61.992 MPa. Maximum stress is observed in the rear axle
housing part of the frame."Accarding. to the analysis results, it was determined that the safety coefficient of
the hybrid frame is s=4.04 aceording to the 251 MPa value, which is the safety stress of the AlSi10 Mg
material specifiethin the Table 2»According to the results of the acceleration analysis, the stress values in
the other parts of the frame with/CFRP composite tubes and AlISI 4130 materials are quite low, the safety
coefficients are high, afound §=18.0, and the frame provides very high strength.

Comparing the_acceleration analysis of the two frames, there is not much difference between the total
deformations, but the Safety factor of the hybrid frame is about twice that of the steel frame, thus it is seen
that the hybrid frame shows more strength.

3.4. Maximum Braking Load Analysis

Driving safety, in addition to an efficient braking system, requires the driver to be able to evaluate the
required stopping distance under various conditions, to be able to brake optimally using all the possibilities
of the braking system and especially using the rear brake. In fact, many motorcycle riders tend to forget
about the rear brake, which is a useful addition in certain situations. Proper use of the rear brake is important
both for braking when cornering and for braking during linear movement when an unforeseen obstacle
appears in front of the motorcycle.
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In this section, all the forces that may affect the frame of the motorcycle during braking while the
motorcycle is traveling at 90 km/h will be considered (Figure 22).

112,376 |

Figure 22. Forces acting on the motorcycle during.braking for Hybrid Frame

In the braking calculation, the values of F. aerodynamic lift, Ep aerodynamic/drag and Fw tire rolling
resistance forces will be applied with the values when thevehicle 15 at 90 km/hwIn the real case, these forces
are gradually reset to zero from the start of braking until'theavehicle,.comes to a stop. However, the highest
values will be used in the calculations. This, like the factor of‘safety, will increase the reliability of the
calculations. In addition, B braking force will becalculated according*to 90 km/h speed in calculations. In
the real situation, when the braking starts, the engine driving force does not affect the motorcycle due to
the cut-off of the gas, but the inertial forcethat occurs at that speed.

To find the inertial force (F) resulting from braking; First,of all, the deceleration should be detected. In this
context, when the equation of motion is applied by assuming the braking efficiency as 100%, the
approximate stopping distance [22];

Viast = Varst — 2.af.S. (14)

Here, Vi,s; Speethafter braking, Vg, Starting speed of braking, ag deceleration, s is the distance traveled
during braking. Since the final velocity will be zero at the time of stop, from Equation (14);

2 a—} _¥
0% =Virst \F 2.aF-s

2

s = — Vst ) (15)

237

To find the inertia force caused by the braking of the motorcycle; Values obtained in the Motorcycle
Braking Test will be used. According to this; As a result of the three braking tests, the arithmetic average
of the distance values obtained during braking at a speed of 90 km/h (25 m/s) was determined as 26.1 m.

If these values are put in their place in Equation (15), ag is found. In this framework, the inertial force
during braking is found by Equation (16)

Fi=m.ap . (16)
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The drag force Fpacting on the frames is found by Equation (4) and the aerodynamic lift force F;, is found
by Equation (5).

The braking force B, which tries to stop the motorcycle at 90 km/h by establishing the balance of horizontal
forces in braking, is found from the Equation (17)

Here the dynamic load on the front wheel (N¢) during 90 km/h is found from Equation (18) according to
Figure 22

Again, the dynamic load on the rear wheel (N,) during braking from 90 km/h is foundfrom Equation (19)
according to Figure 22

In this framework, the force values to be used in the braking analysis are given in Table 6.

Table 6. Force values to be applied in braking dynamic analysis

Front Rear Lift Tire Inertia  Brakin
Weight, Wheel Wheel Drag Force, “Rolling g
Forces Force, . Force, Force,
m.g[N] Load, Load, FL[N] Fp[N] ““Resistance, F([N] B[N]
Ne[N] Ny[N] °F Fw[N] :
Steel frame -2744.0 2037.5 662.74 43.8 271.7 54.9 —3351.6 3025.0

The Mg moment consisting of braking force and the Mew/moment consisting of tire rolling resistance were
calculated. Boundary conditions.applied in the ANSYS program are shown in Figure 23.

15000 45000

Figure 23. Boundary conditions for frame dynamic load analysis in braking for Hybrid Frame

After applying a cylindrical support, two displacement supports, seven forces and two moments to the
analysis model, the total deformation results for the braking analysis are given in Figure 24. Also,
Equivalent (Von-Misses) Stresses are given in Figure 25, and Comparison of braking loading analyzes of
steel and hybrid frames is shown in Table 7.
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Figure 24. Total deformation for braking (a) Steel frame (b) Hybrid frame
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Figure 25. Von-Mises stress for braking (a) Steel frame (b) Hybrid frame

Table 7. Comparison of steel and hybrid‘framesifer braking

Nm. Feature/Analysis result Units Steel frame Hybrid frame
1 Max. total deformation [mm] 10.03 57.91

5 zlraez.s equivalent Von-Mises [MPal 490.96 205.19

3 Safety coefficient - 1.03 0.72

In terms of max. total deformation, itlis’seen that the deformation value of the hybrid frame (57.9 mm) is
considerably higher than the deformation value of the steel frame (10.0 mm). It is considered that the
deformations in the'neck of the frame will be much lower under real operating conditions due to the
presence of springer fork and.front wheel.

As can be seen in Figure 25 (b), maximum stress occurred only on the bottom of the seat tube which is
made of,AlS14130\steel. According to the analysis result, it has been determined that the safety coefficient
of the hylrid frame'is s=0.72, according to the 507.8 MPa safety stress specified in Table 2. Although the
strength values in other parts of the hybrid frame are observed to be quite high according to the color map
of Ansys, it is'seen that the stress at the bottom of the seat tube exceeds the strength limits. In fact, it is
considered that the strength problem can be eliminated by applying two or three passes of the weld at the
junction of the tube and profile, but it would still be appropriate to go for a more radical design
improvement. Improvement work will be given at the end of the study.

In the braking situation, the steel frame seems to be more durable than the hybrid frame under current
conditions.
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3.5. Effect of Centrifugal Force on Frame (Cornering Load Analysis)

When the motorcycle is in steady rotation, it is subject to both a restoring moment created by the centrifugal
force, which tends to rotate the motorcycle to a vertical position, and a tipping moment and roll angle
created by the weight force, which tends to increase.

Considering a motorcycle while cornering in a stationary state; The balance of moments of forces acting

on the CoG shows that the normalized lateral force required to stabilize the motorcycle is equal to the
tangent of the roll angle (¢) as shown in Figure 26 [19].

i_ roll angle:(pl_
‘ \
|
|

s Do 2
centrifugal force = mR Q2 < s
:

S

R

¢

G = center of gravity

vertical load = N

A o e weight force = mg

I~

/
lateral force = F
Figure 26. Cornering stability, steady turningrand rolling angle of a motorcycle equipped with zero-

thickness tires [19]

In this study, strength calculations will be made by assuming that the lateral force Fs, which is caused by
the turning of the motorcycle in the corner, can be reliably covered by the motorcycle tire. As indicated in
Figure 26, the motorcycle tire thickness was taken into consideration as zero. In this framework, camber
thrust, rolling angle and lateral slip.relations, which vary according to motorcycle tire characteristics, are
not taken into account.

Centrifugal force (N) is calculated by Equation (20);

Fc = m.R.w?wy (20)
Here R, turning radius{m),eyer 2 angular velocity (Hz, 1/s), m is mass of object (kg).

If only the angular velocity o is known, it can be recalculated in terms of normal velocity by multiplying it
by the circumference of the circular path. If the following equation is used:;

v=w.R; . (21)

Here v is linear velocity (m/s). If Equation (21) is substituted in Equation (20);

C

The relationship between centrifugal force and linear velocity of the vehicle is shown in Figure 27.
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S —

Figure 27. Relationship between centrifugal force and linear velocity [23]
Since the motorcycle entering the bend at a maximum speed of 130 km/h does not meet the safety
requirements, the speed of entering the bend is accepted as 60 km/h (16.6 m/s) as<a safe speed, and the
radius of the turn is taken as 50 m.

The drag force Fp acting on the frames is found by Equation (4) and the aerodynamic liftiforce F;, is found
by Equation (5). The tire rolling resistance Fy is found by Equation (6).

As a result of four acceleration tests, the arithmetic average time value found to reach 100 km/h was
determined as 17.9 s. With the proportional method, the time toseach 80 km/his, 107 seconds.

The acceleration agis found by Equation (7), the inertia force F; isfound by Eguation (8). The forces acting
on the motorcycle while cornering are given in Figures“16jand 26.

Centrifugal force (Fc) is at the CoG and inwardé¢from the picture plane and lateral force (Fs) is outward
from the picture plane at the point where the front.and rear wheels touch the ground.

In this context, if Newton’s Second Law*of' Motien is used, the motorcycle driving force S is found from
Equation (9) according to the balance of vertical forces in the x-y plane at the bend.

Taking the rolling angle as ¢=45°, N is found,by Equation (23) according to Figure 16 for the dynamic
load on the front wheel during 60 km/h,speed

—N¢.p + m.g. b — Fl(h. cos45) + S.0 = Fy. 0 — Fy. (h.cos45) — F..b = 0. (23)
Equation (24) is used to find"Ngwith the same method

Ni.p — m.g. (p =b) =Fp.(h.cos45) + S.0 — Fy. 0 — Fy.(h.cos45) + F..(p—b) =0 . (24)
The forces to be used.in the analysis of the motorcycle turning in the corner are given in Table 8.

Table 8. Force values to be applied in cornering dynamic analysis
Forces Weight, Front  Rear Lift Drag Tire Rolling Inertia Acceler.
m.g[N] Wheel Wheel Force, Force, Resistance, Force, Force,
Load, Load, Fy[N] Fp[N] Fw[N] Fi[N] S [N]
N¢[N]  N;[N]

ﬁ,fs]le -2744.0 917,59 1807.11 19.29 119.78 54.88 420.0 -594.66
erZr?gd -2644.43 886.49 1738.25 19.29 119.78 52.88 41549 -588.15

In the corner, the lateral force Fsis found according to the Equation (25) deduced from the balance of
horizontal forces in the y-z plane
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Fg—F.=0 . (25)

The calculated lateral force (Fs) will be reflected in the frame as the Mgg moment in the yz plane. The
direction sign is negative according to the right-hand rule

Mgs = Fs.h. cos45 . (26)

The Tire Rolling Resistance (Fw) will be reflected to the frame as the Mgy moment. The direction sign is
positive according to the right-hand rule

Mgw = Fy.h.cos45 . (27)

The acceleration force (S) will be reflected to the frame as the Mgmoment. The direction sign is negative
according to the right-hand rule

Mg = S.h.cos45 . (28)
In this context, the forces and moments acting on the frames are shownp4nEigure 28. The total deformation

results for the cornering analysis are given in Figure 29. Also, equivalent (Men-Misses) Stresses are given
in Figure 30.
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Figure 29. Total deformation for cornering (a) Steel frame (b) Hybrid frame
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Figure 30. Von-Mises stress for cornering (a) Steel frame (b) Hybriddframe

Comparison of acceleration loading analyzes of steel and hybrid frames is showmin Table 9.7In, terms of
max. total deformation, it is seen that the deformation value of the hybrid frame (12.38'mm)\is considerably
higher than the deformation value of the steel frame (2.34 mm). It is” considered that“the maximum
deformations in the backbone region of the frame will be much lowertnder real*aperating conditions due
to the engine and transmission integration.

Table 9. Comparison of steel and hybrid frames according to4he analysis results

Nm. Feature/Analysis result Units Steel frame Hybrid,frame
1 Max. total deformation [mm] 234 12.38
2 Max. equivalent Von-Mises [MPa] 431.25 315.32
stress
3 Safety coefficient - 1.2 0.8

The region of maximum stress in the cofneringyanalysis of the hybrid frame is shown in Figure 31. The
maximum stress in a very small part of the frame including the rear axle housing bore edges are detailed in
Figure 31. The safety limit has beer exceeded only in'the region where the AlSi10Mg 3D printing material
is located. Since there is no altefnative material othef than this material during the production phase, 3D
printed parts (AlISi10Mg) will be usediin the production of prototype frame, and the condition of the frame
will be observed by performing, crack ‘controlstests with the penetrant liquid method periodically. In the
following period, it is gvaluated that the problem of exceeding the safety limit can be eliminated by using
a more durable material with thesmaterial development situation in 3D printing technology. In addition,
since the loads on the frame are,applied directly during the analysis, it is considered that the intensity of the
loads on the frameywill decrease with the help of the rear wheels under normal operating conditions. An
exaggerated representation,of the deformation of the hybrid frame according to the forces and moments it
is subjected to in the cornering analysis is given in Figure 32.

700

Figure 31. The region of max. stress in the cornering analysis of the hybrid frame
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Figure 32. An exaggerated representation of the deformation of thedybrid frame nering

arts cantaining CFRP and
ousings where the

In addition, it can be said that the hybrid frame has high strength in‘the
steel material according to the Ansys color mapping, except for t i10
maximum stress is detected.

4. DESIGN IMPROVEMENT

It was decided that it would be appropriate to make a desi rovement, especially for the stress
exceeding the strength limits determined at the bottom of the seat tube as a result of the braking analysis.
In this context, an additional rectangular profile and a gusset were placed in the stress region, as seen in
Figure 33.

After the parts were added to the design, the equi stress (von mises) result after the new braking

As can be seen in Figure 3 ign intervention, the safety factor of 0.72 for the hybrid frame
(Table 7) was increased . i into the strength limits.

Figure 33. The design improvement of the hybrid frame
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Figure 34. The equivalent stress (Von-Mises) result of the hybrid frame

5. RESULTS

In this study, strength analyses were performed under static and dynamic loads foraprototype study trial
of a chopper-type motorcycle frame using the finite element method. For this purpose,alighter hybrid
frame structure consisting of a combination of various materials (steel, GERP and aluminum) was designed
and the results obtained were compared with a steel frame. A total of four different,analyses, including
static, acceleration, braking and cornering, were applied to the frame;, whose weight was reduced by 10.16
kg with the targeted material change. When all analyses are taken intoyaccount, it hias been observed that
the total deformation values of the steel frame are lower than theshybrid frame. The fact that the tube joints
of the steel frame are made by welded manufacturing ensures that the steel framé has a more rigid structure.
The joints of the hybrid frame were joined by the bondingsmethod, and it-had more joints than the steel
frame. For this reason, the deformation values are considered“tosbe high. In addition, no weakness was
detected in terms of strength at the joints of the hybrid frame combined with epoxy resin in any analysis. It
is expected that the total deformations will be much lower under real operating conditions by mounting the
springer fork, engine-transmission group, shock absorbers and wheels on the motorcycle frame. In terms
of equivalent stress analysis, it is seen that the'stress and safety coefficient values of the hybrid frame are
almost two times better than the steel frame in the casg,of static and acceleration loading. As for the braking
and cornering analysis, it is seen that the strength values of the steel frame are better than the hybrid frame.
In addition, it is seen that the parts,of the hybrid frame containing AISilOMg and AISI 4130 materials
exceed the strength limits, while the parts contaihing CFRP material show high strength properties.

It is evaluated that the.maximum total defarmation values of the Hybrid Chassis are generally higher than
those of the Steel Chassis, the/reason,for'this is that the Hybrid Chassis has a more jointed structure than
the Steel Chassis due to its design and the rigidity of the Steel Chassis is higher than that of the Hybrid
Chassis due to the fact that the parts are joined by welded manufacturing, and that the deformation values
that occur under real usage,conditions will be much lower than those obtained in the analyses since the
engine-transmission, fuel tank and hydraulic shock absorber front fork are mounted on the chassis.

It is thought:that the ‘areas where maximum deformation occurs in the Steel Chassis are generally the weld
joints,’and thatin case of steel chassis production, the strength of these areas can be improved by applying
2-3 rows of weld seams to the joint areas.

While the use of motorcycles has become widespread all over the world due to the savings it provides to
the user in time and fuel with the increased courier services after the Covid-19 epidemic, the number of
motorcycles registered in Turkiye reached 5 million 5 thousand 666 in the period of January-November
2023 [24]. In the literature and industrial sector researches, it is seen that there are many bicycle frames
produced using composite materials, but there are limited number of chassis production studies including
composite materials for motorcycles, and the existing studies are mostly aimed at monoblock (body
consisting of a single piece) frame productions. With this study, a chassis consisting of multi-piece material
combination is produced by integrating carbon fiber pipes cut to appropriate dimensions into aluminum and
steel joint parts produced by additive manufacturing, which has not been seen before in the literature and
industrial sector, and by using the same engine-transmission group in this chassis, it is aimed to reduce
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weight, increase current speed and reduce fuel consumption compared to another chassis containing only
steel pipes in the same dimensions.

When considered in terms of production style; quite high mold costs will occur for the production of a
composite monoblock chassis and these molds will need to be re-manufactured for each design/size change.
In this study, it is evaluated that the hybrid chassis created by integrating ready-made CFRP tubes with
aluminum and steel joining parts will have lower production costs, design and dimensional changes can be
compensated more easily by changing the tube lengths compared to a monoblock chassis, and the ability to
change regional features can be gained by using tubes made of different materials in the chassis in general
and/or sections. A monoblock motorcycle chassis made of composite material is shown in Figure 35a, and
a motorcycle chassis made of tubes (tubular) is shown in Figure 35b.

(a) (b)
Figure 35. (a) Monoblock and (b) Fubular Motorcycle Chassis

In addition, in the acceptances made for the hybrid chassis, it'was evaluated that the parts produced by
additive manufacturing had the properties of a cast material and the analyses were carried out according to
this point of view. It is thought that it would be very useful to conduct project studies focusing on the effects
of parts produced by additive manufacturing.on similar strength analyses in the future.

On the other hand, it is considered important to expand, the scope of the analyses applied in this study and
to perform analysis studies by adding the engine-transmission and other subsystems to the finite element
analysis in order to obtain more realistic results!

As a result, in an article published in“Motorsport Magazine, one of the respected magazines of the
motorcycle world, on February 07, 2024; Itwas stated that sooner or later every racer competing in MotoGP
will have a carbon fiber frame; becauserin addition to being light, carbon fiber frames provide much better
road grip. Again,.in the samearticle, it is emphasized that motorcycle frames with "situational awareness"
capability, which:allows the frame'to perceive instantaneous situations, can be produced through the use of
electrically conductive plastic fibers in a composite structure [25].
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ABBREVIATIONS AND SYMBOLS

SYMBOL MEANING of SYMBOL
CFRP Carbon Fiber Reinforced Polymer
FEM Finite Element Method
Fw Tire Rolling Resistance Force
Fo Aerodynamic Resistance Force to Forward Motion
FL Lifting Force
F Inertia Force
Fc Centrifugal Force
S Driving Force of the Motorcycle Engine
P Material Density
A Area
Co Aerodynamic Resistance (Drag) Coefficient
V Motorcycle Forward Speed
C. Aerodynamic Lift Coefficient
COG Center of Gravity
Ny Motorcycle Front Wheel Load
N, Motorcycle Rear Wheel\Load
a’y Acceleration
a’p Decelération
S Safety Factor
M Moment of Driving Force S
Mpy Moment ef Tire Rolling Resistance Force Fy
B Breaking Force
R, Turning Radius
2, Angular Velocity
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