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ABSTRACT, KEYWORDS

ABSTRACT

This dissertation focuses on the optimisation of a motorcycle frame made of-Garbon
reinforced polymers (CFRP). The objective is to validate a design methodolog
lightweight and structurally efficient composite structures using topology optionisathile
simultaneously accounting for laminate manufacturability. Structural requirements
defined in terms of torsional, longitudinal, and lateral stiffness, as well as safety under critical
operating conditions such as braking, jump landing, amdecmg. The baseline fram
manufactured using preprem#toclave technology, was analysed, and a design spas
topology optimisation was established. The optimisation results were subsec
incorporated into the structural design with the dual aim of preserving manufacturability and
reducing the number of assembly parts. The optimised frame achieved a 128 % increase in
torsional stiffness, a 140 % increase in lateral stiffness, and a 67 % increase in longitudinal
stiffness, while simultaneously redng critical stress concentrations and achieving a 2 %
weight reduction with an unchanged laminateudg@y The results demonstrate that the use of
topology optimisation as a supporting tool in the design of composite structures represents
an effective patlvay for the development of lightweight yet structurally safe CI
components.

KEYWORDS
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ABSTRAKT

'L]JHUWDpPQt SUIFH VH ]DP XMH QD RSWLPDOL]DFL UiPX

&)53 &tOHP MH RY LW SRVWXS QiYUKX OHKNEFK D NR
Y\X4LWtP WRSRORJLFNp RSWLPDOL]DFH S L VRXpDVQpP
KonsWUXNpQt SRADGDYN\ E\O\ VWDQRYHQ\ | KOHGLVND WR
SRKOHGX EH]SHPQRVWL S L NULWLFNé&FK SURYR]QtFK VW
BWiYDMtFt NRQVWUXNFH UiPX Y\UREHQiIi WHFKQRARJLt Sl
MHMtP ]iNODG E\O Y\WYR HQ VWDYHEQt SURVWRU SUR
RSWLPDOL]DFH E\O\ QiVOHGQ ]DSUDFRYiQ\ GR NRQVWUX
Y\URELWHOQRVWL D VQtaHQt SRPWX GtO$ VMAMUDYL WSKR\
R S thQp R D SRGpOQp R S LpHP& VRXpDVQ

NRQFHQWUDFt QDS Wt D N UHGXNFL KPRWQRVWL R S 1
XND]XMt &H Y\X8LWt WRSRORJLFNp RSWUWREAL]DEHQMD
NRPSRIJLWQtFK VWUXNWXU S HGVWDYXMH HIHNWLYQt FHV
NRPSRJLWQtFK VWUXNWXU

K/Ey29E 6/29%
CFRP WRSRORJLFNi RSW L,Rilh@dckDVKH ko powit RJF PN O
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INTRODUCTION

INTRODUCTION

The automobile is a revolutionary invention that fundamentally transformed ground
transportation. The potential of this transformation lay in the possibility of transporting people
and goods almost independently and at high speed to virtually any destirstording to
individual needs. This gave rise to one of the most widespread industrial sectors, which,
alongside aviation and astronautics, has significantly contributed to the advancement of
mechanical engineering technologies. The motorcycle, oligirdeveloped as a more
affordable alternative to the automobile, today finds application primarily due to its
FRPSDFWQHVYVY LQ FRXQWULHV ZLWK KLJK SRSXODWLRQ G
sports vehicle, owing to its favourable poweiweight ratio. Similar to the automotive sector,

WKH PRWRUF\FOH LQGXVWU\ LV DOVR H[SHULHQFLQJ DOE|

Electric motorcycles offer a number of undeniable advantages. Their main benefit lies in the
simplicity of the power unit design, which allows for new approaches to layout, integration,
DQG HUJRQRPLFV ([DPSOHV LQFOXGH W KNovisHFR SRV WH P F
the forged aluminiumlUDPH RI WKH (Rd R).HrémxaNorformance and handling
perspective, electric drive enables more precise modulation of power delivery to the wheel,
while torque output depends solely on motor speed and the controller input. The primary
drawback is the issue of limited range ahdrging times, both determined by battery capacity.

This, however, is generally less critical than in the case of passenger electric capaince

from touring motorcycledong range is not usually a requirement [$}atistical data on
PRWRUF\FOH XVH LQ (QJODQG VKRZ WKDW DSSUR[LPDWHO
an average ride length of 18 NP 2Q O\ BWiRpiBvolve fullday or longdistance

travel, where range limitations could become problenjatic

$ FULWLFDO GLVDGYDQWDJH RI HOHFWULF PRWRUF\FOHV
needed to refuel a gasoline tank and the time required to recharge a battery of equivalent energy
capacity, where the difference may reach two orders of magnitude. Moreover, the specific
energy density of current lithimh RQ EDWWHULHY UHPDLQV ORNJgDW D
which is about fifty times less than that of gasoline (12,700N\Vhq 1 7KLV VLJIJQLIL
increases vehicle mass as a function of battery $zZ&ERWHQWLDO VROXWLRQ ZRX
scale deployment of lithiupsulfur batteries (2,600 WNJqgi RU HY+a® bateridsK L X P
(11,140 WhNJqi DOWKRXJK DW SUHVHQW WKHVH WHFKQRORJ
conditions (see e.p— @$Q DOWHUQDWLYH DSSURDFK WR DGGUHVV
K\EULGL]DWLRQ $ VPDOO EDWWHU\ FRPEL®e&t&@NFdWiK DQ L
ecodriving modes or at low states of chalgR XOG SUHVHUYH ORZ PDYY ZKLOF
Furthermore, with the utilization of green fuels [D|QG WKH FXUUHQWS8PLDdRED O H
a solution could represent an environmentally friendly drive concept.

+RZHYHU WKH LPSOLFDWLR QndmBly higyBeuUwdigbt an® MgkéiHedargly D S D
consumptionV XJJHVW WKDW ZLWKLQ WKH FRQWH[W RI WKH HC
not necessarily represent a more ecological option over their entire life cycle (He®geld).
Consequently, weight minimization, as a critical parameter in the transportation sector, should
UHPDLQ D GHVLJQ SULRULW\ HYHQ LQ WKH HUD RI HOHFV
reduction lies in the application of advanced composite materiatscydarly carborfibre
reinforced polymers (CFRP), in the design of structural components. The potential of such
materials for effective weight reduction is demonstrated in the aviation industry, where the use
of composites enabled a 20 % mass saving LQ WKH % R HA1Q¥Q R WKLIHID XQIEWH Q

8 BRNO 2025



INTRODUCTION

DGYDQWDJH RI FRPSRVLWHYV LV WKHLU H[FHOOHQW UHVLYV
of significant importance in motorcycle applications (see[&2y14]).

For these reasons, this dissertation addresses the application of modern optiteatiques
topologyoptimisation 72 WR LPSURYH H[LVWLQJ VWUXFWXUDO VRO?
and manufacturing of a carbdibre reinforced motorcycle frame. The aim is to achieve weight
reduction while ensuring the required structural stiffness and sufficient safety.

&9
"s’-:\

rm got

Fig.2 &DNH % XNN PRWRUF abu@ikiunframé&16) IRUIJHG
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AIM OF THE THESIS

1 AIM OF THE THESIS

The main aim of this dissertation is to verify the methodology of applying topology optimisation

to the design of structural composite components. The primary motivation arises from the fact
WKDW WKLV PHWKRG UHPDLQV LQVXIIléd Inkh@iW Guie td[SOR L
manufacturing constraints and a limited understanding of its potential.

7KH VSHFLILF REMHFWLYHV RI WKH WKHVLY DUH DV IROOR

f TR FRPSDUH WKH VWUXFWXUDO VWLIIQHVV DQG VWUF
the properties achievable through topolayiren geometry modifications, while
maintaining the same laminate {ap and identical input conditions.

f To demonstrate how topology optimisation can serve as a supporting tool for the design
of manufacturable composite structures without altering the principal material
composition.

7KH GLVVHUWDWLRQ LV GLYLGHG LQWR WZR PDLQ SDUWV
State of the art
f ILWHUDWXUH UHYLHZ RQ FRPSRVLWHY DQG RSWLPL

f $QDO\VL Vbardingwidtdrcycle frame, including structural and packaging
constraints.

f 2YHUYLHZ RI DSSOLHG PDQXIDFWXULQJ WHFKQRO!
structural optimisation.

Experimental section
f Description of the manufacturing process of the baseline frame solution.
f 9DOLGDWLRQ RI PDWHULDO PRGHOV XVHG LQ VXEVH
f $SSOLFDWLRQ RI WRSRORJ\ RSWLPLVDWLRQ DQG LQ

f QFRUSRUDWLRQ RI RSWLPLVDWLRQ RXWFRPHV LQ
adjustments reflecting manufacturing feasibility.

f Comparative strength simulations of the basedind optimised geometries under
identical laminate layps.

10 BRNO 2025
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2 STATE OF THE ART

2.1 COMPOSITE MATERIALS

Composite materials represent a broad class of materials characterized by their composition of
two or more distinct components with a clearly defined interface. Through the synergy of these
FRQVWLWXHQWY D PDWHULDO LV REEiVibds€®d e 2ndiAdudl RY H
components.

,Q WKH FRQWH[W RI WKLV GLVVHUWDWLRQ DWWHQWLRQ L
UHLQIRUFHPHQW DQG D SRO\P kbkeLUFHR QWRILF HGESHFFQ I PHO O X
subgroup belongs among the most significant modern structural materials. Their principle lies

in combining highstrength and high—stiffnedsbreV ZLWK D SRO\PHU PDWUL]
bonding, stress transfer, and environmental protection of thefiord W\SLFDO UHSUHV/|
carbonfibre reinforced polymers (CFRP), usually consisting of carbondilerabedded in an
HSR[\ UHVLQ

$ PDMRU DGYDQWDJH RI FRPSRVLWH PDWHULDOV LV WKH
fundamentally different from those of conventional metallic materials. While metals generally
H[KLELW beh&MupdarBdosites are inherently anisotropic, and their properties can be
tailored by fibreorientation. This allows the design of structures optimisedpecific loading
conditions (see e.g. [£21)).

2.1.1 MECHANICAL P ROPERTIES

The mechanical performance of long filbeenforced composites is primarily governed by the
properties of the reinforcing fibsetheir volume fraction, orientation, and the type of polymer
PDWUL[ )RU FODULW\ WKH IROORZLQJ VHFWLRQ ILUVW I
fibres and subsequently the properties of typical CFRP laminates.

CARBON FIBRE S
The tensile strength of carbon fible W\SLFDOO\ UDQJHYV EHWZHHQ DQG
fiore JUDGH
f +LJK WHQ V kt@ndardHiodulus fibord —  GPa. Widely used due to their
balanced compromise between strength, stiffness, and cost.

f QWHUPHGLDWHbRRGXOB¥*3D 2IIHU LQFUHDVHG VWLI
FRPSDUHG WR +7 JUDGHYV

f S8OWUWDK PRGXOXieV8+XS WRa. These represent the technological
limit, used in highly demanding aerospace and defappécations.

The tensile modulus of carbon fib'e DOVR YDULHV VLIJQLILFDQWO\ ZLWK

f 6WDQGDUG PRGXOXV +7 - GPa.

f QWHUPHGLDWH PRGXOXV ,0 - GPa.

f +tLIJK PRGXOXV +0 - GPa.

f 8OWWUDK PRGXOXV 8+0 —-900 *3D DSSURDFKLQJ RU
typical for steel. These fibsgehowever, are brittle and costly, and their use is limited to
niche applications > . @

BRNO 2025 11
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7 000 MPa

B 000 MPa

Tensile strenght (MPa)

3000 MPo

2 000 MPa

0OGPo

S000MPa

4000MPa

Mechanical properties of carbon fibers
EPSILON COMPOSITE

SThe alternative

4 Standard Modulus (HS)
?., # Intermediate Modulus (IM)
- High Modulus (HM)

# Ultra High Modulus (UHM)

100 GPa 200 GPa 300GPFa 400 GPa 500 GPa 600 GPa 700 GPa B00 GPa 800 GPa 1000 GPa

Tensile modulus (GPa)

Fig. Range of mechanical properties of different types of carboesfip4]

CARBON FIBRE LAMINATES

,Q SUDFWLFDO DS 8tel\F DWHRQFEH®EHEBQ@LQ D SRO\PHU PDV
HSR[\ UHVLQ 7\SLFDO XQLGLUHFWLRQDO &)53 ODPLQDWH\

f IRQILWXGLQDO PRGXOXV - GPa.

f THQVLOH VWU HQWRA kdepending on firRULHQWDWLRQ PDWU|
fibre volume fraction).

f '"THQVLW\ DSSUR] g FPqf -filfhkdf Btiel lavd BAER Youler BhenH
aluminium.

For woven CFRP laminates, the crimp of the fibres reduces effective stiffness and strength
FRPSDUHG ZLWK 8" SOLHV 7\SLFDO YDOXHV DUH

f ,QSODQH PRGXOXV —90 GPa (depending on weave type and fibre content)
f THQVLOH VWUHQJWK —1000 MPa
f '"HQVLW\ DSSUR] J FPqf

, Q V XP P brhbh fibFes offer outstanding intrinsic stiffness and strength, while CFRP
ODPLQEQDWHY FRPELQH WKHVH SURSHUWLHYV ZLWK ORZ GHC
highly attractive for lightweight structural applications where weight reduction, fatigue
performamre, and corrosion resistance are critical requirenj@21].

12
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COMPARISONWITHC219(17,21$MATERIALS

/R Qflbore FRPSRVLWHV H[KLELW VHYHUDO FOHDU DGYDQWDJ
metallic materials. Their strengtb-weight and stiffnesto-weight ratios are significantly

higher, which makes them ideal for lightweight yet mechanically demanding structures.
$QRWKHU PDMRU EHQHILW LV WKH SRVVL Hilwr®dridhtatkn, WD L O
enabling the designer to align stiffness and strength with specific load paths. Composites also
RITHU HIFHOOHQW UHVLVW D Qdegtadétion,FsiR e theywarernQt $dilgpeGt t6 K H P
JDOYDQLF HIIHFWV DQG FDQ EH XVHG HYHQ LQ DJJUHVVL
allows their use as thermal barriers, while superior vibration damping compared to most metals
improves both rider comfoand structural reliability.

'HVSLWH WKHVH DGYDQWDJHYVY FHUWDLQ GUDZEDENV PXV
arise mainly from the price of carbdibres. Failure of composites tends to be brittle and
sudden, as they lack the plastic deformation characteristic of metals, which makes fracture less
predictable. Their mechanical performance is also sensitive to defects such as porosity, dry
spots, or delamingin, which may critically reduce structural integrity. Recycling remains
difficult, particularly for thermoset matricesnd the anisotropic nature of composites increases
GHVLJQ FRPSOH[LW\ UHTXLULQJ DGYDQFHG )(0 VLPXODWL

For illustration, Tab.1 andTab.2 provides a comparison of selected properties of conventional
HQJLQHHULQJ PDWHULDOV DQG &)53

Tab. 1 Comparison of selected properties

. Density Tensile modulus Tensile strength
Material (Grade) | > Ny E. [GPa] 1v >03D @
Steel alloy (42CrMo4) 7800 210 1100
$OXPLQLXP D(2700 72 600

&)53 7  HSRI[1600

Tab. 2 Comparison of selected specific properties

et Grad R S ot e
Steel alloy (42CrMo4) 27 141

$ O XPL@XPR\ 27 222

&)53 7  HSR]J\ 84

,W LV HYLGHQW WKDW &)53 FOHDUO\ VXUSDVVHV VWHHO D
specific strength. These properties make CFRP particularly attractive for \sergitive
applications in aerospace, automotive, and motorsport engineetiege \minimizing mass

without compromising safety and durability is a critical design objective.

BRNO 2025 13
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2.1.2 TYPES OF REINFORCEMENTS

The type of reinforcement plays a decisive role in the performance of long fibre composites, as

it largely determines both mechanical properties and processing possibilities. Reinforcements
FDQ EH GLYLGHG LQWR WKUHH PDLQXPDI B HRB@f&RKBSQX Q L G L
and woven fabrics.

UNIDIRECTIONAL REINFORCEMENTS

8 SOLHV FRQVLVW RI EXQGOHV LQ ZKLFK PRUH WKDQ
GLUHFWLRQ ZLWKRXW FULPS 7KHLU PDLQ DGYDQWDJH O
since the fibres directly carry the applied load. This enables precise praadmanforcement

in the required orientation and ensures the most efficient utilisation of fibre strength. The
drawback is lower iplane stability, which usually necessitates secondary reinforcement such
DV IDEULFV RU PDWV 8' SOLHV DUH DOVR OHVV FRQY Hnier
production costs.

MULTIAXIAL NON -CRIMP FABRICS

OXOWLD[LDO IDEULFV FRQVLVW RI VHYHUDO OD\HUV RI VYV
GLUHFWLRQV W\SLFDOO\ f f “ f ZKLFK DUH VWLWFI
approach provides higher mechanical performance compared with woven fabrics, because the
ILEUHVY DUH QRW EHQW RU FULPSHG $W WKH VDPH WLPH
single ply, reducing the total number of plies required and accelerating laminatejullde

main disadvantages are that the stitchhrgdds, usually polyester, may not bond perfectly to
WKH PDWUL[ DQG PD\ VHUYH DV VLWHV RI IDLOXUH LQLWL
GLIILFXOW WR LPSUHJQDWH IXOO\ ZLWK UHVLQ ODQXIDFW
increase£osts.

W29(1 )$%5,&6

,Q ZRYHQ IDEULFV ILEUHV LQWHUODFH LQ WKH ZDUS f
SDWWHUQV H[LVW VXFK DV SODLQ WZLOO VDWLQ RU
dimensional stability, good handling properties, and uniform fibtelgigion. Twill and satin
ZHDYHV LQ SDUWLFXODU SURYLGH VXSHULRU FRQIRUPDEL
LQ PRWRUF\FOH IUDPH DSSOLFDWLRQV 2Q WKH RWKHU KD
mechanical properties compared with uUQLGLUHFWLRQDO RU PXOWLDI[LDC
GHFUHDVHV ERWK VWLIIQHVYVY DQG VWUHQJWK &RDUVHU II
strongly.

,Q VXPPDBK BBHLQIRUFHPHQW IRUP RIIHUV VSHFLILF DGYD(
load EHDULQJ FDSDFLW\ LQ R Q Hrigp fabtieswdorRife higipergrmBrideD O Q
with multi-directional capability, and woven fabrics ensure good handling and digpabhil
FRPSOH[ JHRPHWULHY ,Q SUDFWLFH D FRPELQDWLRQ RI
balance performance, manufacturability, and cost.

2.1.3 MANUFACTURING TECHNOLOGIES OF COMPOSITE PARTS

The production of composite materials encompasses a wide variety of technologies that differ
in the principle of fiborempregnation, required equipment, achievable laminate quality, and
overall cost efficiency. The choice of a suitable manufacturing process is always a compromise
between mechanical requirements, economic constraints, production volume, and part
geometry.,Q WKH IROORZLQJ VHFWLRQ WKH PDLQ FRPSRVLWH

14 BRNO 2025



STATE OF THE ART

with particular attention paid to prepregs and autoclave curing, which currently represent the
industrial standard for higherformance structural applications and are employed in the
production of the motorcycle frame investigated in this dissertation.

The primary distinction between manufacturing technologies lies in their suitability far low
medium, or highvolume production, as well as in the achievable quality of the final part.

Fig. 4 Suitability of manufacturing technologies depending on performance, application, a
production volume> @

HAND LAY-UP (WET LAY-UP)

+DQG-up B\one of the oldest and technologically simplest methods of composite
manufacturing. The process is carried out at room temperature and requires only basic tooling.
$ UHOHDVH DJHQW LV ILUVW DSSOLHG WR itwKgdIcPaRlxyerG V X U
WR SURYLGH D VPRRWK RXWHU ILQLVK /D\HUV RI GU\ IDE
PRXOG DQG LPSUHJQDWHG PDQXDOO\ ZLWK OLTXLG UHVLC(
have been saturated, the laminate is left t@ cunder ambient conditions, although in some
cases moderate heating may be applied to accelerate the process.

Dry Reinforcement _ Optional

Fabric —\ Gel Coat
Consolidation
Roller ‘\

Mould Tool

Fig. Schematic of hand layp proces§26]
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The main advantages of hand42yS DUH ORZ WRROLQJ FRVWVYV KLJK IOF
SURGXFLQJ ODUJH DQG JHRPHWULFDOO\ FRPSOH[ SDUWYV |
allows easy modification of the layp sequence during manufacturingRZHYHU VLJQLIL
drawbacks include a high proportion of entrapped air-uroform resin distribution, and
relatively poor mechanical properties compared with other technologies. Furthermore, the
process is labotintensive and strongly dependent on operator skills, which limits
reproducibility and quality consistency.

To address some of these shortcomings, the harnuplayethod can be combined with vacuum
bagging, often referred to as vacuum assisted handXI8y- 9$+/8 $IWHU PDQ
impregnation, the laminate is covered with a peel ply, perforated release film, breather fabric,
DQG VHDOHG LQ D YDFXXP EDJ $SSO\LQJ UHGXFHG SUHYV
air, leading to higher fibre volume fraction, lower porosity, and improved laminate
consolidation. Compared with simple wetdayS 93%$+/8 S UR G X F laf\sighifc@ntly) D W H V
better quality and more consistent mechanical performance. Nevertheless, the method remains
labourintensive and does not achieve the reproducibility or structural properties associated
with prepregautoclave processing [17, 20, 21, 26,.27]

To Vacuum Pump To Vacuum Gauge

T T Breather/Absorption
Fabric
Vacuum

Bagging Film | | | |

-

Sealant = Rom Y

Tape

Release Film /

(Perforated A
( ) Release Coated aminate

Mould

Fig. 6 Schematic of vacuum assisted handuayproces$26]

RESIN INFUSION TECHNOLOGIES

Resin infusion technologies represent a group of closadd processes in which liquid resin

Is introduced into a dry fibre preform under reduced pressure. These methods were developed
to overcome the drawbacks of conventional wetupyparticularly thénigh void content and

SRRU ODPLQDWH FRQVROLGDWLRQ 7KH WZR PRVW FRPP
7UDQVIHU ORXOGLQJ 9%$570 DQG 5HVLQ 7UDQVIHU ORXOGI

,Q 98570 WKH UHLQIRUFHPHQW LV SODFHG LQWR DQ RSHC
sealed. Resin is then drawn into the fibre preform by the pressure difference created between
the vacuum inside the bag and the atmosphere. This relatively simple regfuires only one

rigid mould surface, which reduces tooling costs. The process allows the manufacture of
medium to large parts with improved laminate quality compared with hand @yRU 9% +/8
+RZHYHU LPSUHJQDWLRQ FDQ E HfibveQpRcEs, 8D thevrmdithodid U O\
VHQVLWLYH WR OHDNDJHV LQ WKH YDFXXP V\VWHP )XUW]
limited compared with autoclavaired prepregs, especially in terms of void content and
achievable fibre volume fraction.
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Sealant Tape

. To Vacuum

Resin drawn across and through
Pump

reinforcements by vacuum

Vacuum Bag
f Peel Ply and/or Resin

Distribution Fabric

Reinforcement Stack

Mould Tool

Fig.7 6FKHPDWLF R26]9$570

RTM is a more advanced version of resin infusion, in which the fibre preform is enclosed
between two rigid mould halves. Resin is injected into the closed cavity under controlled
pressure and temperature. This process enables shorter cycle times, mate &boelivolume
fractions, and high reproducibility. The use of arigidtWwd-GHG PRXOG DOVR SURY
GLPHQVLRQDO DFFXUDF\ DQG VXUIDFH TXDOLW\ RQ ERWK
tooling investment is considerably higher, whichktriets RTM to mediumand highvolume
production, such as in the automotive industry [17, 2Q, 26]

Press or clamps to hold
halves of tool together,

U

Mould Tool
Resin ﬁptmnal
Injected Vacuum
Under Assistance
Pressure

Mould Tool

\‘— Dry Reintorcement Preform

Fig. 8 Schematic of RTM26]

FILAMENT WINDING

Filament winding is an automated process used primarily for the manufacture of rotationally
VI\IPPHWULFDO FRPSRQHQWYV VXFK DV SLSHV SUHVVXUH

BRNO 2025 17



STATE OF THE ART

technology, continuous fibre tows are guided onto a rotating mandrel along precisely defined
paths. The winding angle can be adjusted to align the fibres with the anticipated load directions,
which allows efficient tailoring of the mechanical propertiebrés may be impregnated with

liquid resin during the winding process (wet winding), or-ipnpregnated materials may be
HPSOR\HG WR LPSURYH FRQVLVWHQF\ $IWHU ZLQGLQJ WHK
leaving a hollow composite structure.

Angle of fibre warp controlled by ratio

f of carriage speed to rotaional speed

/7

¢ B<— Nip Rollers
\H/‘— Resin Bath

Moving Carriage «<—— | — >

iting Mandrel

( )

5 % Fibres

To Creel

Fig. 9 Schematic of filament windinf6]

The main advantages of filament winding include high fibre volume fraction, low void content,
DQG HIFHOOHQW UHSURGXFLELOLW\ GXH WR WKH DXWRPD
very accurate fibre orientations provides superior mechanicérpemnce, particularly in
pressureORDGHG VWUXFWXUHY 2Q WKH RWKHU KDQG WKH |
components with rotational symmetry, and the initial investment in winding equipment is
UHODWLYHO\ KLJK )XUWKH U PR/MrdblercR&s8didh$ ateHdifreidt\oU L H V
produce with this approach [17, 26]

PULTRUSION

Pultrusion is a continuous manufacturing process used for the production of composite profiles
withaconstantcros¥ HFWLRQ ,Q WKLV PHWKRG EXQGOHV RI ILEUF
through a resin bath, where they are impregnated with ligeid.réhe impregnated fibres are

then pulled through a heated die that shapes the material into the required profile while
VLPXOWDQHRXVO\ LQLWLDWLQJ FXULQJ $IWHU H[LWLQJ W
heating zone, continuously pulled forward, and cut to the desired length.

The main advantages of pultrusion include high productivity, consistent quality, and the ability
to achieve high fibre volume fractions at relatively low cost. The process is highly automated,
which minimises labour requirements and ensures reproducibility. Typical applications include
structural profiles, rods, beams, cable trays, ladder rails, and insulating components in electrical
engineering, where long and straight elements with simple geometry are required.[17, 26]
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COMPRESSION MOULDING TECHNOLOGIES

Compression moulding is a closewuld process widely used for thermosetting composite
PDWHULDOV ,Q W K-m<addredrcKaggre of madteriaDis $ldddd into a heated mould
FDYLW\ $IWHU FORVLQJ WKH PRXOG W Kdtre? DhitiHdideBiO LV F
to flow and conform to the mould geometry. Curing takes place under combined heat and
pressure, after which the part is removed from the mould.

The most common serinished materials used in compression moulding are Sheet Moulding
&RPSRXQGV 60& DQG %XON ORXOGLQJ &RPSRXQGV %O03&
LPSUHIJQDWHG ZLWK D WKHUPRVHWWLQJ UHVLQ ZKLOH %0
UHVLQ DQG ILOOHUV %RWK DOORZ IDVW SURFHVVLQJ D
medium to highvolume production.

The main advantages of compression moulding are short cycle times, good reproducibility, and
relatively low manufacturing costs in largeale production. The process enables the formation

RI FRPSOH[ JHRPHWULHV ZLWK D KLJK GHJUHH RI GLPHQV
2Q WKH RWKHU KDQG WKH PHFKDQLFDO SURSHUWLHV RI
continuous fibre laminates. The achievable fibre volume fraction is lower, and the presence of
fillers further reduces stiffness and strekgt $v D UHVXOW FRPSUHVVLRQ PR
for highly loaded structural components [17]

PREPREGS AND A 87 2&/%$9 PROCESSING

Prepregs are serfinished products in which fibres are prepregnated with a precisely
GHILQHG DPRXQW RI UHVLQ XVXDOO\ HSR[\ 7KH PDWHUL
WHPSHUDWXUHV WR SUHYHQW SUHPDW X Uay-up, Xhd pr@pted> Q G W
plies are placed in the required orientation on the mould surface and consolidated layer by layer.
Compared with wet layip methods, prepregs ensure accurate fibre alignment, a precise fibre
to-resin ratio, and very clean handling.

&XULQJ RI SUHSUHJV LV WA\SLFDOO\ SHUIRUPHG LQ DQ DX
HOHYDWHG WHPSHUDWXUH DQG H[WHUQDO SUHVVXUH Ztk
vacuum. The combined effect of heat, pressure, and vacuum removes resahbaiatiles,
LQFUHDVHYV ILEUH YROXPH IUDFWLRQ DQG PdufdldRé VHV ¢
processing achieves the highest laminate quality of all commonly used manufacturing
technologies. The mechanical properties, particularly stiffnessigilr, and fatigue resistance,

are superior to those obtained by other methods.

7KH PDLQ DGYDQWDJHV RI SUHSUHJY DQG DXWRFODYH SL
ORZ YRLG FRQWHQW DQG WKH DELOLW\ WR PDQXIDFW)
SHUIRUPDQFH 2Q WKH RWKHU KDQG WKLYV \ahH égkiir@ RJ\ L\
costs, limited outf-freezer storage time, and relatively long cycle times. These factors restrict

its use to highSHUIRUPDQFH DSSOLFDWLRQV ZKHUH PD[LPXP VW

Typical applications can be found in aerospace, space industry, motorsport, and other fields
ZKHUH OLJKWZHLJKW VWUXFWXUHV PXVW ZLWKVWDQG H[
autoclave technology was chosen for the manufacture of the motorcycte &am offers the

highest performance among all the technologies described, ensuring the required stiffness and
strength while maintaining minimum weight [17, 26, 28,.29]
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5-6 atmospheres

pressure

To Vacuum
Pump

Autoclave

Fig. 10 Schematic of autoclave processing

OUT-OF-$872&/$9( 35(35(*

2XMDXWRFODYH 2R$ WHFKQRORJLHV ZHUH GHYHORSHC
autoclave curing in order to reduce processing costs and enable the manufacture of larger
VWUXFWXUHV 2R$ SUHSUHJV DUH GHVLJQHG WRvitRddt SURF |
the need for an autoclave. These materials employ specially formulated resin systems with
enhanced flow and degassing properties, which allow the evacuation of entrapped air and
volatiles during the curing cycle.

7KH PDLQ DGYDQWDJHV RI 2R$ WHFKQRORJLHYVY LQFOXGH \
handling, and the possibility of manufacturing very large components that would not fit into an
DXWRFODYH )RU WKLV UHDVRQ 2R$ L WindLl@hihe bladasH G L C
secondary aerospace structures, and other $a@e-composite parts.

+RZHYHU WKH PHFKDQLFDO SURSHUWLHY DFKLHYHG ZLWK
of autoclavecured systems. The achievable fibre volume fraction is lower, the void content
tends to be higher, and the reproducibility is more sensitive to prdceQJ FRQGLWLRQV
2R$ FRPSRVLWHY DUH XVXDOO\ QRW VXLWDEOH IRU KLJKO
performance is required . @

Oven used to apply heat
to cure the prepreg

Sealant Tape Perforated Release Film Peel Ply s ;?J%?JC”“"‘

Vacuum Bag

Breather

N PREPREG

Mould Tool

Fig. 11 2 X0 autoclave prepreg processing schematic
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OTHER MANUFACTURING TECHNOLOGIES

,Q DGGLWLRQ WR WKH PHWKRGV GHVFULEHG LQ GHWDLO
processing fibrgeinforced composites. These are, however, less relevant for the present work
DQRG DUH WKHUHIRUH RQO\ EULHIO\ PHQWLRQHG KHUH

f . QMHFWLR Q- Witk Qsed @J thermoplastic composites with short fibres,
suitable for highvolume production of small parts, but with limited structural
performance.

f &RPSUHVVLRQ LQMHFR\eEsIR @jectarDint® 8ofed moulds reinforced
with mats or fabrics; often applied in the automotive industry for interior and body
panels.

f ' ZHDYLQJ D QGteehuifuessdr Qrdducing preforms with enhanced through-
thickness properties; applied in aerospace and protective equipment.

f $GGLWLYH PDQXIDFWXUHRHURL R PISHRYVEWHRWVELQLQJ
continuous or discontinuous fibres; currently limited to prototyping andvimdume
applications.

f +\EULG S URdombinatibh's of prepregs, infusion, or thermoplastic forming
intended to optimise cost and performance balance.

,Q VXPPDU\ D ZLGH UDQJH RI PDQXIDFWXU L-ihfordetiFK QR C
FRPSRVLWHY HDFK RIITHULQJ V SHFL | icéstinéthoBsGiibas HahdD Q G
lay-up or vacuum assisted layp are suitable for prototyping and nsinectural components,
ZKHUHDV LQIXVLRQ WHFKQLTXHV 9%$570 570 SURYLGH EH
DQG DUH ZLGHO\ XVHG LQ WKH PDULQH DQG DXWRPRWLYH
filament winding and pultrusion enable larggale imlustrial production but are limited to
JHRPHWULFDOO\ VLPSOH FRPSRQHQWY &RPSUHVVLRQ PR>
PDVV SURGXFWLRQ DOWKRXJK LW RIIHUV R@auodaReGHUDYV
systems represent a c@sticient alernative for large parts but still fall short of autoclaweed

prepregs in terms of performance.

$PRQJ DOO WKHVH PHWKRGV SUHSU H J-autoclave processing stands ou
the highest laminate quality and mechanical performance. For this reason, it has been selected
for the manufacture of the composite motorcycle frame presented in this dissertation, ensuring
the required stiffness and strength while minimising structural weight [17, 26]

Tab. Comparison of manufacturing technologies for fileieforced composites

Suitability for

Technology $G Y D QW D JBisadvantages Typical use this application

+D QG XD\ /IRZ FRVW +LJK YRLGV Prototypes,

9%+/8 IOH[LEOH reproducibility nonstructural No
Resin infusion %HWWHU ° Slower impregnation Marine, Jimited
9$570 570 moderate cost costly tooling (RTM) automotive
+LJK ILEU p
Filament winding  control, 2Q0\ URWDWI E??Z}H%. S D W/ V
vVessels, pipes

reproducible

BRNO 2025 21



STATE OF THE ART

Suitability for

Technology $G Y D QW D JBisadvantages Typical use this application
, Continuous, low Constant cross Rods, beams,
Pultrusion ) . No
cost section only profiles
Compression Fastcycles,low /RZHU PHFK Déﬁe}ﬁ&@ RW No
moulding cost in series properties housi '
ousings
%HVW PHF +LJK FRVW ' $HURVSD
Prepreg + autoclave Lo Yes
performance limitations motorsport
IRZHU FRYV .
2R$ 20tW large parts /IRZHU T XD O L Wihdwl&dBsQ ILPLWHG
autoclave) possible autoclave secondary aero

2.2 MODERN OPTIMISATION METHODS

Modern optimisation methods have become an essential tool in the development of advanced
engineering structures. Their main objective is to identify designs that balance weight reduction,
stiffness, and strength, while meeting all functional and safety constraints. The integration of
these methods with finite element simulations enables the prediction of structural behaviour
DQRG V\VWHPDWLF HYDOXDWLRQ RI WKRXVDQGV RI FDQC
simulations are more demanding than in conventional materials due to their orthotropic
behaviour > @d high sensitivity to manufacturing accuracy. Nevertheless, the ability to
orient fibres along load paths and to reinforce critical regions locally provides unique
RSSRUWXQLWLHY WKDW FDQ EH HIIHFWLYHO\ HI[SORLWHG

2.2.1 STRUCTURAL OPTIMISATION
6WUXFWXUDO RSWLPLVDWLRQ PHWKRGYV DUH JHQHUDOO\ (

f Topology optimisation determines the optimal material distribution within a given
design space.

f Size optimisation adjusts thicknesses or cgegional dimensions
f SKDSH RSWLPLVDWLRQ PRGLILHV WKH . gfWHUQDO JHRPF

The principles of these three approaches are illustrated in Fig. 12.

a) Sizing optimisation

(XXXX]-[XYXX]

b) Shape optimisation

T SIS

c) Topology optimisation

Fig. 12 Principle of basic methods of structural optimisatien @
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TOPOLOGY OPTIMISATION

The origins of topology optimisation date back to 1904, when Michell introduced the concept
of optimally distributing material within a structure. For many decades the method remained
largely theoretical, as its application was restricted by the lack ofencal tools and
computational power. With the development of finite element methods and the rapid growth of
computing capacity in the second half of the 20th century, topology optimisation became
feasible in practice. Today, it is widely applied in engineering, particularly in the aerospace and
automotive industries, where weight reduction is of primary importance > @.

The principle of topology optimisation is to determine the most efficient material distribution
within a given design space, subject to specified boundary conditions and load cases. Typically,
WKH REMHFWLYH LV WR PD[LPLVH Yaugh lagghdrntargefsksuch tds U H G
PLQLPLVDWLRQ RI FRPSOLDQFH RU VWUHVY FDQ DOVR EH
conceptual designs that reveal the essential load paths of a structure > @

The application of topology optimisation to composite materials is more challenging than for
isotropic metals due to their anisotropic behaviour. Simplifieddimzensional approaches, for
HIDPSOH EHDP PRGHOV KDYH GHPRQWWUDWhb@ed/thaxt@he | L FLC
use of topology optimisation can reduce deformation by up to 20% compared to conventional
OLJKWZHLJKW GHVLJQ RHhrKdeBovistrated D@tJaligning fibres along
principal stress trajectories in combination with topology optimisation can increase beam
modulus by 40% and improve the stiffnéaesZHL JKW U D W L R>E V@ported Hiffh€ss
LPSURYHPHQWYV H[FHH Giel carborfibie Weinforced polyamide when
applying topology optimisation compared to the neat polymer.

Further advances have been achieved through tailored fibre placement (TFP), where fibres are
GHSRVLWHG DORQJ FDOFXODWHG ORDG SDWKV 7KLV D
Schwingel > @nd Spickenheuer > w@le Coppola[40] successfully manufactured a
FROQQHFWLQJ URG XVLQJ WKLV PHWKRG $ VLPLODU SRWI
continuous fibre composites, demonstrated by Suzuki [41]

$OWKRXJIK QR SXEOLFDWLRQ KDV \HW UHSRUWHG WKH GLL
design of threalimensional composite shells or bonded assemblies, the study by Kdovin [42]
GHPRQVWUDWHY LWV SRWHQWLDO ,Q WKLV ZRUN WRSRC(
optimal mass distribution, which was subsequently realised as a welded tubular frame. The
UHVXOWLQJ VWUXFWXUH H[KLELWHG D Q idng Btiffrid:&s MHhildR |
VLPXOWDQHRXVO\ DFKLHYLQJ D ZHLIJKW UHGXFWLRQ $
VKHOO WKLY H[DPSOH LOOXVWUDWHY WKH FDSDELOLW\ R
paths, and a similar concept could be ajgpigethe design of composite monocoque structures.

JXUWKHU SRVVLELOLWLHYV IRU YLVXDOLVLQJ DQG H[SORLYV
parts have been demonstrated by Tamijani, Wang]44], and Wu > fa@two-dimensional
geometries, while applications to th€&eLPHQVLRQDO VKHOOV ZHUH SUHVH

SIZE AND SHAPE OPTIMISATION

While topology optimisation provides the conceptual layout of a structure by identifying the
most efficient material distribution, size and shape optimisation serve as subsequent steps for
refining the design. Size optimisatiéocuses on parameters such as thicknesses of structural
members, crossectional dimensions, or the number and orientation of composite[$lies
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48]. Shape optimisation RQ WKH RWKHU KDQG PRGLILHV WKH H[WH!
stress concentrations, improve load transfer, and enhance overall performance.

%RWK DSSURDFKHYVY DUH FORVHO\ OLQNHG WR ILQLWH HOH
LQWURGXFHG DQG WKH VWUXFWXUDO UHVSRQVH LV V\VWH
are particularly valuable, as even small changes in ply thickness or fibre orientation can
significantly influence stiffness, strength, and failure behaviour.

Size and shape optimisation are often applied in combination with topology optimisation. The
conceptual layout obtained from topology studies is first used as a baseline, after which
dimensions and geometry are fimed to account for manufacturing coasits and to
PD[LPLVH SHUIRUPDQFH ZLWKLQ WKH ILQDO VWUXFWXUDO

2.2.2 MULTI-2%-(&7,9( 237,0,6%$7,21

,Q PDQ\ SUDFWLFDO FDVHV WKH RYHUDOO JHRPHWU\ RI L
WKHUHIRUH IRFXVHV RQ WDLORULQJ WKH LQWHUQDO FRQ
this is typically addressed through fuREMHFWLYH RSW L PRIVDHQL R@ | HORU H
ply-stacking optimisation. The aim is to identify the optimal number of plies, their thicknesses,
and orientations in order to balance competing requirements such as stiffness, strength, weight,
and cos{47, 48]

7KH OLWHUDWXUH FRQVLVWHQWO\ UHSRUWYV -rSikdrdedvL Y H L
FRPSRVLWHY O9HOHD :H (29 KénbHstrx€d Ghat HRPNsHNdwich vehicle
bodies can be optimised to achieve a favourable compromise between weight, material cost,
and stiffness. Damghanietal. SFRQILUPHG WKURXJK QXPHULFDO DQG
optimised stacking sequences of hybrid plates significantly enhance stiffness and damage
WROHUDQFH 6LPLODU EHQHILWY RI 022 KBY@ EARAQ UHS
automotive floor structures, by Guan et al. for a@mposite tooling of cryogenic tanks, and

E\ =KRX D QG fbRCFRP>seaficomponents in automotive applications.

'HVSLWH WKHVH SURPLVLQJ UHVXOWY WKH SUDFWLFDO D
E\ WKH DYDLODEOH VRIWZDUH WRROV 7KH ILQLWH HOH
throughout this work, does not provide dedicated modules for -ohjfctve laminate
RSWLPLVDWLRQ LQ FRQWUDVW WR VRIWZDUH VXFK DV $0O
WKH H[LVWLQJ OLWHUDWXUH WKDW DOUHDG\ GHPRQVWUL
further addressed in the present dissertation

2.3 DESIGN REQUIREMENTS FOR A MOTORCYCLE FRAME

The motorcycle frame represents the primary structural element of the vehicle and must
WKHUHIRUH VDWLVI\ D FRPSOH[ VHW RI UHTXLUHPHQWYV 7
FDWHJRULHV

f Structural stiffness, which determines the handling characteristics and stability of the
motorcycle under dynamic loading. The most important parameters are torsional,
longitudinal, and lateral stiffness.

f Strength under specific loading conditions, ensuring the durability of the structure
during braking, cornering, and landing after jumps.
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f QWHJUDWLRQ RI DX[LOLDU\ VA\VWHPV LQFOXGLQJ WK
pack, the mounting of the power unit, the fuel tank, and the bodywork. These
components impose additional constraints on the frame geometrybdaadg
capacity, and accessibility.

Each of these requirements has a direct influence on the design and optimisation of the
composite frame. The following sections provide a detailed discussion of the relevant stiffness
characteristics, critical loading scenarios, and special design cots#associated with system
integration. These criteria serve not only as the basis for structural analyses and optimisation,
but also for the selection and development of appropriate manufacturing technology.

2.3.1 STRUCTURAL STIFFNESS

The structural stiffness of a motorcycle frame is one of the most important parameters
LQIOXHQFLQJ YHKLFOH KDQGOLQJ DQG ULGHU FRQILGHQ
stability during cornering, braking, and acceleration, while inadequate stiffness can lead to
XQGHVLUDEOH GHIRUPDWLRQV ORVV RI SUHFLVLRQ DQG
stiffness may have a negative effect on ride comfort and can reduce the rider’s ability to feel
the limits of tyre adhesion.

From a design perspective, the stiffness of a frame is not a single value but consists of several
components that act in different directions of loading. The most relevant parameters are
torsional stiffness, longitudinal stiffness, and lateral stiffnesg€hEof these characteristics
plays a specific role in determining the dynamic behaviour of the motorcycle.

The following sections provide a detailed discussion of these three stiffness components,
including their significance, the differences between road and enduro motorcycles, and the
target values used in this work as criteria for optimisation > . - @

TORSIONAL STIFFNESS

Torsional stiffness is one of the key parameters governing the handling and stability of a
PRWRUF\FOH IUDPH SDUWLFXODUO\ GXULQJ FRUQHULQJ
precise steering inputs and predictable behaviour under lateral loading, whereas an overly
FRPSOLDQW IUDPH PD\ FDXVH GHOD\HG UHVSRQVH DQG L
stiffness indiscriminately is not desirable; road motorcycles typically require higher torsional
stiffness to ensure stability at high speedsilevenduro motorcycles benefit from somewhat
ORZHU YDOXHV WKDW DOORZ FRQWUROOHG IOH[] DQG FRQ

> . @

Torsional stiffness is defined as the ratio between the applied torsional moment and the resulting
WZLVW DQJOH DM1HTisUdak\ohaH®mMe®t dah be calculated from the applied
force and lever arm ikq. (2) ZKLOH WKH WZLVW DQJOH FDQ EH DSE¢
displacements ind ( ).

e —L’j (1)
I'i= ( ®N 2
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U= arctan I—U p ()
N
wWKHUH
-¢ [Nm~°7] torsional stiffness
I 5 [Nm] torsional moment
U [ twist angle
( [N] force
N [m] torsional moment
U [m] measured vertical displacement

,Q WKLV ZRUN WRUVLRQDO VWLIIQHVYV LV HYDOXDWHG DV
region and the steering head. The measurement prisdgtermining torsional stiffness are
illustrated inFig.

torsional loading

locked steering head

arm

locked swingarm pivot

torsional
loading

Fig. Torsion stiffness measuring principle @

Together with longitudinal and lateral stiffness, torsional stiffness is considered as one of the
primary design criteria for the optimisation of the motorcycle frame. The relative target
requirements are summarised later in Tab. 4.

LONGITUDINAL STIFFNESS

/IRQJLWXGLQDO VWLIIQHVYVY FKDUDFWHULVHY WKH UHVLVW
GLUHFWLRQ RI WKH PRWRUF\FOHYVY ORQJLWXGLQDO DJ[LV
essential for stability during heavy braking and accelerationt, essures that the steering

JHRPHWU\ LV QRW H[FHVVLYHO\ DOWHUHG E\ HODVWLF GH
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VWLIIQHVY PD\ OHDG WR LQVWDELOLW\ ZKLOH H[FHVVLYH
to absorb shocks during landing or when riding over uneven surfaces . @

/IRQJLWXGLQDO VWLIIQHVYVY LV GHILQHG DV WKH UDWLR EI
PHDVXUHG GLVSODFHPHQW LQ WKH GLUHFWLRQ RI WKH IR

ZKHUH

-z [N mm? longitudinal stiffness

(g IN] longitudinal force

ég [mm] measured longitudinal displacemetthe point of the force application

,Q WKLV ZRUN ORQJLWXGLQDO VWLIIQHVV LV HYDOXDWHG
with respect to the swingarm pivot under longitudinal loading. The principle of the
measurement arrangement is illustrate8ig 14.

longitudinal loading

locked swingarm pivot

Fig.14 /RQJLWXGLQDO VWLIIQHVV@HDVXULQJ
LATERAL DISPLACEMENT

/I DWHUDO VWLIIQHVV GHVFULEHV WKH UHVLVWDQFH RI WK
direction of the motorcycle. This parameter is particularly important for cornering stability, as
LW DIIHFWV KRZ WKH IUDPH UHYV Si&teptGateraVsiffrie s Widy l8dd@o W\ U +
H[FHVVLYH GHIOHFWLRQV RI WKH VWHHULQJ KHDG UHOD)
IHHGEDFN DQG ORVV RI SUHFLVLRQ &RQYHUVHO\ H[FHVV
sense the grip limit of the tyres and may negatively influence the overall handling balance

Q@
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/IDWHUDO VWLIIQHVV LV GHILQHG DV WKH UDWLR EHWZHHQ
GLVSODFHPHQW

(ro
“ROT . ()
¢ ire
ZKHUH
-8o [N mm] lateral stiffness
(ze [N] lateral force
e [mm] measured lateral displacement

,Q WKLV ZRUN ODWHUDO VWLIIQHVYV LV HYDOXDWHG DV W

head with respect to the swingarm pivot under lateral loading. The principle of the measurement
arrangement is illustrated kig.

locked steering head offset

lateral loading

offset
lateral loading locked swingarm pivot

Fig. /DWHUDO VWLIIQHVV>PHDVXULQJ SUL:!

R(O)(5(1&( 9$/8(6 $1' 5(/$7,9( 5(48,5(0(176

Published data show that the stiffness of motorcycle frames varies considerably depending on
PRWRUF\FOH FDWHJRU\ DQG LQWH®R G@oBerkrachhg rdidrdydle€ L QJ V
ZLWK DQ HQJLQH FDSDFLW\ RI FPA HIKLELW VWLIIQHVV
WKDQ WKRVH RI VWDQGDUG SURGXBW @R® FFR.\W SE@ERF OHV |
FRQILUPV WKLV VSUHDG UHSRUWLQOY BREZRUYWIUR Q\DKH \SXEIC
GRHV QRW VSHFLI\ WKH H[DFW W\SH RI PRWRUF\FOH RQ
XQGHUOLQHV WKH YDULDELOLW\ DQG FRPSOH[LW\ RI FRPS

,W VKRXOG DOVR E Hd@@\WtHGVide K Berdilc@nibthodology for the stiffness
PHDVXUHPHQWY ,Q SDUWLFXODU LW LV QRW VWDWHG ZKl
WHVWLQJ QRU DUH WKH H[DFW ERXQGDU\ FRQGLWLRQV C

of methodological detail limits the direct comparability of the reported values with other
sources.
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Tab. 4 Range of frame stiffness valudierature review> @
. 9 O-MNstandardnotorcycles
Stiffness Cossalter — sport motorcycles (naked bike)
Torsion : > A . > TH
IRQJLWXGLQDO : min?]
/IDWHUDO : >ninTd : >

:KLOH WKH YDOXHV UHSRUWHG E\ &RVVDOWHU > @ UHIHI
levels for other categories cannot be directly derived, as published data remain scarce. Two
DSSURDFKHV FDQ WKHUHIRUH EH FR QofLtikertaithtle litekakird L U V W
DQG PDNH DSSUR[LPDWH DVVXPSWLRQV DERXW UHODWLY
systematic approach, is to employ mibtidy simulation models, which enable the prediction

of frame stiffness levels consistent with the desired dynamic behawiour . @ DVHG RQ
gualitative reasoning and literature comparisons, the relative requirements for sport and enduro
motorcycles are summarised in Tab. 4.

Tab. Relative stiffnesgquirementgor sport and enduro motorcycles

Stiffness Sport motorcycle Enduro Enduro min. values
Torsion 100 % -70 % > 1Pl
/IRQJLW XGLQID% 80-100 % 4000 [Nmm?]
/IDWHUDO 100 % 60-80 % 600 [Nmm?]

For enduro motorcycles, greater compliance in torsion improves traction and comfort on rough
terrain, while higher stiffness provides stability and accuracy at high speed but reduoas off
suitability. Moderate lateral compliance enhances absorption of irregularities, whereas
longitudinal stiffness remains critical, particularly for absorbing impacts during jumps, where
high values are necessary to maintain structural integrity.

,Q VXPPDU\ WKH VWUXFWXUDO VWLIIQHVYVY RI D PRWRUF\
depends on the category of motorcycle and its operating conditions. The ranges and relative
UHTXLUHPHQWY SUHVHQWHG LQ 7DEV uQ@al andlisesy H DV
optimisation of the composite frame, and the selection of a suitable manufacturing technology.

2.3.2 STRENGTH REQUIREMENTS

While stiffness requirements define the elastic response of the motorcycle frame under
RSHUDWLRQDO ORDGVY WKH VWUXFWXUH PXVW DOVR ZLV
strength requirements ensure that the frame can safely sustain the higiesnioauntered
GXULQJ ULGLQJ HYHQ LQ H[FHSWLRQDO VLWXDWLRQV

The most significant load cases in general are dynamic effects and fatigue due to the cyclic
nature of operation > . Ne@rtheless, composite materials typically demonstrate very good
fatigue resistance [61For this reason, the present dissertation focuses on static load analysis,
while dynamic impacts and fatigue are accounted for by the application of an appropriate safety
factor. Specific magnitudes of the critical loads can be obtained either frorwoelal
measurements or through simulation of a swaliicle model, which provides a systematic
method for predicting frame loads under representative manoeuvres.
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The specific values and points of application of these forces will be discussed in detail in chapter
, together with a clarification of the most critical load cases and the mechanisms by which
they are transmitted to the frame.

2.4 ANALYSIS OF THE BASELINE DESIGN

$ PRWRUF\FOH IUDPH LV JHQHUDOO\ GHILQHG DV WKH VW
incorporates the steering head, and provides the mounting points for the rear swinga@Q

the proposed design concept, the frame is divided into two parts. The composite section,
designed as a monocoquéhat is, a sheltype structure carrying loads through its continuous

skin rather than through discrete memberfairctions simultaneoushDV DQ DLUER][ IR
combustion engine, a housing for the battery modules, and the support for the steering head,
while transferring loads into the aluminium section of the frame, represented by the crankcase.
The aluminium part accommodates the powat and provides the pivot connection for the

rear swingarm. The division of the frame into its composite and aluminium sections is
illustrated in Fig. 16.

hybrid frame aluminium fuel
(pointed) tank (red)

composite
monocoque with
battery (yellow)

aluminium crankcasé
and powertrain (blue)

Fig. 16 Division of the hybrid motorcycle frame

,Q WKLY GLVVHUWDWLRQ DWWHQWLRQ LV IRFXVHG H[FOX
aluminium part is not described in further detail, as it represents a protected solution and is
therefore outside the scope of this work. The proposed monocoque is intended for use in both
an enduro motorcycle and a city motorcyétg(17 $SDUW IURP FHUWDLQ JHRP
arising from this dualise concept, the specific loading conditions of city motorcycles are not
considered further in this study.
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Fig.17 +\EULG IUDPH LQ FLW\ DQG HQGXUR PRW

2.4.1 DESIGN CONSTRAINTS

The overall spatial layout of the frame is primarily determined by a set of design constraints.
These include rider ergonomics, positioning of the steering head, integration of battery modules
into the monocoque, and dimensional requirements arising fr@minstallation of other
FRPSRQHQWY VXFK DV WKH HOHFWULF PRWRU FRPEXVWL
,Q DGGLWLRQ DHVWKHWLF DQG VW\OLVWLF FRQVLGHUDW

RIDER ERGONOMICS

2QH Rl WKH PRVW FULWLFDO FULWHULD IRU GHILQLQJ JH
motorcycle must remain usétendly and comfortable across a broad range of potential riders.
LWKLQ WKH &%$'" HQYLURQPHQW DQ HUJREGRMILR GWKWD
percentile male was used as the baseline reference for defining key geometric parameters such
as seating position, leg angles, monocoque width, and the placement of control elements (foot
SHJV KDQGOHEDUV HWF  erdémiilexial usdd fer heserelvalatiohs ard/ K S
illustrated in Fig. 18.

To verify the suitability of the design for the wider rider population, additional checks were
SHUIRUPHG ZLWK WKH WK SHUFHQWLOH PDOH DQG WKH
remains acceptable for both smaller and taller riders. The mdgeometry was continuously
validated against real motorcycles of comparable category through iterative ergonomic
YHULILFDWLRQ $Q RYHUYLHZalra, Wwheré ¢hly heightDvslugd ake listédJ L Y H
all other anthropometric data are available in the literature [62].

Tab.6 %DVLF DQWKUBZ3RPHWULF GDWD

Percentile W K W K W K
$SSUR[ KHLJKI®8cm FP 188 cm
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Fig. 18 Ergonomic model  Wp#rcentilg positioning with foot on théootrestDQ G H[W H Q
GXULQJ FRUQHULQJ D WRS YLHZ VKRZLQJ ULGHU OHJ DQJOH
view of rider posture, c) vertical section showing leg position relative to monocoque and radiator

STEERING HEAD

$QRWKHU NH\ GHVLJQ FRQVWUDLQW LV WKH SRVLWLRQLQJ
ZLGWK RI WKH PRQRFRTXH DQG VLPXOWDQHRXVO\ OLPLW\
WKH SURSRVHG FRQFHSW FW.K%)Wd @haksah exMdurdhvigtoveyRles f
W\SLFDOOY DOOARAOH FLW\ PRWRUF\FOHVY DQG VFRRWHU\
VHOHFWHG YDOXH RI f WKHUHIRUH OLHV DW WKH ORZH!I
fully corresponding to city motorcies. This choice reflects the intended dusé of the frame

for both enduro and city motorcycldsid. 17) > . @

Fig. 19 Steering head angle limitation

RAKE ANGLE

The hybrid powertrain concept and the associated alumigamposite frame were designed
to reduce production costs and broaden customer appeal by enabling applicability to both
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enduro and city motorcycles. These two categories, however, differ in their steering head angle
(rake angle). For city motorcycles, typical rake values are in the range of 24-26°, with the
baseineFRQFHSW VHW WR f (QGXUR PRWRUF\FOHV XVXDOC
WKH SURSRVHG GHVLJQ DGRSWLQJ f 7TKHVH GLIIHUHQ
manoeuvrability and stability in the two categories. The composite monocoque was therefore
designed to accommodate both configurations with only minor modifications, achieved
primarily through variations in the positioning of bonded aluminium inserts for the fork
mounting.

W VKRXOG EH QRWHG WKDW WKH VROXWLRQ IRU WKH IR
WKLV GLVVHUWDWLRQ DV LW FRQVWLWXWHY D SURWHFW
angles are not disclosed, and all subsequent referencesstedhiag head insert are presented

in a simplified form.

,Q WKLV GLVVHUWDWLRQ ORDG FDVHV DQG RSWLPLVD)
motorcycles.

rake angle

Fig. 20 Motorcycle rake angle

F5217 6863(16,21 75%$9(/

Front suspension travel constitutes an additional boundary condition that must be respected in
WKH GHVLJQ RI WKH PRWRUF\FOH IUDPH $V WKH IURQW |
path which requires sufficient clearance from the frame structure. This kinematic constraint
limits the available design space in the steering head region and must therefore be taken into
account during the definition of the structural geometry, as illustrated in Fig. 21.
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PD[ WUD"

standart travel

-1

Fig.21OD[LPXP TURQW VXVSHQVLRQ WUDY

INTEGRATION OF BATTERY SYSTEM

$ PDMRU GHVLJQ FRQVWUDLQW LV WKH LQWHJUDWLRQ RI \
EDVHG RQ DQ H[LVWLQJ SURWRW\SH WKH PROQRFRI XH JH
The structure must also enable the removal of modules if required and provide sufficient space
for partial passive air cooling, even though the composite casing primarily acts as a thermal
LQVXODWRU ,Q DGGLWLRQ WKH PRQRRRTRWYH WXKH LFKRWP b XE)
W WKHUHIRUH LQFRUSRUDWHY D SOHQXP FKDPEHU ZLW
UHTXLUHPHQWYV RI-dylinder tw@stirokéLeQgir@.H-or optimal performance, an
DLUER[] YROXPH RI - G P tavilidd khkakePpRlBbfoGs ErsWieRrel\ble
cylinder charging, and attenuate intake noise.

The integration of lithiumen batteries requires careful consideration of operational risks,
including under or overcharging of cells, short circuits, thermal overload, or mechanical
GDPDJH 6XFK HYHQWYV FDQ UHVXOW LQtréhizSasés KHABYW DQG
HISORVLRQ 5LVN PLWLJDWLRQ LV DFKLHYHG E\ DSSURSU
design, adequate cooling, protective enclosures, and the use of an advanced battery
PDQDJHPHQW V\VXV168 WOBWKLYV FRQFHSW WKHVH SURYV
LPSOHPHQWHG ZLWKLQ D GHGLFDWHG UHPRYDEOH EDWW|
including the principles of installation and removal, will not be presented here, as it constitutes

a protected solign. Consequently, the frame provides only a secondary protective function,
IRU H[DPSOH L QinElz&tHndRhakidhlRignkage.

$ IXUWKHU OLPLWDWLRQ RI FDUERQ ILEUH FRPSRVLWHYV ¢
LPSDFW RU LQ WKH HYHQW RI ORFDO IDLOXUH IRU H[DPSC
occur, producing sharp fragments that pose a risk to the Tdenhance impact resistance and
prevent splintering of carbon parts, the use of hybrid fabrics containing aramid fibres is strongly
considered. These materials combine high strength and abrasion resistance with thermal
H[SDQVLRQ FKDUD Fily HampstiMeé mith waxbiarl fhrésQ69, 70thereby
minimising residual stresses during elevaimperature curing.
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intake pocket
(purple)

steering head
pocket
(green)

fuel tank
insert pocket

cooling pocket

(white)
battery
4 pocket
v/ : (yellow)
: crankcase insert
pocket (blue)

Fig. 22 Design constraints from integrated components

FUEL TANK AND CRANKCASE

$QRWKHU NH\ JHRPHWULF FRQVWUDLQW DULVHV IURP WKH
The fuel tank, with a predefined volume, is mounted above the monocoque and secured by two
SLQV 7KH HQJLQH LV KRXVHG ZLWKLQ np prowyge NNV H GH
imposes further restrictions on the frame concept. To ensure reliable integration, the interface
incorporates bonded flanges for joining the monocoque with the crankcase and inserts for
securely connecting the fuel tank. The locatiohthese flanges and inserts are shown in Fig.

22

PURCHASED COMPONENTS

The design must also integrate -tfe-shelf components for economic and manufacturing
reasons. Standard purchased parts such as the seat, covers, and other accessories must b
DFFRPPRGDWHG ZLWKLQ WKH IUDPH GHVLJQ 2&W&atPLVDW
achieving ideal stiffnest®-weight ratios but must also respect compatibility with commercial
FRPSRQHQWY DQG FRVW HIILFLHQF\ 7KHVH VSHFLILF SD
design process and subsequent iterations, ensuring thatahgdometry remains compatible

with their installation.

COOLING HOSE ROUTING

$ VSHFLILF FRQVWUDLQW LV WKH URXWLQJ RI FRROLQJ KF
sides of the motorcycle. These hoses must pass directly through the monocoque, which
WKHUHIRUH UHTXLUHY GHILQHG FKDQQHOV RU RSHQLQJV
between the hoses and the structural walls must also be maintained, both for mechanical
protection and to minimise vibration transfer. The routing of the cooling hoses through the
monocoque is illustrated in Fig.
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Fig. Cooling hose ducting

2.4.2 DEFINITION OF THE BASELINE DESIGN

%DVHG RQ WKH DERYH JHRPHWULF DQG GHVLJQ FRQVWUDI
a bonded composite shell assembled from multiple composite and aluminiunFarest).

This version represents a pragmatic compromise, created to accelerate development by
IROORZLQJ WKH SUHOLPLQDU\ YLVXDO GHVLJQ SUHSDUHC
primarily on an empirical basis, without the use of advanced computational optimisation tools.
The objective at this stage was to validate the hybrid motorcycle concept, with subsequent
RSWLPLVDWLRQ RI OD\XS VHTXHQFHY DQG VWUXFWXUDO S
was intended through both mechanical testing eicgiral components and ftgtale riding

tests.

The structure consistsof VL[ FRPSRVLWH D Q G. TheXayuds of xhe tagposite SD U
parts are summarisedTmab.7, the materials used for the machined aluminium inserts are listed
in Tab. 8, and the positions of the bonded joints between individual parts are illustfaiggd in

The composite sections were manufactured from prepreg carbon fabrics supplied by Deltatech,
XVLQJ HSR[\ UHRAM]aQd Toray ¥700G reinforcement [7ZZo RWK ZRYHQ WZLOC
Y A J PO DEGOLPRQELD[LDO IDEULFV RI WKH VDPH ILE
- J P8 ZHUH DSSOLHG )LEUH RU Lihbiigateihe/dirBaovi obdavhw H G
SO\ 7KLV GLVWLQFWLRQ LV LPSRUWDQW EHFDXVH ELD[LD
direction.

JRU FODULW\ WKH IROORZLQJ PDWHULDO DEEUHKYADWLR
** 7 ZRYHQ WZL% O 1D E U IER D[ L D Cbalbrieddldminate assumptiisn
adopted, which is justified both technologically and in terms of cutting efficiency on the plotter,
ZKHUH WKH SRVVLELOLW\ RI URWDWLQJ FXWV E\ f f FD
anglesof 90°or- f DUH QRW VSHFLILHG VHSDUDWHO\ LQ WKLYV
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b) c) d) e) f)

g)

Fig.24 $VVHPEO\ RI WKH EDVHOLQH PRQRFRTXH GHVLJQ D
lower fuel tank insert d) upper fuel tank insert e) upper steering head f) steering head insert g) right
half of monocoque h) left half of monocoq)édattery stop reinforcement j) cooling duct
reinforcement k) lower steering head

Two laminate variants were produced. 9 D U wasQ@Wicedved as a rapid manufacturing
solution, requiring only five plies of material. 9 DULB@WQ% ELD[LDO UHLQIRUFH
improved mechanical properties but requires eight plies due to the lower thickness of the
UHLQIRUFHPHQW 9DULDQW % HPSOR\V ZRYHQ IDEULF DV
appearance, while also benefiting from the higher drapeability of the fabric. The laminate was
designed to be balanced and symmetric, meaninglieatare arranged in such a way that the
in-plane stiffness properties are directionally uniform and bending—twisting coupling effects
are minimised. For the subsequent optimisation phase of this dissertation, attention is focused
HIFOXVLYHO\ RQVOKB ELDQW @ UHLQIRUFHPHQWYV

Tab. 7 Composite parts used in the construction

0
Component /ID\XS YDULDQW $D\XS YDULDQW %

Nominal thickness Nominal thickness
[0) [0)
/IHIW KDOI RI PRQRFRT)JS—S . % % %
.0mm .0mm
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/ID\XS YDULDQW /D\XS YDULDQW

Component Nominal thickness Nominal thickness
. K % % %

Right half of monocoque omm .0mm

Cooling duct 1.8 mm

8SSHU VWHHULQJ KHDGl.Smm

/IRZHU VWHHULQJ KHDGl.8mm

%DWWHU\ VWRS UHLQIF\’_I'_léI?nIFInPHQW

7KH DOXPLQLXP LQVHUWY ZHUH PDQXIDFWXUH&: HLWKHU |
> @ RU LQ WKH FDVH RI URWDWLRQDOO\ V\PPHWULF SDL
steering head insert is presented here only in a simplified form, while details of its integration
into the monocoque are not disclosed, as they constitute a protected solution.

Tab. 8 $0O X P L QL XP parts used in the construction

Component Material

Crankcase flange (1 $: >$/=Q 0J &X @ —certal
8SSHU WDQN LQVHUW $: >$/=Q 0J &X @ - certal
/JRZHU WDQN LQVHUW1 $: >$/=Q 0J &X @ - certal
Steering head insert (1 $: >$0=Q 0J&X@

bonding area- upper
steering head (green

bonding area-

bonded area
steering head insert

(purple)

bonding area- left
and right
monocoque (red)

bonding area-
crankcase flange
(yellow)

Fig. Monocoque bonding areas
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2.4.3 DEFINITION OF LOAD CASES

$V GLVFXVVHG |l reEduiteB&ntd placed on a motorcycle frame can be divided into
WZR SULQ FL S Btucta@alVgtidaldwhiehvgoverns the dynamic behaviour of the
motorcycle, and strength, which ensures structural safety. Each of these categories is
represented by three characteristic load cases.

For stiffness, the evaluation is comparatively straightforward. Since failure is not considered
and the structure behaves linearly in the simulation, the magnitude of the applied load is of
secondary importance; what matters is the structural resportee forin of deformation. The
loading methodology, boundary conditions, and measurement procedures were described in
detail in chapter

The target values defined for the enduro motorcycle are summarised B Tabse should be
regarded as minimum requiremengs the present analysis considers only the composite
monocoque and not the complete frame. This simplification naturally reduces the absolute
stiffness values compared to a full structure, although certain stiffening effects may arise from
JH R P HW WditionQthd reinforcing influence of the battery mounting system was not
included in the simulations, which has a similar effect to comparing measurements performed
with or without the engine. For these reasons, the stiffness targeecammended reference
values rather than absolute requirements.

Tab. 9 Structral simulation loading conditions

Stiffness Enduro requirement /RDGLQJ ([SHFWHG GHIRUPDW
Torsion Nm °1 1000 Nm 0,4°

/RQJLW X GLQ D@00 Nmntt 1000 N mm

/IDWHUDO 600 Nmnt! 1000 N 1,67 mm

STRENGTH RELATED LOAD CASES

Strength requirements focus on the safety of the structure under peak loads. To quantify these
conditions, a simplified haWehicle dynamic model of the motorcycle with two degrees of
freedom was employed > ZW. WK SDUDPHWHUV FRUUHVSRQGLQJ WR
DQRG D ULGHU PDVV RI NJ 7KLV DQDO\VLYVY LGHQWLILHG
jump landing, and cornering. The resulting forces are summarised idd,and their points

of application are shown in Fi@6. The load case landing appears twice in the table, as it
reflects two distinct points of force application, each associated with a different load magnitude.

Tab. 10 Critical motorcycle load cases in operation

/RD G F DV HPoint of application F. [N] Fv [N] F=[N]
%aking &2* 2942 0 -
/IDQGLQJ Suspension unit -11126 0 -16620
/IDQGLQJ Seatand footpegs 0 0 -1000
Cornering Rear tire contact patch 0 -
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Fig.26 / RFDWLRQ DQG GLUHFWLRQ RI ORDGV GXULQJ EUI
cornering (blue); the circle in the ceninglicates the position of the combined motorcydlder
centre of gravity

During braking, the frame is subjected to the highest longitudinal forces. The braking force
originates at the tyrgoad contact patch of the front wheel and is transmitted through the fork
into the steering head, which forms the primary point of loadtranVIHU WR WKH IUDPH
time, the deceleration of the entire motorcycle and rider can be represented by an inertial force
acting at the centre of gravity, directed opposite to the deceleration vector. This loading
condition induces a combination of longitudinal compression and bending moments acting on
the steering head and the adjacent frame sections.

-XPS ODQGLQJ UHSUHVHQWY RQH RI WKH HoRd/mdtovciicleHU H O
When the motorcycle lands after a jump, the impact generates very high vertical forces at the
wheels, which are subsequently transmitted through the suspenseam gyt the frame. The
swingarm pivot area is the most critical region, as it carries the vertical reaction force from the
rear wheel into the monocoque structure. Measurements on motorcycles under real operating
conditions indicate that, depending on juimeight, speed, and suspension characteristics, the
force may reach up to twelve times the combined weight of the motorcycle and rider. Such
HIWUHPH ORDGV PXVW EH WUDQVIHUUHG ZLWKRXW FDWLCLC
HISHULHQFH SdirbbRdd Qridi€) Wegsd lddnditions, a composite monocoque does not
H[KLELW SODVWLFLW\ ,QVWHDG IDLOXUH RFFXUV DEUXS\

'XULQJ FRUQHULQJ WKH PRWRUF\FOH IUDPH LV VXEMHFW
the machine is leaned into a turn. The lateral tyre forces are transmitted from the wheels through
the suspension into the frame, generating a combination of bending moments and shear forces
in the steering head region as well as at the swingarm pivot. These loads directly affect handling
VWDELOLW\ DV WKH\ JRYHUQ WKH UHODWLYH GLVSODFHP

*LYHQ WKH H[WUHPLW\ RI WKHVH VFHQDULRYVY WKH FRPSO
IDFW WKDW WKH FRQFHSW KDV QRW \HW EHHQ H[SHULPHQ
as goal for static load evaluation.
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2.4.4 COORDINATE SYSTEMS OF THE MOTORCYCLE

For the purpose of simulations and the correct definition of loads and constraints, local
coordinate systems were created at each load application point. This approach replaced the need
to directly model detailed geometry, which would unnecessarily coatelihe numerical
analysis. The overall arrangement of coordinate systems is showig.ii27, while the
coordinates of each system are listed in Td4b. $00 V\VWHPV VKDUH WKH VDP
global motorcycle coordinate system, located on the longitudinal symmetry plane and passing
WKURXJK WKH VZLQJDUP SLYRW D[LV ZLWK WKH H[FHSWL
according to the steeg head angle, mentioned in chapter 2.4.1.

&2*
Steering head
D[LV
Front wheel
S D[LV
Suspensidh/
unit
Front wheel
Rear wheel contact patch
contact patch™a GRS Footpegs /

0,000 0,500 1,000 (m)

0,250 0750

Fig. 27 Placement of local coordinate systems on the motorcycle

Tab. 11 Positions of defined coordinate systems relative to the global coordinate system

Coordinate system o >P@ [m]  =[m] 2ULHQWDWLRQ

Global reference syste(fbRS) 0 0 0 GRS
/[HIW IRRWSHJ 0 0.200 - GRS
Right footpeg 0 -0.200 - GRS
Seat -0. 0 0,427 GRS
Front wheel patch 0.910 0 -0,472 GRS
Rear wheel patch -0. 0 -0,472 GRS
Suspension unit -0. 0.047 0,007 GRS
Centreof gravity 0.121 0 0,61 GRS

JURQW ZKHHO D886/ 0 - *56 f DERKW <IRUN DQJO|

6WHHULQJ KHDG D[LVO *56 f DERMW <IRUN DQJO|
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3 MANUFACTURING TECHNOLOGY

$V RXWOLQHG LQ WKH SUHYLRXV FKDSWHU WKH K\EULG IL
four machined aluminium inserts, which are subsequently joined by structural adhesive into a
VLQJOH IXQFWLRQDO DVVHPEO\ 7KH WUIBQW aWwhyBdal I1URP
SURWRW\SH UHTXLUHV WKH VXFFHVVIXO LPSOHPHQWDWLF
case of composite structures, production is particularly demanding, as it involves not only the
definition of laminate architecture, but also the design and fabrication of tooling, the selection

of a suitable curing technology, and the reliable integration of metallic inserts and adhesive
joints. Each of these aspects has a direct influence on the resulting structural performance,
dimensional accuracy, and lobgAn durability of the frame.

The complete manufacturing process can be divided into several consecutive stages, starting
with the fabrication of individual components and culminating in the final bonding of all
subassemblies. The overall workflow is illustrated schematically in Fig. 28

This chapter is structured into three sections. Sectiompresents the general technological
procedures used in the production of composite parts, with emphasis on prepreg—autoclave
technology applied in this work. Section 4describes the manufacturing of the specific
structural parts of the monocoque. Finallgction  addresses the bonding operations that
integrate the individual components into a complete structural frame.

, W VKRXOG EH HPSKDVLVHG WKDW WKH VFRSH RI WKLV
components and their integration. The machining of aluminium parts, although technologically
relevant, is based on conventional industrial practice and thereforesaosskd in detail.

'"HVLJQ &$' Master model Mould
Concept &$0 fabrication fabrication
Release Part Finishing %WRQGLQJ
treatment manufacturing operations assembling

Fig. 28 Workflow of monocoque manufacturing process

3.1 MANUFACTURING OF COMPOSITE PARTS

This section provides a general description of the manufacturing processes used for composite
FRPSRQHQWYV $OWKRXJIJK D ZLGH UDQJH RI WHFKQRORJLHV
autoclave technology, which offers the highest performance and was therefore selected for the
prototype monocoque. The following subsections describe the main stages of the process, from
design preparation and tooling, through lgy-and curing, to trimming, finishing, and
inspection. These general principles form the bdsisthe production of the specific
components presentedchapter4.2.
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3.1.1 DESIGN AND PREPARATION

The manufacturing of composite parts always begins with the design and preparation stage,
ZKHUH ERWK WKH FRPSRQHQW DQG LWV WRROLQJ DUH G
functional geometry but also the technological feasibility of the part musbhsidered.
Particular attention is paid to the placement of parting lines, adequate demoulding angles, and
the minimum radii of curvature that can be achieved. These factors directly influence both the
guality of the final laminate and the manufacturability of the moulds.

$ IXUWKHU FULWLFDO DVSHFW LV WKH FRUUHFWLRQ RI WK
SDUW DQG WKH WRROLQJ PDWHULDO 'LITHUHQFHV LQ FRH
to dimensional inaccuracies or residual stresses during curing and cooling. To mitigate this risk,

FRUUHFWLRQV DUH DSSOLHG GLUHFWO\ DW WKH &$' VWD
nominal dimensions at room temperature.

7KH FKRLFH RI WRROLQJ PDWHULDO SOD\V D GHFLVLYH
overview of commonly used and prototype tooling materials is provided in Tab. 12.

Tab. 12 Commonly used and prototype tooling matewidtls advantages and disadvantages

CTE
10°K?

ILPLWHG VHUYL_Elb—| OLIH D
higher temperatures

Material $SSOLFDWLR@GYDQWDJHYV Disadvantages

([FHOOHQW PD
dimensional stability, cost
effective

([FHOOHQW W
conductivity, high stiffness, +LJKHU ZHLJKW PRUH

(SR[\ W R RNsterthodels,
board moulds

$ O X P L QL X&ster models,
alloys moulds

long service life demanding machining
CFRP (carbon , Matching CTE with the +LJK PDQXID 04
. Final mould .
fibre moulds) part, low weight costs
Prototyping TLIK &7(
PC[74] ' Rapid fabrication postprocessing, size 68
master models L
limits
Prototyping . *LJK . &7 (
8/7(0][74] ' Moderate heat resistance postprocessing, size 47
master models limits

To minimise thermal mismatch effects, tooling materials with a CTE close to that of the
ODPLQDWH DUH SUHIHUUHG ,I WKH PLVPDWFK LV WRR Ol
curing and cooling, such as locking of the part in the mould, surface daonayen cracking

RI WKH FRPSRQHQW ,Q VXFK FDVHV D ODPLQDWH PRXOC
employed.

:KHUH RQO\ PRGHUDWH GLIIHUHQFHV H[LVW VFDOH FRUU
VWDJH WR FRPSHQVDWH IRU GLPHQVLRQDO FKDQJHV RFFX
SDUW LV FRQVLGHUHG WR VROLGLI\ DW WKH PD[LPXP FXU
cools to room temperature.

The equations used to determine the appropriate scaling factors are basedpriFBgd{rect
correction of the mould geometry, E@) (s applied, while for corrections including both the
master model and the mould, E§) is used.
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AB (¢l (6)
1
64 = < <
1 T KoaF a0 ask Ghaeo )
1

I 5(= (8)

[1+ (6B5F 6udbUa F Uadd[l+ kéysF 6ya0kUaaf Usecd
ZKHUH

AB [] H[SDQVLRQ IDFWRU
.6 [K] temperature difference

JU  [10%K] CTE difference

65 [] tool scaling factor

&a [K] cure temperature of part
a0 [K] initial temperature

U 22 d10° K] tool CTE

U g [10°K] part CTE

I 5([] mastemodel scaling factor
B¢ [K] tool cure temperature

Ua [10°K] mastermodel CTE

3.1.2 MASTER MODEL FABRICATION

The master model represents the reference geometry from which the mould is produced, and
WKHUHIRUH GHILQHYVY WKH ILQDO VXUIDFH TXDOLW\ DQG G
fabrication is a critical step, as any imperfections present in theemmasdel will be directly
replicated in the mould and subsequently in the component itself.

Mould

Mould

Master
Mould

Fig. 29 Mastermodeland mould schematic

For prototype and smadicale production, master models are most commonly manufactured by
CNC machiningfrom HSR[\ W R R O oiulunttniRib @lGws selected according to the
UHTXLUHG GXUDELOLW\ DQG WKHUPDO UHVLVWDQFH (SR
dimensional stability for moderate curing temperatures, while aluminium is more demanding
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to machine but ensures reusability and reliability under higher thermal loads. For small or
preliminary prototypes, additive manufacturimgy also be employed, although it is generally
limited by size, surface quality, and material properties.

2QFH WKH UDZ JHRPHWU\ LV REWDLQHG WokKdtprécbsgiigH U P R
stepsto achieve the required surface finish. The process begins with sanding, performed in
VHYHUDO VWDJHV XVLQJ SURJUHVVLYHO\ ILQHU DEUDVLY
To avoid local ovesanding and to maintain uniform pressure, the useuflzer sanding block

RU D VLPLODU IOH[LEOH EDFNLQJ WRRO LV UHFRPPHQGHG

$IWHU VDQGLQJ WKH P Bredtlded polishih@ phagikasiinihg Zd abhieve a
mirror-like surface finish This step improves surface quality and enhances the release
SURSHUWLHY GXULQJ PRXOG SUR@XCE Yeépa®ierati@ps are bitew L F H
necessary, including the filling of pores and midedects, followed by final polishing. These
corrections ensure that the surface meets the demanding quality requirements for composite
tooling.

,Q VXPPDU\ WKH TXDOLW\ RI WKH PDVWHU PRGHO LV G
manufacturing chain. The combination of appropriate material selection, precision machining
and careful surface treatment provides the foundation fordughity mould fabrication.

3.1.3 MOULD FABRICATION

Moulds for composite production can be manufactured using several approaches, depending on
the intended production volume, thermal requirements, and desired surface quality. For
prototype and mediufacale production, moulds are most commonly produced by CNC
machining IURP HSR[\ WRROLQJ ERDUGV RU DOXPLQLXP DO
machinability and cost efficiency, its lifetime is limited under elevated curing temperatures.
$OXPLQLXP PRXOGY DUH PRUH GXUDEOH DQ @GuiveKhigbee D O O\
effort and cost.

S$OWHUQDWLYHO\ PRXOGYV mardal BrhinatibrEudihg- BitheH Gfuson
technologie®r prepreg layup. These processes are particularly suitable for krgke tooling

or where very high thermal stability is required. Regardless of the selected method, the mould
must accurately reproduce the geometry of the master model and provide sufficient robustness
to withstand repeated curing cycles.

Following lay-up, laminate moulds must undergo a curing process. When tooling prepregs are
used, curing is typically performed in an autoclave at about 70 °C, 6 bar, for 12 hours, although
WKH H[DFW SDUDPHWHUV PD\ YDU\ GHSH fequidd keRi¢z WKH
WHPSHUDWXUH $IWHU FXULQJ WRROLQJ SUHSUHJV DUH
cycle in order to further increase the glass transition temperature (Tg) and ensuegrtong-
dimensional stability during repeated higgmperatire processing.

Moulds produced by infusion likewise require subsequent tempering to achieve a sufficiently
KLJK 7 ZKLFK HQDEOHV WKHLU XVH ZLWK VWUXFWXUDO
E\ &1 & PDFKLQLQJ IURP HSR[\ WRROLQJ E RjDit¢ Guinds butD O X P L
still undergo posprocessing steps such as sanding, polishing, and surface sealing to reach the
required surface quality.
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3.1.4 MOULD SURFACE PREPARATION (RELEASE TREATMENT)

% HIRUH -4 Witdcedd) the mould surface must be carefully prepared to ensure reliable
demoulding and to prevent surface defects in the composite part. The procedure begins with
thorough cleaningf the mould to remove dust, grease, and any residues from previous
processing.

Subsequently, a primer or sealerapplied. This step closes the pores of the mould material,
creates a homogeneous surface, and improves the durability of the release system.

$release agens then applied in multiple layers, typically five to seven coatth adequate
GU\LQJ WLPH EHWZHHQ DSSOLFDWLRQV %XLOGLQJ XS D
consistent demoulding, prevents sticking, and protects both the mould and the part. The
effectiveness of the release system, however, is limitederdigpg on the product type, the
treatment remains reliable for several demoulding cyoldy and must be periodically
renewed. : D [Fbased systemgsually require reapplicatioafter every single cycle, whereas
semipermanent release agents withstand —10 cycldémefore reapplication is necessary.

Finally, the surface is inspected for a mirli&e gloss No visible traces of machining or
sanding should remain, as such imperfections would be directly transferred to the composite
surface. The same release treatment procedure is also applied to master padi=itarly

when they are used for mould fabrication, to guarantee deéscseparation without damaging

the model surface.

3.1.5 PART MANUFACTURING

The production of composite parts begins with ply preparation, in which individual prepreg
plies are cut to the required geometry using CNC cutting machines. This ensures dimensional
accuracy and improves material efficiency through optimal nesting of ply contours.

The prepared plies are then positioned in the mould during theplgyocessfollowing the
defined stacking sequence. Careful attention is given to ply orientation and placement, as these
GLUHFWO\ LQIOXHQFH WKH PHFKDQLFDO EHKDYLRXU RI
subsequent bonding, peel [pdyapplied to provide a roughened surface that eliminates the need
for mechanical surface treatment prior to adhesive joining.

Fig. Prepreday-up process
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$IWHU FRPS O HWlLtReQarRinaig dd¢aledin a vacuumdnadjcured in an autoclave.

The curing cycle is selected according to the prepreg specification, typically at f& IRU
or as recommended by the supplier. The autoclave process ensures complete consolidation of
the laminate, minimisation of porosity, and achievement of the required mechanical properties.

2QFH FXULQJ LV FRPSOHd&mbuldydkrid sklfeetSdRtQ ¢Llity inspéection.
9LVXDO HI[DPL eWre Raprodiidesdimensional measurements or even non-
destructive testing (NDT) are employed to verify conformity with design requirements and to
ensure the absence of defects such as voids, delaminations, or surface iropgrfecti

The subsequent layp processonsists of positioning the prepreg plies in the mould according
to the defined stacking sequence. Careful attention is paid to ply orientation and fibre
placement, as these directly influence the structural behaviour of the final component.

2QFH WispHs Cobplete, the part is sealed in a vacuumadmasubjected to autoclave

curing. The curing cycle is selected according to the material specification, typically in the
range of f& IRU K, or as recommended by the prepreg supplier. This process ensure
consolidation of the laminate, minimisation of porosity, and achievement of the desired
mechanical properties.

$IWHU FXULQJ WKHdesbuldad, foffowed byHd Xj@aliy inspection9 LV XD O
HIDPLQDWLRQ GLPHQVLRQDO FKHdestnctivie @e&ing KNBT)HreQ HF H
employed to confirm conformity with design requirements and to ensure that no defects such
as voids, delaminations, or surface imperfections are present.

3.1.6 FINISHING OPERATIONS

$IWHU GHPRXOGLQJ DQG SULPDU\ LQVSHFWLRQ FRPSRV
operations to achieve the required dimensional accuracy and surface quality. The first step is
the WULPPLQJ R H [dfoAdgpvedeimed Hitd Line<OFor prototype production, trimming

is often performed manually using rotary tools or saws, whereas irepes or serial
production it is preferably carried out with CNC machining or robotic trimming to ensure
repeatability and precision.

Subsequenthyfunctional surfaces-particularly those used for assembly or adhesive bonding—

are carefully sasndeWR DFKLHYH WKH UHTXLUHG WROHUDQFHV DQ
adhesive joints, the surfaces are additionally chemically cleemedmove release agent
residues and to provide optimal adhesion conditions. Where chemical cleaning alone is
insufficient, light mechanical abrasion is applied to enhance surface energy atefortgpnd
durability.

Finishing operations thus represent a critical stage of manufacturing, ensuring that each part not
only meets dimensional specifications but is also prepared for reliable structural integration into
the monocoque assembly.
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Figg $SSOLFDWLRQ RI URERWLF WULPPI

3.2 MONOCOQUE PARTS
3.2.1 MONOCOQUE — RIGHT AND LEFT HALF

The fundamental structural components of the monocoque are the nearly symmetrical right and
left halves(Fig. 7KH\ GLIITHU RQO\ LQ W K Holgidmy@ri-dheRaIfDQ HI\
ZKLFK HQDEOHYVY DGKHVLYH MRLQLQJ RI WKH WZR VKHOOV
design stage,a PLQLPXP QRPLQDO ZD ovas pegitidd NTQisiwaNe Ras used®

as the basis for the design of associated parts and for the definition of adhesive joints, which
were dimensioned witha ERQG OLQH WK L FaNugeHo/vaimdin these Bolerances

could result in difficulties during assembly, including deformation of the bonded parts or an
insufficient bond line.

&$' PRGHOV R largvskdivn3rDRigW,Wvhile Fig.  (left) presents the master model

with integrated CTE compensaticend (right) the HSR[\ WRROLQJ EORFN DIWH!I
and prior to sandindzig. illustrates the CFRP mould with the first ply being pladadng

the prototype layX S , Qse8dd roduction, several iterations are typically carried out to
refine the ply shapes and nesting strategy. The right side of the figure shows a cured part before
trimming.
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Fig. /H land righthalf of monocoque & $'

Fig. MasterPRGHO RI OHIW KDOI RI PR Q RédelBitermaki$inindD Q

R : g
Fig. /HIW &)53 PRXOG ZLWK SHHO SO\ DSSOLHG LQ WK

completed monocoque half prior to trimming.

To ensure precise assembly of the two halves, control gauges were manufactured to verify the
OHQIJWK DQG WKLFNQHVV RI WKH ERQ G tshaped @Qaugedwith & W\S
OHQJWK RI PP DQG D JDS RI PP 7KHVH yrXtdethelf ZHUH
without an offset bonding flange, where the bond line thickness is defined solely by the
PDQXIDFWXULQJ SURFHVV I WKH ODPLQDWH WKLFNQHVV
or even the impossibility of joining the two halves abatcur.
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,Q WKH ILQDO VWDJH RI SURGXFWLRQ H[FHVV PDWHULDO .
required high precision and was carried out manually due to the prototype character of the work

DQG WKH JHRPHWULFDO FRPSOH [L Wufadiure\0f dddicatbd irihvingZ K L F K
ILIWXUHY LPSUDFWLFDO $IWHU WULPPLQJ WKH ERQGL
chemically cleaned to prepare them for adhesive joining.

3.22 U33(5 $1' /2:(5 67((5,1* +($' &29(56

The upper and lower steering head covers are structurally similar components, designed to serve
DV UHLQIRUFLQJ ODS MRLQWYV LQ WKH VWHHULQJ KHDG U}
the two monocoque halves, they simultaneously conceal the bond line and provide additional
stiffness to one of the most geometrically constrained and heavily loaded areas of the frame

(Fig. ).

Fig. 8SSHU KHDG FRYHU PRQRFRTXH RYH

Their application, however, introduces several challenges. To achieve correct alignment and a
visually coherent surface, very tight tolerances must be maintained during adhesive bonding.
Even small deviations in nominal wall thickness can cause difficdltieQ DVVHPEO\ ([FF
bond line thickness may lead to misalignment of the covers, while insufficient thickness could
result in incomplete joint formation.

$QRWKHU GHPDQGLQJ VWHS LV WKH WULPPLQJ RI WKH FR
FRPSOH[ JHRPHWU\ WULPPLQJ PXVW EH SHUIRUPHG ZLWK
of the part. This is not only structurally important but also criticaehsuring that the joint line
remains unobtrusive, thereby meeting both functional and aesthetic requirements.

Given the moderate size and relatively simple shape of these parts, robotic trimming was

selected as the most suitable method. The employed robot offers a standard positional accuracy
RI DSSUR[LPDWHO\ PP ZKLFK SURYHG ovVexsuleFskddi@ W IR
SRVLWLRQLQJ GXULQJ WULPPLQJ D GHGLFDWHG MLJ ZDV
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was mounted to the machine table using threaded holes, and its alignment was referenced by
locating screw heads in corresponding recesses.

7KH SDUWV ZHUH FODPSHG LQ WKH MLJ XVLQ-PDRHNXNNXMD WXF
printing was the ability to integrate vacuum channels directly into the jig. These channels were
printed with soluble support material, which was later removed to create functional cavities for
vacuum distribution. Since FDMrinted components are inherently porous, the jig surface was
VHDOHG WR SUHYHQW OHDNDJH $%6 ZDV SDUWLFXODUO\
smoothed by acetone treatment, tirepan airtight layer. Finally, circular seals and standard
vacuum fittings were installed, completing the fagol ).

Fig. 2Q WKH OHIW SURWRW\SH WULP®UDRQ WHF S\QD\WPIL
vacuum clamping.
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3.2.3 COOLING DUCT AND BATTERY STOP REINFORCEMENT

7ZR DX[LOLDU\ FRPSRQHQWY ZHUH LQWHJUDWHG LQWR W
multiple functionsin addition to their structural role.

The first component is @ooling duct Fig. ), which mechanically protects the cooling hose
URXWHG WKURXJK WKH PRQRFR&akHhe $peningoKraintad R W L P F
DLUWLJKWQHVYVY RI WKH VWUXFWXUH HQDEOLQJ WKH PR(
position, it also provides a local stiffening effe€obr the prototype series, the mould for this
component was produced using ' SULQWLQJ | UkhkhdBerd sufficidnd therdal
resistance to withstand the pressure and temperature loads of autoclaveFogr#@®.(8 Q GH U
standard practice, the mould surface would require sanding; however, since the patt is non
visual and the print layers were oriented perpendicular to the demoulding direction, only careful
sanding of the edges was performed. The mould was nevestlietesughly releaseeated,
HQVXULQJ SURSHU VHSDUDWLRQ GXULQJ GHPRXOGLQJ $
visible, the part could be released without major issues.

7KH VHFRQG DX[LOLDU\ HOHPHQW LV WKH EDWWHU\ VWR S
one hand, it acts as a positioning feature that, with the use of rubber pads, prevents the battery
IURP VOLGLQJ GHHSHU LQWR WKH P RIQRIFR gedidetry provides Q WH
an additional reinforcing effect. This part was also produced as-gisuwal component using

WKH VDPH ' SULQWLQJ PHWKRG 'HVSLWH LWV FRQVLGHU
was covered with a PTFm, which eliminated the need for further finishing and allowed

direct layup on the surfacd~(g. 41).

7KH PDLQ UHDVRQV IRU VH O KpgeadloQpioduct®lnd he/dossibiliiotu H W K
PDQXIDFWXULQJ SURWRW\SH PRXa@&E&SngZ ITMede RoxnafitsH&reH Q V L
particularly valuable for the early development stages, where rapid verification of design
concepts was prioritised over lotgrm mould durability.

Fig. Coolingduct FRROLQJ GXFW PRXOG DQG ' SUI
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Fig.41 ' SULQWHG MPRPEOIG ZLWK

3.3 BONDING OF THE STRUCTURAL ASSEMBLY

The final stage of manufacturing involves the bonding of all composite and aluminium
FRPSRQHQWY LQWR D FRPSOHWH VWUXFWXUDO PRQRFRT
joining method due to its ability to distribute stresses uniformly, reduce stress concentrations
compared to mechanical fastening, and maintain low structural weight.

JRU WKH SURWRW\SH VHULHV WKH HSR[\ DGKHVLYH 0 '3
chosen for its long pot life, which provides sufficient working time for the accurate positioning

of parts, and for its tolerance to variations in badd- Q H W K arfeédQoihte Were/designed
ZLWK D QRPLQDO JDS RI PP ZKLFK ZDV YHULILHG XV
advantage of this adhesive is that its shear strength does not decrease significantly with
increasing bondine thickness, making it particularly suitable for prototype assemblies where
slight dimensional variations may occiid. 42).
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Fig. 42 Dependence of shear strengthon bdddd QH WKLFNQHVY I1®U 0

Prior to bonding, the surfaces were prepared according to standardNindisD O SUDFWLF}
intended for adhesive joining were either covered with peel ply during theplayecess or
subsequently abraded and chemically cleaned to ensure sufficient surface energy. Peel ply
surfaces were preferred wherever possible, as they provided a roughened surface without the
risk of contamination associated with mechanical abrasion.

The bonding process proved to be one of the most challenging stages of the monocoque
PDQXIDFWXULQJ ZRUNIORZ $PRQJ W Kihifombianinatelthickrfe3sO W L H
and the suboptimal overlap design, which occasionally resulted in visibleddaois caused

by adhesive residues. These seams, although later concealed under the paint layer, illustrate the
sensitivity of the process to dimensional tolerances.

, W VKRXOG EH HPSKDVLVHG WKDW WKH ZRUN ZDV FRQGX
aimed at verifying the feasibility of the concept while conserving resources. For this reason, a

VLPSOLILHG ERQGLQJ IL[WXUH ZDV HP Si0 RtureGterafitnd/iIK W KH
ZRXOG EH UHSODFHG E\ D PRUH UREXVW DOXPLQLXP IL[W)

3.3.1 BONDING FIXTURE

7TKH SURYLVLRQDO IL[R¢gXYH,WVZIDYYOXYQXIDWWRUHG XVLQJ
where printed supports for the individual parts were mounted onto a 20 mm MDF raster plate.
S$OWKRXJIK 0') LV SURQH WR ZDU $tirged pags@rd hbt idixénisiGnaly \ D Q
perfect with inadequate dtiess, this solution represented an acceptable compromise at the
prototype stage.
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Figug %RQGLQJ IL[WXUH

3.3.2 BONDING SEQUENCE — PHASE |

,Q WKH ILUVWhSKDOHRWWHKH PRQRFRTXH ZDV SRVLWLRQ!
UHPDLQHG ORRVHO\ VXSSRUWHG XQWLO WKH DGKHVLYH .
were bonded by injecting adhesive into the designated cavities. The inserts were equipped with
steelSLQV WKDW HQJDJHG ZLWK FRUUHVSRQGLQJ KROHV LC
$GKHVLYH zZDV QRW VSUHDG XS WR WKH YHU\ HGJH RI
DSSUR[LPDWHO\ FP EHORZ LW

,QVHUWY IRU WKH IXHO WDQN PRXQWYVY ZHUH ERQGHG E\ L(
Each insert contained steel pins protruding from its lower side, which engaged with
FRUUHVSRQGLQJ KROHV LQ WKH IL[WXUH dWwdiel Wwas$ Bbt HQ V X
VSUHDG XS WR WKH YHU\ HGJH RI WKH ERQGLQJ IODQJH E
it. Correct alignment was further maintained by an additional printed guide placed from the
upper side, which engaged with the flange and defined the insert position.

$W WKH UHDU RI WKH PRQRFRTXH DGKHVLYH ZDV DSSOL
flange connecting the monocoque to the engine crankcase. The flange was inserted with
PD[LPXP FDUH WR PLQLPLVH DGKHVLYH UHPRYDO GXULQ.
GHPRXOGLQJ DQJOH UHGXFHG WKLV HIITHFW DQG ILQDO S
ILIWXUH HOHPHQWYV

Subsequently, adhesive was applied to the location of the hose\ApESS RXJK +HUH F
alignment was achieved through the interaction with the battery stop, which wassprebled

ZLWK WKH IL[WXUH 7KH EDWWHU\ VWRS ZDV ERQGHG E
PRQRFRTXH SUHVVLQJ WKH FRPSRQHQW LQWR SODFH DQ:
the flange precisely.
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Fig.44 % RQGLQJ IL[WXUH DIWHU SKDVH ,

For reasons of confidentiality, the bonding and construction details of the steering head insert
are not presented in this dissertation, as they form part of a protected solution.

3.3.3 BONDING SEQUENCE — PHASE I

$IWHU DSSUR[LPDWHO\ VL[ KR X UWUahdliiRgsEehgil, khid sBcGnd ghaseY H L
RI ERQGLQJ FRXOG E H JditQalf sfhe\Wsnboad qusvhiddd posttiorkd in the
ILIWXUH ZLWK DOO LQVHUWY DQG DX[LOLDU\ FRPSRQHQW
half, adhesive was applied not only to the bonding flange of the right: N dIR WKDW DQ\ H|
would be displaced towards the inside of the joint rather than outward to the visiblelrdge

also to all remaining mating surfaceswWfKH LQVHUWYVY D QG DrXisleasurbdthar R P SF
all contact areas were sufficiently covered with adhesive prior to closing the assembly.

The right half was then aligned and pressed against the left half. Due to the prototype nature of
WKH IL[WXUH VOLJKW YDULDWLRQV LQ ODPLQDWH WKLF
DGKHVLYH ZDV VTXHH]JHG RXW $0W K RaftyJutobtrissie/bendaithD PV  (
the clear paint layer, they highlight the sensitivity of the bonding process to manufacturing
tolerances.

Following the assembly of the halves, adhesive fillets were formed in the interior corners to
HQKDQFH MRLQW VWUHQJWK DQG WR SUHYHQW VWUHVYV FI
ZDV ORDGHG ZLWK H[WHUQDO ZHLJKW WR PDLQWDLQ XQLI
adhesive was allowed to cure at room temperature until full polymerisation was achieved.
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Fig. % RQGLQJ IL[WXUH DIWHU SKDVH ,,

3.3.4 BONDING SEQUENCE — PHASE I

$IWHU FRPSOHWLRQ RI WKH VHFRQG ERQGLQJ SKDVH WKt
the upper and lower steering head coversQ WKLY VWHS DGKHVLYH ZDV D
PDWLQJ VXUIDFH DQG WKH FRYHUV Zeddanital dlémpR W KH
maintain contact during curing.

This solution, however, proved challenging. Due to the laminate thickness varatibrise

bevelled geometry of the steeringhead LW ZDV GLIILFXOW WR DFKLHYH S
the two covers relative to the monocoque. Careful removel pFHVV D G KH \butWwas VT XH |
therefore required to prevent visual or structural defects.

Following bonding, the assembly underwent gosicessing. The entire monocoque surface
was sanded to achieve a uniform finish, enabling subsequent application of the protective and
aesthetic paint layer. Fig.7 shows the completed monocoque integrated into the motorcycle
frame.

Fig. 46 Completed monocoque integrated into motorcycle
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4 MATERIAL PROPERTIES $1' '$7%$ 9%$/,'$7,21

To ensure that the conducted simulations and optimisation procedures correlate with reality,
dedicated material specimens were manufactured and tested. The aim was to determine the
IXQGDPHQWDO PHFKDQLFDO SURSHUWLHYV aRricsNgeHiinBRidD [L D O
VWXG\ 7KHVH H[SHULPHQWDOO\ REWDLQHG YDOXHV VHUY
applied in the numerical analyses.

4.1 MEASUREMENT OF MATERIAL PROPERTIES

For simulating the structural deformation response under plane stress conditions, it is necessary
WR GHWHUPLQH DW PLQLPXP WKH IRO QREZthéid ptabelsieBrH WH U
modulusGyy, and Poisson’s ratio,. To reducenumerical inaccuracies, the eoftplaneshear

moduli Gx; and Gy; should also be specified. The value of Young’'s modulus in the fibre
direction may decrease\ DSSUR[LPDWHO\ X GEAU )RRPB IFHR\P\ELRH] O
this difference can be consideradgligible, since variations introduced by manufacturing
sensitivity generally dominate.

For failure analysis based on te&ength criteria, it is further necessary to determine the
ultimate stresses and strains in tension, compression, and shear. Due to relative simplicity, a
XQLD[LDO WHQVLOH WHVW ZDV SHUIRUPHG )URP WKLV WH
ultimate strain, Poisson’s ratio, and shear modulus can be obtdifed6, 77] 2WKHU
parameters were adopted from available literature on comparable materials.

6DPSOH SUHSDUDWLRQ DQG WHQVLOH WHVWLQJ ZHUH FDU
00[76] 7KH WHVWYV ZHUH FRQGXFWHG XVLQJ DeguippédNvith XQ
WHVW,;SHUW VRIWZDUH ,Q SDUDOOHO DQ $5%$0,6 RSWLI
record the stochastic speckle pattern applied on the specimen using a digital camera. The system
RSHUDWHV RQ WKH SULQFLSOH RI1 GLJIbwDigsith Brid pbist FR U U F
processing strain evaluation. The test setup is shown in Fig. 21, while strain visualization is
illustrated in Fig. 22.

Fig.18QLD[LDO WHQVLOH WHVW ZLWK $5%$0,6
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7KH WHVWHG VSHFLPHQV ZHUH PDQXIDFWXUHG IURP WZLC
J Pqgo DQG D ELD[LDO SUHSUHJ ZLWK “ f RULHQWRWKRQ
reinforcements correspond to the same material system that was used for the fabrication of the
PRWRUF\FOH PRQRFRTXH DQG DUH WKHUHIRUH QRW GHVF
ZHUH VWDWLVWLFDOO\ SURFHYVYVH GdeXd kegure\whK kliabiliywoiVv ; S H L
WKH REWDLQHG GDWDVHW $the R&sial Hrisgefed uset taRiéfindtiied. H Z
constitutive model for subsequent simulations is summarised in Tab. , Tab. 14 and Tab.

100mm 50mm
epsL +0.001 % epsL | +0.000 %

orce
D1 419562 330

Fig.47 3ULQFLSDO VWUDLQ ILHOG ZLWK YLUWXDO H[WH

Tab. Material properties elasticity

Property *x 7 *x ; QLW
<RXQJYV PRGXOXV ; GLUHFWALRQ 67.0 GPa
Young’s modulus Y direction 61. 67.0 GPa
YoungV PRGXOXV = GLUHFWLR.Q 6. GPa
S3RLVVRQYVY UDWLR ;< 0.04 0.04 -
SRLVVRQYY UDWLR <= 0. 0. -
3RLVVRQYTVY UDWLR ;= 0. 0. -
6KHDU PRGXOXV ;< 4700 MPa
6KHDU PRGXOXV <= 2700 2700 MPa
6KHDU PRGXOXYV ;= 2700 2700 MPa

Tab. 14Material properties gress limits
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Property *x 7 *x ; QLW
7THQVLOH ; GLUHFWLRQ 1117 MPa
Tensile Y direction 1117 MPa
7THQVLOH = GLUHFWLRQ MPa
&RPSUHVVLYH ; GLUHFWL R/Q6 -812. MPa
Compressive Y direction -706 -812. MPa
&RPSUHVVLYH = GLUHFWLRT -170 MPa
6KHDU ;< MPa
6KHDU <= MPa
6KHDU ;= MPa

Tab. Material properties grain limits

Property *x 7 *x ; QLW
7THQVLOH ; GLUHFWLRAQ 0. 0.019 -
Tensile Y direction 0. 0.019 -
7HQVLOH = GLUHFWLRQ 0.008 0.008 -
&RPSUHVVLYH ; GLUHFWL ROD142 -0.012 -
Compressive Y direction -0.0142 -0.012 -
&RPSUHVVLYH = GLUHFWL®Q120 -0.012 -
6KHDU ;< 0.022 0.022 -
6KHDU <= 0.019 0.019 -
6KHDU ;= 0.019 0.019 -

4.2 TECHNOLOGICAL SPECIMEN

To validate that the numerical simulations converge towards reality, a technological specimen
was employed which was both structurally and technologically very similar to the investigated
frame. The advantage of this approach lies in the fact that measuseof its structural
properties had already been carried [@8]. Therefore, only simplified simulations needed to

be performed-focusing not on obtaining absolute values, but rather on enabling comparative
assessment between different design varaatsd subsequently verified against the
HISHULPHQWDO Gédalabjedive®FtHis WdfkHs BRiictural optimisation, even in

the case where simulated results do not converge within a narrow tolerance to the measured
values, they can still be considered sufficiently consistent to allow a meaningful comparison
among the investigated design alternatives.
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4.2.1 CONSTRUCTION OF THE TECHNOLOGICAL SPECIMEN

$ technological specimen was employed that featured a construction, (lEgfole 7) and
manufacturing technology closely resembling those of the proposed frame design. The selected
specimen was an adhesively bonded composite swif@&m LOOXVWUDWHG LQ )LJ
bonding process7KH PDWHULDO QRWDWLRQ IROORZV WKH FRQY

GHQRWHVY WKH-ZRYHQWDIEQMUQF DQG % GHQRWHYMPpYNVKH **
fabric.

Tab. 16 /D\ X S of the technological specimen

Component / D\ X $eminal thickness
Swingarm upper half (KO % % % )s- mm
Swingarm lower half . % % % PP
CFRP reinforcement . - PP

bonding area upper half swingarm CFRP

"N -

lower half swingarm

. bolted joint
aluminiuminserts

aluminiuminsert

Fig. 48 Construction of the technological specimen

4.2.2 NUMERICAL SIMULATION

7KH QXPHULFDO VLPXODWLRQ ZDV FDUULHG RXW LQ $QV\
obtained from the tensile tests were assigned to the material model within the Engineering Data
module. The geometry was simplified in SolidWorks and SpaceClaim, wigihing was
SHUIRUPHG LQ $QV\V OHFKDQLFDO 2UWKRWURSLF SURSH
GHILQHG LQ $&3 3USURPREBVWEH BIRVWVXOWYV ZDV FRQGX
DQDO\VHV ZHUH VROYHG XVLQJ $QV\V OHFKDQLFDO $3'/
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Geometry
28.08.2025 10:49:21

0,000 0100 0,200 (m}

Fig. 49 Simplified geometry of technological specimen

Composite components were represented as shell geometries, whereas aluminium inserts were
PRGHOOHG DV VROLG ERGLHV $GKHVLYH MRLQWYV ZHUF
discretisation,afodQ RGH VKHOO HOHPHQW 6+ (// ZDVnttsReS O R\ H (
of 2.2 mm was chosen as a compromise between sufficient accuracy and computational
efficiency. The resulting mesh density is illustrated in Fig.

0,000 0,100 0,200 (m}

Fig. Discretgation of the swingarm geometry

%RXQGDU\ FRQGLW&RGYV ZHUH OBBOVHG WR UHSOLFDWH \
described in Chapter and are illustrated in Fig. andFig. . The applied loads
FRUUHVSRQGHG WR WKH PD[LPXP OHYHOV XVHG LQ PHFK
fields under torsional and longitudinal loading are showiign  andFig. , respectively.
7ZLVW DQJOHYVY DQG GLVSODFHPHQWY ZHUH HYDOXDWHG I
measurements$ GHWDLOHG GLVFXVVLRQ RI WKH UHVXOWYV LV SL

Tab.17 % RXQGDU\ FRQGLWLRQV LQ WKH VLPXODWLR

Degrees of freedom $SSOLHG ORDG
J)L[HG VXS S BRigpldcement constraint
Torsional load None S5SRWDWLRQ ; < = 471 Nm
/IRQJIJLWXGLQD®oBeRD G © < URWDWLRQ ; 92N
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S JLIHG VX Displacement
constraint

28.08.2025 11:22:03

[ Fixed Support
Bl Moment: 471,34 Nom
[€] Remote Displacement

$SSOLHG P

0,000 0,100 0,200 (m)
1

0,050 0,150

Fig. Simulation setup-torsional twisting

Displacement
constraint

JLIHG VX

Time: 1,5

28.08.2025 10:52:51

|| Fixed Support
|B | Displacement
|8l Force: 342, v

$SSOLHG

0.000 0,100 0,200 (m)
[ EE— -

0,050 0,150

Fig. Simulation setup-longitudinal bending

e
043326 >
Node 603103

D: Copy of Static Structural
Directional Deformation
Type: Directional Deformation(Y Axis)

Unit: mm
Origin(ACP (Pre)) 0,57943 '
Time: 15 Node 608294

28.08.2025 11:52:17

1,9841 Max 1,9629 y
1,552 Node 591044

112 1,2061 ‘ 11398
068792 INode 595232 Node 623738
0,25587

-0,17618 7
-0,60823
-1,0403
-1.4723
-1,9044 Min

0,00 100,00 200,00 (mm)
[ E—_ ES—
50,00 150,00

Fig. Deformation under torsional load (simulation)
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Fig. Deformation under longitudinal load (simulation)

4.2.3 EXPERIMENTAL MEASUREMENT OF STRUCTURAL PROPERTIES

7KH H[SHULPHQWDO UHVXOWY DUH EDVH®]R®SW K HDDXM. KR }
were designed for clamping and loading of the specimen, as shown in Figeformations

ZHUH PHDVXUHG XV L-Qahtdot apsical 2psteagmRoQerating on the principle of
photogrammetry. This method enables static deformation analysis by comparison with the
UHIHUHQFH XQORDGHG VWDWH ,WV a&vellaioGof ®lgry¥ budibelO L HV
of measurement points, which allows the stiffness distribution to be plotted as a function of
distance from the load application point [79]

The applied boundary conditions are summarised in T&bThe testing setup for torsional
loading is illustrated in Fig. , with the corresponding deformation vectors shown in Fig.
The setup for longitudinal loading is presented in Fig. while the resulting deformation
vectors are given in Fig0.

fL[IHG VXS lever arm IL[HG VXS displacement

!
!

applied load

applied load

Fig. 7HVW ILIWXUH DQG ORDGLQJ GLUHEF
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Tab.18 % RXQGDU\ FRQGLWLRQV LQ WKH H[SHULPHQV

Degrees of freedom $SSOLHG ORDG
JLIHG V XS DRpJadement constraint
Torsional load None 5RWDWLRQ ; < = >S1P@
IRQJLWXGLQD@®MeORDG : < URWDWLRQ ; < = >1@

Fig. Testing setup-torsional stiffness

Fig. 9HFWRU GLVOGanal HtRfessW
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Fig. Testing setup-longitudinal stiffness

Fig. 9HFWRU G L VBr@iibPsHQaAs

4.2.4 OALIDATION RESULTS

7KH VWLIIQHVYV GLVWULEXWLRQV REWDLQHG IURP VLPXO
presented irFig. 61 andFig. 62 % RWK WRUVLRQDO DQG ORQJLWXGLQ
GHSHQGHQFH RQ ORDG LQ WKH KLJKHU UDQJHV $W OR
GHIRUPDWLRQV ZHUH DIIHFWHG E\ IL[IWXUH SOD\ DQG HJ[S
results correspondLQJ WR WKH ORZHVW DSSOLHG IRUFHV ZHUH
GHPRQVWUDWH D KLIJK GHJUHH RI FRQYHUJHQFH EHWZHH
thus be concluded that the material model is correctly defined in terms of elastic prthotro
coefficients, and that subsequent simulations provide relevant and reliable results.
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Fig. 60 Comparison of simulated and measured torsional stiffness
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Fig. 61 Comparison of simulated and measured longitudinal stiffness
Tab. 19 Comparison of global stiffness values
/IRDG W\SH $SSOLHG O KinGation Measurement Difference
Torsion 471 Nm 241 Nm°? 1pP1 0,8 %
IRQJLWXGLOA2A Imnrt Imnrt %
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5 TOPOLOGY OPTIMISATION

Topology optimisation is a computational method used to determine the optimal distribution of
material within a structure with respect to prescribed boundary conditions and loading
scenarios. The objective is to preserve the required stiffness or strength while minimising
weight. The algorithm iteratively removes material from regions with little contribution to load
transfer and retains it in areas that carry the principal load paths. The outcome is not a final
geometry but rather a conceptual materiabiaythat indicates how the structure should be
shaped to utilise the material as efficiently as possible. This approach is widely applied in the
aerospace, automotive, and mechanical engineering industries, where the combination of low
weight and high stifiess is of primary importance.

5.1 PRIMARY DESIGN ITERATION
5.1.1 DESIGN SPACE

Topology optimisation of a carbon fibre motorcycle monocoque requires precisely defined
boundary conditions. These include not only the specification of loads and supports, but also
the geometric constraints arising from the packaging of other components, as detailed in chapter
241 6XFK FRQVWUDLQWY GHWHUPLQH WKH GHVLJQ VSDFF
which the structure can be modified in shape or function without compromising operability,
ergonomics, or subsystem integration.

%»DVHG RQ WKHVH UHTXLUHPHQWY DQ LQLWLDO JHRPHW
IXQGDPHQWDO GHVLJQ VSDFH IRU RSWLPLVDWLRQ $ VHF
presented irfrig.

,Q WKH UHJLRQ RI WKH HQJLQH FUDQNFDVH WKH DYDLC
rectangular crossection due to packaging requirements associated with the battery modules,
ZKHHOV DQG IXHO WDQN ,Q WKLV DU&iian isWirkiteld, 3rakividd Q W L C
VKDSH RSWLPLVDWLRQ PRUH DSSURSULDWH B8QOLNH WR
efficient distribution of material within a defined volume, shape optimisation focuses on
UHILQLQJ H[LVWLQJ VWUXFW Xbdnital parRiotiQaBde OrireddcamRigihtP S U |
while preserving the original topological configuration.

Fig.62 ,QLWLDO LWHUDWLRQ RI WKH WRSRORJ\ RSWLPLVI
VHFWLRQ WKURXJK WKH GHVLJQ VSDFH LQ WKH FRQWH]
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5.1.2 BOUNDARY CONDITIONS

The simulations were performed using the same software as for the technological specimen, but
ZLWK WKH 6WUXFWXUDO 2SWLPLVDWLRQ PRGXOH DQG ZL
solid body. Meshing was carried out using the Quad Dominant method to ensure that
quadrilateral elements were generated preferentially, providing a compromise between mesh
TXDOLW\ DQG FRPSXWDWLRQDO HIILFLHQF\ 7KH QRPLQDO
relatively coarse mesh, as illustrated in Fig. 64.

Fig. Discretgation of the design space

The structural loading conditions were defined in accordance with the values specified in
chapter . The positions and orientations of the applied forces follow the methodology
described in chapter

For torsional stiffnessHg. D IL[HG VXSSRUW SXUSOH zZDV DSSO
constraining all degrees of freedom. The torsional moment (red) was applied at the crankcase
IODQJH DQG RULHQWHG DERXW DQ D[LV SDVVLQJ WKUR
perpendicularto WKH VWHHULQJ KHDG LQFOLQDWLRQ DJ[LV

,Q WKH FDVH RI OR QK. 86X &lldepees of thebddi®) Ware/constrained at the
crankcase flanggurple) $ ORQJLWXGLQDO IRUFH % UHG ZzZDV DSSO
WKH IURQW ZKHHO D[LV ZLWK WKH ORDG YHFWRU RULHQW
The force was transferred to the steering head region of the monocoque using demote

For lateral stiffnessHig. 67), the steering head was again fully constra{pedple) The load

ZDV DSSOLHG DORQJ WKH PRWRUF\BOHNEDMFEEWWKERRQK
of the crankcase flangged). To avoid the introduction of torsional loading, the force was
DSSOLHG ZLWK Ddge®RibphVHW LQ WKH =
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Fig.64 % RXQGDU\ FRQGLWLRQV ZLWK WRUVLI

Figg %RXQGDU\ FRQGLWLRQV ZLWK ORQJLW

70
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Fig.66 % RXQGDU\ FRQGLWLRQV ZLWK ODWHL

From the strength perspective, loads corresponding to the critical operating scenarios of
braking, cornering, and jump landing were defined accordingdpter , including their
respective points of application.

For the braking simulation, the boundary conditions were established as folgv$]).
&RQVWUDLQW $ SXUSOH UHSUHVHQWYV D IL[HG VXSSRUW
KHDG /RDG % (red) corresponds to the braking force vector acting at the motorcycle’s ¢
gravity. This load was applied as a remote force to replicate the transfer of braking forces
through the crankcase flange and the fuel tank inserts.

,Q WKH MXPS ODQGLQJ VLPXODWLRQ WKH IL[HG VXSSRUW
the steering head, constraining all degrees of fred8@m69). Several force vectors (red) were
defined within local coordinate systems and coupled to the frame via remote force connections.

JRUFH % ZzDV DSSOLHG DW WKH GDPSLQJ XQLW )RUFH & DV
These loads acted simultaneously and were transmitted to the crankcase flange and tank inserts
through the defined remote force couplings.

JRU WKH FRUQHULQJ VLPXODWLRQ pul& wad bridé GrokeXap8e’ UW
at the steering hedéfig. 70). )RUFH % UHG ZDV DS S GrbatiGoridadt patdhH U H I
and transferred to the crankcase flange and fuel tank inserts using a remote force connection.
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Fig.67 % RXQGDU\ FR&BJWLRQV

Fig.68 % RXQGDU\ FRQGLWLRQV
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Fig.69 % RXQGDU\ FeEo&hWLRQV

5.1.3 OPTIMISATION SETUP

7KH RSWLPLVDWLRQ VHWXS LQ WKLV FDVH ZDV UHODWLY'I
IRU WKH RSWLPLVDWLRQ PRGHO GLIIHU I[URP WKRVH WKI

interpreting the optimisation results, the isotropic material Ilyittessed will be replaced by an

anisotropic composite laminate, and further modifications are introduced to reflect

manufacturing constraints typical for thivelled shell structures.

To obtain results as relevant as possible, aluminua® selected as the baseline optimisation
PDWHULDO ,WV <RXQJTV PRGXOXV RI *3D LV FORVH WR \
LQ ERWK WKH ORQJLWXGLQDO (uFigDTQ)GFONtbeDpQrpogd-Hdd tidd
RSWLPLVDWLRQ WKH PRGXOXV ZDV UH GxXakhtd@hwWweRlebtifgs UR [ L
anisotropy—SURYLGHVY D UHDVRQDEOH DSSUR[LPDWLRQ RI

thickness. The density was also adjusted to corresjootie composite system, i.e. ! §
kg Pqgin

Tab. 20 Comparison of reference stiffness values

Material Young’'s modulus of elasticity
2FHO 210 GPa
$OXPLQLXP 71 GRa
Eo E Eso

CRREKC T P P *3D *3D *3D
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Fig. 70 Calculated polar properties for laminate stacking sequence K )

For the optimisation domain, the entire volume of the part was included (highlighted in purple
in Fig. 72 2Q0\ UHJLRQV ZLWK SUHVFULEHG FRQVWUDLQWYV R
ensuring that structural connections and boundary conditions remained intact.

The optimisation objectives are summarised in Tab. 21. The primary objective was to reduce
the material volume by 40 %, while simultaneously minimising stress under braking, jump, and
cornering load cases, and minimising compliance under torsional, longitudinal, and lateral load
cases.

Tab. 21 2 S W L P lobjé&ivdsRk Q

Response type Goal /IRDG FDVH Weight cl?(fnssa?a?i?\?
9ROXPH Minimize - 1 40 %
Stress Minimize %QUDNLQJ 1 -

Stress Minimize -XPS 1 -

Stress Minimize Cornering 1 -
Compliance Minimize Torsion 1 -
Compliance Minimize /IRQJLWXGLQDIO -
Compliance Minimize /IDWHUDO 1 -

$00 REMHFWLYHYVY ZHUH DVVLIJQHG HTXDO ZHLJKWLQJ $S
UHPDLQLQJ REMHFWLYHYVY GLG QRW KDYH GLVFUHWH QXPt
aimed to find a compromise material distribution that globally minimised compliance and stress
concentrations, without converging to specific target values in individual load cases.
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Fig.71 % RX QG DU\ FBuIGLcH dpRr@sation

7KH OL[DEOH "HQVLW)\ 0HW K RIBadtbpdlogywodtiBiddridh. With irhuRiXeO W L
ORDG FDVHVY DQG D VLQJOH YROXPH FRQVWUDLQW WKH V
IRU GHIRUPDWLRQ RU VWUHVV | QV \Wbhiplnce)Wwy EomQihifgL V H V
FRQWULEXWLRQV IURP WKH GLITHUHQW ORDG FDVHV ,Q S
the structure towards higher stiffness, while others suppress stress concentrations. The outcome
iIs a material distribution that, fadhe prescribed 40 % volume reduction, delivers the best
compromise of global stiffness and uniform stress distribution Fig.

J)LOQDOO\ DQ DGGLWLRQDO V\PPHWU\ FRQVWUDLQW ZDV L
not perfectly symmetric with respect to the motorcycle’s longitudinal plane (e.g. forces acting

on the offset suspension unit, or torsional loading applied in a single direction), a symmetry
condition about the Ylane was enforced to ensure a geometrically balanced design.

5.1.4 RESULTS AND INTERPRETATION

7KH LQLWLDO JHRPHWU\ RI WKH PRQRFRTXH IUDPH KDG
RSWLPLVDWLRQ WKLV YDOXH ZDV UHGXFHG WR NJ UH
%. The optimisation result is shown in Fig.

The key task following the topology run was to correctly interpret the generated geometry and
WR PRGLI\ LW LQWR D IHDVLEOH GHVLJQ $W WKLV VWDJH
the manufacturing technology and to propose modifications eémalive approaches where

the original output could not be realised directly.

Fig. 74 illustrates the overlay of the optimised material distribution with the original geometry.

,Q WKH UHDU VHFWLRQ RI WKH PRQRFRTXH RQO\ PLQRU
GHVLJQ VSDFH FRQVWUDLQHG E\ WKH E D Withd biaingy\VWH P
corresponded to shape optimisation of the gross geometgmeval of sharp corners,

BRNO 2025 75



TOPOLOGY OPTIMISATION

smoothing of surfaces, and elimination of small radimetivated both by mechanical
performance and by manufacturability.

Fig. 72 Result of topology optimisation

Fig 2YHUOD\ RI WKH RSWLPLVHG PDWHULDO GLV\

More significant changes were observed in the steering head region, where the optimisation
VXJIJHVWHG D QRWDEOH VOLPPLQJ RI WKH VWUXFWXUH DQ
load distribution obtained earlier (SEg. andFig. 76), an internal stiffening structure was
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introduced into this area. This additional geometry provided the required stiffness without
unnecessarily increasing mass. The details of this step are discussed in the following chapter

Fig. 742SWLPLVHG PDWHULDO GLVWULEXWL

Fig. Section overlay of the optimised material distribution with original geometry
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6 DESIGN AND MANUFACTURING OPTIMISATION

%DVHG RQ WKH UHVXOWY RI WKH WRSRORJ\ RSWLPLVDWL
H[SHULHQFH JDLQHG IURP WKH SURWRWasd8ibhegdm@spess PDQ
monocoqued KD SWHUV DQG D VHULHYV RI GHVLJQ PRGLILF
goal of these changes was to simplify and streamline production, reduce the number of parts
and associated tooling, and eliminate known technological issues encountered during prototype
IDEULFDWLRQ $W WKH VDPH W lnerelaseithié hheEhBnizdl e Fdbnveinck Q V
of the framewhile keeping the overall layp scheme and production costs at a comparable
level.

7KH RYHUDOO FRQFHSW RI WKH ERQGHG DVVHPEO\ UHPDL(
and structural improvements were introduced to enhance the manufacturability of the
monocoque, to facilitate handling during the-lgyand bonding processes, anéigure more

reliable structural performance in operation.

Fig. 76 /HIW WRSRORJ\ RSWLPLVEWMestgd LQSXW L
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Fig.772YHUOD\ Rl WKH WRSRO R Jopth&atl dd3igy DWLR Q

6.1 LIMITATIONS OF THE BASELINE DESIGN

The initial prototype design revealed a number of limitations that affected both manufacturing
HITLFLHQF\ DQG WKH TXDOLW\ RI WKH ILQDO VWUXFWXUH

f IRPLQDO WKLFNQHVVY FRQVWUDLQWY ,Q VHYHUDO FU
not be adapted to the structural requirements. Moreover, the application of sandwich
VWUXFWXUHYV ZLWK OLJKWZHLJKW FRUHV ZDV QRW IHI

(Ieft).

f 7TDQN PRXQW LQVHUWY $OXPLQLXP KROGHUV IRU Wk
composite shell through small, difficttth-machine pockets. These features not only
UHTXLUHG H[WHQVLYH &1& PDFKLQLQJ EXW DOVR GHP
the layup. The limited bonding area, combined with overlaps of prepreg plies,
frequently resulted in local deviations in laminate thickness, which complicated the
positioning of inserts and led to uneven adhesive bondfiges9 (right).
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Fig. 78 /HIW FRPSOH[ JHRPHWU\ 5 Lupkawd béndingV L F D O

f %RQGLQJ IODQJH GHVLJQ 7KH IODQJH zZDV RULJLQD
allowed the use of a ofpgece mould but produced a visible joint line on the otherwise
smooth outer surface of the monocoque. This required subsequent filling and finishing
to conceal the cut carbon fibres. The flange geometry also increased the risk of adhesive
being wiped off during assembly, reducing bond reliability.

Fig. 79 / H | bdselinedesign flange 5 L JiksMe flange

f &RPSOH[ HIWHUQDO JHRPHWU\ 7KH RXWHU VXUIDFH F
radii, sharp corners, and deep recesses, which not only hindered the placement of larger
prepreg plies but also made the fabrication of the master model and mould significantly

more labowintensive.
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critical areas

|

Fig. 80 Sharp corners and small radii

critical areas

Fig. 81 Sharp corners and small radii

f Sharp radii and edges. Small radii increased the risk of defects such as bridging, voids,
wrinkling of fibres, and poor consolidation during vacuum bagging and curing. These
features also raised the probability of local stress concentrations and del@munaler

load.

BRNO 2025 81



DESIGN AND MANUFACTURING OPTIMISATION

f %RQGLQJ DFFXUDF\ 'XULQJ WKH ERQGLQJ RI WKH WZI
SK\VLFDO VWRSV WR GHILQH WKH ILQDO SRVLWLRQ RI
combined with rounded edges at the flanges made precise alignment diffi@rit, oft
leading to uncontrolled bondie thickness.

2YHUDOO WKH baseline prototype monocogque highlighted the necessity to simplify the
redesign critical inserts and bonding flanges, and improve tolerance management. These
lessons, together with the guidelines from the optimisation study, formed the basis for the new
design modifications presented in the following sections.

6.2 OPTIMISED DESIGN
6.2.1 INTRODUCTION OF AN INTERNAL RIB

The most significant design change introduced on the basis of topology optimisation was the
addition of an internal rib structure in the steering head regimn ( ). This reinforcement

follows the load paths identified in Chapterafd locally increases stiffness in one of the
VWUXFWXUDOO\ ZHDNHVW SDUWV RI WKH IUDPH $W WKH V
for battery positioning during installation, thus combining structural and functional roles.

,Q WKH VHOHFWHG FRQILIXUDWLRQ WKH ULE LV PDQXIDF
WKH FXUHG PRQRFRTXH VKHOO 7KLV DSSURDFK RIITHUV I(
of the rib, while allowing the main monocoque halves to be prabluwgehout additional
FRPSOH[LW\ LQ WKH PRXOG $OWKRXJK LW UHTXLUHV DQ |
tolerances in the adhesive bond line, these disadvantages are outweighed by the advantages in
manufacturability and modularity.

$ IXUWKHU EHQHILW RI WKLY DUUDQJHPHQW LV WKDW WK
thin bond line, which not only provides a secure adhesive joint but also contributes to the
reinforcement of the steering head region by coupling both rib alsraeross the joint.

bonding area

Fig. 82 Steering head region reinforcement
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6.2.2 REDESIGN OF FUEL TANK MOUNTS

Thebaselinedesign included aluminium holders for the fuel tank embedded into small pockets
within the laminate. These pockets were difficult to manufacture and created local thickness
YDULDWLRQV ZKLFK FDXVHG FRPSOLFD Vohimi@ed caheept]. QJ D (
these features were eliminatéskeFig. 77) , Q V W sibplHfiedOnsertis bonded into an

internal cavity of the shell, while thel [ WHU Q D O Wil ReNndttddd FrohiHtié outside

and screwed directly into the insert. The insert itself is designed as a turned part with an
integrated thread and shouldeshich is bonded into the composite wall. This solution reduces
PDQXIDFWXULQJ FRPSOH[LW\ LPSURYHV ERQGLQJ UHOLD
HIWHUQDO EUDFNHW WR EH SURGXFHG E\ VLPSOH EHQGLQ

6.2.3 MODIFICATION OF BONDING FLANGES

, Q Wasélinedesign, the bonding flange was oriented outward, which created visible joints
RQ WKH HIWHUQDO VXUIDFH DQG LQFUHDVHG WKH ULVN R
the optimisedconcept, the two halves are joined using an internal lap joint, which conceals the
bond line and provides a much cleaner appearance.

The flange geometry was further modified by introducing a small chamfer (la¢We® flange

edge. This reduces the likelihood of adhesive being scraped away when the halves are pressed
WRIJHWKHU WKHUHE\ LPSURYLQJ WKH UHOLDELOLW\ DQG
consistency and robustness of the bonding praaessignificantly enhanced.

This modification also influences the tooling conceihce the lap joint is recessed inward,

the mould can no longer be manufactured as a®heHFH WRRO ,QVWHDG DQ RS
(counterpart) must be incorporated along the parting line to create the necessary flange offset
towards the inside ohe monocoque.

6.24 O9(5%// 60227+,1* 2) *(20(75<

7KH RSWLPLVHG JHRPHWU\ I[URP &KDSWHU ZDV WDNHQ I
simplified to meet manufacturing constraingharp corners, small radii, and unnecessary
recesses were eliminated, resulting in smoother surthaégacilitate layup and reduce the

risk of typical composite defects such as bridging, wrinkling, or voids. This also enables the
use of larger prepreg plies, decreases the number of overlaps, and improves laminate quality
and process repeatability.

6.2.5 REDUCTION OF PART COUNT

$Q DGGLWLRQDO VWHS WRZDU G Vreduckod @ LtHe Ltafal niwhiied o HV L.
composite part§orming the bonded assembly. This modification directly results in fewer
PRXOGV IHZHU DVVHPEO\ ILIWXUHV DQG D UHGXFHG QXP
manufacturing efficiency is increased, while the probability of dimensional inaccuracies during
DVVHPEO\ LV UHGXFHG ,Q WKH RSWLPLVHG FRQfoudXUDW
FRPSRVLWH FRPSRQHQWY LQVWHDG RI VL [—the two main halves anc

6.2.6 SIMPLIFICATION OF MACHINED INSERTS

The aluminium inserts used in the baselBeHVLIQ FRQWDLQHG FRPSOH[ JHRF
VLIQLILFDQWO\ LQFUHDV l@imsedaésign thess itgdr® were, QmplifiedH
to shapes that are compatible with standard machining operaariding small pockets or
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undercuts. This step reduces cost and production time while maintaining sufficient functionality
for load transfer.

6.2.7 MULTI-PIECE MOULD

The last modification concerned the integration of the intake filter palikattly into the
monocoque structur@ig.84) , Q BaSelerototype, this pocket was realised as a separate
plastic insetSODFHG LQWR DQ RSHQLQJ LQ WKH FRPSRVLWH VK
the pocket is incorporated directly into one half of the monocoque, which simplifies assembly
but simultaneously requires the use of a muikiee mould.

The necessity of a mulgiiece tool is further reinforced by the inward offset of the bonding
flange which prevents demoulding of the part using a sitgleHFH PRXOG ,Q WKL)\
problem is solved by a simple shaped inseounted into the cavity of the monocoque half.

The insert is attached to the mould wall by screws. Since the part is not a visible component,
minor dimensional inaccuracies are acceptable, and the insert does not require precise dowel
SLQ SRVLWLRQLQJ $IWHU FXULQJ WKH VFUHZV DUH UHPI
with the part, ensuring straightforward demoulding.

Non-demoldablecavity

Fig. Draft angle analysis of a monocoquefhal
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7 NUMERICAL ANALYSIS OF MONOCOQUE STRUCTURES

Numerical simulations were carried out for both the baseline version of the monocoque and a
optimised variant that incorporates the results of topology optimisation and structural
simplifications. The simulation methodology builds directly on the requirements outlined in
chapter , the material data described in chapter 4.1, and the validation procedure introduced
LQ &KDSWHU

Composite parts were modelled as shell elements with parametrically defined orthotropic ply
properties, while aluminium reinforcing inserts were represented as solid bodies with
KRPRIJHQHRXV LVRWURSLF EHKDYLRXU $GKH\WhstreintM RL QW
applied at the corresponding contact areas. This modelling approach follows the procedure
YDOLGDWHG LQ FKDSWHU HQVXULQJ WKDW WKH QXPHU
observations.

/IRDGLQJ FRQGLWLRQV DQG ERXQGDU\ GHILQLWLRQV ZHUF
introduced earlier. Their placement corresponds to the methodology adopted for the topology
optimisation studies discussed in chapter 6, allowing direct comparison between the different
stages of design evaluation.

7.1 STRUCTURAL PARAMETERS
7.1.1 TORSION LOADING

For the torsional load case, a torque moment was applied to the aluminium flange connecting
the engine crankcase to the frame (highlighted in rdeign ). The moment acts along an

D[LVY SDVVLQJ WKURXJK WKH FHQWURLG RI WKH ORDGHG \
lying in the plane of symmetry of the motorcycle.

2Q0Q WKH LQQHU VXUIDFH RI WKH DOXPLQLXP LQVHUW RI Wk
constraining all degrees of freedom (shown in purple in Fig. ).

The resulting torsional angle of twist was calculated using equajiohhe calculation is based

RQ WKH OHYHU DUP EHWZHHQ WKH WRUVLRQDO D[LV DQ
deformation was measured. The torsional stiffness was calculated using edlates|lts

are in Tab. 22.

Tab. 22 Composite monocoque torsional stiffness results

% D V Hieslg® H 2 S WekdPdesign Percentual difference
$SSOLHG ORDGL000Nm 1 000 Nm
Displacement of point  0.89 mm 0. PP - 6%
/[HYHU DUP OH QZlwhka 121 mm
$QJOH RI WZLWM21° 0. f + 6%
Torsional stiffness 2 1p? 1pP? + 128 %
Mass kg 2. NJ -2%
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Fig.

Fig. 84 Torsional loading- boundary conditions

Torsional deformation on tHeaselinemonocoque design
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Fig. 86 Torsional deformation on the optisaid monocoque design

7.1.2 LONGITUDINAL LOADING

For the longitudinal load case, a force was applied at the intersection of the steétibgc D[LV
and the frotZ KH H O D F@.H88).\M ReHorce acts perpendicularly to the steegtD G D[LV
and is transferred to the inner surface of the aluminium insert of the fork mounting, thereby
inducing a bending moment in the frame.

2Q WKH FRQWDFW VXUIDFH RI WKH DOXPLQLXP LQVHUW F|
support was defined, constraining all degrees of freedagn §9.

The resulting longitudinal displacement used for stiffness evaluation was calculated from the
measured shift of a reference point on the lower edge of the stbeadgnsert. The calculation

is based on the trigonometric relation of the tangent function between the measured
displacement and the corresponding lever arm to load application point. The longitudinal
stiffness was then determined according to Ejj.Results are summarisedTiab. 22.
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Tab. Composite monocoque longitudinal stiffness results
%DVHOLC 2SWsd®PL Percentual
design design difference

$SSOLHG ORDG 1000 N 1000 N

$_YHUDJH GLVSODFHPH pp Pp - 40 %
point
/HYHU DUP IURP URWDWImRQ DO DPR¥m

/IHYHU DUP WR ORDG DSSOAFDWLRQPSRLQW

Displacement at load application point2.48 mm 1.49 mm -40 %
/IRQJLWXGLQDO VWLIIQHYV\Mmm? 671 Nmnt! +67 %
Mass kg NJ -2%

Fig.87 /RQJ LW X G L @ Dadnc@uf EoBditions
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Fig. 88 % D V HhohoQddue designdisplacement under longitudinal loading

Fig. 89 2 S WsedPrhonocoquedisplacement under longitudinal loading

BRNO 2025
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7.1.3 LATERAL LOADING

For the lateral load case, a force was applied to the surface of the aluminium flange connecting
the engine crankcase to the frame (highlighted in red in9&ig.The force acts in the lateral
directionand is applied withm RIITVHW DOBRYVY WRHRYGHU WR PLQLPLVH
torsional loading.

2Q WKH LQQHU VXUIDFH RI WKH DOXPILQH %PV XKW, R1 Wk
constraining all degrees of freedom (shown in purple in Fig. 91).

The resulting lateral displacement was determined from the measured displaocérnent
reference point. The lateral stiffnesss then obtained according to EQq). (Results are
summarised in Tab. 24.

Tab. 24 Composite monocoque lateral stiffness results

% D V HIeslgR 2 S WskdPdesign Percentual difference

$SSOLHG ORDG 1000 N 1000 N

$YHUDJH UHIHUHQFH SROBQW GL\WSOmmHPHQW
IDWHUDO VWLIIQHVV 480 Nmnr! Imnt? + 140 %
Mass kg NJ -2%

Fig.90 /D W H U D G- il dafy tapditions
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Fig. 91 % D V HhohoQddue desighdisplacement under lateral loading

Fig. 92 2 S WsdPrhonocoquedisplacement under lateral loading
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7.2 STRENGTH PARAMETERS

The applied loads and boundary conditians identical to those defined in Chapter and
subsequently used for the topology optimisation in ChaiefSue to this neatomplete
correspondence, the boundary conditions are presented here only in a graphical form.

For the evaluation otomposite failure WKUHH ZLGHO\ UHFRJQLVHG FU]
PDI[LPXP VRADUDRRP NaWUBEYWU. These criteria were selected because they
WRIJHWKHU SURYLGH D FRPSUHKHQVLYH GHVFULSWLRQ RI
PD[LPXP VWUHVV FULWHULD HQDEOH D VWUDLJKWIRUZDUC
RU VWUDLQYV ldjgorbih@medtafial lifisUndile the Tsai—Wu criterion offers a more
general failure envelope that accounts for m@t] L r€ss \$tates and interaction effects
between different stress components.

7KH WDUJHW ZDV WR PDLQWDLQ D VDIHW\ IDFWRU RI IRU
UHVHUYH IDFWRU ,5) RI $UHDV ZKHUH WKH ,5) IDOOV
safety and require further justification or redesign. Since locBl[rh B&us due to mesh
imperfections or discretisation artefacts, the comparison between design variants is based
SULPDULO\ RQ WKH DYHUDJH ,5) YDOXHV DFURVV WKH FR
outliers and provides a clearer andrenrepresentative basis for comparison.

7.2.1 BRAKING

The applied boundary conditions are shown in Bigand are identical to those used for the
topology optimisation.

From a safety perspective, the baselh e RPHW U\ H[KLELWHWgFU uwhéteRizeO UHJ
LQYHUVH UHVHUYH IDFWRU ,5) H[FHHGYV DFURVYVY DOO
DV ORFDO VWUHVV FRQFHQWUDWRUYV SULPDULO\ GXH WEF
RSWLPLVHG JHRPHWU\ VLPLOIBé&vét] Bt tHey BeQUF tid & sigifiQariiyO VR
OHVVHU H[WHQW

2YHUDOO WKH VWHHULQJ KHDG UHJLRQ UHPDLQV WKH PF
ORFDO UHLQIRUFHPHQW WR HQVXUH VDIHW\ 1HYHUWKHO
RSWLPLVDWLRQ UHVXOWHG LQ D Udtl &3feCcF aVthdRmpdifledH PR Q V
geometry.
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Fig. % U D NbdQndary conditions

critical area

Fig. 94 % D V HhohoQddue- braking- composite inverse reverse factor
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critical area

Fig. 2 S WsedPrhonocoque braking- composite inverse reverse factor

7.2.2 Jump

The applied boundary conditions for the jump loading case are shown I87Fig$V WKLYV
scenario produces the highest overall load levels among all investigated cases, it also leads to
WKH JUHDWHVW QXPEHU RI HIFHHGDQFHYVY RI WKH VHOHFW

, Q Wdseélinegeometry, critical regions can be observier).(98) where the inverse reserve
IDFWRU ,5) H[FHHGV DFFRUGLQJ WR DOO DSSOLHG ID
the steering head is the most critical area due to stress concentrations, but additional
HIFHHGDQFHY DOVR D@®sneds theQarWiKdrtd) DGLXV UH

,Q WKH RSWLPLVHG JHRPHWU\ YDOXHV DERYH WKH W k
WR D PXFK VPDOOHU HWHQW 1HYHUWKHOHVV ERWK WKF
require local reinforcement to ensure sufficient safety margins

,Q WHUPV RI DYHUDJH ,5) YDOXHV WRSRORJ\ RSWLPLVDW]
a substantial improvement in the overall structural response under this most demanding loading
condition.
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Fig. 96 - X P-Shoundary conditions

critical area

Fig. 97 % D V H@hoQddue- jump - composite inverse reverse factor
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critical area

Fig. 98 2 S WsedPrhonocoque jump - composite inverse reverse factor

7.2.3 CORNERING

The applied boundary conditions for the cornering load case are shown 10&ig_ompared
to braking or jump landing, the forces acting during cornering are considerably lower, and
therefore this loading case has a less pronounced influence on overall safety.

,Q WaséineJHRPHWU\ D VOLJKW H[FHHGDQFH RI WKH VDIHW\
head regionKig. 101), again due to stress concentrations in this critical area. Elevated values
also appeared in the radius zones around the tank inserts, but these did not reach critical levels.

,Q WKH RSWLPLVHG JHRPHWU\ WKH VDPH UHJLRQV VKRZ L
below 0.2, and thus comfortably within the required safety margin.

JURP WKH SHUVSHFWLYH RI WKH DYHUDJH ,5) YDOXHV W
reduction, confirming a noticeable improvement in the distribution of stresses even under this
comparatively less demanding loading condition.
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Fig. 99 Cornering— boundary conditions

critical area

Fig. 100 % D V HronoQogue- cornering- composite inverse reverse factor
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Fig. 101 2 S WsedPrhonocoque cornering- composite inverse reverse factor

7.2.4 SUMMARY

From the perspective atiffness the optimised geometry demonstrated clear improvements,
particularly in torsionaland lateral stiffness where the target values were comfortably
HIFHHGHG 7 K HorigiQuBikaHsDfviéssta® less pronounced; however, even a gain of
67 %represents a positive outcome and likely reflects the geometric limitations of the baseline
design.

, W VKRXOG DOVR EH QRWHG WKDW WKH FRPSDUDWLYHO\ O
FRQWUDVWHG ZLWK WKRVH UHSRUWHG E\ &RVVDOWHU P
DSSOLHG PHWKRGRORJ\ ,Q SDUWLFXODU WKH UHIHUHQFF
location where frame deformations were measured. Since the resulting stiffness values are
highly sensitive to the measurement point, this lack of clarity may lead to significant

discrepancies when comparing published datdwd QXPHULFDO RU H[SHULPHQYV

With respect to strength, all load cases analysed with the optimised geometry showed a
reduction in the average inverse reserve factmfirming a more favourable stress distribution.
Nevertheless, for safety reasons, the steering head régldP DLQV FULWLFDO 7KL\
the highest compliance and must be locally reinforced, both to ensure sufficient safety margins
and to further improve longitudinal stiffness.

,Q W H Una¥s tRd optimised design achieved a 2 % redugtad@monstrating that the
LPSURYHPHQWYV LQ VWLIIQHVYVY DQG VWUHQJWK ZHUH QRW

$OWKRXIK QRQH RI WKH WDUJHWHG GHVLJQ JRDOV ZHUH
results indicate thatthe PD[LPXP SRWHQWLDO RI JHRPHW UAuRh&® SWLP |
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improvements must therefore be sought through the optimisation of the legynfiguration,
ZKLFK LV WKH QH[W ORJLFDO VWHS LQ WKH GHVLJQ SURFt

Tab. 2YHUDOO FRPSD ydoyptirnBed baseline
p Non- 2 S WskdP Percentual design  Design goal
arameter o . _
optimised difference goal achievement
Torsional stiffness +128% 216%
0
/_RQJLWX_ClBLQ 671 67 % 4 000 16.8%
stiffness [Nmm]
0
/D W_I;| UubDO VW 480 +140% 600 1917 %
[N mm]
%UDNLQJ 0.0288 -
-XPS 0.109 0.0788 -28%
Cornering 0.0194 -22%
Mass kg NJ -2%
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8 CONTRIBUTION TO SCIENCE AND PRACTISE

This dissertation contributes to the advancement of scientific knowledge in the field of
composite structural design by verifying the methodology of applying topology optimisation to
large bonded shelW\SH VWUXFWXUHY ZKLOH H]J[SduthgLcdnsinaiidskE FR X Q
2Q WKH EDVLV RI D YDOLGDWHG PDWHULDO PRGHO FRQ
specimen, the results presented converge towards realistic structural behaviour. The research
has demonstrated that topology optimisation, when combined with essential knowledge of
FRPSRVLWH PDQXIDFWXULQJ SURFHVVHV FRQVWLWXWHYV
carbonfibre structural components. Compared to the baseline design, the optimised geometry
achieved improvements in key structural parameters by several tens of percent, while
maintaining both mass and laminate-lxyS ,W FDQ WKHUHIRUH EH FRQFOXG
RI JHRPHWULF RSWLPLVDWLRQ KDV EHHQ H[SORLWHG D
realised through layp optimisation, for instance by employing miuabjective optimisation

022 7TKH ILQGLQJV WKXV FRQILUP WKH VLIJQLILFDQFH RI
tool in the development of composite structures applicable across the automotive, aerospace,
spors, and leisure industries.

From a practical perspective, the main benefit lies in material savings while achieving equal or
VXSHULRU SHUIRUPDQFH ,Q VSHFLILF FDVHV UHGXFHG F
lower number of plies required during lap; leading to time savings and lower production
costs. The optimised frame design achieved substantial increases in torsional, lateral, and
longitudinal stiffness, accompanied by a reduction in weight and the number of bonded parts.
Critical structural areas were identified antbseguently modified to enhance both safety and
reliability. The knowledge gained is directly applicable to the development of lightweight, cost
efficient, and manufacturable composite structures, not only within motorcycle engineering but
also in broaderansport and mechanical engineering applications.
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9 DISCUSSION

The results obtained in this dissertation clearly demonstrate that topology optimisation has its
SODFH LQ WKH GHVLJQ RI FR Fl2@ipjoveRehS \étiffiebs anuvstiess W X |
distribution achieved in the optimised frame provide convincing evidence that such an approach
can significantly enhance the performance of CFRP components, even when the laminate lay-
up remains unchanged.

$W WKH VDPH WLPH W K knitatiQns ofQidgleokjéeclive@ ptisriswfiolv KH W K H
FDVH RI WKH DQDO\VHG IUDPH FHUWDLQ WDUJHWYV ZHUH V
FRXOG QRW EH IXOO\ DFKLHYHG )RU H[DPSOH WKH RS
improvements in torsional and lateral stiffness, but the longitudinal stiffness remained at the
ORZHU HQG RI WKH UHTXLUHPHQWYV WKL larirGate Fiay\bel VW K
locally overdimensioned in some directiswhile underdimensioned in others'he logical

QH[W VWHS LV WKHUH Irfullitk BEWKHHF W E S O LR S W,LVRIQV BRI RQ O
enable simultaneous balancing of stiffness, strength, weight, and manufacturability by tailoring
the stacking sequence and fibre orientations to the demands of each load case.

The application of topology optimisation with isotropic material propertirsa sheltype
VWUXFWXUH S U&sod@Gved ibxhederdifldatiombf dominant load padmsl thus
indicated the most suitable regions for the introduction of reinforcemEigs102). The
visualisation of force flows under individual load cases, such as longitudinal loading, provides
designers with an intuitive tool for guiding subsequent laminate design and the placement of
stiffening elements.

Fig. 102 The load paths visualisation in monocoque shell structure under longitudinal load
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The evaluation based on composite failure crituréher revealed that the baseliframe

design does not reach the required safety factors in several critical regions, particularly in the
steering head and around the tank inserts. These areas therefore require local reinfavcement
ensure sufficient structural safety.

$ SURPLVLQJ RSWLRQ OQRW LPSOHPHQWHG LQ WKLV ZRUN
would be the integration of thin hybrid aramid—carbon fabrics beneath the surface ply. The
primary purpose of such reinforcement would be to suppress splintaiiug fof the carbon
laminate in the event of damage to the monocoque, thereby preventing the formation of sharp
fragments and reducing the associated safety risks.

2YHUDOO WKH UHVXOWYV RI WKLV GLVVHU WeWsuppQtikgR QIL U
tool in the design of composite structures. When combined with validated material models,
compositespecific failure criteria, and manufacturing knowledge, it provides a solid basis for
developing lightweight, safe, and manufacturable composite componentse Fesearch
VKRXOG IRFXV RQ HIWHQGLQJ WKLV PHWKR&&ptikinge\ LP S
laminate layups
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10CONCLUSION

This dissertation focused on the optimisation of a motorcycle frame manufactured from carbon
fibre reinforced polymers (CFRP), with the aim of verifying topology optimisation as a
supporting tool for the design of bonded shell structures under real manig@constraints.
Structural requirements were defined in terms of torsional, longitudinal, and lateral stiffness as
ZHOO DV VDIHW\ XQGHU EUDNLQJ MXPS ODQGLQJ DQG F
FRQVLVWLQJ RI VL[ FRPSRVLWHwdQnanuf&iidd DI Pre@dgX P S
DXWRFODYH WHFKQRORJ\ DQG PDWHULDO PRGHOV ZHUH

Topology optimisation was applied to the baseline geometry under three stiffness and three
strength load cases, with a 40 % volume reduction constraint. The resulting design identified
NH\ ORDG SDWKV DQG ZHDN UHJLRQV OHDGLQJ WR WDUJ}
in the steering head, redesigned fuel tank mounts, conversion of outward flanges to internal lap
joints, smoothing of geometry, reduction of part count, and simplified inserts and tooling.

1XPHULFDO DQDO\WHV FRQILUPHG VXEVWDQWLDO LPSUR
128 %, lateral by 140 %, and longitudinal by 67 %, with a 2 % mass reduction and lower stress
concentrations. Despite these advances, the steering head remained critical, indicating the need
for local reinforcement.

From a scientific perspective, the work confirmed that topology optimisation can be
successfully applied to large CFRP shells when integrated with validated material models and
manufacturing knowledge. From a practical perspective, the optimised desgs latfher
stiffness, lower weight, and simplified production, providing a-effstient and reproducible
framework for lightweight structures. The study also highlighted the limitations of geemetry
only optimisation, pointing to the necessity of laminateup optimisation in future research.

,Q vVXPPDU\ WKH GLVVHUWDWLRQ GHPRQVWUDWHG WKDW
technological constraints, is an effective approach for designing composite structures. The
methodology and results are directly applicable to motorcycle engineadnigaasferable to

broader transport and mechanical applications.

BRNO 2025 103



REFERENCES

REFERENCES

[1] 92*(/ & DB your own electric motorcycle 1HZ <RUN OF *UDZ +LC
7$% *UHHQ JXUX 780-GZH ,6%1

[2] '$55(1 67,//:(//Motorcycle use in England. 2016.

> @&%$3621, 'RUHWWD ODUFHOOD %,1, 6WHIDQLD )(55%5,

ILWKBXB- %DWWHULHV %DVHG RQ CabahEBromatbralfied W H U

Advanced Energy SystemKR QOLQH@ +RERNHQ 1- -RKQ :LOH\ 6|
'RVWX SR ] FK

[4] 1$49, $VDG $ $zDQ =%$+225 $VLI $KPHG 6+%,.+ )DD] $1
5$=%$ D ,QDP 80 $+%" S$SURWLF OLWKLXPselbdivé EDW)
membranedMaterials for Renewable and Sustainable Endaomgyine]. 2022, 11 -

, 6 ©2194- 'RVWX SR ] V021- - -w

> @=+8 .XQOHL &KDR :$1* =L[LDQJ &+, )HL .( <DQJ <%
‘HLNXQ :$1* D /L[LDR 0,$2 +RZ )DU-&ZONSUN Oy WWWKILLXLR
CommercializationFrontiers in Energy Researdbnline]. 2019, 7 , 682D6- ;
'RVW X S®RL] IHQUJ

[6] 065 (1*,1(6 6 5 2 Interni analyza H2Z01BX

[7] =E+256.¢ /XRdléna paliva pro malé spalovaci motory% P 9\VRNp XpH
WHFKQLFNp Y %UQ )DNXOWD VWURMQtKR LQaHQéuUVvWw

B 5,7&+,( + 0 526(5 D 3 526%$'2 (Q Koblide]. 2082 world in |
vid. -08- @ 'RVWXSWSMV RXUZRUOGLQGDWD RUJ HQH

O] /, <DQPHL 1LQJQLQJ +$ D 7LQJWLQJ /, 5HVHDUFK R(
9HKLFOHV WKURXJKRXW WKH /LIH & FOH $VVHVVPHQW
OL[ &R PSR ¥hevgiestodline]. 2019, 12 , F08a- 'RVWXSQp
] GRL HQ

[10] &$55$1=$% *HUVRQ ODUW]HO '2 1$6&,0,(172 -RVHS )$1%
D &pVDU 9%$/'(55%$0% /LIH F\FOH DVVHVVPHQW DQG HFR
PRWRUF\FOH LQ WKH FLW\ Rl %DUFH GHD® DTHSTMEKH LP

Environment [online]. 2022, 821 ,661 'RVWXSQp
] GRL M VFLWRWHQY

[11] =+8 / 1 [/, D 3 5 1 & +wkightind.id Eevdéspace component and system
designPropulsion and Power Researfdnline]. 2018, 7 - ,661
"RVW X S®RL] M MSSU

[12] +%$55,6 &KDUOHV ( -DPHV + 67%$51(6 D ODUN - 6-
ODQXIDFWXULQJ RI $HURVSDFH &&t-t& RVWW BV 6 MNUNXH-H
Journal of Aircraft [online]. 2002, 39 - ,@a1n- 'RVWXSQp
] GRL

104 BRNO 2025



REFERENCES

> @+%$1* :HQ D -XQ ;8 $GYDQFHG OLJKWZHLJKW PDWHUL

Materials & Design [online]. 2022, 221 ,661 'RVWXSQp
] GRL M PDWGHYV

[14] *837%$ O . D 5 . 65,9967%$9% OHFKDQLFDO 3URSHUW
5HLQIRUFHG 3RO\PHU &RP P8wheiNlastics$ Testrhdlagy Zand
Engineering [online]. 2016, 55(6), 626 ,661 - 'RVWXSQp
] GRL

> @12986 1RYXVN&UNEMbH>RQOLQH®@ 08>YRG 'RVWXSQp

] KWWSV QRYXVELNH FRP ELNH

[16] &$.( Cake bukk >RQOLQH®@ 08>Y@G 'RVWXSQp
] KWWSV ULGHFDNH FRP HQ S EXNN

[17] &$03% (// )S&uctural Composite Materials RQOLQH@ % P $60 ,QW
, 6 99181-62708 - 'RVWXS&ERLMh ] DVP WE VFP

[18] /$4 9ODGOWOGRMQLND NRPSR]JLWQtFK PDWHULIOS$. 2. Y\
XQLYHU]LWD 97880- , 6 9%899.

[19] -85%y.%3 -DURVODY Kompozitni konstrakd®yv letectvi

[20] 95%.$% -MOFKDQLND NRPSR]LWS$ %UQR OVWDY PHFKLE
ELRPHFKDQLN\ )6, 987 Y %UQ

[21] (+5(167(,1 *RW WPRalMe@i kompozitni materialg. Y\G 3UDKD 6FLH
, 6 99718-80-8696029-6.

[22] TORAYCAM Carbon Fiber for Applicationgonline]. [vid. 08- @ 'RVWXSQp
] KWWSV ZZZ WRUD\FPD -ARPHIURGXFWYV FDUERQ

> @Mitsubishi Carbon Fiber  [online]. [vid. 08- @ '"RVWXSQp
] KWWSV PFFIFIFR'PUFDUERQ

[24] The different grades of carbon fiber. Epsilon composite the alterndiviene].

[vid. 08- @ 'RVWXBSWWSNVN ZZERPSR\ORYH FRiPerHQ FDU
grades
> @hermosetting CompositesRrocessingAZO Materials[online]. [vid. 08-27].

'"RVWXSKWWSYV 27z7Zz7Z DJRP FRP DUWLFOH DVS["$UWLFOH

[26] Guide to compositesSRQOLQH@ % P *85,7 08- @ >YRGWXSQp
] KWWSV ZzZZ JX¥RIQW HARRV 2SS O R DB-vompositesl pafL G H

[27] -$1YyE -RWHWIRG GR PDWHULIORYpKR LQ&HQAEUVWYt SR
9\VRNp XpHQt WHFKQLFNpP6Y% %19 - 6% 1

28] &(17(% 7 /. *581(1)(/'(5 D 6 5 1877 $-djalwotlavd RI R
prepregs- Material properties, process phenomena, and manufacturing considerations.

BRNO 2025 105



REFERENCES

Composites Part A: Applied Science and ManufacturnB Q O L Q H® -
,661 ;. 'RVWX SR ] M FRPSRVLWHVD

[29] HexPLy Prepreg Technology > RQOLQH@ 08>YAG 'RYWXSQp
] KwwSV zZzZzZ KH[FHO FRP XVHUBDUHD FRQWHQWBPHG

> @.8%$6( 2NXQ]XZD $XVWLQH 1DIL]D $1-80 9LQFHQW 2
2.2/, A Review on the Owf-Autoclave Process for Composite Manufacturing

>RQOLQH®@ % P  pHUXHQ ,661 ; 'RVWXSQp
] GRL MFV
> @$(6 9LQFHQW . $UMXQ 5$'+$.5,6+1$1 -DPLH +$57/(<

-DPHV .5%$7= 7UDFNLQJ FR-@4RoOave Praptelg Qormets Bsigy
pressure sensors. Composites Part A: Applied Science and Manufajcinling]. 2022,
163 ,661 ;. 'RVWX SR ] M FRPSRVLWHVD

> @8/Ea4a(. 9 9é6SRpW\ NRPSRIJLWQtFK NRPSRQHQW SRPRF
,Q 3UDKD bHUYHQHF 2021.

> @&+5,67(16(1 S3HWKULQWURGXFWLRQ WR VWUXXRWX W /O
6SULQJHU 6ROLG PHFKDQLFY7&1AEOLWW.DSSOLFDW

> @I1*T -iQRV 0iWp D +XVVHLQ ,60%,/ -&HDHVWRQHW L @ IW/KKH
2SWLPL]DWLR QCompuidd Y&sistdd Mechanics and Engineering Sciences
[online]. 2020, 27, 97— 'RVWXSQp
] KWWSVY DSL VHPDQWLFVFKRODU RUJ &RUSXV,'

> @,%(,52 7LDJR 3 /XtV ) $ %(51%$5'2 D -RUJH 0 $ $1
2SWLPLVDWLRQ LQ BWUXFWXUDO 6WHAplicH Sdieh@sIRU $
[online]. 2021, 11 , B0F - 'RVWXSRh | DSS

> @=+%$1* +DRTL 6KXDL :$1* .D =+$%$1* -LDQJ :8 $RQDQ /,
<$1* ' SULQWLQJ RI FRQWLQXRXV FDUERQ ILEUH UH
optimised structural topology and fibre orientation. Composite StructiRQ OLQ H @
313 ,661 'RVWX SRR ] M FRPSVWUXFW

> @&+(1 <XDQ D /LQ <( 7RSRORprinfng 6f carbov filir&reifdoced
composite structural parts. Composites Science and Techrjoldgye]. 2021, 204,
,661 'RVWXSERRL ] M FRPSVFLWHFK

> @6&+:,1*(/ -RKDQQHY D 3HWHU 0,''(1'25) 7TRSRORJL
multivariate laminate stackings for tailored fiber placement. Journal of Composite

Materials [online]. 2022, 56 - , @R 1- 'RVWXSQp
] GRL

> @3,&.(1+(8(5 $ 0 6&+8/= . */,(6&+( D * +(,15,&+ 8VL
fibre placement technology for stress adapted design of composite structures. Plastics,
Rubber and Compositdsenline]. 2008, 37 - ,661 'RVWXSQp
] GRL ;

106 BRNO 2025



REFERENCES

[40] &2332/$ $QWKRQ\ 0O O6FRWW 5 +8(/6.$03 &DOHE 7$11(!
D 5LFKDUG ' 5,&&+, $SSOLFDWLRQ RI WDLORUHG ILEF
FRPSRVLWH FRPSRQHQWYV ZComposkeRFrGcnds RQBPRIMW® L HV
313 ,661 'RVWX SRR ] M FRPSVWUXFW

[41] 68=8., 7DNX\D 6KLQ\D )8.86+,*( D OLWVX\RVKL 76¢€
visualization and fiber trajectory optimization for additive manufacturing of composites.
Additive Manufacturing[online]. 2020, 31 ,661 'RVWXSQp
] GRL M DGGPD

[42] 9'29,1 ' < /(9(1.29 D 9 &+,&+(.,1 /LJKW IUDPH GHVLJQ |
topology optimization. IOP Conference Series: Materials Science and Engineering
[online]. 2019, 589 ,661 "'RVW X S®RBL ]

> @7%$0,-%1, $OL < .DYHK *+3$5,%, ODUFHOR + .2%%$<%$6
.2/21%< /RDG SDWKV YLVXDOL]DWLRQ LQ SODQH HOD\
International Journal of Solids and Structurdenline]. 2018, 135, 99-109.
,661 'RVWX SR ] M LMVROVWU

[44] :$1* 4LQJIIXR *HQJ =+%$1* &KHQFKHQ 681 D 1DQ :8 +L.

DQDO\VLYV ZLWK 8 LQGH[ JHQ 8dimpieiHGetlbls GhHAdiiedO HD U
Mechanics and Engineeringnline]. 2019, 344, 499— ,661 'RVWXSQp
] GRL M FPD

> @8 )HQJKH =KDRKXD :$1* 'H]KXDQJ 621* D +XL /,%$1 /1
control arm combining load path analysis and biological characteristics. Reports in
Mechanical Engineeringonline]. 2022, 81), 71 ,661 'RVWXSQp
] GRL UPH Z

[46] =+%$2 6KHQJMLH /X\XH 0%$2 1DQ :8 D 6YLDWRVODZ .$%$5:
9,68%/,=%7,21 86,1* 8 ,1'(; $1' 35,1&,3%/ /2% 3%7
"(7(50,1%7,21 ,1 7+$1/(' 6758&785 (facta Universitatis Series
Mechanical Engineering > RQOLQH @ GRRVWXSQPp8D( =

[47] 2SWLPL]DWLRQ RI &R RBREGWEIRGWRABWXHWE@Y 08>YLG

@ 'RVWXSQp
] KWWSV KHOS DOWDLU FRP KZVROYHUV RV WRSLFV \
RBF KWP

[48] .5,(6&+ ODUNXV D $ @anpesitd epghimization with OptiStruct 11.0 on the
example of a Formul&tudentMonocoque

[49] 9(/($ ODULDQ 1 3HU :(11+%$*( D 'D Q-objettiesoptinisationy L
of vehicle bodies made of FRP sandwich structures. Composite Strujdalieg].

2014, 111 - ,661 'RVWX SR ] M FRPSVWUXFW

> @$0*+$1, ODKGL -DVRQ 0$77+(:6 $GULDQ 0853+«
)($7+(56721 1XPHULFDO VKDSH WKLFNQHVV DQG VWD
H[SHULPHQWDO VWXG\ RI K\E U pléneFsReaSitating\StruSuded W H V

BRNO 2025 107



REFERENCES

[60]

[61]

[62]

>RQOLQH@ 51 - ,661 'RVWXSQp
] GRL M LVWUXF

@+$1* 6KXDL +DR 621* /L\RX :8 D .HIDQJ &$, $SSOLJ
JLJKWZHLJKW 'HVLJQ DQG 2SWLPL]DWLRQ RI &DUERQ
JORRU IRU $XPohRRR BilideH 2022, 14 661

'RV W X S®RL] SRO\P

@8%1 &KHQJORQJ 7RQJPLQJ &+, /LKXD =+%$1 6KXQPL!
/ILSLQJ ;,( D <X ;,$2 6HUYLFH ORDG DQDO\VLV DQG
composite tool of aerospace cryogenic tank. Polymer Compfsilese]. 2024, 45(8),

- , 6 272- 'RVWX &SR ] SF

@+28 ;XDQ D -LDQJTL /21* $ V\VWHPDWLF DQG RSWLP
steel backrest in automotive seat with carbon fie@rforced polymer composites.
Proceedings of the Institution of Mechanical Engineers, Part D: Journal of Automobile
Engineering >RQOLQH@ - ,661 'RVWXSQp
] GRL

@/. )UDQWH&RHNH D NRQVWUXNFH PFRWRFOROBURIO QJ )
90N 'UG6F 80- , 6-%601-.

@&266%$/7(5 9L\MMORYEM dynamics QG (QJOLVK HG 6 O /X
,6%9781-  -08614.

@) 2%$/( Motorcycle handling and chassis design: the art and the sci@f2.

@2&&,2/21( ODUFR )HGHULFR &+(/, ODUFR 3(==2/%$ D 5R
DQG G\QDPLF SURSHUWLHYV RI D PRWRUF\FOH IUDPH (
WIT Trans. Model. Simul. 41 —

@/. )UDQWH&RHNH D NRQVWUXNFH PRWRFOROBURIO QJ )
90N 'UG6F 80- , 6-%601-.

@%28&&,2/21( ODUFR )UDQFHVFR )HGHULFR &+(/, 0$5&
5REHUWR 9,*$17 6WDWLF DQG G\QDPLF SURSHUWLHV F
DQG QXPHULFDO DSSURPBRLQH@Q 'RV
] KWWSV DSL VHPDQWLFVFKRODU RUJ &RUSXV,'

&266%$/7(5 9 5 /27 D 0 0%$66%$52 $Q DGYDQFHG PXOWL
and stability analysis of motorcycledeccanica[online]. 2011, 46 -
661 - 'RVWX SR ] V010- - -7

)25(0%$1 & 5 'HVLIJQ FRQFHSWV IRU FRPSHRWdrdWH | XV H!
/(12( 'RQDOG : 23/,1*(5 D -RKQ Fibréas8 £ompodis in
Structural Design>RQOLQH@ %RVWRQ 0% 6SULQJHUBB6

4684- - 'RVWXS@RML ] 1-4684- -4

%5%$'70,//(5 % +RGJH % .ULVWHW®@thtép@mesic SOy KIHU 0
Federal Aviation Administration Technical Operations Personnel - - [online].
<HOORZ VSULQJV 2+ $QWKURWEHF KD 'RV WXO\SLQX

108

BRNO 2025



REFERENCES

] KWWSV KI WF IDD JRY KIGV GRZQORDG-
KIGV KIGVBSGIV $SSB%B7HFKB2SVB$SQWKURSRPHWULF\

> @&+(1 <XTLQJ <XTLRQJ .$1* <XQ =+%$2 /L :$1* -LOHL /
/[,$1* ;LDQJPLQJ +( ;LQJ/, 1DVHU 7%$9%-2+, D %DRKXD
LRQ EDWWHU\ VDIHW\ FRQFHUQV 7KH LYV Yaunidal of VWUD'
Energy Chemistry [online]. 2021, 59 - ,661 "RVWXSQp
] GRL M MHFKHP

[64] -$*8(0217 -RULV D )DQQ\ %$5'e $ FULMhlbatzQ skfétyy LHZ |
testing and standard#®\pplied Thermal Engineering> RQOL Q HZ31, 121014.
,661 'RVWX SR ] M DSSOWKHUPDOHQJ

> @, 'D -XQMXQ '(1* =KDRVKHQJ =+$1* 3HQJ /,8 D =K
dimension statistical analysis and selection of safgpyesenting features for battery
pack in realworld electric vehicles. Applied Energg RQ O L Q H3@3, 121188.
,661 'RVWX &SRR ] M DSHQHUJ\

[66] <8 4XDQTLQJ <XZHL 1,( 6LPLQ 3(1* <LIDQ 0,$2 &Kt
=+%$1* -LQVRQJ +%$1 6KXR =+%$2 D OLFKDHO 3(&+7 (YI
standards system of power batteries for electric vehicles in China. Applied Energy
>RQOLQH®@ 349 ,661 'RVWXSQp
] GRL M DSHQHUJ\

[67] =%$/26+ S5REHUW 3UDYLQUD\ *$1'+, D $iBDeRegy&oPage /LW |
EDWWHU\ H[S OR JouriRdD ofL Ip&sL B¥eveEntidry in the Process Industries
[online]. 2021, 72 ,661 'RVWXSRh ] M MOS

[68] -867(1 5DLQHU D 5RGROIR 6&+9g1(%85* &QI5V B DB\ WHHAL
(OHFWULF 9HKLFOHV >RQOL@MH@ 'RV
] KWWSV DSL VHPDQWLFVFKRODU RUJ &RUSXV,"

[69] Kevlar® Aramid Fiber Technical Guidppnline]. 2017 [vid. 08- @ 'RVWXSQp
] KWWSV 7Z2ZZ GXSRQW FRP FRQWHQW GDP GXSRQW DF
Q . HYODUB7HFKQLFDOB*XLGHB SGI

[70] '+$50%$9%$5$38 3UDWLEKD D 6UHHNDUD 5HGG\ 0 % 6 $
UHLQIRUFHPHQW IRU SRO\PHU HMED&berit M&ERiAPRINGLWHY [
2022,5 - ,661- 'RVWX &SR ] V02100246-

[

[71] '7  + -Technical datasheet
[72] T700 G technical datashe€018.
> @Ea$ - Interni dokumentGdeQDPLFNé PRGHO PRWRF\NO X. 2021

[74] )'0 IRU &RPSRVLWH>RRROAIQHI@ QHGDWMRY®QRRNMNXGS Q p
] KWWSV ZZZ VWUDWDV\V -&P Y3 OWHDEWitHEDW L Q-G XV W L
DSSOLFDWLRQV WWRRRQODQIFEASRYQBIKXLGHBODUJH
IGPBIRUBFRPSRVLWHBWRROLQJB SGI

BRNO 2025 109



REFERENCES

> @+/%$'.¢ 9LNWRU D OLTe8réportBM DP490 vs. karbon a nerez -
2017.

[76] $670 ,17(51$7,2 10$3039/D 3039M 00. 2002.

[77] $670 ,17(51%$7,21@/ -97 Standart test method for poisson’s ratio at room
temperature2017.

[78] *5(*25 /X NNavrh vyroby kompozitni kyvné vidlice % P  9\VRNp XpHQt \
Y %UQ )DNXOWD VWURMQtKR LQAHQEUVWYt

[79] &$5/ =(,66 *20 0(752/2FRTOP

110 BRNO 2025



LIST OF ABBREVIATIONS AND SYMBOLS

L.,67 2) $%%5(9,$7,216 $1' 6<0%2/6

$&3 [-] $QV\V &RPSRVLWH 3UH 3RVW $11
composites)
$3'/ [-] $16<6 3IDUDPHWULF '"HVLJQ /DQJX
%06 [-] %DWWHU\ PDQDJHPHQW V\VWHP
CFRP [-] Carbon fibre reinforcedglymers
CoG [-] Centre of gravity
CTE [-] &RHIILFLHQW RI 7KHUPDO ([SDQV
L& [-] ‘'LJLWDO ,PDJH &RUUHODWLRQ
FEM [-] Finite Element Method
MKP [-] OHWRGD NRQHpPpQEFK SUYNS$
TFP [-] Tailored Fibre Placement
72 [-] 7TRSRORJ\ 2SWLPLVDWLRQ
E,ELELE [GPa] Young’'s modulus (longitudinal, transverse,-otiplane)
Gxy, Gxz, Gyz [GPa] Shear modulus (Hplane and oudbf-plane)
N oyz ] [] Poisson’s ratio
1 1v A4..) [MPH Stress (tensile, compressive, shear)
0 ¢ QP...) [-] Strain (tensile, compressive, shear)
! [Kg Pdi Density
"7 [K] Temperature difference
[ ql ]Jgi '"LIIHUHQFH LQ FRHIILFLHQW RI W
ETF, MTF [-] 7TRRO PDVWHU PRGHO VFDOLQJ 1!
O "0 [mm] /IHQIWK GLVSODFHPHQW HORQJ
[°] Twist angle
F [N] Force
[Nm] Moment
Kt [Nm©?1  Torsional stiffness
Ki [INmmY] /RQJIJLWXGLQDO VWLIIQHVV
Kiat [INmm' /DWHUDO VWLIIQHVYV

BRNO 2025 111



LIST OF PUBLICATIONS

LIST OF PUBLICATIONS

Publications indexed in WoS or Scopus:

*5(*25 |/ =28+%$5 - .83yE. 5 4XDQWLILFDWLRQ DQ
Swingarm  Structural characteristics through Numerical Simulation and
Photogrammetry. Manufacturing Technology, URD {78.,66 1

27879402.

OEaA$ - 72%,E4 0O 5(3.$ 0 675%$.$ 7 *5(*25 /| OHWHK

OHDVXULQJ )RUFHV LQ ORWRUF\FOH 6XVSHQVLRQ 8VLC
Potentiometerslournal of Mechanical Engineering WURMQtFN\ pDVRSLV
b S.902.,661 -

.83yE. 5 =28+%$5 - 9,/,4 - *5(*25 |/ +58a(&.E ' 3UH
'LPHQVLRQDO 6WDELOLW\ RI %RORRHGrcedRRPayMeYS RI &D
Parts.Applied SciencesBasel, URD b ,661 -

9,/,a - .26,8&=(1.2 . 12:%$.2:6et al.@omprehensive

(YDOXDWLRQ RI /D\HUHG &RPSRVLWH 3URWHFWLRQ 2
9HKLRKQH& of Materials Engineering and Performance,
KWWSV GRL RUJ - -V -

Conference papers indexed in WoS or Scopus:

*5(*25 |/ =28+%$5 - .83yE. 5 9%$5+$1E. 0 6('/E. - 'HV
stiffness Distribution analysis of motorcycle swingarm made of carbon fiber
FRPSRVLWHV ,Q (1*,1((5,1* 0(&+%$1,&6 %UQR %

Technology, 2020. s. 162 ,6% 1 80-214- -
Papers presented atniternational conferences

*5(*25 /| 7THQVLOH WHVW RI FRPSRVLWHYV XVLQJ GLJLWD
- 3URFHHGLQJV )LUVW 3UDJXH &]J]HFK 7HFKQIS8FDO 8QL
,6%1 8001 -9.

.83yE. 5 =28+%$5 - *5(*25 |/ 3UHFLVLRQ DQG GLPHC
ERQGHG MRLQWYV RI &)53 SDUWYV 3 3R DMNMW GRP S)R VU NVW/H \
&HFK 7THFKQLFDO 8QLYHUVLW)\,B@® BBOAXH -9. V -

.83yE. 5 =28+%$5 - *5(*25 |/ 3UHFLVLRQ %RQGLQJ R
$SSOLFDWLRQ ,Q 6SRUW 2SWLFV3IWBRFKHREBUQERP JRYV.W H
&]HFK 7THFKQLFDO 8QLYHUVLW\,b& 13 3®ALXEB977. \% -

*5(*25 | =28+%$5 - O0Eas$ - .83yE. 5 6('/E. - 'HV
validation of motorcycle single side swingarm made of CFRP using photogrammetry.
Polymer Composites 20213URFHHGLQJV )LUVW 3UDJXH &]HFK W
Prague, 2021.s. 1P7. ,6% 1 80-01-068977.

112 BRNO 2025


https://doi.org/10.1007/s11665-025-11553-3

LIST OF TABLES

LIST OF TABLES

Tab. 1 Comparison of selected PropertieS.........cceiieiiiieee i e e e e e

Tab. 2 Comparison of selected SPecific ProOPertieS. .......ooeeveiiiiiiiiiiiiiieee e

7DE &RPSDULVRQ RI PDQXIDFWXULQJ WHFKQRORILHV IRU
Tab. 4 Range of frame stiffness values— OLWHUDWXUH..UHYLHZ..>..29 @

7DE 5HODWLYH VWLIIQHVYV UHTXLUHPHQWJV..IRU.2ZSRUW DQ
7TDE %DVLF DQWKURSRPHW.ULE.GDW.D..2...@....ccccooeeveerrrnnnnnnn.

Tab. 7 Composite parts used in the CONSIIUCHON. .........cceiiiiiii e

7TDE $OXPLQLXP SDUWV XVHG.LQ WKH.ERQVWUXEWLRQ

Tab. 9 Structural simulation loading coNditioNS.............ccoovviiiiiiiiiiiiiiiie s

Tab. 10 Critical motorcycle load cases in operatiQn................eeeiieniieeeeieeiieeeiii

Tab. 11 Positions of defined coordinate systems relative to the global coordinate .syétem

Tab. 12 Commonly used and prototype tooling materials..............ccooovvieiiiiiiiiiiiiiiiee e,

7DE ODWHULDa@sHIWR.S.IHUM.LHM. oo

Tab. 14 Material propertieSstress lIMILS.........ouuuiiiiiiiii e

7DE ODWHULDgDai8 RS HUM.LH V. e 60....

7TDE /ID\XS RI WKH WHFKQRQRJLEDO..VSHFELPRPHQ....61...

7DE %RXQGDU\ FRQGLWLRQM..LQ.WKH.V.LRXODW.I6RQ PRGH

7DE %RXQGDU\ FRQGLWLRQV LQ WKH H[SHULPHQWDO VH\
Tab. 19 Comparison of global stiffness values.............cccccceeiiiiiiiiiieiiee 67...

Tab. 20 Comparison of reference stiffness values.............oooiiiiiiiiieiis

7DE 2SWLPLVDWLRQ.REMHEW.LY.HM. ..o 74.....

Tab. 22 Composite monocoque torsional stiffness results..............cccccoveeieiiii e,

7DE &RPSRVLWH PRQRFRTXH ORQJLWXGLQDQ.VBBLIIQHVYV
Tab. 24 Composite monocoque lateral stiffness results...........c.ccoovviiiiiiiiiinnenen, 90..

7DE 2YHUDOO FRPSDULVRQ.=bhaseline.vs.optimised.............. Q9..

BRNO 2025 113



LIST OF FIGURES

LIST OF FIGURES

)LJ 1RYXV PRWRUF\FOH ZLWK.D.ERRPRSRV.LWH.ILUDPH.> @
)LJ &DNH %XNN PRWRUF\FOH ZLWK..D.IRUJHG.DOQXPLQLXP I
)LJ 5DQJH RI PHFKDQLFDO SURSHUWLHV .RL.GLLIHPZHQW W\

Fig. 4 Suitability of manufacturing technologies depending on performance, application, and
SURGXFWLRQ.YROXPH. . Z. .. @

yLJ 6 FKHPDWLEPBrocKsD [RBB...0.D.)-w.....oeeeieiieeeeeeeeeee e,

Fig. 6 Schematic of vacuum assisted hanellayprocess [26]........ccccovveeeeeeiiiiiiiieiiinnnn. 16

)LJ BFKHPDWLF RIL.9OS5.7.0.2....@ ..coiiiiiiiiiiee e, 17....

Fig. 8 SchematiC Of RTIM [26].......uuuuuiiiiiieeieeeeeeeeeeeeer e e e e e e 17......

Fig. 9 Schematic of filament winding [26]...........uuueiiiiiiiiii e 18....

Fig. 10 Schematic of autoclave ProCeSSING........uuuuiieiiiiie i e e e e e e e e 20....

)LJ -afXaWoclave prepreg processing schematiC............cocuvveveeeeveiiiiieeeeeeeinnnnn. 20..

)LJ BULQFLSOH RI EDVLF PHWKRGV..RL.VW.UXEW.X22DO RSW
)LJ 7TRUVLRQ VWLIIQHVYV PHDV.XULQJ.SULQELSORE> @

)LJ /IRQJLWXGLQDO VWLIIQHVV..R.HDV.XULQJ.SULQELSOH >
)LJ /I DWHUDO VWLIIQHVV.RHDVXULQJI.SULQELSQHS> @

Fig. 16 Division of the hybrid motorcycle frame..........cccoo oo

)LJ +\EULG IUDPH LQ FLW\ DQG.HQGXUR.RRWRUE\MFOH YDL
)LJ (UJRQRPLF PRGHO WK SHUFHQWLOH SRVLWLRQLQJ

OHJ GXULQJ FRUQHULQJ D WRS YLHZ VKRZLQJ ULGHU OHJ
b) side view of rider posture, c) vertical section showing leg positlative to monocoque

=0 [ =T [ = 1o ] (AU PPPPPPUTRTRPRRIN

Fig. 19 Steering head angle IMitation..............uueiiiiiiiiee e e e

Fig. 20 MOtOrcycle rake angle............ oo

)LJ OD[LPXP IURQW V.XVSHQVLRQ.WUDYHO.........ccvvrrrrnnnn

Fig. 22 Design constraints from integrated COMPONENLS.........ccovveereeeiiiiiiiieiiiiiiiiieae e

)LJ &RROLQJ KRVH.GXEW.LQ.J i

)LJ $VVHPEO\ RI WKH EDVHOLQH PRQRFRTXH GHVLJQ D
flange c) lower fuel tank insert d) upper fuel tank insert e) upper steering head f) steering head
insert g) right half of monocoque h) left half of monocoque i) batteny meinforcement j)

cooling duct reinforcement k) lower steering head.............ccooeeeeeiiiieeeecccce e,

yLJ ORQRFRTXH ERQG.LQJI.DUHDN. oo,

)LJ /IRFDWLRQ DQG GLUHFWLRQ RI ORDGYV GXULQJ EUDNL
cornering (blue); the circle in the center indicates the position of the combined motercycle

FAer CENTEI Of GraVILY. ... .uuu i e e e e e e e e e e e e e e e eeeeeaennnes 40.......

Fig. 27 Placement of local coordinate systems on the motorcycle..............cccoeveeeennns 41

Fig. 28 Workflow of monocoque manufacturing ProCess..........covvveuvvvviiniiiiinneeeeeeeennnn. 42.

Fig. 29 Master model and mould SChematiC..............oooiiiiiiiiiii e 44....

)LJ BUHSUHJ SOMODAMXS.SUREHMN. oo, 46.....

)LJ $SSOLFDWLRQ RIL.URERWLE.WULRRLQJ................ 48....

)LJ /HIW DQG ULJKW KDOL.RL.LPRQRERT.XH...&$......49..

)LJ ODVWHU PRGHO RI OHIW KDOI RI PRQRFRTXH9 &%' DQ!
)LJ /HIW &)53 PRXOG ZLWK SHHO SO\ DSSOLHG LQ WKH U
completed monocoque half prior to trimmMING..........coeeviiiiiiiiiii e 49...

)LJ 8SSHU KHDG FRYHU..RRQRERTXH.RY.HUODS...........

)LJ 8SSHU VWHHULQJ KHDG FRYHU SDUW...RDVW.HU PRGHC
)LJ /IRZHU VWHHULQJ KHDG FRYHU SDUW...RDVWHU PRGHO

114 BRNO 2025



LIST OF FIGURES

)LJ 2Q WKH OHIW SURWRW\SH WULPPLQW HGHRYQ B WIHQ JR
WIth VACUUM ClaMPING-...cceieeeiiiiiiie e e e et e et e e e ettt s e e e e e e e e e e eeeeeeeenees

)LJ &RROLQJ GXFW FRROLQJ GXEW..RRXQG..D.QG... SULQW
)LJ 2Q WKH OHIW EDWWHU\ VWRS UHLQIRUFHPHQW SDU"
[0 T0 T o PP PP PR PP

yLJ ' SULQWHG PRXQ.G.ZLWK.3.7)(.LLOP oo,

Fig. 42 Dependence of shear strengthonb@dQH WKLFNQHVV LRU...0..'3 > @
YLJ BRQGLQI.LLLMW XU H oottt

)LJ %RQGLQJ ILIWXUH.DIWHU.SKDVH. s

)LJ WRQGLQJ IL[WXUH.DIWHU.SKDMH. .. i,

Fig. 46 Completed monocoque integrated into MOtOrCYCle.......ccoovvveeeeeiiiiieeieeen,

)LJ BULQFLSDO VWUDLQ ILHOG ZLWK YLUWXDO H[WHQVRP
Fig. 48 Construction of the technological specimen...........ccccooevviieiiiiiiiveeeei, 6al..

Fig. 49 Simplified geometry of technological Specimen.............cccoeeeeiiiiiiiiiiiiiiiinnn 62.

)LJ 'LVFUHWLVDWLRQ RL.WKH.VZLQJDUPR..JHRPHVS2.\

YLJ 6 L P X O D-WArSROQRI YAHEIAGC. Sttt

)LJ 6 L P X O DWODNGRtQUINAHIANMAIIR]. ......evvveeeieiieiieiiiiieeeee e

)LJ '"HIRUPDWLRQ XQGHU WRUVLRQDO.QRDG...VMLRPRXODWLR
)LJ '"HIRUPDWLRQ XQGHU ORQJLW.XG.LQDQ.ORDGG4VLPXODYV
)LJ THVW ILIWXUH DQG.ORDGLQJ.GLUHEWLRQ....64..

)LJ THVWLQJ VHW XS .=.tarsianal StHffNesS..........cccceeeiiiiieiieeeeeeeeeeeeiiis

)LJ O9HFWRU GLVSODFHPH.QW.=tarsional stiffness.............cceeeeeeee

)LJ THVWLQJ VHW XS - longitudinal stiffness.........cccccevvvvvivivnniinnnn. 6a...

)LJ O9HFWRU GLVSODFHPH Q.W..~longitudinal stiffness.............. 66..

Fig. 60 Comparison of simulated and measured torsional stiffness..............ccccceeennn.. 61

Fig. 61 Comparison of simulated and measured longitudinal stiffness...................... Qa7

)LJ ,QLWLDO LWHUDWLRQ RI WKH WRSRORJ\ RSWLPLVDW

ULJKW VHFWLRQ WKURXJK WKH GHVLJQ VSDEH.LQVKH FRQ
)LJ 'LVFUHWLVDWLRQ.RI.LWKH.GHV.LJQ..V.SDEH.....069..

)LJ %WRXQGDU\ FRQGLWLRQV.ZLWK.W.RUV.LRQDO.TMMRDGLQJ
)LJ %RXQGDU\ FRQGLWLRQV..ZLWK.QRQJLW.XG.LQMO ORDGI
)LJ %RXQGDU\ FRQGLWLR.QV..ZLWK.QDWHUDQ.ORMGLQJ

)LJ %RXQGDU\bRRM.GLW.LRQ.V. riiiiiiiii 72....

)LJ %RXQGDU\JUMR.QGLWLRQM s, 12.....

)LJ %RXQGDU\CHRRNG.LW.LR.QM. e

)LJ &DOFXODWHG SRODU SURSHUWLHV IRU.ODRIQDWH VV
)LJ %WRXQGDU\ FRQGLWLRQ =topological.aptimisation..................

Fig. 72 Result of topology OptiMISAtION...........ueiiiiei e 76....

)LJ 2YHUOD\ RI WKH RSWLPLVHG PDWHU.LD.Q.GLNGNULEXWI
)LJ 2SWLPLVHG PDWHULDO GLVWULEXWLRQ.LQ.WKH QHFN
)LJ 6HFWLRQ RYHUOD\ RI WKH RSWLPLVHG PDWHULDO GL
)LJ /[HIW WRSRORJ\ RSWLPLVDWLRQ..LQSXW...ULIKW RSW
)LJ 2YHUOD\ RI WKH WRSRORJ\ RSWLRLV.DW.LRQOQSXW D
)LJ /[HIW FRPSOH[ JHRPHWU\ &lahdbindicd).LW.LED.CBODUHD IR
)LJ /HIW EDVHOLQH GHVLJQ.IODQJH...5LIKW..LQ3WLGH 10D
Fig. 80 Sharp corners and small radii............cccoooeiiiiiiiiiiiii e 81....

Fig. 81 Sharp corners and small radii...........ccccoeeeiiiiiiiiiiiiiirr e 81....

Fig. 82 Steering head region reinforCemMEeNL.............oouviiiiiiiiiie e 82...

)LJ ‘'UDIW DQJOH DQDO\WVLV.RIL.RPRQRERTXH..KD.OQ.I84...

Fig. 84 Torsional loading — boundary CoONditiONS...........ocooeiiiiiiiiiiiiiiii e 86...

BRNO 2025 115



LIST OF FIGURES

)LJ 7TRUVLRQDO GHIRUPDWLRQ RQ.WKH.EDVHOL®GH PRQRF

Fig. 86 Torsional deformation on the optimised monocoque design...............ccceeeee... 87

)LJ /IRQJLWXGLQDO ORD G L.QJ..=boundary.canditions............. 88..
)LJ %DVHOLQH PR QsplademenHur@dt Mhgit@linal loading.............. 89

)LJ 2 S WL P LV H GdiepgraterRénRunded lengitudinal loading..................... 89

YLJ / DW H U DHOUIIEDOBNOIMANS . ..o Q...
)LJ %DVHOLQH PR QdplacementHur@et MierhQoading...................... 91

)LJ 2S WLPLVH GdiepgateRénRUNder lateral loading..........cccoveeeeeeeenenee. 91

)LJ % UDNLQJ —boundary..CONAILIONS .....cooeeiieeeeieeeeeeeeiiise e e e e e e e eeeeeeeaennnnes
)LJ %DVHOLQH PR Q RdafpdsKeHnvdrsakirgerse factor.............ccc........

)LJ 2SWLPLVHG PR Q Rénmposteinvérskireyerse factor................... 94

)LJ -XPS —boundary CONAItIQNS........uuiiiiieeie et
)LJ %DVHOLQH P R Qdhipésitexidersgimgverse factor...........cceevvvvvnenns

)LJ 2SWLPLVHG PR Q@é&hpBsiteihergemgverse factor...................... 96

Fig. 99 Cornering — boundary conditiQnsS...........covvvveiiiiiiiiiiii e 97....
)LJ %DVHOLQH PR QR Edposite ingersenagerse factor................ 97

)LJ 2SWLPLVHG PR QR EédMpsie-tvenserneyerse factor.............. 98

Fig. 102 The load paths visualisation in monocoque shell structure under longitudinal loading
.................................................................................................................................. 101........

116 BRNO 2025



	Introduction
	1 Aim of the thesis

