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ABSTRACT, KEYWORDS 

 

ABSTRACT 

This dissertation focuses on the optimisation of a motorcycle frame made of carbon-fibre 
reinforced polymers (CFRP). The objective is to validate a design methodology for 
lightweight and structurally efficient composite structures using topology optimisation, while 
simultaneously accounting for laminate manufacturability. Structural requirements were 
defined in terms of torsional, longitudinal, and lateral stiffness, as well as safety under critical 
operating conditions such as braking, jump landing, and cornering. The baseline frame, 
manufactured using prepreg–autoclave technology, was analysed, and a design space for 
topology optimisation was established. The optimisation results were subsequently 
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 reducing critical stress concentrations and achieving a 2 % 
weight reduction with an unchanged laminate lay-up. The results demonstrate that the use of 
topology optimisation as a supporting tool in the design of composite structures represents 
an effective pathway for the development of lightweight yet structurally safe CFRP 
components. 
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CFRP, topological optimisation, motorcycle, simulation, FEM, composite, frame 

 

 

 

ABSTRAKT  

�'�L�]�H�U�W�D�þ�Q�t�� �S�U�i�F�H�� �V�H�� �]�D�P�����X�M�H�� �Q�D�� �R�S�W�L�P�D�O�L�]�D�F�L�� �U�i�P�X�� �P�R�W�R�F�\�N�O�X�� �]�� �X�K�O�t�N�R�Y�ê�F�K�� �N�R�P�S�R�]�L�W�$��
���&�)�5�3������ �&�t�O�H�P�� �M�H�� �R�Y�����L�W�� �S�R�V�W�X�S�� �Q�i�Y�U�K�X�� �O�H�K�N�ê�F�K�� �D�� �N�R�Q�V�W�U�X�N�þ�Q���� �H�I�H�N�W�L�Y�Q�t�F�K�� �N�R�Q�V�W�U�X�N�F�t�� �V��
�Y�\�X�å�L�W�t�P�� �W�R�S�R�O�R�J�L�F�N�p�� �R�S�W�L�P�D�O�L�]�D�F�H�� �S���L�� �V�R�X�þ�D�V�Q�p�P�� �]�R�K�O�H�G�Q���Q�t�� �Y�\�U�R�E�L�W�H�O�Q�R�V�W�L�� �O�D�P�L�Q�i�W�X����
Kons�W�U�X�N�þ�Q�t���S�R�å�D�G�D�Y�N�\���E�\�O�\���V�W�D�Q�R�Y�H�Q�\���]���K�O�H�G�L�V�N�D���W�R�U�]�Q�t�����S�R�G�p�O�Q�p���D���S���t�þ�Q�p���W�X�K�R�V�W�L���D���W�D�N�p���]��
�S�R�K�O�H�G�X���E�H�]�S�H�þ�Q�R�V�W�L���S���L���N�U�L�W�L�F�N�ê�F�K���S�U�R�Y�R�]�Q�t�F�K���V�W�D�Y�H�F�K�����M�D�N�R���M�H���E�U�]�G���Q�t�����G�R�V�N�R�N���D���]�D�W�i�þ�H�Q�t����
�6�W�i�Y�D�M�t�F�t�� �N�R�Q�V�W�U�X�N�F�H�� �U�i�P�X�� �Y�\�U�R�E�H�Q�i�� �W�H�F�K�Q�R�O�R�J�L�t�� �S�U�H�S�U�H�J–�D�X�W�R�N�O�i�Y�� �E�\�O�D�� �D�Q�D�O�\�]�R�Y�i�Qa a na 
�M�H�M�t�P�� �]�i�N�O�D�G���� �E�\�O�� �Y�\�W�Y�R���H�Q�� �V�W�D�Y�H�E�Q�t�� �S�U�R�V�W�R�U�� �S�U�R�� �W�R�S�R�O�R�J�L�F�N�R�X�� �R�S�W�L�P�D�O�L�]�D�F�L���� �9�ê�V�O�H�G�N�\��
�R�S�W�L�P�D�O�L�]�D�F�H���E�\�O�\���Q�i�V�O�H�G�Q�����]�D�S�U�D�F�R�Y�i�Q�\���G�R���N�R�Q�V�W�U�X�N�þ�Q�t�K�R�����H�ã�H�Q�t���S���L���V�R�X�þ�D�V�Q�p�P���]�D�F�K�R�Y�i�Q�t��
�Y�\�U�R�E�L�W�H�O�Q�R�V�W�L���D���V�Q�t�å�H�Q�t���S�R�þ�W�X���G�t�O�$���V�H�V�W�D�Y�\�����2�S�W�L�P�D�O�L�]�R�Y�D�Q�ê���U�i�P���G�R�V�i�K�O���]�Y�ê�ã�H�Q�t �W�R�U�]�Q�t���W�X�K�R�V�W�L��
�R�����������������S���t�þ�Q�p���R���������� �����D���S�R�G�p�O�Q�p���R���������������S���L�þ�H�P�å���V�R�X�þ�D�V�Q�����G�R�ã�O�R���N�H���V�Q�t�å�H�Q�t���N�U�L�W�L�F�N�ê�F�K��
�N�R�Q�F�H�Q�W�U�D�F�t���Q�D�S���W�t���D���N���U�H�G�X�N�F�L���K�P�R�W�Q�R�V�W�L���R�������������S���L���Q�H�]�P���Q���Q�p���V�N�O�D�G�E�����O�D�P�L�Q�i�W�X�����9�ê�V�O�H�G�N�\��
�X�N�D�]�X�M�t���� �å�H�� �Y�\�X�å�L�W�t�� �W�R�S�R�O�R�J�L�F�N�p�� �R�S�W�L�P�D�O�L�]�D�F�H�� �M�D�N�R�� �S�R�G�S�$�U�Q�p�K�R�� �Q�i�V�W�U�R�M�H�� �S���L�� �Q�i�Y�U�K�X��
�N�R�P�S�R�]�L�W�Q�t�F�K�� �V�W�U�X�N�W�X�U�� �S���H�G�V�W�D�Y�X�M�H�� �H�I�H�N�W�L�Y�Q�t�� �F�H�V�W�X�� �N�� �Y�ê�Y�R�M�L�� �O�H�K�N�ê�F�K�� �D�� �]�i�U�R�Y�H���� �E�H�]�S�H�þ�Q�ê�F�K��
�N�R�P�S�R�]�L�W�Q�t�F�K���V�W�U�X�N�W�X�U�� 

K�/�Ë�ý�2�9�È���6�/�2�9�$ 
CFRP, �W�R�S�R�O�R�J�L�F�N�i���R�S�W�L�P�D�O�L�]�D�F�H�����P�R�W�R�F�\�N�O, simulace, MKP, kompozit, �U�i�P,  
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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 destination, according 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, originally developed as a more 
affordable alternative to the automobile, today finds application primarily due to its 
�F�R�P�S�D�F�W�Q�H�V�V���L�Q���F�R�X�Q�W�U�L�H�V���Z�L�W�K���K�L�J�K���S�R�S�X�O�D�W�L�R�Q���G�H�Q�V�L�W�\�����$�O�W�H�U�Q�D�W�L�Y�H�O�\�����L�W���V�H�U�Y�H�V���D�V���D���O�H�L�V�X�U�H���R�U��
sports vehicle, owing to its favourable power-to-weight ratio. Similar to the automotive sector, 
�W�K�H���P�R�W�R�U�F�\�F�O�H���L�Q�G�X�V�W�U�\���L�V���D�O�V�R���H�[�S�H�U�L�H�Q�F�L�Q�J�����D�O�E�H�L�W���Z�L�W�K���V�R�P�H���G�H�O�D�\�����W�K�H���W�U�H�Q�G���R�I���H�O�H�F�W�U�L�I�L�F�D�W�L�R�Q�� 

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, 
�D�Q�G���H�U�J�R�Q�R�P�L�F�V�����(�[�D�P�S�O�H�V���L�Q�F�O�X�G�H���W�K�H���F�R�P�S�R�V�L�W�H���P�R�W�R�U�F�\�F�O�H���I�U�D�P�H���R�I���W�K�H Novus (Fig. 1) and 
the forged aluminium �I�U�D�P�H�� �R�I�� �W�K�H�� �&�D�N�H�� �%�X�N�N (Fig. 2). From a performance 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 and charging times, both determined by battery capacity. 
This, however, is generally less critical than in the case of passenger electric cars, since apart 
from touring motorcycles long range is not usually a requirement [1]. Statistical data on 
�P�R�W�R�U�F�\�F�O�H���X�V�H���L�Q���(�Q�J�O�D�Q�G���V�K�R�Z���W�K�D�W���D�S�S�U�R�[�L�P�D�W�H�O�\������ % of all rides are commuting trips, with 
an average ride length of 18 �N�P�����2�Q�O�\���D�U�R�X�Q�G������ % of trips involve full-day or long-distance 
travel, where range limitations could become problematic [2].  

�$�� �F�U�L�W�L�F�D�O�� �G�L�V�D�G�Y�D�Q�W�D�J�H�� �R�I�� �H�O�H�F�W�U�L�F�� �P�R�W�R�U�F�\�F�O�H�V�� �D�U�L�V�H�V�� �L�Q�� �W�K�H�� �F�R�P�S�D�U�L�V�R�Q�� �E�H�W�Z�H�H�Q�� �W�K�H�� �W�L�P�H��
needed to refuel a gasoline tank and the time required to recharge a battery of equivalent energy 
capacity, where the difference may reach two orders of magnitude. Moreover, the specific 
energy density of current lithium-�L�R�Q�� �E�D�W�W�H�U�L�H�V�� �U�H�P�D�L�Q�V�� �O�R�Z���� �D�W�� �D�S�S�U�R�[�L�P�D�W�H�O�\�� ������ Wh �N�J�q�ï����
which is about fifty times less than that of gasoline (12,700 Wh �N�J�q�ï������ �7�K�L�V�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\��
increases vehicle mass as a function of battery size. �$���S�R�W�H�Q�W�L�D�O���V�R�O�X�W�L�R�Q���Z�R�X�O�G���E�H���W�K�H���L�Q�G�X�V�W�U�L�D�O-
scale deployment of lithium–sulfur batteries (2,600 Wh �N�J�q�ï���� �R�U�� �H�Y�H�Q�� �O�L�W�K�L�X�P–air batteries 
(11,140 Wh �N�J�q�ï�������D�O�W�K�R�X�J�K���D�W���S�U�H�V�H�Q�W���W�K�H�V�H���W�H�F�K�Q�R�O�R�J�L�H�V���D�U�H���R�Q�O�\���D�S�S�O�L�F�D�E�O�H���X�Q�G�H�U���O�D�E�R�U�D�W�R�U�\��
conditions (see e.g. �>��–���@). �$�Q���D�O�W�H�U�Q�D�W�L�Y�H���D�S�S�U�R�D�F�K���W�R���D�G�G�U�H�V�V�L�Q�J���W�K�L�V���O�L�P�L�W�D�W�L�R�Q���L�V���P�R�W�R�U�F�\�F�O�H��
�K�\�E�U�L�G�L�]�D�W�L�R�Q�����$���V�P�D�O�O���E�D�W�W�H�U�\���F�R�P�E�L�Q�H�G���Z�L�W�K���D�Q���L�Q�W�H�U�Q�D�O���F�R�P�E�X�V�W�L�R�Q���H�Q�J�L�Q�H operating only in 
eco-driving modes or at low states of charge �F�R�X�O�G���S�U�H�V�H�U�Y�H���O�R�Z���P�D�V�V���Z�K�L�O�H���H�[�W�H�Q�G�L�Q�J���U�D�Q�J�H [6]. 
Furthermore, with the utilization of green fuels [7] �D�Q�G���W�K�H���F�X�U�U�H�Q�W���J�O�R�E�D�O���H�Q�H�U�J�\���P�L�[��[8] such 
a solution could represent an environmentally friendly drive concept. 

�+�R�Z�H�Y�H�U�����W�K�H���L�P�S�O�L�F�D�W�L�R�Q�V���R�I���O�D�U�J�H�U���E�D�W�W�H�U�\���F�D�S�D�F�L�W�\ namely higher weight and higher energy 
consumption �V�X�J�J�H�V�W���W�K�D�W���� �Z�L�W�K�L�Q���W�K�H���F�R�Q�W�H�[�W���R�I�� �W�K�H���H�Q�H�U�J�\�� �V�R�X�U�F�H���� �H�O�H�F�W�U�L�F���P�R�W�R�U�F�\�F�O�H�V���P�D�\��
not necessarily represent a more ecological option over their entire life cycle (see e.g.[1, 9, 10]). 
Consequently, weight minimization, as a critical parameter in the transportation sector, should 
�U�H�P�D�L�Q�� �D�� �G�H�V�L�J�Q�� �S�U�L�R�U�L�W�\�� �H�Y�H�Q�� �L�Q�� �W�K�H�� �H�U�D�� �R�I�� �H�O�H�F�W�U�L�I�L�F�D�W�L�R�Q���� �2�Q�H�� �S�U�R�P�L�V�L�Q�J�� �P�H�W�K�R�G�� �R�I�� �Z�H�L�J�K�W��
reduction lies in the application of advanced composite materials, particularly carbon-fibre 
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 �L�Q���W�K�H���%�R�H�L�Q�J�����������D�L�U�O�L�Q�H�U��[11]. �$�Q�R�W�K�H�U���X�Q�G�H�Q�L�D�E�O�H��
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INTRODUCTION 

�D�G�Y�D�Q�W�D�J�H���R�I���F�R�P�S�R�V�L�W�H�V���L�V���W�K�H�L�U���H�[�F�H�O�O�H�Q�W���U�H�V�L�V�W�D�Q�F�H���W�R���F�R�U�U�R�V�L�R�Q���D�Q�G���I�D�W�L�J�X�H�����E�R�W�K���R�I���Z�K�L�F�K���D�U�H��
of significant importance in motorcycle applications (see e.g. [12–14]).  

For these reasons, this dissertation addresses the application of modern optimisation techniques 
topology optimisation ���7�2�� �W�R���L�P�S�U�R�Y�H���H�[�L�V�W�L�Q�J���V�W�U�X�F�W�X�U�D�O���V�R�O�X�W�L�R�Q�V���D�Q�G���U�D�W�L�R�Q�D�O�L�]�H���W�K�H���G�H�V�L�J�Q��
and manufacturing of a carbon-fibre reinforced motorcycle frame. The aim is to achieve weight 
reduction while ensuring the required structural stiffness and sufficient safety. 

 

Fig. 1 Novus motorcycle with a composite frame �>�����@ 

 

Fig. 2 �&�D�N�H���%�X�N�N���P�R�W�R�U�F�\�F�O�H���Z�L�W�K���D���I�R�U�J�H�G��aluminium frame [16] 
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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 
�W�K�D�W�� �W�K�L�V�� �P�H�W�K�R�G�� �U�H�P�D�L�Q�V�� �L�Q�V�X�I�I�L�F�L�H�Q�W�O�\�� �H�[�S�O�R�U�H�G�� �D�Q�G�� �U�D�U�H�O�\�� �D�S�S�O�Led, mainly due to 
manufacturing constraints and a limited understanding of its potential. 

�7�K�H���V�S�H�F�L�I�L�F���R�E�M�H�F�W�L�Y�H�V���R�I���W�K�H���W�K�H�V�L�V���D�U�H���D�V���I�R�O�O�R�Z�V�� 

�ƒ �7�R���F�R�P�S�D�U�H���W�K�H���V�W�U�X�F�W�X�U�D�O���V�W�L�I�I�Q�H�V�V���D�Q�G���V�W�U�H�Q�J�W�K���R�I���W�K�H���H�[�L�V�W�L�Q�J���F�R�P�S�R�V�L�W�H���I�U�D�P�H���Z�L�W�K��
the properties achievable through topology-driven geometry modifications, while 
maintaining the same laminate lay-up and identical input conditions. 

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

�7�K�H���G�L�V�V�H�U�W�D�W�L�R�Q���L�V���G�L�Y�L�G�H�G���L�Q�W�R���W�Z�R���P�D�L�Q���S�D�U�W�V�� 

State of the art 

�ƒ �/�L�W�H�U�D�W�X�U�H���U�H�Y�L�H�Z���R�Q���F�R�P�S�R�V�L�W�H�V���D�Q�G���R�S�W�L�P�L�V�D�W�L�R�Q���P�H�W�K�R�G�V�� 

�ƒ �$�Q�D�O�\�V�L�V�� �R�I�� �W�K�H��baseline motorcycle frame, including structural and packaging 
constraints. 

�ƒ �2�Y�H�U�Y�L�H�Z�� �R�I�� �D�S�S�O�L�H�G�� �P�D�Q�X�I�D�F�W�X�U�L�Q�J�� �W�H�F�K�Q�R�O�R�J�L�H�V�� �D�Q�G�� �P�R�G�H�U�Q�� �D�S�S�U�R�D�F�K�H�V�� �W�R��
structural optimisation. 

Experimental section 

�ƒ Description of the manufacturing process of the baseline frame solution. 

�ƒ �9�D�O�L�G�D�W�L�R�Q���R�I���P�D�W�H�U�L�D�O���P�R�G�H�O�V���X�V�H�G���L�Q���V�X�E�V�H�T�X�H�Q�W���Q�X�P�H�U�L�F�D�O���V�L�P�X�O�D�W�L�R�Q�V�� 

�ƒ �$�S�S�O�L�F�D�W�L�R�Q���R�I���W�R�S�R�O�R�J�\���R�S�W�L�P�L�V�D�W�L�R�Q���D�Q�G���L�Q�W�H�U�S�U�H�W�D�W�L�R�Q���R�I���L�W�V���U�H�V�X�O�W�V�� 

�ƒ �,�Q�F�R�U�S�R�U�D�W�L�R�Q�� �R�I�� �R�S�W�L�P�L�V�D�W�L�R�Q�� �R�X�W�F�R�P�H�V�� �L�Q�W�R�� �D�� �P�R�G�L�I�L�H�G�� �I�U�D�P�H�� �J�H�R�P�H�W�U�\���� �Z�L�W�K��
adjustments reflecting manufacturing feasibility. 

�ƒ Comparative strength simulations of the baseline and optimised geometries under 
identical laminate lay-ups. 

 

 



BRNO 2025 

 

 

11 
 

STATE OF THE ART 

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 
�F�R�Q�V�W�L�W�X�H�Q�W�V���� �D�� �P�D�W�H�U�L�D�O�� �L�V�� �R�E�W�D�L�Q�H�G�� �Z�K�R�V�H�� �R�Y�H�U�D�O�O�� �S�U�R�S�H�U�W�L�H�V�� �H�[�F�Hed those of the individual 
components. 

�,�Q���W�K�H���F�R�Q�W�H�[�W���R�I���W�K�L�V���G�L�V�V�H�U�W�D�W�L�R�Q�����D�W�W�H�Q�W�L�R�Q���L�V���I�R�F�X�V�H�G���H�[�F�O�X�V�L�Y�H�O�\���R�Q���F�R�P�S�R�V�L�W�H�V���F�R�P�S�R�V�H�G���R�I��
�U�H�L�Q�I�R�U�F�H�P�H�Q�W���D�Q�G���D���S�R�O�\�P�H�U�L�F���P�D�W�U�L�[�����V�S�H�F�L�I�L�F�D�O�O�\���O�R�Q�J��fibre �U�H�L�Q�I�R�U�F�H�G���S�R�O�\�P�H�U�V�����/�)�5�3�������7�K�L�V��
subgroup belongs among the most significant modern structural materials. Their principle lies 
in combining high-strength and high–stiffness fibre�V�� �Z�L�W�K�� �D�� �S�R�O�\�P�H�U�� �P�D�W�U�L�[�� �W�K�D�W�� �H�Q�V�X�U�H�V��
bonding, stress transfer, and environmental protection of the fibre�V�����$���W�\�S�L�F�D�O���U�H�S�U�H�V�H�Q�W�D�W�L�Y�H���L�V��
carbon fibre reinforced polymers (CFRP), usually consisting of carbon fibres embedded in an 
�H�S�R�[�\���U�H�V�L�Q�� 

�$���P�D�M�R�U���D�G�Y�D�Q�W�D�J�H���R�I���F�R�P�S�R�V�L�W�H���P�D�W�H�U�L�D�O�V���L�V���W�K�H���S�R�V�V�L�E�L�O�L�W�\���R�I���D�F�K�L�H�Y�L�Q�J���P�H�F�K�D�Q�L�F�D�O���S�U�R�S�H�U�W�L�H�V��
fundamentally different from those of conventional metallic materials. While metals generally 
�H�[�K�L�E�L�W���L�V�R�W�U�R�S�L�F��behaviour, composites are inherently anisotropic, and their properties can be 
tailored by fibre orientation. This allows the design of structures optimised for specific loading 
conditions (see e.g. [17–21]). 

2.1.1 MECHANICAL P ROPERTIES 

The mechanical performance of long fibre reinforced composites is primarily governed by the 
properties of the reinforcing fibres, their volume fraction, orientation, and the type of polymer 
�P�D�W�U�L�[���� �)�R�U�� �F�O�D�U�L�W�\���� �W�K�H�� �I�R�O�O�R�Z�L�Q�J�� �V�H�F�W�L�R�Q�� �I�L�U�V�W�� �D�G�G�U�H�V�V�H�V�� �W�K�H�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �L�Q�G�L�Y�L�G�X�D�O�� �F�D�U�E�R�Q��
fibres and subsequently the properties of typical CFRP laminates. 

CARBON FIBRE S 

The tensile strength of carbon fibre�V���W�\�S�L�F�D�O�O�\���U�D�Q�J�H�V���E�H�W�Z�H�H�Q�������D�Q�G���� GPa, depending on the 
fibre �J�U�D�G�H�� 

�ƒ �+�L�J�K�� �W�H�Q�V�L�O�H�� ���+�7�� - standard modulus fibre�V���� ������–������ GPa. Widely used due to their 
balanced compromise between strength, stiffness, and cost. 

�ƒ �,�Q�W�H�U�P�H�G�L�D�W�H���P�R�G�X�O�X�V�����,�0����fibre�V����������–6.0 �*�3�D�����2�I�I�H�U���L�Q�F�U�H�D�V�H�G���V�W�L�I�I�Q�H�V�V���D�Q�G���V�W�U�H�Q�J�W�K��
�F�R�P�S�D�U�H�G���W�R���+�7���J�U�D�G�H�V�� 

�ƒ �8�O�W�U�D-�K�L�J�K�� �P�R�G�X�O�X�V�� ���8�+�0����fibre�V���� �X�S�� �W�R�� ������ GPa. These represent the technological 
limit, used in highly demanding aerospace and defence applications. 

The tensile modulus of carbon fibre�V���D�O�V�R���Y�D�U�L�H�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\���Z�L�W�K���J�U�D�G�H�� 

�ƒ �6�W�D�Q�G�D�U�G���P�R�G�X�O�X�V�����+�7������������–������ GPa. 

�ƒ �,�Q�W�H�U�P�H�G�L�D�W�H���P�R�G�X�O�X�V�����,�0������������–������ GPa. 

�ƒ �+�L�J�K���P�R�G�X�O�X�V�����+�0������������–������ GPa. 

�ƒ �8�O�W�U�D-�K�L�J�K�� �P�R�G�X�O�X�V�� ���8�+�0������ ������–900 �*�3�D���� �D�S�S�U�R�D�F�K�L�Q�J�� �R�U�� �H�Y�H�Q�� �H�[�F�H�H�G�L�Q�J�� �Y�D�O�X�H�V��
typical for steel. These fibres, however, are brittle and costly, and their use is limited to 
niche applications �>�������������@.
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Fig. �� Range of mechanical properties of different types of carbon fibres [24] 

CARBON FIBR E LAMINATES  

�,�Q�� �S�U�D�F�W�L�F�D�O�� �D�S�S�O�L�F�D�W�L�R�Q�V���� �F�D�U�E�R�Q��fibre�V�� �D�U�H�� �H�P�E�H�G�G�H�G�� �L�Q�� �D�� �S�R�O�\�P�H�U�� �P�D�W�U�L�[���� �P�R�V�W�� �F�R�P�P�R�Q�O�\��
�H�S�R�[�\���U�H�V�L�Q�����7�\�S�L�F�D�O���X�Q�L�G�L�U�H�F�W�L�R�Q�D�O���&�)�5�3���O�D�P�L�Q�D�W�H�V���H�[�K�L�E�L�W���W�K�H���I�R�O�O�R�Z�L�Q�J���S�U�R�S�H�U�W�L�H�V�� 

�ƒ �/�R�Q�J�L�W�X�G�L�Q�D�O���P�R�G�X�O�X�V����������–������ GPa. 

�ƒ �7�H�Q�V�L�O�H�� �V�W�U�H�Q�J�W�K���� ��������–�������� MPa (depending on fibre �R�U�L�H�Q�W�D�W�L�R�Q���� �P�D�W�U�L�[�� �W�\�S�H���� �D�Q�G��
fibre volume fraction). 

�ƒ �'�H�Q�V�L�W�\���� �D�S�S�U�R�[���� ������ g �F�P�q�ñ���� �Z�K�L�F�K�� �L�V�� �D�E�R�X�W�� �R�Q�H-fifth of steel and ~40% lower than 
aluminium. 

For woven CFRP laminates, the crimp of the fibres reduces effective stiffness and strength 
�F�R�P�S�D�U�H�G���Z�L�W�K���8�'���S�O�L�H�V�����7�\�S�L�F�D�O���Y�D�O�X�H�V���D�U�H�� 

�ƒ �,�Q-�S�O�D�Q�H���P�R�G�X�O�X�V��������–90 GPa (depending on weave type and fibre content) 

�ƒ �7�H�Q�V�L�O�H���V�W�U�H�Q�J�W�K����������–1000 MPa 

�ƒ �'�H�Q�V�L�W�\�����D�S�S�U�R�[�������������J���F�P�q�ñ 

�,�Q�� �V�X�P�P�D�U�\���� �Farbon fibres offer outstanding intrinsic stiffness and strength, while CFRP 
�O�D�P�L�Q�D�W�H�V���F�R�P�E�L�Q�H���W�K�H�V�H���S�U�R�S�H�U�W�L�H�V���Z�L�W�K���O�R�Z���G�H�Q�V�L�W�\���D�Q�G���G�H�V�L�J�Q���I�O�H�[�L�E�L�O�L�W�\�����7�K�L�V���P�D�N�H�V���W�K�H�P��
highly attractive for lightweight structural applications where weight reduction, fatigue 
performance, and corrosion resistance are critical requirements [17–21]. 
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COMPARISON WITH C�2�1�9�(�1�7�,�2�1�$�/��MATERIALS  

�/�R�Q�J��fibre �F�R�P�S�R�V�L�W�H�V�� �H�[�K�L�E�L�W�� �V�H�Y�H�U�D�O�� �F�O�H�D�U�� �D�G�Y�D�Q�W�D�J�H�V�� �Z�K�H�Q�� �F�R�P�S�D�U�H�G�� �Z�L�W�K�� �F�R�Q�Y�H�Q�W�L�R�Q�D�O��
metallic materials. Their strength-to-weight and stiffness-to-weight ratios are significantly 
higher, which makes them ideal for lightweight yet mechanically demanding structures. 
�$�Q�R�W�K�H�U���P�D�M�R�U���E�H�Q�H�I�L�W���L�V���W�K�H���S�R�V�V�L�E�L�O�L�W�\�� �R�I�� �W�D�L�O�R�U�L�Q�J���S�U�R�S�H�U�W�L�H�V���E�\�� �D�G�M�X�V�W�L�Q�J��fibre orientation, 
enabling the designer to align stiffness and strength with specific load paths. Composites also 
�R�I�I�H�U���H�[�F�H�O�O�H�Q�W���U�H�V�L�V�W�D�Q�F�H���W�R���F�R�U�U�R�V�L�R�Q���D�Q�G���F�K�H�P�L�F�D�O degradation, since they are not subject to 
�J�D�O�Y�D�Q�L�F���H�I�I�H�F�W�V���D�Q�G���F�D�Q���E�H���X�V�H�G���H�Y�H�Q���L�Q���D�J�J�U�H�V�V�L�Y�H���H�Q�Y�L�U�R�Q�P�H�Q�W�V�����/�R�Z���W�K�H�U�P�D�O���F�R�Q�G�X�F�W�L�Y�L�W�\��
allows their use as thermal barriers, while superior vibration damping compared to most metals 
improves both rider comfort and structural reliability. 

�'�H�V�S�L�W�H���W�K�H�V�H���D�G�Y�D�Q�W�D�J�H�V���� �F�H�U�W�D�L�Q���G�U�D�Z�E�D�F�N�V���P�X�V�W���D�O�V�R���E�H���F�R�Q�V�L�G�H�U�H�G���� �+�L�J�K���S�U�R�G�X�F�W�L�R�Q���F�R�V�W�V��
arise mainly from the price of carbon fibres. 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 delamination, which may critically reduce structural integrity. Recycling remains 
difficult, particularly for thermoset matrices, and the anisotropic nature of composites increases 
�G�H�V�L�J�Q���F�R�P�S�O�H�[�L�W�\�����U�H�T�X�L�U�L�Q�J���D�G�Y�D�Q�F�H�G���)�(�0���V�L�P�X�O�D�W�L�R�Q�V���Z�L�W�K���R�U�W�K�R�W�U�R�S�L�F���P�D�W�H�U�L�D�O���P�R�G�H�O�V�� 

For illustration,  Tab. 1 and Tab. 2 provides a comparison of selected properties of conventional 
�H�Q�J�L�Q�H�H�U�L�Q�J���P�D�W�H�U�L�D�O�V���D�Q�G���&�)�5�3�� 

Tab. 1 Comparison of selected properties 

Material (Grade) Density  
�!���>�N�J m-��] 

Tensile modulus  
E1 [GPa] 

Tensile strength  
�1�v���>�0�3�D�@ 

Steel alloy (42CrMo4) 7800 210 1100 

�$�O�X�P�L�Q�L�X�P���D�O�O�R�\��
������������ 2700 72 600 

�&�)�5�3�����7���������H�S�R�[�\�� 1600 ������ �������� 

Tab. 2 Comparison of selected specific properties 

Material (Grade) Specific stiffness  
E1���! [10-�� kg m-�� GPa-1] 

Specific strength  
�1�v���! [10-�� kg m-�� MPa-1] 

Steel alloy (42CrMo4) 27 141 

�$�O�X�P�L�Q�L�X�P �D�O�O�R�\�������������� 27 222 

�&�)�5�3�����7���������H�S�R�[�\�� 84 �������� 

�,�W���L�V���H�Y�L�G�H�Q�W���W�K�D�W���&�)�5�3���F�O�H�D�U�O�\���V�X�U�S�D�V�V�H�V���V�W�H�H�O���D�Q�G���D�O�X�P�L�Q�L�X�P���L�Q���W�H�U�P�V���R�I���V�S�H�F�L�I�L�F���V�W�L�I�I�Q�H�V�V���D�Q�G��
specific strength. These properties make CFRP particularly attractive for weight-sensitive 
applications in aerospace, automotive, and motorsport engineering, where minimizing mass 
without compromising safety and durability is a critical design objective. 
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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 
�F�D�Q�� �E�H�� �G�L�Y�L�G�H�G�� �L�Q�W�R�� �W�K�U�H�H�� �P�D�L�Q�� �F�D�W�H�J�R�U�L�H�V���� �X�Q�L�G�L�U�H�F�W�L�R�Q�D�O�� �S�O�L�H�V���� �P�X�O�W�L�D�[�L�D�O���Q�R�Q-crimp fabrics, 
and woven fabrics. 

UNIDIRECTIONAL REINFORCEMENTS 

�8�'�� �S�O�L�H�V�� �F�R�Q�V�L�V�W�� �R�I�� �E�X�Q�G�O�H�V�� �L�Q�� �Z�K�L�F�K�� �P�R�U�H�� �W�K�D�Q�� �������� �R�I�� �W�K�H�� �I�L�E�U�H�V�� �D�U�H�� �D�O�L�J�Q�H�G�� �L�Q�� �D�� �V�L�Q�J�O�H��
�G�L�U�H�F�W�L�R�Q�� �Z�L�W�K�R�X�W�� �F�U�L�P�S���� �7�K�H�L�U�� �P�D�L�Q�� �D�G�Y�D�Q�W�D�J�H�� �O�L�H�V�� �L�Q�� �P�D�[�L�P�L�V�L�Q�J�� �P�H�F�K�D�Q�L�F�D�O�� �S�H�U�I�R�U�P�D�Q�F�H����
since the fibres directly carry the applied load. This enables precise placement of reinforcement 
in the required orientation and ensures the most efficient utilisation of fibre strength. The 
drawback is lower in-plane stability, which usually necessitates secondary reinforcement such 
�D�V�� �I�D�E�U�L�F�V�� �R�U�� �P�D�W�V���� �8�'�� �S�O�L�H�V�� �D�U�H�� �D�O�V�R�� �O�H�V�V�� �F�R�Q�Y�Hnient to handle and generally lead to higher 
production costs. 

MULTIAXIAL NON -CRIMP FABRICS 

�0�X�O�W�L�D�[�L�D�O���I�D�E�U�L�F�V���F�R�Q�V�L�V�W���R�I�� �V�H�Y�H�U�D�O���O�D�\�H�U�V���R�I�� �V�W�U�D�L�J�K�W���� �X�Q�F�U�L�P�S�H�G���I�L�E�U�H�V�� �R�U�L�H�Q�W�H�G���L�Q���G�L�I�I�H�U�H�Q�W��
�G�L�U�H�F�W�L�R�Q�V�� ���W�\�S�L�F�D�O�O�\�� ���ƒ���� �����ƒ���� �“�����ƒ������ �Z�K�L�F�K�� �D�U�H�� �V�W�L�W�F�K�H�G�� �W�R�J�H�W�K�H�U�� �Z�L�W�K�� �D�� �E�L�Q�G�L�Q�J�� �W�K�U�H�D�G���� �7�K�L�V��
approach provides higher mechanical performance compared with woven fabrics, because the 
�I�L�E�U�H�V���D�U�H���Q�R�W���E�H�Q�W���R�U���F�U�L�P�S�H�G�����$�W���W�K�H���V�D�P�H���W�L�P�H�����P�X�O�W�L�S�O�H���R�U�L�H�Q�W�D�W�L�R�Q�V���F�D�Q���E�H���F�R�P�E�L�Q�H�G���L�Q���D��
single ply, reducing the total number of plies required and accelerating laminate build-up. The 
main disadvantages are that the stitching threads, usually polyester, may not bond perfectly to 
�W�K�H���P�D�W�U�L�[���D�Q�G���P�D�\���V�H�U�Y�H���D�V���V�L�W�H�V���R�I���I�D�L�O�X�U�H���L�Q�L�W�L�D�W�L�R�Q�����,�Q���D�G�G�L�W�L�R�Q�����K�H�D�Y�L�H�U���W�H�[�W�L�O�H�V���F�D�Q���E�H���P�R�U�H��
�G�L�I�I�L�F�X�O�W���W�R���L�P�S�U�H�J�Q�D�W�H���I�X�O�O�\���Z�L�W�K���U�H�V�L�Q�����0�D�Q�X�I�D�F�W�X�U�L�Q�J���D�O�V�R���U�H�T�X�L�U�H�V���F�R�P�S�O�H�[���P�D�F�K�L�Q�H�U�\�����Z�K�L�F�K��
increases costs. 

W�2�9�(�1���)�$�%�5�,�&�6 

�,�Q�� �Z�R�Y�H�Q�� �I�D�E�U�L�F�V���� �I�L�E�U�H�V�� �L�Q�W�H�U�O�D�F�H�� �L�Q�� �W�K�H�� �Z�D�U�S�� �����ƒ���� �D�Q�G�� �Z�H�I�W�� �������ƒ���� �G�L�U�H�F�W�L�R�Q�V���� �9�D�U�L�R�X�V�� �Z�H�D�Y�H��
�S�D�W�W�H�U�Q�V�� �H�[�L�V�W���� �V�X�F�K�� �D�V�� �S�O�D�L�Q���� �W�Z�L�O�O���� �V�D�W�L�Q���� �R�U�� �E�D�V�N�H�W�� �Z�H�D�Y�H���� �:�R�Y�H�Q�� �W�H�[�W�L�O�H�V�� �R�I�I�H�U�� �H�[�F�H�O�O�H�Q�W��
dimensional stability, good handling properties, and uniform fibre distribution. Twill and satin 
�Z�H�D�Y�H�V���L�Q���S�D�U�W�L�F�X�O�D�U���S�U�R�Y�L�G�H���V�X�S�H�U�L�R�U���F�R�Q�I�R�U�P�D�E�L�O�L�W�\���W�R���F�R�P�S�O�H�[���J�H�R�P�H�W�U�L�H�V�����Z�K�L�F�K���L�V���F�U�L�W�L�F�D�O��
�L�Q���P�R�W�R�U�F�\�F�O�H���I�U�D�P�H���D�S�S�O�L�F�D�W�L�R�Q�V�����2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����F�U�L�P�S�L�Q�J���R�I���W�K�H���I�L�E�U�H�V���U�H�G�X�F�H�V���W�K�H���H�I�I�H�F�W�L�Y�H��
mechanical properties compared with u�Q�L�G�L�U�H�F�W�L�R�Q�D�O�� �R�U�� �P�X�O�W�L�D�[�L�D�O�� �I�D�E�U�L�F�V���� �D�V�� �I�L�E�U�H�� �Z�D�Y�L�Q�H�V�V��
�G�H�F�U�H�D�V�H�V���E�R�W�K���V�W�L�I�I�Q�H�V�V���D�Q�G���V�W�U�H�Q�J�W�K�����&�R�D�U�V�H�U���I�D�E�U�L�F�V���Z�L�W�K���K�L�J�K�H�U���F�U�L�P�S���H�[�K�L�E�L�W���W�K�L�V���H�I�I�H�F�W���P�R�U�H��
strongly. 

�,�Q���V�X�P�P�D�U�\�����H�D�F�K���U�H�L�Q�I�R�U�F�H�P�H�Q�W���I�R�U�P���R�I�I�H�U�V���V�S�H�F�L�I�L�F���D�G�Y�D�Q�W�D�J�H�V�����8�'���S�O�L�H�V���S�U�R�Y�L�G�H���P�D�[�L�P�X�P��
load-�E�H�D�U�L�Q�J���F�D�S�D�F�L�W�\���L�Q���R�Q�H���G�L�U�H�F�W�L�R�Q�����P�X�O�W�L�D�[�L�D�O���Q�R�Q-crimp fabrics combine high performance 
with multi-directional capability, and woven fabrics ensure good handling and drapability on 
�F�R�P�S�O�H�[���J�H�R�P�H�W�U�L�H�V�����,�Q���S�U�D�F�W�L�F�H�����D���F�R�P�E�L�Q�D�W�L�R�Q���R�I���W�K�H�V�H���U�H�L�Q�I�R�U�F�H�P�H�Q�W���W�\�S�H�V���L�V���R�I�W�H�Q���X�V�H�G���W�R��
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 fibre impregnation, 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���W�K�H���I�R�O�O�R�Z�L�Q�J���V�H�F�W�L�R�Q�����W�K�H���P�D�L�Q���F�R�P�S�R�V�L�W�H���P�D�Q�X�I�D�F�W�X�U�L�Q�J���P�H�W�K�R�G�V���D�U�H���G�H�V�F�U�L�E�H�G����
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with particular attention paid to prepregs and autoclave curing, which currently represent the 
industrial standard for high-performance 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 for low-, 
medium-, or high-volume production, as well as in the achievable quality of the final part. 

 

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

HAND LAY-UP (WET LAY-UP) 

�+�D�Q�G�� �O�D�\-up is one of the oldest and technologically simplest methods of composite 
manufacturing. The process is carried out at room temperature and requires only basic tooling. 
�$���U�H�O�H�D�V�H���D�J�H�Q�W���L�V���I�L�U�V�W���D�S�S�O�L�H�G���W�R���W�K�H���P�R�X�O�G���V�X�U�I�D�F�H�����Z�K�L�F�K���L�V���R�I�W�H�Q���F�R�D�W�H�G���Zith a gelcoat layer 
�W�R���S�U�R�Y�L�G�H���D���V�P�R�R�W�K���R�X�W�H�U���I�L�Q�L�V�K�����/�D�\�H�U�V���R�I�� �G�U�\���I�D�E�U�L�F���U�H�L�Q�I�R�U�F�H�P�H�Q�W���D�U�H���W�K�H�Q���S�O�D�F�H�G���L�Q�W�R���W�K�H��
�P�R�X�O�G���D�Q�G���L�P�S�U�H�J�Q�D�W�H�G���P�D�Q�X�D�O�O�\���Z�L�W�K���O�L�T�X�L�G���U�H�V�L�Q�����X�V�X�D�O�O�\���E�\���E�U�X�V�K���R�U���U�R�O�O�H�U�����$�I�W�H�U���D�O�O���O�D�\�H�U�V��
have been saturated, the laminate is left to cure under ambient conditions, although in some 
cases moderate heating may be applied to accelerate the process. 

 

Fig. �� Schematic of hand lay-up process [26] 
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The main advantages of hand lay-�X�S���D�U�H���O�R�Z���W�R�R�O�L�Q�J���F�R�V�W�V�����K�L�J�K���I�O�H�[�L�E�L�O�L�W�\�����D�Q�G���V�X�L�W�D�E�L�O�L�W�\���I�R�U��
�S�U�R�G�X�F�L�Q�J���O�D�U�J�H���D�Q�G���J�H�R�P�H�W�U�L�F�D�O�O�\���F�R�P�S�O�H�[���S�D�U�W�V���L�Q���O�R�Z���S�U�R�G�X�F�W�L�R�Q���Y�R�O�X�P�H�V�����7�K�H���P�H�W�K�R�G���D�O�V�R��
allows easy modification of the lay-up sequence during manufacturing. �+�R�Z�H�Y�H�U�����V�L�J�Q�L�I�L�F�D�Q�W��
drawbacks include a high proportion of entrapped air, non-uniform resin distribution, and 
relatively poor mechanical properties compared with other technologies. Furthermore, the 
process is labour-intensive and strongly dependent on operator skills, which limits 
reproducibility and quality consistency.  

To address some of these shortcomings, the hand lay-up method can be combined with vacuum 
bagging, often referred to as vacuum assisted hand lay-�X�S�� ���9�$�+�/�8������ �$�I�W�H�U�� �P�D�Q�X�D�O��
impregnation, the laminate is covered with a peel ply, perforated release film, breather fabric, 
�D�Q�G���V�H�D�O�H�G���L�Q���D���Y�D�F�X�X�P���E�D�J�����$�S�S�O�\�L�Q�J���U�H�G�X�F�H�G���S�U�H�V�V�X�U�H���U�H�P�R�Y�H�V���H�[�F�H�V�V���U�H�V�L�Q���D�Q�G���H�Q�W�U�D�S�S�H�G��
air, leading to higher fibre volume fraction, lower porosity, and improved laminate 
consolidation. Compared with simple wet lay-�X�S�����9�$�+�/�8���S�U�R�G�X�F�H�V���O�D�P�L�Q�D�W�H�V of significantly 
better quality and more consistent mechanical performance. Nevertheless, the method remains 
labour-intensive and does not achieve the reproducibility or structural properties associated 
with prepreg–autoclave processing [17, 20, 21, 26, 27]. 

 

Fig. 6 Schematic of vacuum assisted hand lay-up process [26] 

RESIN INFUSION TECHNOLOGIES 

Resin infusion technologies represent a group of closed-mould 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 wet lay-up, particularly the high void content and 
�S�R�R�U�� �O�D�P�L�Q�D�W�H�� �F�R�Q�V�R�O�L�G�D�W�L�R�Q���� �7�K�H�� �W�Z�R�� �P�R�V�W�� �F�R�P�P�R�Q�� �Y�D�U�L�D�Q�W�V�� �D�U�H�� �9�D�F�X�X�P�� �$�V�V�L�V�W�H�G�� �5�H�V�L�Q��
�7�U�D�Q�V�I�H�U���0�R�X�O�G�L�Q�J�����9�$�5�7�0�����D�Q�G���5�H�V�L�Q���7�U�D�Q�V�I�H�U���0�R�X�O�G�L�Q�J�����5�7�0���� 

�,�Q���9�$�5�7�0�����W�K�H���U�H�L�Q�I�R�U�F�H�P�H�Q�W���L�V���S�O�D�F�H�G���L�Q�W�R���D�Q���R�S�H�Q���P�R�X�O�G�����F�R�Y�H�U�H�G���Z�L�W�K���D���Y�D�F�X�X�P���E�D�J�����D�Q�G��
sealed. Resin is then drawn into the fibre preform by the pressure difference created between 
the vacuum inside the bag and the atmosphere. This relatively simple set-up requires only one 
rigid mould surface, which reduces tooling costs. The process allows the manufacture of 
medium to large parts with improved laminate quality compared with hand lay-�X�S���R�U���9�$�+�/�8����
�+�R�Z�H�Y�H�U���� �L�P�S�U�H�J�Q�D�W�L�R�Q�� �F�D�Q�� �E�H�� �V�O�R�Z���� �S�D�U�W�L�F�X�O�D�U�O�\�� �I�R�U�� �G�H�Q�V�H��fibre packs, and the method is 
�V�H�Q�V�L�W�L�Y�H���W�R���O�H�D�N�D�J�H�V���L�Q���W�K�H���Y�D�F�X�X�P���V�\�V�W�H�P�����)�X�U�W�K�H�U�P�R�U�H�����W�K�H���T�X�D�O�L�W�\���R�I���9�$�5�7�0���O�D�P�L�Q�D�W�H�V���L�V��
limited compared with autoclave-cured prepregs, especially in terms of void content and 
achievable fibre volume fraction. 
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Fig. 7 �6�F�K�H�P�D�W�L�F���R�I���9�$�5�7�0��[26] 

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, more accurate fibre volume 
fractions, and high reproducibility. The use of a rigid two-�V�L�G�H�G���P�R�X�O�G���D�O�V�R���S�U�R�Y�L�G�H�V���H�[�F�H�O�O�H�Q�W��
�G�L�P�H�Q�V�L�R�Q�D�O�� �D�F�F�X�U�D�F�\�� �D�Q�G�� �V�X�U�I�D�F�H�� �T�X�D�O�L�W�\�� �R�Q�� �E�R�W�K�� �V�L�G�H�V�� �R�I�� �W�K�H�� �S�D�U�W���� �2�Q�� �W�K�H�� �R�W�K�H�U�� �K�D�Q�G���� �W�K�H��
tooling investment is considerably higher, which restricts RTM to medium- and high-volume 
production, such as in the automotive industry [17, 20, 26]. 

 

Fig. 8 Schematic of RTM [26] 

FILAMENT WINDING 

Filament winding is an automated process used primarily for the manufacture of rotationally 
�V�\�P�P�H�W�U�L�F�D�O�� �F�R�P�S�R�Q�H�Q�W�V�� �V�X�F�K�� �D�V�� �S�L�S�H�V���� �S�U�H�V�V�X�U�H�� �Y�H�V�V�H�O�V���� �R�U�� �U�R�F�N�H�W�� �P�R�W�R�U�� �F�D�V�L�Q�J�V���� �,�Q�� �W�K�L�V��
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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 properties. Fibres may be impregnated with 
liquid resin during the winding process (wet winding), or pre-impregnated materials may be 
�H�P�S�O�R�\�H�G���W�R���L�P�S�U�R�Y�H���F�R�Q�V�L�V�W�H�Q�F�\�����$�I�W�H�U���Z�L�Q�G�L�Q�J�����W�K�H���S�D�U�W���L�V���F�X�U�H�G�����D�Q�G���W�K�H���P�D�Q�G�U�H�O���L�V���U�H�P�R�Y�H�G����
leaving a hollow composite structure. 

 

Fig. 9 Schematic of filament winding [26] 

The main advantages of filament winding include high fibre volume fraction, low void content, 
�D�Q�G���H�[�F�H�O�O�H�Q�W���U�H�S�U�R�G�X�F�L�E�L�O�L�W�\���G�X�H���W�R���W�K�H���D�X�W�R�P�D�W�H�G���Q�D�W�X�U�H���R�I���W�K�H���S�U�R�F�H�V�V�����7�K�H���D�E�L�O�L�W�\���W�R���D�F�K�L�H�Y�H��
very accurate fibre orientations provides superior mechanical performance, particularly in 
pressure-�O�R�D�G�H�G�� �V�W�U�X�F�W�X�U�H�V���� �2�Q�� �W�K�H�� �R�W�K�H�U�� �K�D�Q�G���� �W�K�H�� �P�H�W�K�R�G�� �L�V�� �H�F�R�Q�R�P�L�F�D�O�O�\�� �Y�L�D�E�O�H�� �R�Q�O�\�� �I�R�U��
components with rotational symmetry, and the initial investment in winding equipment is 
�U�H�O�D�W�L�Y�H�O�\���K�L�J�K�����)�X�U�W�K�H�U�P�R�U�H�����F�R�P�S�O�H�[���J�H�R�P�H�W�U�L�H�V���Z�L�Wh variable cross-sections are difficult to 
produce with this approach [17, 26]. 

PULTRUSION 

Pultrusion is a continuous manufacturing process used for the production of composite profiles 
with a constant cross-�V�H�F�W�L�R�Q�����,�Q���W�K�L�V���P�H�W�K�R�G�����E�X�Q�G�O�H�V���R�I���I�L�E�U�H�V���D�U�H���G�U�D�Z�Q���I�U�R�P���F�U�H�H�O�V���D�Q�G���J�X�L�G�H�G��
through a resin bath, where they are impregnated with liquid resin. The impregnated fibres are 
then pulled through a heated die that shapes the material into the required profile while 
�V�L�P�X�O�W�D�Q�H�R�X�V�O�\���L�Q�L�W�L�D�W�L�Q�J���F�X�U�L�Q�J�����$�I�W�H�U���H�[�L�W�L�Q�J���W�K�H���G�L�H�����W�K�H���S�U�R�I�L�O�H���L�V���I�X�O�O�\���F�X�U�H�G���L�Q���D���F�R�Q�W�U�R�O�O�H�G��
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 closed-mould process widely used for thermosetting composite 
�P�D�W�H�U�L�D�O�V�����,�Q���W�K�L�V���W�H�F�K�Q�R�O�R�J�\�����D���S�U�H-measured charge of material is placed into a heated mould 
�F�D�Y�L�W�\�����$�I�W�H�U���F�O�R�V�L�Q�J���W�K�H���P�R�X�O�G�����W�K�H���P�D�W�H�U�L�D�O���L�V���F�R�P�S�D�F�W�H�G���X�Q�G�H�U���K�L�J�K���S�U�H�Vsure, which forces it 
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 semi-finished materials used in compression moulding are Sheet Moulding 
�&�R�P�S�R�X�Q�G�V�� ���6�0�&���� �D�Q�G�� �%�X�O�N�� �0�R�X�O�G�L�Q�J�� �&�R�P�S�R�X�Q�G�V�� ���%�0�&������ �6�0�&�� �F�R�Q�V�L�V�W�V�� �R�I�� �I�L�E�U�H�� �P�D�W�V��
�L�P�S�U�H�J�Q�D�W�H�G���Z�L�W�K���D���W�K�H�U�P�R�V�H�W�W�L�Q�J���U�H�V�L�Q�����Z�K�L�O�H���%�0�&���L�V���D���S�U�H�P�L�[�H�G���F�R�P�S�R�X�Q�G���R�I���F�K�R�S�S�H�G���I�L�E�U�H�V, 
�U�H�V�L�Q���� �D�Q�G�� �I�L�O�O�H�U�V���� �%�R�W�K�� �D�O�O�R�Z�� �I�D�V�W�� �S�U�R�F�H�V�V�L�Q�J�� �D�Q�G�� �H�D�V�\�� �K�D�Q�G�O�L�Q�J���� �P�D�N�L�Q�J�� �W�K�H�P�� �V�X�L�W�D�E�O�H�� �I�R�U��
medium- to high-volume production. 

The main advantages of compression moulding are short cycle times, good reproducibility, and 
relatively low manufacturing costs in large-scale production. The process enables the formation 
�R�I���F�R�P�S�O�H�[���J�H�R�P�H�W�U�L�H�V���Z�L�W�K���D���K�L�J�K���G�H�J�U�H�H���R�I���G�L�P�H�Q�V�L�R�Q�D�O���D�F�F�X�U�D�F�\���D�Qd smooth surface finish. 
�2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����W�K�H���P�H�F�K�D�Q�L�F�D�O���S�U�R�S�H�U�W�L�H�V���R�I���6�0�&���D�Q�G���%�0�&���S�D�U�W�V���D�U�H���L�Q�I�H�U�L�R�U���W�R���W�K�R�V�H���R�I��
continuous fibre laminates. The achievable fibre volume fraction is lower, and the presence of 
fillers further reduces stiffness and strengt�K�����$�V���D���U�H�V�X�O�W�����F�R�P�S�U�H�V�V�L�R�Q���P�R�X�O�G�L�Q�J���L�V���Q�R�W���V�X�L�W�D�E�O�H��
for highly loaded structural components [17]. 

PREPREGS AND A�8�7�2�&�/�$�9�(��PROCESSING 

Prepregs are semi-finished products in which fibres are pre-impregnated with a precisely 
�G�H�I�L�Q�H�G�� �D�P�R�X�Q�W�� �R�I�� �U�H�V�L�Q���� �X�V�X�D�O�O�\�� �H�S�R�[�\���� �7�K�H�� �P�D�W�H�U�L�D�O�� �L�V�� �V�X�S�S�O�L�H�G�� �L�Q�� �U�R�O�O�V�� �D�Q�G�� �V�W�R�U�H�G�� �D�W�� �O�R�Z��
�W�H�P�S�H�U�D�W�X�U�H�V���W�R���S�U�H�Y�H�Q�W���S�U�H�P�D�W�X�U�H���F�X�U�L�Q�J���D�Q�G���W�R���H�[�W�H�Q�G���V�K�H�O�I���O�L�I�H�����'�X�U�L�Q�J���Oay-up, the prepreg 
plies are placed in the required orientation on the mould surface and consolidated layer by layer. 
Compared with wet lay-up methods, prepregs ensure accurate fibre alignment, a precise fibre-
to-resin ratio, and very clean handling. 

�&�X�U�L�Q�J�� �R�I�� �S�U�H�S�U�H�J�V�� �L�V�� �W�\�S�L�F�D�O�O�\�� �S�H�U�I�R�U�P�H�G�� �L�Q�� �D�Q�� �D�X�W�R�F�O�D�Y�H���� �Z�K�H�U�H�� �W�K�H�� �O�D�P�L�Q�D�W�H�� �L�V�� �H�[�S�R�V�H�G�� �W�R��
�H�O�H�Y�D�W�H�G�� �W�H�P�S�H�U�D�W�X�U�H�� �D�Q�G�� �H�[�W�H�U�Q�D�O�� �S�U�H�V�V�X�U�H�� �Z�K�L�O�H�� �E�H�L�Q�J�� �V�L�P�X�O�W�D�Q�H�R�X�V�O�\�� �H�Y�D�F�X�D�W�H�G�� �X�Q�G�H�U��
vacuum. The combined effect of heat, pressure, and vacuum removes residual air and volatiles, 
�L�Q�F�U�H�D�V�H�V�� �I�L�E�U�H�� �Y�R�O�X�P�H�� �I�U�D�F�W�L�R�Q���� �D�Q�G�� �P�L�Q�L�P�L�V�H�V�� �S�R�U�R�V�L�W�\���� �$�V�� �D�� �U�H�V�X�O�W���� �S�U�H�S�U�H�J–autoclave 
processing achieves the highest laminate quality of all commonly used manufacturing 
technologies. The mechanical properties, particularly stiffness, strength, and fatigue resistance, 
are superior to those obtained by other methods. 

�7�K�H���P�D�L�Q���D�G�Y�D�Q�W�D�J�H�V���R�I�� �S�U�H�S�U�H�J�V���D�Q�G���D�X�W�R�F�O�D�Y�H���S�U�R�F�H�V�V�L�Q�J���L�Q�F�O�X�G�H���H�[�F�H�O�O�H�Q�W���U�H�S�U�R�G�X�F�L�E�L�O�L�W�\����
�O�R�Z�� �Y�R�L�G�� �F�R�Q�W�H�Q�W���� �D�Q�G�� �W�K�H�� �D�E�L�O�L�W�\�� �W�R�� �P�D�Q�X�I�D�F�W�X�U�H�� �F�R�P�S�O�H�[�� �J�H�R�P�H�W�U�L�H�V�� �Z�L�W�K�� �R�X�W�V�W�D�Q�G�L�Q�J��
�S�H�U�I�R�U�P�D�Q�F�H�����2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����W�K�L�V���W�H�F�K�Q�R�O�R�J�\���L�V���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���K�L�J�K���P�D�W�H�U�L�Dl and equipment 
costs, limited out-of-freezer storage time, and relatively long cycle times. These factors restrict 
its use to high-�S�H�U�I�R�U�P�D�Q�F�H���D�S�S�O�L�F�D�W�L�R�Q�V���Z�K�H�U�H���P�D�[�L�P�X�P���V�W�U�X�F�W�X�U�D�O���H�I�I�L�F�L�H�Q�F�\���L�V���U�H�T�X�L�U�H�G�� 

Typical applications can be found in aerospace, space industry, motorsport, and other fields 
�Z�K�H�U�H�� �O�L�J�K�W�Z�H�L�J�K�W�� �V�W�U�X�F�W�X�U�H�V�� �P�X�V�W�� �Z�L�W�K�V�W�D�Q�G�� �H�[�W�U�H�P�H�� �O�R�D�G�V���� �)�R�U�� �W�K�H�� �S�U�H�V�H�Q�W�� �Z�R�U�N���� �S�U�H�S�U�H�J–
autoclave technology was chosen for the manufacture of the motorcycle frame, as it 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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Fig. 10 Schematic of autoclave processing 

OUT-OF-�$�8�7�2�&�/�$�9�(���3�5�(�3�5�(�* 

�2�X�W-of-�D�X�W�R�F�O�D�Y�H�� ���2�R�$���� �W�H�F�K�Q�R�O�R�J�L�H�V�� �Z�H�U�H�� �G�H�Y�H�O�R�S�H�G�� �D�V�� �D�Q�� �D�O�W�H�U�Q�D�W�L�Y�H�� �W�R�� �F�R�Q�Y�H�Q�W�L�R�Q�D�O��
autoclave curing in order to reduce processing costs and enable the manufacture of larger 
�V�W�U�X�F�W�X�U�H�V�����2�R�$���S�U�H�S�U�H�J�V���D�U�H���G�H�V�L�J�Q�H�G���W�R���E�H���S�U�R�F�H�V�V�H�G���X�Q�G�H�U���Y�D�F�X�X�P���L�Q���D���K�H�D�W�H�G���R�Yen without 
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. 

�7�K�H���P�D�L�Q���D�G�Y�D�Q�W�D�J�H�V���R�I���2�R�$���W�H�F�K�Q�R�O�R�J�L�H�V���L�Q�F�O�X�G�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���O�R�Z�H�U���L�Q�Y�H�V�W�P�H�Q�W���F�R�V�W�V�����H�D�V�L�H�U��
handling, and the possibility of manufacturing very large components that would not fit into an 
�D�X�W�R�F�O�D�Y�H���� �)�R�U�� �W�K�L�V�� �U�H�D�V�R�Q���� �2�R�$�� �L�V�� �Z�L�G�H�O�\�� �X�V�H�G�� �L�Q�� �W�K�H�� �S�U�R�G�X�F�W�L�R�Q�� �R�I wind turbine blades, 
secondary aerospace structures, and other large-scale composite parts. 

�+�R�Z�H�Y�H�U�����W�K�H���P�H�F�K�D�Q�L�F�D�O���S�U�R�S�H�U�W�L�H�V���D�F�K�L�H�Y�H�G���Z�L�W�K���2�R�$���S�U�H�S�U�H�J�V���D�U�H���J�H�Q�H�U�D�O�O�\���L�Q�I�H�U�L�R�U���W�R���W�K�R�V�H��
of autoclave-cured systems. The achievable fibre volume fraction is lower, the void content 
tends to be higher, and the reproducibility is more sensitive to proce�V�V�L�Q�J���F�R�Q�G�L�W�L�R�Q�V�����$�V���D���U�H�V�X�O�W����
�2�R�$���F�R�P�S�R�V�L�W�H�V���D�U�H���X�V�X�D�O�O�\���Q�R�W���V�X�L�W�D�E�O�H���I�R�U���K�L�J�K�O�\���O�R�D�G�H�G���S�U�L�P�D�U�\���V�W�U�X�F�W�X�U�H�V���Z�K�H�U�H���P�D�[�L�P�X�P��
performance is required �>�������������������������������������@. 

 

Fig. 11 �2�X�W-of-autoclave prepreg processing schematic 

heat  
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OTHER MANUFACTURING TECHNOLOGIES  

�,�Q���D�G�G�L�W�L�R�Q���W�R���W�K�H���P�H�W�K�R�G�V���G�H�V�F�U�L�E�H�G���L�Q���G�H�W�D�L�O���D�E�R�Y�H�����W�K�H�U�H���D�U�H���V�H�Y�H�U�D�O���R�W�K�H�U���W�H�F�K�Q�R�O�R�J�L�H�V���I�R�U��
processing fibre-reinforced composites. These are, however, less relevant for the present work 
�D�Q�G���D�U�H���W�K�H�U�H�I�R�U�H���R�Q�O�\���E�U�L�H�I�O�\���P�H�Q�W�L�R�Q�H�G���K�H�U�H�� 

�ƒ �,�Q�M�H�F�W�L�R�Q�� �P�R�X�O�G�L�Q�J��– widely used for thermoplastic composites with short fibres, 
suitable for high-volume production of small parts, but with limited structural 
performance. 

�ƒ �&�R�P�S�U�H�V�V�L�R�Q�� �L�Q�M�H�F�W�L�R�Q�� ���5�,�0���� �6�5�,�0����– resin injection into closed moulds reinforced 
with mats or fabrics; often applied in the automotive industry for interior and body 
panels. 

�ƒ ���'���Z�H�D�Y�L�Q�J���D�Q�G���E�U�D�L�G�L�Q�J��– techniques for producing preforms with enhanced through-
thickness properties; applied in aerospace and protective equipment. 

�ƒ �$�G�G�L�W�L�Y�H�� �P�D�Q�X�I�D�F�W�X�U�L�Q�J�� �R�I�� �F�R�P�S�R�V�L�W�H�V��– �H�P�H�U�J�L�Q�J�� �I�L�H�O�G�� �F�R�P�E�L�Q�L�Q�J�� ���'�� �S�U�L�Q�W�L�Q�J�� �Z�L�W�K��
continuous or discontinuous fibres; currently limited to prototyping and low-volume 
applications. 

�ƒ �+�\�E�U�L�G�� �S�U�R�F�H�V�V�H�V��– combinations of prepregs, infusion, or thermoplastic forming 
intended to optimise cost and performance balance. 

�,�Q�� �V�X�P�P�D�U�\���� �D�� �Z�L�G�H�� �U�D�Q�J�H�� �R�I�� �P�D�Q�X�I�D�F�W�X�U�L�Q�J�� �W�H�F�K�Q�R�O�R�J�L�H�V�� �L�V�� �D�Y�D�L�O�D�E�O�H�� �I�R�U�� �I�L�E�U�H-reinforced 
�F�R�P�S�R�V�L�W�H�V�����H�D�F�K���R�I�I�H�U�L�Q�J���V�S�H�F�L�I�L�F���D�G�Y�D�Q�W�D�J�H�V���D�Q�G���O�L�P�L�W�D�W�L�R�Q�V�����/�R�Z-cost methods such as hand 
lay-up or vacuum assisted lay-up are suitable for prototyping and non-structural components, 
�Z�K�H�U�H�D�V���L�Q�I�X�V�L�R�Q���W�H�F�K�Q�L�T�X�H�V�����9�$�5�7�0�����5�7�0�����S�U�R�Y�L�G�H���E�H�W�W�H�U���O�D�P�L�Q�D�W�H���T�X�D�O�L�W�\���D�W���P�R�G�H�U�D�W�H���F�R�V�W�V��
�D�Q�G���D�U�H���Z�L�G�H�O�\���X�V�H�G���L�Q���W�K�H���P�D�U�L�Q�H���D�Q�G���D�X�W�R�P�R�W�L�Y�H���V�H�F�W�R�U�V�����+�L�J�K�O�\���D�X�W�R�P�D�W�H�G���S�U�R�F�H�V�V�H�V���V�X�F�K���D�V��
filament winding and pultrusion enable large-scale industrial production but are limited to 
�J�H�R�P�H�W�U�L�F�D�O�O�\���V�L�P�S�O�H���F�R�P�S�R�Q�H�Q�W�V�����&�R�P�S�U�H�V�V�L�R�Q���P�R�X�O�G�L�Q�J���Z�L�W�K���6�0�&���D�Q�G���%�0�&���L�V���D�W�W�U�D�F�W�L�Y�H���I�R�U��
�P�D�V�V�� �S�U�R�G�X�F�W�L�R�Q���� �D�O�W�K�R�X�J�K�� �L�W�� �R�I�I�H�U�V�� �R�Q�O�\�� �P�R�G�H�U�D�W�H�� �P�H�F�K�D�Q�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V���� �2�X�W-of-autoclave 
systems represent a cost-efficient alternative for large parts but still fall short of autoclave-cured 
prepregs in terms of performance. 

�$�P�R�Q�J���D�O�O���W�K�H�V�H���P�H�W�K�R�G�V�����S�U�H�S�U�H�J–autoclave processing stands out as the technology delivering 
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 fibre-reinforced composites 

Technology �$�G�Y�D�Q�W�D�J�H�V Disadvantages Typical use Suitability for 
this application 

�+�D�Q�G���O�D�\-�X�S������
�9�$�+�/�8 

�/�R�Z���F�R�V�W����
�I�O�H�[�L�E�O�H 

�+�L�J�K���Y�R�L�G�V�����S�R�R�U��
reproducibility 

Prototypes, 
non-structural No 

Resin infusion 
���9�$�5�7�0���5�7�0�� 

�%�H�W�W�H�U���T�X�D�O�L�W�\����
moderate cost 

Slower impregnation, 
costly tooling (RTM) 

Marine, 
automotive �/ imited 

Filament winding 
�+�L�J�K���I�L�E�U�H��
control, 
reproducible 

�2�Q�O�\���U�R�W�D�W�L�R�Q�D�O���S�D�U�W�V Pressure 
vessels, pipes No 



BRNO 2025 

 

 

 

22 
 

STATE OF THE ART 

Technology �$�G�Y�D�Q�W�D�J�H�V Disadvantages Typical use Suitability for 
this application 

Pultrusion Continuous, low 
cost 

Constant cross-
section only 

Rods, beams, 
profiles No 

Compression 
moulding 

Fast cycles, low 
cost in series 

�/�R�Z�H�U���P�H�F�K�D�Q�L�F�D�O��
properties 

�$�X�W�R�P�R�W�L�Y�H��
panels, 
housings 

No 

Prepreg + autoclave �%�H�V�W���P�H�F�K�D�Q�L�F�D�O��
performance 

�+�L�J�K���F�R�V�W�����V�W�R�U�D�J�H��
limitations 

�$�H�U�R�V�S�D�F�H����
motorsport Yes 

�2�R�$�����2�X�W-of-
autoclave) 

�/�R�Z�H�U���F�R�V�W����
large parts 
possible 

�/�R�Z�H�U���T�X�D�O�L�W�\���W�K�D�Q��
autoclave 

Wind blades, 
secondary aero �/�L�P�L�W�H�G 

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 
�D�Q�G�� �V�\�V�W�H�P�D�W�L�F�� �H�Y�D�O�X�D�W�L�R�Q�� �R�I�� �W�K�R�X�V�D�Q�G�V�� �R�I�� �F�D�Q�G�L�G�D�W�H�� �G�H�V�L�J�Q�V���� �,�Q�� �F�R�P�S�R�V�L�W�H�V���� �K�R�Z�H�Y�H�U����
simulations are more demanding than in conventional materials due to their orthotropic 
behaviour �>�����@ and high sensitivity to manufacturing accuracy. Nevertheless, the ability to 
orient fibres along load paths and to reinforce critical regions locally provides unique 
�R�S�S�R�U�W�X�Q�L�W�L�H�V���W�K�D�W���F�D�Q���E�H���H�I�I�H�F�W�L�Y�H�O�\���H�[�S�O�R�L�W�H�G���E�\���R�S�W�L�P�L�V�D�W�L�R�Q���W�H�F�K�Q�L�T�X�H�V. 

2.2.1 STRUCTURAL OPTIMISATION 

�6�W�U�X�F�W�X�U�D�O���R�S�W�L�P�L�V�D�W�L�R�Q���P�H�W�K�R�G�V���D�U�H���J�H�Q�H�U�D�O�O�\���G�L�Y�L�G�H�G���L�Q�W�R���W�K�U�H�H���F�D�W�H�J�R�U�L�H�V�� 

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

�ƒ Size optimisation adjusts thicknesses or cross-sectional dimensions. 

�ƒ S�K�D�S�H���R�S�W�L�P�L�V�D�W�L�R�Q���P�R�G�L�I�L�H�V���W�K�H���H�[�W�H�U�Q�D�O���J�H�R�P�H�W�U�\���R�I���D���V�W�U�X�F�W�X�U�H �>�����@.  

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

 

Fig. 12 Principle of basic methods of structural optimisation �>�����@ 

b) Shape optimisation 

c) Topology optimisation 

a) Sizing optimisation 
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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 of numerical 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, 
�W�K�H�� �R�E�M�H�F�W�L�Y�H�� �L�V�� �W�R�� �P�D�[�L�P�L�V�H�� �V�W�L�I�I�Q�H�V�V�� �Z�K�L�O�H�� �U�H�G�X�F�L�Q�J�� �Z�H�L�J�K�W���� �Dlthough other targets such as 
�P�L�Q�L�P�L�V�D�W�L�R�Q���R�I���F�R�P�S�O�L�D�Q�F�H���R�U���V�W�U�H�V�V���F�D�Q���D�O�V�R���E�H���I�R�U�P�X�O�D�W�H�G�����$�V���D���U�H�V�X�O�W�����W�K�H���P�H�W�K�R�G���S�U�R�Y�L�G�H�V��
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. Simplified two-dimensional approaches, for 
�H�[�D�P�S�O�H���E�H�D�P���P�R�G�H�O�V���� �K�D�Y�H���G�H�P�R�Q�V�W�U�D�W�H�G���V�L�J�Q�L�I�L�F�D�Q�W���S�R�W�H�Q�W�L�D�O���� �+�X���>�������� ����] showed that the 
use of topology optimisation can reduce deformation by up to 20% compared to conventional 
�O�L�J�K�W�Z�H�L�J�K�W�� �G�H�V�L�J�Q�� �P�H�W�K�R�G�V���� �=�K�D�Q�J���>�����@ further demonstrated that aligning fibres along 
principal stress trajectories in combination with topology optimisation can increase beam 
modulus by 40% and improve the stiffness-to-�Z�H�L�J�K�W���U�D�W�L�R���E�\�������������&�K�H�Q���>�����@ reported stiffness 
�L�P�S�U�R�Y�H�P�H�Q�W�V�� �H�[�F�H�H�G�L�Q�J�� ������������ �I�R�U�� ���'-printed carbon-fibre reinforced polyamide when 
applying topology optimisation compared to the neat polymer. 

Further advances have been achieved through tailored fibre placement (TFP), where fibres are 
�G�H�S�R�V�L�W�H�G�� �D�O�R�Q�J�� �F�D�O�F�X�O�D�W�H�G�� �O�R�D�G�� �S�D�W�K�V���� �7�K�L�V�� �D�S�S�U�R�D�F�K�� �Z�D�V�� �H�[�S�H�U�L�P�H�Q�W�D�O�O�\�� �Y�D�O�L�G�D�W�H�G�� �E�\��
Schwingel �>�����@ and Spickenheuer �>�����@, while Coppola [40] successfully manufactured a 
�F�R�Q�Q�H�F�W�L�Q�J�� �U�R�G�� �X�V�L�Q�J�� �W�K�L�V�� �P�H�W�K�R�G���� �$�� �V�L�P�L�O�D�U�� �S�R�W�H�Q�W�L�D�O�� �L�V�� �V�H�H�Q�� �L�Q�� �D�G�G�L�W�L�Y�H�� �P�D�Q�X�I�D�F�W�X�U�L�Q�J�� �R�I��
continuous fibre composites, demonstrated by Suzuki [41]. 

�$�O�W�K�R�X�J�K���Q�R���S�X�E�O�L�F�D�W�L�R�Q���K�D�V���\�H�W���U�H�S�R�U�W�H�G���W�K�H���G�L�U�H�F�W���D�S�S�O�L�F�D�W�L�R�Q���R�I���W�R�S�R�O�R�J�\���R�S�W�L�P�L�V�D�W�L�R�Q���W�R���W�K�H��
design of three-dimensional composite shells or bonded assemblies, the study by Kdovin [42] 
�G�H�P�R�Q�V�W�U�D�W�H�V�� �L�W�V�� �S�R�W�H�Q�W�L�D�O���� �,�Q�� �W�K�L�V�� �Z�R�U�N���� �W�R�S�R�O�R�J�\�� �R�S�W�L�P�L�V�D�W�L�R�Q�� �Z�D�V�� �H�P�S�O�R�\�H�G�� �W�R�� �S�U�R�S�R�V�H�� �D�Q��
optimal mass distribution, which was subsequently realised as a welded tubular frame. The 
�U�H�V�X�O�W�L�Q�J���V�W�U�X�F�W�X�U�H���H�[�K�L�E�L�W�H�G���D�Q���L�Q�F�U�H�D�V�H���R�I�������������L�Q���O�R�Q�J�L�W�X�G�L�Q�D�O���D�Q�G���W�R�U�Vional stiffness, while 
�V�L�P�X�O�W�D�Q�H�R�X�V�O�\���D�F�K�L�H�Y�L�Q�J���D�����������Z�H�L�J�K�W���U�H�G�X�F�W�L�R�Q�����$�O�W�K�R�X�J�K���W�K�H���R�X�W�F�R�P�H���Z�D�V���Q�R�W���D���F�R�P�S�R�V�L�W�H��
�V�K�H�O�O�����W�K�L�V���H�[�D�P�S�O�H���L�O�O�X�V�W�U�D�W�H�V���W�K�H���F�D�S�D�E�L�O�L�W�\���R�I���W�R�S�R�O�R�J�\���R�S�W�L�P�L�V�D�W�L�R�Q���W�R���J�H�Q�H�U�D�W�H���H�I�I�L�F�L�H�Q�W���O�R�D�G��
paths, and a similar concept could be applied to the design of composite monocoque structures. 

�)�X�U�W�K�H�U���S�R�V�V�L�E�L�O�L�W�L�H�V���I�R�U���Y�L�V�X�D�O�L�V�L�Q�J���D�Q�G���H�[�S�O�R�L�W�L�Q�J���O�R�D�G���S�D�W�K�V���L�Q���W�K�H���R�S�W�L�P�L�V�D�W�L�R�Q���R�I���F�R�P�S�R�V�L�W�H��
parts have been demonstrated by Tamijani �>�����@, Wang [44], and Wu �>�����@ for two-dimensional 
geometries, while applications to three-�G�L�P�H�Q�V�L�R�Q�D�O���V�K�H�O�O�V���Z�H�U�H���S�U�H�V�H�Q�W�H�G���E�\���=�K�D�D��[46]. 

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 optimisation focuses on parameters such as thicknesses of structural 
members, cross-sectional dimensions, or the number and orientation of composite plies [47, 
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48]. Shape optimisation�����R�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����P�R�G�L�I�L�H�V���W�K�H���H�[�W�H�U�Q�D�O���J�H�R�P�H�W�U�\���L�Q���R�U�G�H�U���W�R���U�H�G�X�F�H��
stress concentrations, improve load transfer, and enhance overall performance. 

�%�R�W�K���D�S�S�U�R�D�F�K�H�V���D�U�H���F�O�R�V�H�O�\���O�L�Q�N�H�G���W�R���I�L�Q�L�W�H���H�O�H�P�H�Q�W���P�R�G�H�O�O�L�Q�J�����Z�K�H�U�H���S�D�U�D�P�H�W�U�L�F���Y�D�U�L�D�W�L�R�Q�V���D�U�H��
�L�Q�W�U�R�G�X�F�H�G���D�Q�G���W�K�H���V�W�U�X�F�W�X�U�D�O���U�H�V�S�R�Q�V�H���L�V���V�\�V�W�H�P�D�W�L�F�D�O�O�\���H�Y�D�O�X�D�W�H�G�����,�Q���F�R�P�S�R�V�L�W�H�V�����W�K�H�V�H���P�H�W�K�R�G�V��
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 fine-tuned to account for manufacturing constraints and to 
�P�D�[�L�P�L�V�H���S�H�U�I�R�U�P�D�Q�F�H���Z�L�W�K�L�Q���W�K�H���I�L�Q�D�O���V�W�U�X�F�W�X�U�D�O���G�H�V�L�J�Q �>�����@. 

2.2.2 MULTI-�2�%�-�(�&�7�,�9�(���2�3�7�,�0�,�6�$�7�,�2�1 

�,�Q���P�D�Q�\���S�U�D�F�W�L�F�D�O���F�D�V�H�V�����W�K�H���R�Y�H�U�D�O�O���J�H�R�P�H�W�U�\���R�I���D���F�R�P�S�R�Q�H�Q�W���L�V���S�U�H�G�H�I�L�Q�H�G�����D�Q�G���R�S�W�L�P�L�V�D�W�L�R�Q��
�W�K�H�U�H�I�R�U�H�� �I�R�F�X�V�H�V�� �R�Q�� �W�D�L�O�R�U�L�Q�J�� �W�K�H�� �L�Q�W�H�U�Q�D�O�� �F�R�Q�I�L�J�X�U�D�W�L�R�Q���� �,�Q�� �W�K�H�� �F�D�V�H�� �R�I�� �F�R�P�S�R�V�L�W�H�� �O�D�P�L�Q�D�W�H�V����
this is typically addressed through multi-�R�E�M�H�F�W�L�Y�H�� �R�S�W�L�P�L�V�D�W�L�R�Q�� ���0�2�2������ �R�I�W�H�Q�� �U�H�I�H�U�U�H�G�� �W�R�� �D�V��
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 cost [47, 48]. 

�7�K�H�� �O�L�W�H�U�D�W�X�U�H�� �F�R�Q�V�L�V�W�H�Q�W�O�\�� �U�H�S�R�U�W�V�� �S�R�V�L�W�L�Y�H�� �U�H�V�X�O�W�V�� �Z�K�H�Q�� �D�S�S�O�\�L�Q�J�� �0�2�2�� �W�R�� �I�L�E�U�H-reinforced 
�F�R�P�S�R�V�L�W�H�V���� �9�H�O�H�D���� �:�H�Q�Q�K�D�J�H�� �D�Q�G�� �=�H�Q�N�H�U�W��[49] demonstrated that FRP sandwich vehicle 
bodies can be optimised to achieve a favourable compromise between weight, material cost, 
and stiffness. Damghani et al. �>�����@ �F�R�Q�I�L�U�P�H�G���W�K�U�R�X�J�K���Q�X�P�H�U�L�F�D�O���D�Q�G���H�[�S�H�U�L�P�H�Q�W�D�O���V�W�X�G�L�H�V���W�K�D�W��
optimised stacking sequences of hybrid plates significantly enhance stiffness and damage 
�W�R�O�H�U�D�Q�F�H���� �6�L�P�L�O�D�U�� �E�H�Q�H�I�L�W�V�� �R�I�� �0�2�2�� �K�D�Y�H�� �E�H�H�Q�� �U�H�S�R�U�W�H�G�� �E�\�� �=�K�D�Q�J�� �H�W�� �D�O�����>�����@ for CFRP 
automotive floor structures, by Guan et al. �>�����@ for composite tooling of cryogenic tanks, and 
�E�\���=�K�R�X���D�Q�G���/�R�Q�J���>�����@ for CFRP seat components in automotive applications. 

�'�H�V�S�L�W�H���W�K�H�V�H���S�U�R�P�L�V�L�Q�J���U�H�V�X�O�W�V�����W�K�H���S�U�D�F�W�L�F�D�O���D�S�S�O�L�F�D�W�L�R�Q���R�I���0�2�2���L�Q���W�K�L�V���G�L�V�V�H�U�W�D�W�L�R�Q���L�V���O�L�P�L�W�H�G��
�E�\�� �W�K�H�� �D�Y�D�L�O�D�E�O�H�� �V�R�I�W�Z�D�U�H�� �W�R�R�O�V���� �7�K�H�� �I�L�Q�L�W�H�� �H�O�H�P�H�Q�W�� �V�\�V�W�H�P�� �$�1�6�<�6���� �Z�K�L�F�K�� �L�V�� �H�P�S�O�R�\�H�G��
throughout this work, does not provide dedicated modules for multi-objective laminate 
�R�S�W�L�P�L�V�D�W�L�R�Q�����L�Q���F�R�Q�W�U�D�V�W���W�R���V�R�I�W�Z�D�U�H���V�X�F�K���D�V���$�O�W�D�L�U���2�S�W�L�6�W�U�X�F�W�����)�R�U���W�K�L�V���U�H�D�V�R�Q�����D�Q�G���L�Q���Y�L�H�Z���R�I��
�W�K�H���H�[�L�V�W�L�Q�J���O�L�W�H�U�D�W�X�U�H���W�K�D�W���D�O�U�H�D�G�\���G�H�P�R�Q�V�W�U�D�W�H�V���W�K�H���X�V�H�I�X�O�Q�H�V�V���R�I���0�2�2�����W�K�L�V���D�S�S�U�R�D�F�K���L�V���Q�R�W��
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 
�W�K�H�U�H�I�R�U�H���V�D�W�L�V�I�\���D���F�R�P�S�O�H�[���V�H�W���R�I���U�H�T�X�L�U�H�P�H�Q�W�V�����7�K�H�V�H���U�H�T�X�L�U�H�P�H�Q�W�V���F�D�Q���E�H���G�L�Y�L�G�H�G���L�Q�W�R���V�H�Y�H�U�D�O��
�F�D�W�H�J�R�U�L�H�V�� 

�ƒ 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. 

�ƒ Strength under specific loading conditions, ensuring the durability of the structure 
during braking, cornering, and landing after jumps. 
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�ƒ �,�Q�W�H�J�U�D�W�L�R�Q���R�I���D�X�[�L�O�L�D�U�\���V�\�V�W�H�P�V�����L�Q�F�O�X�G�L�Q�J���W�K�H���L�Q�V�W�D�O�O�D�W�L�R�Q���D�Q�G���S�U�R�W�H�F�W�L�R�Q���R�I���W�K�H���E�D�W�W�H�U�\��
pack, the mounting of the power unit, the fuel tank, and the bodywork. These 
components impose additional constraints on the frame geometry, load-bearing 
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 constraints 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 
�L�Q�I�O�X�H�Q�F�L�Q�J�� �Y�H�K�L�F�O�H�� �K�D�Q�G�O�L�Q�J�� �D�Q�G�� �U�L�G�H�U�� �F�R�Q�I�L�G�H�Q�F�H���� �$�� �V�X�I�I�L�F�L�H�Q�W�� �O�H�Y�H�O�� �R�I�� �V�W�L�I�I�Q�H�V�V�� �H�Q�V�X�U�H�V��
stability during cornering, braking, and acceleration, while inadequate stiffness can lead to 
�X�Q�G�H�V�L�U�D�E�O�H���G�H�I�R�U�P�D�W�L�R�Q�V�����O�R�V�V���R�I���S�U�H�F�L�V�L�R�Q�����D�Q�G���U�H�G�X�F�H�G���V�D�I�H�W�\�����2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����H�[�F�H�V�V�L�Y�H��
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 stiffness. Each of 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 
�P�R�W�R�U�F�\�F�O�H���I�U�D�P�H�����S�D�U�W�L�F�X�O�D�U�O�\���G�X�U�L�Q�J���F�R�U�Q�H�U�L�Q�J�����$���V�X�I�I�L�F�L�H�Q�W�O�\���K�L�J�K���W�R�U�V�L�R�Q�D�O���V�W�L�I�I�Q�H�V�V���H�Q�D�E�O�H�V��
precise steering inputs and predictable behaviour under lateral loading, whereas an overly 
�F�R�P�S�O�L�D�Q�W�� �I�U�D�P�H�� �P�D�\�� �F�D�X�V�H�� �G�H�O�D�\�H�G�� �U�H�V�S�R�Q�V�H�� �D�Q�G�� �L�Q�V�W�D�E�L�O�L�W�\���� �$�W�� �W�K�H�� �V�D�P�H�� �W�L�P�H���� �P�D�[�L�P�L�V�L�Q�J��
stiffness indiscriminately is not desirable; road motorcycles typically require higher torsional 
stiffness to ensure stability at high speeds, while enduro motorcycles benefit from somewhat 
�O�R�Z�H�U���Y�D�O�X�H�V���W�K�D�W���D�O�O�R�Z���F�R�Q�W�U�R�O�O�H�G���I�O�H�[���D�Q�G���F�R�Q�W�U�L�E�X�W�H���W�R���H�Q�H�U�J�\���D�E�V�R�U�S�W�L�R�Q���R�Q���X�Q�H�Y�H�Q���W�H�U�U�D�L�Q��
�>�������������@. 

Torsional stiffness is defined as the ratio between the applied torsional moment and the resulting 
�W�Z�L�V�W���D�Q�J�O�H�����D�V���H�[�S�U�H�V�V�H�G���L�Q���(�T����(1). The torsional moment can be calculated from the applied 
force and lever arm in Eq. (2)���� �Z�K�L�O�H�� �W�K�H�� �W�Z�L�V�W�� �D�Q�J�O�H�� �F�D�Q�� �E�H�� �D�S�S�U�R�[�L�P�D�W�H�G�� �I�U�R�P�� �P�H�D�V�X�U�H�G��
displacements in Eq. (��). 

�-�ç =  
�/ �Ä

�Ù
 (1) 

�/ �Ä = �( �® �N�ç (2) 
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�Ù= arctan
l
�Ü
�N�ç


p (��) 

w�K�H�U�H�� 

�-�ç [Nm °-1] torsional stiffness 

�/ �Ä [Nm]  torsional moment 

�Ù  [°]   twist angle 

�( [N]   force 

�N�ç [m]  torsional moment 

�Ü [m]  measured vertical displacement 

�,�Q���W�K�L�V���Z�R�U�N�����W�R�U�V�L�R�Q�D�O���V�W�L�I�I�Q�H�V�V���L�V���H�Y�D�O�X�D�W�H�G���D�V���W�K�H���U�H�O�D�W�L�Y�H���U�R�W�D�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H���V�Z�L�Q�J�D�U�P���S�L�Y�R�W��
region and the steering head. The measurement principles determining torsional stiffness are 
illustrated in Fig. ����. 

 

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 

�/�R�Q�J�L�W�X�G�L�Q�D�O�� �V�W�L�I�I�Q�H�V�V�� �F�K�D�U�D�F�W�H�U�L�V�H�V�� �W�K�H�� �U�H�V�L�V�W�D�Q�F�H�� �R�I�� �W�K�H�� �I�U�D�P�H�� �D�J�D�L�Q�V�W�� �G�H�I�R�U�P�D�W�L�R�Q�� �L�Q�� �W�K�H��
�G�L�U�H�F�W�L�R�Q�� �R�I�� �W�K�H�� �P�R�W�R�U�F�\�F�O�H�¶�V�� �O�R�Q�J�L�W�X�G�L�Q�D�O�� �D�[�L�V���� �$�� �V�X�I�I�L�F�L�H�Q�W�� �O�H�Y�H�O�� �R�I�� �O�R�Q�J�L�W�X�G�L�Q�D�O�� �V�W�L�I�I�Q�H�V�V�� �L�V��
essential for stability during heavy braking and acceleration, as it ensures that the steering 
�J�H�R�P�H�W�U�\���L�V���Q�R�W���H�[�F�H�V�V�L�Y�H�O�\���D�O�W�H�U�H�G���E�\���H�O�D�V�W�L�F���G�H�I�O�H�F�W�L�R�Q�V���R�I���W�K�H���I�U�D�P�H�����,�Q�D�G�H�T�X�D�W�H���O�R�Q�J�L�W�X�G�L�Q�D�O��

locked steering head 

torsional 
loading 

torsional loading 

locked swingarm pivot 

arm 

arm 
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�V�W�L�I�I�Q�H�V�V���P�D�\���O�H�D�G���W�R���L�Q�V�W�D�E�L�O�L�W�\�����Z�K�L�O�H���H�[�F�H�V�V�L�Y�H���V�W�L�I�I�Q�H�V�V���F�D�Q���U�H�G�X�F�H���W�K�H���D�E�L�O�L�W�\���R�I���W�K�H���V�W�U�X�F�W�X�U�H��
to absorb shocks during landing or when riding over uneven surfaces �>�������������@. 

�/�R�Q�J�L�W�X�G�L�Q�D�O�� �V�W�L�I�I�Q�H�V�V�� �L�V�� �G�H�I�L�Q�H�G�� �D�V�� �W�K�H�� �U�D�W�L�R�� �E�H�W�Z�H�H�Q�� �W�K�H�� �D�S�S�O�L�H�G�� �O�R�Q�J�L�W�X�G�L�Q�D�O�� �I�R�U�F�H�� �D�Q�G�� �W�K�H��
�P�H�D�V�X�U�H�G���G�L�V�S�O�D�F�H�P�H�Q�W���L�Q���W�K�H���G�L�U�H�F�W�L�R�Q���R�I���W�K�H���I�R�U�F�H�� 

�-�ß=  
�(�ß
�¿�ß

 (4) 

�Z�K�H�U�H�� 

�-�ß [N mm-1] longitudinal stiffness 

�(�ß [N]   longitudinal force 

�¿�ß  [mm]  measured longitudinal displacement at the point of the force application 

�,�Q���W�K�L�V���Z�R�U�N�����O�R�Q�J�L�W�X�G�L�Q�D�O���V�W�L�I�I�Q�H�V�V���L�V���H�Y�D�O�X�D�W�H�G���D�V���W�K�H���U�H�O�D�W�L�Y�H���G�L�V�S�O�D�F�H�P�H�Q�W���R�I���W�K�H���V�W�H�H�U�L�Q�J���K�H�D�G��
with respect to the swingarm pivot under longitudinal loading. The principle of the 
measurement arrangement is illustrated in Fig. 14. 

 

Fig. 14 �/�R�Q�J�L�W�X�G�L�Q�D�O���V�W�L�I�I�Q�H�V�V���P�H�D�V�X�U�L�Q�J���S�U�L�Q�F�L�S�O�H���>�����@ 

LATERAL DISPLACEMENT  

�/�D�W�H�U�D�O�� �V�W�L�I�I�Q�H�V�V�� �G�H�V�F�U�L�E�H�V�� �W�K�H�� �U�H�V�L�V�W�D�Q�F�H�� �R�I�� �W�K�H�� �I�U�D�P�H�� �D�J�D�L�Q�V�W�� �G�H�I�R�U�P�D�W�L�R�Q�� �L�Q�� �W�K�H�� �W�U�D�Q�V�Y�H�U�V�H��
direction of the motorcycle. This parameter is particularly important for cornering stability, as 
�L�W���D�I�I�H�F�W�V���K�R�Z���W�K�H���I�U�D�P�H���U�H�V�S�R�Q�G�V���W�R���O�D�W�H�U�D�O���W�\�U�H���I�R�U�F�H�V�����,�Q�V�X�I�Iicient lateral stiffness may lead to 
�H�[�F�H�V�V�L�Y�H�� �G�H�I�O�H�F�W�L�R�Q�V�� �R�I�� �W�K�H�� �V�W�H�H�U�L�Q�J�� �K�H�D�G�� �U�H�O�D�W�L�Y�H�� �W�R�� �W�K�H�� �V�Z�L�Q�J�D�U�P���� �F�D�X�V�L�Q�J�� �Y�D�J�X�H�� �V�W�H�H�U�L�Q�J��
�I�H�H�G�E�D�F�N���D�Q�G���O�R�V�V���R�I���S�U�H�F�L�V�L�R�Q�����&�R�Q�Y�H�U�V�H�O�\�����H�[�F�H�V�V�L�Y�H���V�W�L�I�I�Q�H�V�V���F�D�Q���U�H�G�X�F�H���W�K�H���U�L�G�H�U�¶�V���D�E�L�O�L�W�\���W�R��
sense the grip limit of the tyres and may negatively influence the overall handling balance �>��������
�����@. 

 

 

locked swingarm pivot 

longitudinal loading 
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�/�D�W�H�U�D�O���V�W�L�I�I�Q�H�V�V���L�V���G�H�I�L�Q�H�G���D�V���W�K�H���U�D�W�L�R���E�H�W�Z�H�H�Q���W�K�H���D�S�S�O�L�H�G���O�D�W�H�U�D�O���I�R�U�F�H���D�Q�G���W�K�H���P�H�D�V�X�U�H�G���O�D�W�H�U�D�O��
�G�L�V�S�O�D�F�H�P�H�Q�W�� 

�-�ß�Ô𝑙𝑙=  
�(�ß�Ô𝑙𝑙

�¿�ß�Ô𝑙𝑙
 (��) 

�Z�K�H�U�H�� 

�-�ß�Ô𝑙𝑙 [N mm-1] lateral stiffness 

�(�ß�Ô𝑙𝑙 [N]   lateral force 

�¿�ß�Ô𝑙𝑙  [mm]  measured lateral displacement 

�,�Q���W�K�L�V���Z�R�U�N�����O�D�W�H�U�D�O���V�W�L�I�I�Q�H�V�V���L�V���H�Y�D�O�X�D�W�H�G���D�V���W�K�H���U�H�O�D�W�L�Y�H���W�U�D�Q�V�Y�H�U�V�H���G�L�V�S�O�D�F�H�P�H�Q�W���R�I���W�K�H���V�W�H�H�U�L�Q�J��
head with respect to the swingarm pivot under lateral loading. The principle of the measurement 
arrangement is illustrated in Fig. ����. 

 

Fig. ���� �/�D�W�H�U�D�O���V�W�L�I�I�Q�H�V�V���P�H�D�V�X�U�L�Q�J���S�U�L�Q�F�L�S�O�H���>�����@ 

R�(�)�(�5�(�1�&�(���9�$�/�8�(�6���$�1�'���5�(�/�$�7�,�9�(���5�(�4�8�,�5�(�0�(�1�7�6 

Published data show that the stiffness of motorcycle frames varies considerably depending on 
�P�R�W�R�U�F�\�F�O�H���F�D�W�H�J�R�U�\���D�Q�G���L�Q�W�H�Q�G�H�G���X�V�H�����$�F�F�R�U�G�L�Q�J���W�R���&�R�V�V�D�O�W�H�U���>�����@, modern racing motorcycles 
�Z�L�W�K���D�Q���H�Q�J�L�Q�H���F�D�S�D�F�L�W�\���R�I�������������F�P�ñ���H�[�K�L�E�L�W���V�W�L�I�I�Q�H�V�V���Y�D�O�X�H�V���X�S���W�R���D�Q���R�U�G�H�U���R�I���P�D�J�Q�L�W�X�G�H���K�L�J�K�H�U��
�W�K�D�Q���W�K�R�V�H���R�I���V�W�D�Q�G�D�U�G���S�U�R�G�X�F�W�L�R�Q���P�R�W�R�U�F�\�F�O�H�V���U�H�S�R�U�W�H�G���E�\���9�O�N���>�����@�����%�R�F�F�L�R�O�R�Q�H���>�����@ further 
�F�R�Q�I�L�U�P�V���W�K�L�V���V�S�U�H�D�G�����U�H�S�R�U�W�L�Q�J���D���W�R�U�V�L�R�Q�D�O���V�W�L�I�I�Q�H�V�V���R�I�������������1�P °-1�����+�R�Z�H�Y�H�U�����W�K�H���S�X�E�O�L�F�D�W�L�R�Q��
�G�R�H�V�� �Q�R�W�� �V�S�H�F�L�I�\�� �W�K�H�� �H�[�D�F�W�� �W�\�S�H�� �R�I�� �P�R�W�R�U�F�\�F�O�H�� �R�Q�� �Z�K�L�F�K�� �W�K�L�V�� �Y�D�O�X�H�� �Z�D�V�� �P�H�D�V�X�U�H�G���� �Z�K�L�F�K��
�X�Q�G�H�U�O�L�Q�H�V���W�K�H���Y�D�U�L�D�E�L�O�L�W�\���D�Q�G���F�R�P�S�O�H�[�L�W�\���R�I���F�R�P�S�D�U�L�Q�J���V�W�L�I�I�Q�H�V�V���G�D�W�D���D�F�U�R�V�V���G�L�I�I�H�U�H�Q�W���V�W�X�G�L�H�V�� 

�,�W���V�K�R�X�O�G���D�O�V�R���E�H���Q�R�W�H�G���W�K�D�W���9�O�N���>�����@ does not provide a detailed methodology for the stiffness 
�P�H�D�V�X�U�H�P�H�Q�W�V�����,�Q���S�D�U�W�L�F�X�O�D�U�����L�W���L�V���Q�R�W���V�W�D�W�H�G���Z�K�H�W�K�H�U���W�K�H���H�Q�J�L�Q�H���Z�D�V���P�R�X�Q�W�H�G���L�Q���W�K�H���I�U�D�P�H���G�X�U�L�Q�J��
�W�H�V�W�L�Q�J�����Q�R�U���D�U�H���W�K�H���H�[�D�F�W���E�R�X�Q�G�D�U�\���F�R�Q�G�L�W�L�R�Q�V���D�Q�G���O�R�D�G�L�Q�J���D�U�U�D�Q�J�H�P�H�Q�W�V���G�H�V�F�U�L�E�H�G�����7�K�L�V���O�D�F�N��
of methodological detail limits the direct comparability of the reported values with other 
sources. 
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Tab. 4 Range of frame stiffness values – literature review �>�������������@ 

Stiffness Cossalter – sport motorcycles �9�O�N��– standard motorcycles 
(naked bike) 

Torsion �����������·�������������>�1�P °-1] ���������·�����������>�1�P °-1] 

�/�R�Q�J�L�W�X�G�L�Q�D�O �����������·�����������������>�1 mm-1]  

�/�D�W�H�U�D�O �����������·�������������>�1 mm-1] ���������·�����������>�1 mm-1] 

�:�K�L�O�H�� �W�K�H�� �Y�D�O�X�H�V�� �U�H�S�R�U�W�H�G�� �E�\�� �&�R�V�V�D�O�W�H�U�� �>�����@�� �U�H�I�H�U�� �W�R�� �V�S�R�U�W���P�R�W�R�U�F�\�F�O�H�V���� �W�K�H�� �R�S�W�L�P�D�O�� �V�W�L�I�I�Q�H�V�V��
levels for other categories cannot be directly derived, as published data remain scarce. Two 
�D�S�S�U�R�D�F�K�H�V���F�D�Q���W�K�H�U�H�I�R�U�H���E�H���F�R�Q�V�L�G�H�U�H�G�����7�K�H���I�L�U�V�W���L�V���W�R���H�[�W�U�D�S�R�O�D�W�H���Irom the available literature 
�D�Q�G�� �P�D�N�H�� �D�S�S�U�R�[�L�P�D�W�H�� �D�V�V�X�P�S�W�L�R�Q�V�� �D�E�R�X�W�� �U�H�O�D�W�L�Y�H�� �V�W�L�I�I�Q�H�V�V�� �U�H�T�X�L�U�H�P�H�Q�W�V���� �7�K�H�� �V�H�F�R�Q�G���� �P�R�U�H��
systematic approach, is to employ multi-body simulation models, which enable the prediction 
of frame stiffness levels consistent with the desired dynamic behaviour �>�������� �����@]. �%�D�V�H�G�� �R�Q��
qualitative reasoning and literature comparisons, the relative requirements for sport and enduro 
motorcycles are summarised in Tab. 4. 

Tab. �� Relative stiffness requirements for sport and enduro motorcycles 

Stiffness Sport motorcycle Enduro Enduro min. values 

Torsion 100 % ����–70 % �����������>�1�P °-1] 

�/�R�Q�J�L�W�X�G�L�Q�D�O 100 % 80–100 % 4000 [N mm-1] 

�/�D�W�H�U�D�O 100 % 60–80 % 600 [N mm-1] 

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 reduces off-road 
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�� �V�X�P�P�D�U�\���� �W�K�H�� �V�W�U�X�F�W�X�U�D�O�� �V�W�L�I�I�Q�H�V�V�� �R�I�� �D�� �P�R�W�R�U�F�\�F�O�H�� �I�U�D�P�H�� �L�V�� �Q�R�W�� �D�� �X�Q�L�Y�H�U�V�D�O�� �F�R�Q�V�W�D�Q�W�� �E�X�W��
depends on the category of motorcycle and its operating conditions. The ranges and relative 
�U�H�T�X�L�U�H�P�H�Q�W�V�� �S�U�H�V�H�Q�W�H�G�� �L�Q�� �7�D�E�V���� ���� �D�Q�G�� ���� �V�H�U�Y�H�� �D�V�� �L�Q�S�X�W�� �F�U�L�W�H�U�L�D�� �I�R�U�� �W�K�H�� �Vtructural analyses, 
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 
�R�S�H�U�D�W�L�R�Q�D�O�� �O�R�D�G�V���� �W�K�H�� �V�W�U�X�F�W�X�U�H�� �P�X�V�W�� �D�O�V�R�� �Z�L�W�K�V�W�D�Q�G�� �H�[�W�U�H�P�H�� �I�R�U�F�H�V�� �Z�L�W�K�R�X�W�� �I�D�L�O�X�U�H���� �7�K�H�V�H��
strength requirements ensure that the frame can safely sustain the highest loads encountered 
�G�X�U�L�Q�J���U�L�G�L�Q�J�����H�Y�H�Q���L�Q���H�[�F�H�S�W�L�R�Q�D�O���V�L�W�X�D�W�L�R�Q�V�� 

The most significant load cases in general are dynamic effects and fatigue due to the cyclic 
nature of operation �>�������������@. Nevertheless, composite materials typically demonstrate very good 
fatigue resistance [61]. For 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 from real-world 
measurements or through simulation of a half-vehicle 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 
�$�� �P�R�W�R�U�F�\�F�O�H�� �I�U�D�P�H�� �L�V�� �J�H�Q�H�U�D�O�O�\�� �G�H�I�L�Q�H�G�� �D�V�� �W�K�H�� �V�W�U�X�F�W�X�U�D�O�� �H�O�H�P�H�Q�W�� �W�K�D�W�� �V�X�S�S�R�U�W�V�� �W�K�H�� �H�Q�J�L�Q�H����
incorporates the steering head, and provides the mounting points for the rear swingarm �>�����@. �,�Q��
the proposed design concept, the frame is divided into two parts. The composite section, 
designed as a monocoque – that is, a shell-type structure carrying loads through its continuous 
skin rather than through discrete members – functions simultaneously �D�V�� �D�Q�� �D�L�U�E�R�[�� �I�R�U�� �W�K�H��
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 power unit 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. 

 

Fig. 16 Division of the hybrid motorcycle frame 

�,�Q���W�K�L�V���G�L�V�V�H�U�W�D�W�L�R�Q�����D�W�W�H�Q�W�L�R�Q���L�V���I�R�F�X�V�H�G���H�[�F�O�X�V�L�Y�H�O�\���R�Q���W�K�H���F�R�P�S�R�V�L�W�H���V�H�F�W�L�R�Q���R�I���W�K�H���I�U�D�P�H�����7�K�H��
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 motorcycle (Fig. 17�������$�S�D�U�W���I�U�R�P���F�H�U�W�D�L�Q���J�H�R�P�H�W�U�L�F���F�R�Q�V�W�U�D�L�Q�W�V��
arising from this dual-use concept, the specific loading conditions of city motorcycles are not 
considered further in this study. 

aluminium fuel 
tank (red) 

composite 
monocoque with 
battery (yellow) 

aluminium crankcase 
and powertrain (blue) 

hybrid frame 
(pointed) 
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Fig. 17 �+�\�E�U�L�G���I�U�D�P�H���L�Q���F�L�W�\���D�Q�G���H�Q�G�X�U�R���P�R�W�R�U�F�\�F�O�H���Y�D�U�L�D�Q�W 

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 from the installation of other 
�F�R�P�S�R�Q�H�Q�W�V���V�X�F�K���D�V���W�K�H���H�O�H�F�W�U�L�F���P�R�W�R�U�����F�R�P�E�X�V�W�L�R�Q���H�Q�J�L�Q�H�����F�R�Q�W�U�R�O���X�Q�L�W�����I�X�H�O���W�D�Q�N�����D�Q�G���D�L�U�E�R�[����
�,�Q���D�G�G�L�W�L�R�Q�����D�H�V�W�K�H�W�L�F���D�Q�G���V�W�\�O�L�V�W�L�F���F�R�Q�V�L�G�H�U�D�W�L�R�Q�V���D�O�V�R���S�O�D�\���D���U�R�O�H���L�Q���W�K�H���G�H�V�L�J�Q���R�I���W�K�H���I�U�D�P�H�� 

RIDER ERGONOMICS 

�2�Q�H�� �R�I�� �W�K�H�� �P�R�V�W�� �F�U�L�W�L�F�D�O�� �F�U�L�W�H�U�L�D�� �I�R�U�� �G�H�I�L�Q�L�Q�J�� �J�H�R�P�H�W�U�L�F�� �F�R�Q�V�W�U�D�L�Q�W�V�� �L�V�� �U�L�G�H�U�� �H�U�J�R�Q�R�P�L�F�V���� �7�K�H��
motorcycle must remain user-friendly and comfortable across a broad range of potential riders. 
�:�L�W�K�L�Q�� �W�K�H�� �&�$�'�� �H�Q�Y�L�U�R�Q�P�H�Q�W���� �D�Q�� �H�U�J�R�Q�R�P�L�F�� �G�L�J�L�W�D�O�� �K�X�P�D�Q�� �P�R�G�H�O�� �U�H�S�U�H�V�H�Q�W�L�Q�J�� �W�K�H�� �����W�K��
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 
�S�H�J�V�����K�D�Q�G�O�H�E�D�U�V�����H�W�F���������7�K�H���S�R�V�L�W�L�R�Q�V���R�I���W�K�H�������W�K���Sercentile male used for these evaluations are 
illustrated in Fig. 18. 

To verify the suitability of the design for the wider rider population, additional checks were 
�S�H�U�I�R�U�P�H�G���Z�L�W�K���W�K�H�����W�K���S�H�U�F�H�Q�W�L�O�H���P�D�O�H���D�Q�G���W�K�H�������W�K���S�H�U�F�H�Q�W�L�O�H���P�D�O�H�����H�Q�V�X�U�L�Q�J���W�K�D�W���W�K�H���J�H�R�P�H�W�U�\��
remains acceptable for both smaller and taller riders. The proposed geometry was continuously 
validated against real motorcycles of comparable category through iterative ergonomic 
�Y�H�U�L�I�L�F�D�W�L�R�Q�����$�Q���R�Y�H�U�Y�L�H�Z���R�I���U�L�G�H�U���V�W�D�W�X�U�H���L�V���J�L�Y�H�Q���L�Q��Tab. 6, where only height values are listed; 
all other anthropometric data are available in the literature [62]. 

Tab. 6 �%�D�V�L�F���D�Q�W�K�U�R�S�R�P�H�W�U�L�F���G�D�W�D��[62] 

Percentile ���W�K �����W�K �����W�K 

�$�S�S�U�R�[�����K�H�L�J�K�W 168 cm ���������F�P 188 cm 
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Fig. 18 Ergonomic model �������W�K��percentile) positioning with foot on the footrest �D�Q�G���H�[�W�H�Q�G�H�G���O�H�J��
�G�X�U�L�Q�J���F�R�U�Q�H�U�L�Q�J�����D�����W�R�S���Y�L�H�Z���V�K�R�Z�L�Q�J���U�L�G�H�U���O�H�J���D�Q�J�O�H���U�H�O�D�W�L�Y�H���W�R���P�R�Q�R�F�R�T�X�H���D�Q�G���U�D�G�L�D�W�R�U�����E�����V�L�G�H��
view of rider posture, c) vertical section showing leg position relative to monocoque and radiator 

STEERING HEAD 

�$�Q�R�W�K�H�U���N�H�\���G�H�V�L�J�Q���F�R�Q�V�W�U�D�L�Q�W���L�V���W�K�H���S�R�V�L�W�L�R�Q�L�Q�J���R�I���W�K�H���V�W�H�H�U�L�Q�J���K�H�D�G�����Z�K�L�F�K���G�H�W�H�U�P�L�Q�H�V���W�K�H���Q�H�F�N��
�Z�L�G�W�K���R�I���W�K�H���P�R�Q�R�F�R�T�X�H���D�Q�G���V�L�P�X�O�W�D�Q�H�R�X�V�O�\���O�L�P�L�W�V���W�K�H���P�D�[�L�P�X�P���K�D�Q�G�O�H�E�D�U���U�R�W�D�W�L�R�Q���D�Q�J�O�H�����,�Q��
�W�K�H���S�U�R�S�R�V�H�G���F�R�Q�F�H�S�W�����W�K�L�V���D�Q�J�O�H���Z�D�V���V�H�W���W�R�������ƒ����Fig. 19). For comparison, enduro motorcycles 
�W�\�S�L�F�D�O�O�\�� �D�O�O�R�Z�� ����–�����ƒ���� �Z�K�L�O�H�� �F�L�W�\�� �P�R�W�R�U�F�\�F�O�H�V�� �D�Q�G�� �V�F�R�R�W�H�U�V�� �X�V�X�D�O�O�\�� �S�U�R�Y�L�G�H�� ����–�����ƒ���� �7�K�H��
�V�H�O�H�F�W�H�G���Y�D�O�X�H���R�I�� �����ƒ���W�K�H�U�H�I�R�U�H���O�L�H�V���D�W���W�K�H���O�R�Z�H�U���E�R�X�Q�G�D�U�\�� �R�I�� �W�K�H���W�\�S�L�F�D�O���H�Q�G�X�U�R���U�D�Q�J�H���� �Z�K�L�O�H��
fully corresponding to city motorcycles. This choice reflects the intended dual-use of the frame 
for both enduro and city motorcycles (Fig. 17) �>�������������@. 

 

Fig. 19 Steering head angle limitation 

RAKE ANGLE  

The hybrid powertrain concept and the associated aluminium–composite frame were designed 
to reduce production costs and broaden customer appeal by enabling applicability to both 

a) b) c) 
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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 
baseline �F�R�Q�F�H�S�W���V�H�W���W�R�������ƒ���� �(�Q�G�X�U�R���P�R�W�R�U�F�\�F�O�H�V���X�V�X�D�O�O�\���H�P�S�O�R�\���Y�D�O�X�H�V���D�U�R�X�Q�G������–28°, with 
�W�K�H�� �S�U�R�S�R�V�H�G�� �G�H�V�L�J�Q�� �D�G�R�S�W�L�Q�J�� ���������ƒ���� �7�K�H�V�H�� �G�L�I�I�H�U�H�Q�F�H�V�� �U�H�I�O�H�F�W�� �W�K�H�� �G�L�V�W�L�Q�F�W�� �U�H�T�X�L�U�H�P�H�Q�W�V�� �I�R�U��
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���V�K�R�X�O�G���E�H���Q�R�W�H�G���W�K�D�W���W�K�H���V�R�O�X�W�L�R�Q���I�R�U���W�K�H���I�R�U�N���P�R�X�Q�W�L�Q�J���L�V���L�O�O�X�V�W�U�D�W�H�G���R�Q�O�\���V�F�K�H�P�D�W�L�F�D�O�O�\���L�Q��
�W�K�L�V���G�L�V�V�H�U�W�D�W�L�R�Q�����D�V���L�W���F�R�Q�V�W�L�W�X�W�H�V���D���S�U�R�W�H�F�W�H�G���G�H�V�L�J�Q�����)�R�U���W�K�H���V�D�P�H���U�H�D�V�R�Q�����H�[�D�F�W���V�W�H�H�U�L�Q�J���K�H�D�G��
angles are not disclosed, and all subsequent references to the steering head insert are presented 
in a simplified form. 

�,�Q�� �W�K�L�V�� �G�L�V�V�H�U�W�D�W�L�R�Q���� �O�R�D�G�� �F�D�V�H�V�� �D�Q�G�� �R�S�W�L�P�L�V�D�W�L�R�Q�� �D�U�H�� �H�Y�D�O�X�D�W�H�G�� �H�[�F�O�X�V�L�Y�H�O�\�� �I�R�U�� �H�Q�G�X�U�R��
motorcycles. 

 

Fig. 20 Motorcycle rake angle 

F�5�2�1�7���6�8�6�3�(�1�6�,�2�1���7�5�$�9�(�/ 

Front suspension travel constitutes an additional boundary condition that must be respected in 
�W�K�H���G�H�V�L�J�Q���R�I���W�K�H���P�R�W�R�U�F�\�F�O�H���I�U�D�P�H�����$�V���W�K�H���I�U�R�Q�W���I�R�U�N���F�R�P�S�U�H�V�V�H�V�����W�K�H���Z�K�H�H�O���I�R�O�O�R�Z�V���D���G�H�I�L�Q�H�G��
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. 

 

rake angle 
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Fig. 21 �0�D�[�L�P�X�P���I�U�R�Q�W���V�X�V�S�H�Q�V�L�R�Q���W�U�D�Y�H�O 

INTEGRATION OF BATTERY SYSTEM 

�$���P�D�M�R�U���G�H�V�L�J�Q���F�R�Q�V�W�U�D�L�Q�W���L�V���W�K�H���L�Q�W�H�J�U�D�W�L�R�Q���R�I���W�K�H���E�D�W�W�H�U�\���V�\�V�W�H�P�����6�L�Q�F�H���W�K�H���E�D�W�W�H�U�\���P�R�G�X�O�H�V���D�U�H��
�E�D�V�H�G���R�Q���D�Q���H�[�L�V�W�L�Q�J���S�U�R�W�R�W�\�S�H�����W�K�H���P�R�Q�R�F�R�T�X�H���J�H�R�P�H�W�U�\���Z�D�V���D�G�D�S�W�H�G���D�F�F�R�U�G�L�Q�J�O�\����Fig. 22). 
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 
�L�Q�V�X�O�D�W�R�U�����,�Q���D�G�G�L�W�L�R�Q�����W�K�H���P�R�Q�R�F�R�T�X�H���I�X�O�I�L�O�V���D���G�X�D�O���U�R�O�H���D�V���D�Q���D�L�U�E�R�[���I�R�U���W�K�H���F�R�P�E�X�V�W�L�R�Q���H�Q�J�L�Q�H����
�,�W�� �W�K�H�U�H�I�R�U�H�� �L�Q�F�R�U�S�R�U�D�W�H�V�� �D�� �S�O�H�Q�X�P�� �F�K�D�P�E�H�U�� �Z�L�W�K�� �L�Q�W�H�J�U�D�W�H�G�� �I�L�O�W�U�D�W�L�R�Q���� �G�H�V�L�J�Q�H�G�� �I�R�U�� �W�K�H��
�U�H�T�X�L�U�H�P�H�Q�W�V�� �R�I�� �D�� �������� �F�P�ñ�� �V�L�Q�J�O�H-cylinder two-stroke engine. For optimal performance, an 
�D�L�U�E�R�[�� �Y�R�O�X�P�H�� �R�I�� ��–������ �G�P�ñ�� �L�V�� �U�H�F�R�P�P�H�Q�G�H�G�� �W�R�� �Vtabilise intake pulsations, ensure reliable 
cylinder charging, and attenuate intake noise. 

The integration of lithium-ion batteries requires careful consideration of operational risks, 
including under- or overcharging of cells, short circuits, thermal overload, or mechanical 
�G�D�P�D�J�H�����6�X�F�K���H�Y�H�Q�W�V���F�D�Q���U�H�V�X�O�W���L�Q���U�D�S�L�G���K�H�D�W���D�Q�G���J�D�V���U�H�O�H�D�V�H�����D�Q�G���L�Q���H�[treme cases in fire or 
�H�[�S�O�R�V�L�R�Q���� �5�L�V�N�� �P�L�W�L�J�D�W�L�R�Q�� �L�V�� �D�F�K�L�H�Y�H�G�� �E�\�� �D�S�S�U�R�S�U�L�D�W�H�� �P�D�W�H�U�L�D�O�� �V�H�O�H�F�W�L�R�Q���� �R�S�W�L�P�L�V�H�G�� �K�R�X�V�L�Q�J��
design, adequate cooling, protective enclosures, and the use of an advanced battery 
�P�D�Q�D�J�H�P�H�Q�W�� �V�\�V�W�H�P�� ���%�0�6�����>����–68]���� �,�Q�� �W�K�L�V�� �F�R�Q�F�H�S�W���� �W�K�H�V�H�� �S�U�R�W�H�F�W�L�Y�H�� �P�H�D�V�X�U�H�V�� �D�U�H��
�L�P�S�O�H�P�H�Q�W�H�G�� �Z�L�W�K�L�Q�� �D�� �G�H�G�L�F�D�W�H�G�� �U�H�P�R�Y�D�E�O�H�� �E�D�W�W�H�U�\�� �E�R�[���� �7�K�H�� �G�H�W�D�L�O�H�G�� �G�H�V�L�J�Q�� �R�I�� �W�K�L�V�� �P�R�G�X�O�H����
including the principles of installation and removal, will not be presented here, as it constitutes 
a protected solution. Consequently, the frame provides only a secondary protective function, 
�I�R�U���H�[�D�P�S�O�H���L�Q���F�D�V�H���R�I���F�U�D�V�K-induced mechanical damage. 

�$�� �I�X�U�W�K�H�U�� �O�L�P�L�W�D�W�L�R�Q�� �R�I�� �F�D�U�E�R�Q�� �I�L�E�U�H�� �F�R�P�S�R�V�L�W�H�V�� �O�L�H�V�� �L�Q�� �W�K�H�L�U�� �E�U�L�W�W�O�H�� �I�U�D�F�W�X�U�H�� �E�H�K�D�Y�L�R�X�U���� �8�S�R�Q��
�L�P�S�D�F�W���R�U���L�Q���W�K�H���H�Y�H�Q�W���R�I���O�R�F�D�O���I�D�L�O�X�U�H�����I�R�U���H�[�D�P�S�O�H���G�X�H���W�R���E�D�W�W�H�U�\���P�D�O�I�X�Q�F�W�L�R�Q�������V�S�O�L�Q�W�H�U�L�Q�J���P�D�\��
occur, producing sharp fragments that pose a risk to the rider. To enhance 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�[�S�D�Q�V�L�R�Q�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �V�X�I�I�L�F�L�H�Qtly compatible with carbon fibres [69, 70], thereby 
minimising residual stresses during elevated-temperature curing. 

�P�D�[���W�U�D�Y�H�O 

standart travel 
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Fig. 22 Design constraints from integrated components 

FUEL TANK AND CRANKCASE  

�$�Q�R�W�K�H�U���N�H�\���J�H�R�P�H�W�U�L�F���F�R�Q�V�W�U�D�L�Q�W���D�U�L�V�H�V���I�U�R�P���W�K�H���S�R�V�L�W�L�R�Q�L�Q�J���R�I���W�K�H���I�X�H�O���W�D�Q�N���D�Q�G���W�K�H���F�U�D�Q�N�F�D�V�H����
The fuel tank, with a predefined volume, is mounted above the monocoque and secured by two 
�S�L�Q�V���� �7�K�H�� �H�Q�J�L�Q�H�� �L�V�� �K�R�X�V�H�G�� �Z�L�W�K�L�Q�� �D�� �F�U�D�Q�N�F�D�V�H�� �G�H�U�L�Y�H�G�� �I�U�R�P�� �D�Q�� �H�[�L�V�W�Lng prototype, which 
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 locations of these flanges and inserts are shown in Fig. 
22 

PURCHASED COMPONENTS 

The design must also integrate off-the-shelf components for economic and manufacturing 
reasons. Standard purchased parts such as the seat, covers, and other accessories must be 
�D�F�F�R�P�P�R�G�D�W�H�G�� �Z�L�W�K�L�Q�� �W�K�H�� �I�U�D�P�H�� �G�H�V�L�J�Q���� �2�S�W�L�P�L�V�D�W�L�R�Q�� �W�K�H�U�H�I�R�U�H�� �F�D�Q�Q�R�W�� �E�H�� �D�L�P�H�G�� �V�Rlely at 
achieving ideal stiffness-to-weight ratios but must also respect compatibility with commercial 
�F�R�P�S�R�Q�H�Q�W�V�� �D�Q�G�� �F�R�V�W�� �H�I�I�L�F�L�H�Q�F�\���� �7�K�H�V�H�� �V�S�H�F�L�I�L�F�� �S�D�U�W�V�� �Z�H�U�H�� �H�[�S�O�L�F�L�W�O�\�� �F�R�Q�V�L�G�H�U�H�G�� �G�X�U�L�Q�J�� �W�K�H��
design process and subsequent iterations, ensuring that the final geometry remains compatible 
with their installation. 

COOLING HOSE ROUTING 

�$���V�S�H�F�L�I�L�F���F�R�Q�V�W�U�D�L�Q�W���L�V���W�K�H���U�R�X�W�L�Q�J���R�I���F�R�R�O�L�Q�J���K�R�V�H�V���F�R�Q�Q�H�F�W�L�Q�J���W�K�H���U�D�G�L�D�W�R�U�V���P�R�X�Q�W�H�G���R�Q���E�R�W�K��
sides of the motorcycle. These hoses must pass directly through the monocoque, which 
�W�K�H�U�H�I�R�U�H�� �U�H�T�X�L�U�H�V�� �G�H�I�L�Q�H�G�� �F�K�D�Q�Q�H�O�V�� �R�U�� �R�S�H�Q�L�Q�J�V�� �W�R�� �H�Q�V�X�U�H�� �V�D�I�H�� �S�D�V�V�D�J�H���� �$�G�H�Tuate clearance 
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. ����. 

battery 
pocket 

(yellow) 

intake pocket 
(purple) 

steering head 
pocket 
(green) 

cooling pocket 
(white) 

crankcase insert 
pocket (blue) 

fuel tank 
insert pocket 
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Fig. ���� Cooling hose ducting 

2.4.2 DEFINITION OF THE BASELINE DESIGN  

�%�D�V�H�G���R�Q���W�K�H���D�E�R�Y�H���J�H�R�P�H�W�U�L�F���D�Q�G���G�H�V�L�J�Q���F�R�Q�V�W�U�D�L�Q�W�V�����W�K�H���P�R�Q�R�F�R�T�X�H���I�U�D�P�H���Z�D�V���F�R�Q�V�W�U�X�F�W�H�G���D�V��
a bonded composite shell assembled from multiple composite and aluminium parts (Fig. 24). 
This version represents a pragmatic compromise, created to accelerate development by 
�I�R�O�O�R�Z�L�Q�J���W�K�H���S�U�H�O�L�P�L�Q�D�U�\�� �Y�L�V�X�D�O���G�H�V�L�J�Q���S�U�H�S�D�U�H�G���E�\�� �D�Q���L�Q�G�X�V�W�U�L�D�O���G�H�V�L�J�Q�H�U���� �,�W���Z�D�V���F�R�Q�F�H�L�Y�H�G��
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 
�R�S�W�L�P�L�V�D�W�L�R�Q���R�I���O�D�\�X�S���V�H�T�X�H�Q�F�H�V���D�Q�G���V�W�U�X�F�W�X�U�D�O���S�H�U�I�R�U�P�D�Q�F�H���S�O�D�Q�Q�H�G���D�V���I�X�W�X�U�H���Z�R�U�N�����9�D�O�L�G�D�W�L�R�Q��
was intended through both mechanical testing of structural components and full-scale riding 
tests. 

The structure consists of �V�L�[���F�R�P�S�R�V�L�W�H���D�Q�G���I�R�X�U���D�O�X�P�L�Q�L�X�P���S�D�U�W�V. The layups of the composite 
parts are summarised in Tab. 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 illustrated in Fig. 
����. 

The composite sections were manufactured from prepreg carbon fabrics supplied by Deltatech, 
�X�V�L�Q�J���H�S�R�[�\���U�H�V�L�Q���'�7�������+��[71] and Toray T700G reinforcement [72]. �%�R�W�K���Z�R�Y�H�Q���W�Z�L�O�O���I�D�E�U�L�F�V��
���*�*�������7��– ���������J���P�ð�����D�Q�G���Q�R�Q-�F�U�L�P�S���E�L�D�[�L�D�O���I�D�E�U�L�F�V���R�I���W�K�H���V�D�P�H���I�L�E�U�H���W�\�S�H�����*�*�������;��– �E�L�D�[�L�D�O��
– ���������J���P�ð�����Z�H�U�H���D�S�S�O�L�H�G�����)�L�E�U�H���R�U�L�H�Q�W�D�W�L�R�Q�V���O�L�V�W�H�G���L�Q���7�D�E�O�H���;�<�= indicate the direction of each 
�S�O�\�����7�K�L�V���G�L�V�W�L�Q�F�W�L�R�Q���L�V���L�P�S�R�U�W�D�Q�W���E�H�F�D�X�V�H���E�L�D�[�L�D�O���I�D�E�U�L�F�V���D�U�H���R�U�L�H�Q�W�H�G���D�W���“�����ƒ���U�H�O�D�W�L�Y�H���W�R���W�K�H���U�R�O�O��
direction. 

�)�R�U�� �F�O�D�U�L�W�\���� �W�K�H�� �I�R�O�O�R�Z�L�Q�J�� �P�D�W�H�U�L�D�O�� �D�E�E�U�H�Y�L�D�W�L�R�Q�V�� �D�U�H�� �X�V�H�G�� �W�K�U�R�X�J�K�R�X�W�� �W�K�H�� �G�H�V�F�U�L�S�W�L�R�Q����K = 
�*�*�������7���Z�R�Y�H�Q���W�Z�L�O�O���I�D�E�U�L�F, �%��� ���*�*�������;���E�L�D�[�L�D�O���I�D�E�U�L�F�����$��balanced laminate assumption is 
adopted, which is justified both technologically and in terms of cutting efficiency on the plotter, 
�Z�K�H�U�H�� �W�K�H�� �S�R�V�V�L�E�L�O�L�W�\�� �R�I�� �U�R�W�D�W�L�Q�J�� �F�X�W�V�� �E�\�� ���ƒ�������ƒ�� �F�D�Q�� �L�P�S�U�R�Y�H�� �Q�H�V�W�L�Q�J���� �)�R�U�� �W�K�H�V�H�� �U�H�D�V�R�Q�V���� �S�O�\��
angles of 90° or –�����ƒ���D�U�H���Q�R�W���V�S�H�F�L�I�L�H�G���V�H�S�D�U�D�W�H�O�\���L�Q���W�K�L�V��dissertation. 

cooling hose ducting 

radiator 

radiator 
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Fig. 24 �$�V�V�H�P�E�O�\���R�I���W�K�H���E�D�V�H�O�L�Q�H���P�R�Q�R�F�R�T�X�H���G�H�V�L�J�Q���D�����P�R�Q�R�F�R�T�X�H���D�V�V�H�P�E�O�\���E�����F�U�D�Q�N�F�D�V�H���I�O�D�Q�J�H���F����
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) battery stop reinforcement j) cooling duct 
reinforcement k) lower steering head 

Two laminate variants were produced. �9�D�U�L�D�Q�W�� �$ was conceived as a rapid manufacturing 
solution, requiring only five plies of material. �9�D�U�L�D�Q�W���%�����X�V�L�Q�J���E�L�D�[�L�D�O���U�H�L�Q�I�R�U�F�H�P�H�Q�W�V�����S�U�R�Y�L�G�H�V��
improved mechanical properties but requires eight plies due to the lower thickness of the 
�U�H�L�Q�I�R�U�F�H�P�H�Q�W���� �9�D�U�L�D�Q�W�� �%�� �H�P�S�O�R�\�V�� �Z�R�Y�H�Q�� �I�D�E�U�L�F�� �D�V�� �W�K�H�� �I�L�U�V�W�� �D�Q�G�� �O�D�V�W�� �S�O�\�� �W�R�� �L�P�S�U�R�Y�H�� �V�X�U�I�D�F�H��
appearance, while also benefiting from the higher drapeability of the fabric. The laminate was 
designed to be balanced and symmetric, meaning that plies are 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 
�H�[�F�O�X�V�L�Y�H�O�\���R�Q���9�D�U�L�D�Q�W���% �Z�L�W�K���E�L�D�[�L�D�O���U�H�L�Q�I�R�U�F�H�P�H�Q�W�V�� 

Tab. 7 Composite parts used in the construction 

Component �/�D�\�X�S���Y�D�U�L�D�Q�W���$ 
Nominal thickness 

�/�D�\�X�S���Y�D�U�L�D�Q�W���% 
Nominal thickness 

�/�H�I�W���K�D�O�I���R�I���P�R�Q�R�F�R�T�X�H K (������������������������ 
��.0 mm 

���.�����%�������%�����%������S  

��.0 mm 

a) 

b) c) d) e) 

g) h) i) j) k) 

f) 
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Component �/�D�\�X�S���Y�D�U�L�D�Q�W���$ 
Nominal thickness 

�/�D�\�X�S���Y�D�U�L�D�Q�W���% 
Nominal thickness 

Right half of monocoque K �������������������������� 
��.0 mm 

���.�����%�������%�����%������S  

��.0 mm 

Cooling duct �.������������������ 
1.8 mm 

�8�S�S�H�U���V�W�H�H�U�L�Q�J���K�H�D�G �.������������������ 
1.8 mm 

�/�R�Z�H�U���V�W�H�H�U�L�Q�J���K�H�D�G �.������������������ 
1.8 mm 

�%�D�W�W�H�U�\���V�W�R�S���U�H�L�Q�I�R�U�F�H�P�H�Q�W �.������������������ 
1.8 mm 

�7�K�H���D�O�X�P�L�Q�L�X�P���L�Q�V�H�U�W�V���Z�H�U�H���P�D�Q�X�I�D�F�W�X�U�H�G���H�L�W�K�H�U���I�U�R�P���U�R�O�O�H�G���S�O�D�W�H���&�(�5�7�$�/��– �(�1���$�:������������
�>�����@���R�U�����L�Q���W�K�H���F�D�V�H���R�I���U�R�W�D�W�L�R�Q�D�O�O�\���V�\�P�P�H�W�U�L�F���S�D�U�W�V�����I�U�R�P���(�1���$�:�������������U�R�X�Q�G���E�D�U�V���>�����@�����7�K�H��
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 �$�O�X�P�L�Q�L�X�P parts used in the construction 

Component Material 

Crankcase flange �(�1���$�:�������������>�$�/�=�Q���0�J���&�X�@��– certal 

�8�S�S�H�U���W�D�Q�N���L�Q�V�H�U�W �(�1���$�:�������������>�$�/�=�Q���0�J���&�X�@��– certal 

�/�R�Z�H�U���W�D�Q�N���L�Q�V�H�U�W �(�1���$�:�������������>�$�/�=�Q���0�J���&�X�@��– certal 

Steering head insert �(�1���$�:�������������>�$�O�=�Q�������0�J�&�X�@ 

 

Fig. ���� Monocoque bonding areas 

bonding area – left 
and right 

monocoque (red) 

bonding area – 
crankcase flange 

(yellow) 

bonded area – 
steering head insert 

(purple) 

bonding area – 
fuel tank inserts 

(blue) 

bonding area – upper 
steering head (green) 
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2.4.3 DEFINITION OF LOAD CASES 

�$�V���G�L�V�F�X�V�V�H�G���L�Q���F�K�D�S�W�H�U��������, the requirements placed on a motorcycle frame can be divided into 
�W�Z�R�� �S�U�L�Q�F�L�S�D�O�� �F�D�W�H�J�R�U�L�H�V����structural stiffness, which governs 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 response in the form 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 in Tab. 9. These should be 
regarded as minimum requirements, as 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 
�J�H�R�P�H�W�U�\���� �,�Q�� �Dddition, the 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 targets are recommended reference 
values rather than absolute requirements. 

Tab. 9 Structural simulation loading conditions 

Stiffness Enduro requirement �/�R�D�G�L�Q�J �(�[�S�H�F�W�H�G���G�H�I�R�U�P�D�W�L�R�Q 

Torsion �������� Nm °-1 1000 Nm 0,4 ° 

�/�R�Q�J�L�W�X�G�L�Q�D�O 4000 N mm-1 1000 N �������� mm 

�/�D�W�H�U�D�O 600 N mm-1 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 half-vehicle dynamic model of the motorcycle with two degrees of 
freedom was employed �>�����@�����Z�L�W�K���S�D�U�D�P�H�W�H�U�V���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���D���P�R�W�R�U�F�\�F�O�H���P�D�V�V���R�I�����������N�J��
�D�Q�G���D���U�L�G�H�U���P�D�V�V���R�I�����������N�J�����7�K�L�V���D�Q�D�O�\�V�L�V���L�G�H�Q�W�L�I�L�H�G���W�K�U�H�H���F�U�L�W�L�F�D�O���R�S�H�U�D�W�L�Q�J���V�F�H�Q�D�U�L�R�V�����E�U�D�N�L�Q�J����
jump landing, and cornering. The resulting forces are summarised in Tab. 10, and their points 
of application are shown in Fig. 26. 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 

�/�R�D�G���F�D�V�H Point of application F�;��[N]  FY [N]  F�=��[N]  

�%raking �&�2�* 2942 0 -�������� 

�/�D�Q�G�L�Q�J Suspension unit -11126 0 -16620 

�/�D�Q�G�L�Q�J Seat and footpegs 0 0 -1000 

Cornering Rear tire contact patch 0 -������ ������ 
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Fig. 26 �/�R�F�D�W�L�R�Q���D�Q�G���G�L�U�H�F�W�L�R�Q���R�I���O�R�D�G�V���G�X�U�L�Q�J���E�U�D�N�L�Q�J�����E�O�D�F�N�������O�D�Q�G�L�Q�J���I�U�R�P���D���M�X�P�S�����U�H�G�������D�Q�G��
cornering (blue); the circle in the centre indicates the position of the combined motorcycle–rider 

centre of gravity 

During braking, the frame is subjected to the highest longitudinal forces. The braking force 
originates at the tyre–road contact patch of the front wheel and is transmitted through the fork 
into the steering head, which forms the primary point of load tran�V�I�H�U���W�R���W�K�H���I�U�D�P�H�����$�W���W�K�H���V�D�P�H��
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. 

�-�X�P�S���O�D�Q�G�L�Q�J���U�H�S�U�H�V�H�Q�W�V���R�Q�H���R�I���W�K�H���P�R�V�W���V�H�Y�H�U�H���O�R�D�G�L�Q�J���V�F�H�Q�D�U�L�R�V���I�R�U���D�Q���R�I�I-road motorcycle. 
When the motorcycle lands after a jump, the impact generates very high vertical forces at the 
wheels, which are subsequently transmitted through the suspension system into 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 jump height, speed, and suspension characteristics, the 
force may reach up to twelve times the combined weight of the motorcycle and rider. Such 
�H�[�W�U�H�P�H�� �O�R�D�G�V�� �P�X�V�W�� �E�H�� �W�U�D�Q�V�I�H�U�U�H�G�� �Z�L�W�K�R�X�W�� �F�D�W�D�V�W�U�R�S�K�L�F�� �I�D�L�O�X�U�H���� �:�K�L�O�H�� �P�H�W�D�O�O�L�F�� �I�U�D�P�H�V�� �P�D�\��
�H�[�S�H�U�L�H�Q�F�H���S�H�U�P�D�Q�H�Q�W���G�H�Iormation under these conditions, a composite monocoque does not 
�H�[�K�L�E�L�W���S�O�D�V�W�L�F�L�W�\�����,�Q�V�W�H�D�G�����I�D�L�O�X�U�H���R�F�F�X�U�V���D�E�U�X�S�W�O�\���R�Q�F�H���W�K�H���P�D�W�H�U�L�D�O�¶�V���V�W�U�H�Q�J�W�K���L�V���H�[�F�H�H�G�H�G�� 

�'�X�U�L�Q�J���F�R�U�Q�H�U�L�Q�J�����W�K�H���P�R�W�R�U�F�\�F�O�H���I�U�D�P�H���L�V���V�X�E�M�H�F�W�H�G���W�R���F�R�P�S�O�H�[���O�D�W�H�U�D�O���I�R�U�F�H�V���W�K�D�W���D�U�L�V�H���Z�K�H�Q��
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 
�V�W�D�E�L�O�L�W�\�����D�V���W�K�H�\���J�R�Y�H�U�Q���W�K�H���U�H�O�D�W�L�Y�H���G�L�V�S�O�D�F�H�P�H�Q�W���E�H�W�Z�H�H�Q���W�K�H���I�U�R�Q�W���D�Q�G���U�H�D�U���Z�K�H�H�O���D�[�H�V�� 

�*�L�Y�H�Q���W�K�H���H�[�W�U�H�P�L�W�\���R�I���W�K�H�V�H���V�F�H�Q�D�U�L�R�V�����W�K�H���F�R�P�S�O�H�[�L�W�\���R�I���W�K�H���P�D�Q�X�I�D�F�W�X�U�L�Q�J���S�U�R�F�H�V�V�����D�Q�G���W�K�H��
�I�D�F�W���W�K�D�W���W�K�H���F�R�Q�F�H�S�W���K�D�V���Q�R�W���\�H�W���E�H�H�Q���H�[�S�H�U�L�P�H�Q�W�D�O�O�\���Y�D�O�L�G�D�W�H�G�����D���V�D�I�H�W�\���I�D�F�W�R�U���R�I���N��� �������Z�D�V���V�H�W��
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 complicate the numerical 
analysis. The overall arrangement of coordinate systems is shown in Fig. 27, while the 
coordinates of each system are listed in Tab. 11�����$�O�O���V�\�V�W�H�P�V���V�K�D�U�H���W�K�H���V�D�P�H���R�U�L�H�Q�W�D�W�L�R�Q���D�V���W�K�H��
global motorcycle coordinate system, located on the longitudinal symmetry plane and passing 
�W�K�U�R�X�J�K���W�K�H���V�Z�L�Q�J�D�U�P���S�L�Y�R�W���D�[�L�V�����Z�L�W�K���W�K�H���H�[�F�H�S�W�L�R�Q���R�I���W�K�H���I�U�R�Q�W���Z�K�H�H�O���D�[�L�V�����Z�K�L�F�K���L�V���U�R�W�D�W�H�G��
according to the steering head angle, mentioned in chapter ����2.4.1. 

 

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 �;���>�P�@ Y [m] �= [m] �2�U�L�H�Q�W�D�W�L�R�Q 

Global reference system (GRS) 0 0 0 GRS 

�/�H�I�W���I�R�R�W�S�H�J 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 

Centre of gravity 0.121 0 0,61 GRS 

�)�U�R�Q�W���Z�K�H�H�O���D�[�L�V 0.886 0 -���������� �*�5�6���������������ƒ���D�E�R�X�W���<-�D�[�L�V�����I�R�U�N���D�Q�J�O�H�� 

�6�W�H�H�U�L�Q�J���K�H�D�G���D�[�L�V 0.������ 0 ���������� �*�5�6���������������ƒ���D�E�R�X�W���<-�D�[�L�V�����I�R�U�N���D�Q�J�O�H�� 

GRS Footpegs 

Seat 

Steering head 
�D�[�L�V 

Front wheel 
�D�[�L�V 

Front wheel 
contact patch Rear wheel 

contact patch 

Suspension 
unit 

�&�2�* 
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3 MANUFACTURING TECHNOLOGY 
�$�V���R�X�W�O�L�Q�H�G���L�Q���W�K�H���S�U�H�Y�L�R�X�V���F�K�D�S�W�H�U�����W�K�H���K�\�E�U�L�G���I�U�D�P�H���F�R�Q�V�L�V�W�V���R�I���V�L�[���F�R�P�S�R�V�L�W�H���F�R�P�S�R�Q�H�Q�W�V���D�Q�G��
four machined aluminium inserts, which are subsequently joined by structural adhesive into a 
�V�L�Q�J�O�H�� �I�X�Q�F�W�L�R�Q�D�O�� �D�V�V�H�P�E�O�\���� �7�K�H�� �W�U�D�Q�V�L�W�L�R�Q�� �I�U�R�P�� �D�� �F�R�Q�F�H�S�W�X�D�O�� �&�$�'�� �G�H�Vign to a physical 
�S�U�R�W�R�W�\�S�H���U�H�T�X�L�U�H�V���W�K�H���V�X�F�F�H�V�V�I�X�O���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I���D���U�R�E�X�V�W���P�D�Q�X�I�D�F�W�X�U�L�Q�J���Z�R�U�N�I�O�R�Z�����,�Q���W�K�H��
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 long-term 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. Section ������ presents the general technological 
procedures used in the production of composite parts, with emphasis on prepreg–autoclave 
technology applied in this work. Section 4.2. describes the manufacturing of the specific 
structural parts of the monocoque. Finally, section ������ addresses the bonding operations that 
integrate the individual components into a complete structural frame. 

�,�W�� �V�K�R�X�O�G�� �E�H�� �H�P�S�K�D�V�L�V�H�G�� �W�K�D�W�� �W�K�H�� �V�F�R�S�H�� �R�I�� �W�K�L�V�� �G�L�V�V�H�U�W�D�W�L�R�Q�� �L�V�� �O�L�P�L�W�H�G�� �W�R�� �W�K�H�� �F�R�P�S�R�V�L�W�H��
components and their integration. The machining of aluminium parts, although technologically 
relevant, is based on conventional industrial practice and therefore not discussed in detail. 

 

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 
�F�R�P�S�R�Q�H�Q�W�V�����$�O�W�K�R�X�J�K���D���Z�L�G�H���U�D�Q�J�H���R�I���W�H�F�K�Q�R�O�R�J�L�H�V���H�[�L�V�W�����W�K�H���S�U�H�V�H�Q�W���Z�R�U�N���I�R�F�X�V�H�V���R�Q���S�U�H�S�U�H�J–
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 lay-up and curing, to trimming, finishing, and 
inspection. These general principles form the basis for the production of the specific 
components presented in chapter 4.2. 

Concept �'�H�V�L�J�Q�����&�$�'����
�&�$�0

Master model 
fabrication

Mould 
fabrication

Release 
treatment

Part 
manufacturing

Finishing 
operations

�%�R�Q�G�L�Q�J����
assembling
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3.1.1 DESIGN AND PREPARATION  

The manufacturing of composite parts always begins with the design and preparation stage, 
�Z�K�H�U�H�� �E�R�W�K�� �W�K�H�� �F�R�P�S�R�Q�H�Q�W�� �D�Q�G�� �L�W�V�� �W�R�R�O�L�Q�J�� �D�U�H�� �G�H�I�L�Q�H�G�� �L�Q�� �&�$�'���� �$�W�� �W�K�L�V�� �S�R�L�Q�W���� �Q�R�W�� �R�Q�O�\�� �W�K�H��
functional geometry but also the technological feasibility of the part must be considered. 
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 
quality of the final laminate and the manufacturability of the moulds. 

�$���I�X�U�W�K�H�U���F�U�L�W�L�F�D�O���D�V�S�H�F�W���L�V���W�K�H���F�R�U�U�H�F�W�L�R�Q���R�I���W�K�H�U�P�D�O���H�[�S�D�Q�V�L�R�Q���P�L�V�P�D�W�F�K���E�H�W�Z�H�H�Q���W�K�H���F�R�P�S�R�V�L�W�H��
�S�D�U�W���D�Q�G���W�K�H���W�R�R�O�L�Q�J���P�D�W�H�U�L�D�O�����'�L�I�I�H�U�H�Q�F�H�V���L�Q���F�R�H�I�I�L�F�L�H�Q�W�V���R�I���W�K�H�U�P�D�O���H�[�S�D�Q�V�L�R�Q�����&�7�(�����F�D�Q���O�H�D�G��
to dimensional inaccuracies or residual stresses during curing and cooling. To mitigate this risk, 
�F�R�U�U�H�F�W�L�R�Q�V�� �D�U�H�� �D�S�S�O�L�H�G�� �G�L�U�H�F�W�O�\�� �D�W�� �W�K�H�� �&�$�'�� �V�W�D�J�H�� �W�R�� �H�Q�V�X�U�H�� �W�K�D�W�� �W�K�H�� �I�L�Q�D�O�� �S�D�U�W�� �D�F�K�L�H�Y�H�V�� �L�W�V��
nominal dimensions at room temperature. 

�7�K�H�� �F�K�R�L�F�H�� �R�I�� �W�R�R�O�L�Q�J�� �P�D�W�H�U�L�D�O�� �S�O�D�\�V�� �D�� �G�H�F�L�V�L�Y�H�� �U�R�O�H�� �L�Q�� �D�F�F�X�U�D�F�\���� �G�X�U�D�E�L�O�L�W�\���� �D�Q�G�� �F�R�V�W���� �$�Q��
overview of commonly used and prototype tooling materials is provided in Tab. 12. 

Tab. 12 Commonly used and prototype tooling materials with advantages and disadvantages 

Material �$�S�S�O�L�F�D�W�L�R�Q �$�G�Y�D�Q�W�D�J�H�V Disadvantages CTE 
10-6 K-1 

�(�S�R�[�\���W�R�R�O�L�Q�J��
board 

Master models, 
moulds 

�(�[�F�H�O�O�H�Q�W���P�D�F�K�L�Q�D�E�L�O�L�W�\����
dimensional stability, cost-

effective 

�/�L�P�L�W�H�G���V�H�U�Y�L�F�H���O�L�I�H���D�W��
higher temperatures ����–40 

�$�O�X�P�L�Q�L�X�P��
alloys 

Master models, 
moulds 

�(�[�F�H�O�O�H�Q�W���W�K�H�U�P�D�O��
conductivity, high stiffness, 

long service life 

 
�+�L�J�K�H�U���Z�H�L�J�K�W�����P�R�U�H��

demanding machining 

���� 
 

CFRP (carbon 
fibre moulds) Final moulds Matching CTE with the 

part, low weight 
�+�L�J�K���P�D�Q�X�I�D�F�W�X�U�L�Q�J��

costs 
0-4 

 

PC [74] Prototyping, 
master models Rapid fabrication 

�+�L�J�K���&�7�(����
postprocessing, size 

limits 
68 

�8�/�7�(�0��[74] Prototyping, 
master models Moderate heat resistance 

�+�L�J�K���&�7�(����
postprocessing, size 

limits 
47 

To minimise thermal mismatch effects, tooling materials with a CTE close to that of the 
�O�D�P�L�Q�D�W�H�� �D�U�H�� �S�U�H�I�H�U�U�H�G���� �,�I�� �W�K�H�� �P�L�V�P�D�W�F�K�� �L�V�� �W�R�R�� �O�D�U�J�H���� �V�L�J�Q�L�I�L�F�D�Q�W�� �S�U�R�E�O�H�P�V�� �P�D�\�� �R�F�F�X�U�� �G�X�U�L�Q�J��
curing and cooling, such as locking of the part in the mould, surface damage, or even cracking 
�R�I�� �W�K�H�� �F�R�P�S�R�Q�H�Q�W���� �,�Q�� �V�X�F�K�� �F�D�V�H�V���� �D�� �O�D�P�L�Q�D�W�H�� �P�R�X�O�G�� �Z�L�W�K�� �D�� �&�7�(�� �V�L�P�L�O�D�U�� �W�R�� �W�K�H�� �S�D�U�W�� �P�X�V�W�� �E�H��
employed. 

�:�K�H�U�H���R�Q�O�\�� �P�R�G�H�U�D�W�H���G�L�I�I�H�U�H�Q�F�H�V���H�[�L�V�W���� �V�F�D�O�H�� �F�R�U�U�H�F�W�L�R�Q�V���F�D�Q���E�H���D�S�S�O�L�H�G���D�O�U�H�D�G�\�� �D�W���W�K�H���&�$�'��
�V�W�D�J�H���W�R���F�R�P�S�H�Q�V�D�W�H���I�R�U���G�L�P�H�Q�V�L�R�Q�D�O���F�K�D�Q�J�H�V���R�F�F�X�U�U�L�Q�J���G�X�U�L�Q�J���F�R�R�O�L�Q�J�����,�Q���V�L�P�S�O�L�I�L�H�G���W�H�U�P�V�����W�K�H��
�S�D�U�W���L�V���F�R�Q�V�L�G�H�U�H�G���W�R���V�R�O�L�G�L�I�\���D�W���W�K�H���P�D�[�L�P�X�P���F�X�U�H���W�H�P�S�H�U�D�W�X�U�H���D�Q�G���V�X�Esequently contract as it 
cools to room temperature. 

The equations used to determine the appropriate scaling factors are based on Eq. (6). For direct 
correction of the mould geometry, Eq. (7) is applied, while for corrections including both the 
master model and the mould, Eq. (8) is used. 
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�A�B= (�¿�6)(�¿�Ù) (6) 

�6�5𝑇𝑇 =
1

1 + 
k�6�Ö�ã
F �6�Ü�á�Ü
o
k�Ù�ç�â�â𝑡𝑡
F �Ù𝑝𝑝𝑝𝑝�å𝑝𝑝
o
 (7) 

�/ 𝑀𝑀𝑀𝑀=
1

[1 + (�6�Ö𝑐𝑐
F �6�Ü�á�Ü)(�Ù�à�à 
F �Ù�ç�â�â𝑡𝑡)][1 + 
k�6�Ö�ã
F �6�Ü�á�Ü
o
k�Ù�ç�â�â𝑡𝑡
F �Ù𝑝𝑝𝑝𝑝�å𝑝𝑝
o]
 (8) 

�Z�K�H�U�H�� 

�A�B [-]  �H�[�S�D�Q�V�L�R�Q���I�D�F�W�R�U 

�¿�6 [K]   temperature difference 

�¿�Ù [10-6 K] CTE difference 

�6�5𝑇𝑇  [-]  tool scaling factor 

�6�Ö�ã [K]   cure temperature of part 

�6�Ü�á�Ü [K]   initial temperature 

�Ù�ç�â�â𝑡𝑡  [10-6 K] tool CTE 

�Ù𝑝𝑝𝑝𝑝�å𝑝𝑝  [10-6 K] part CTE 

�/ 𝑀𝑀𝑀𝑀 [-]  master model scaling factor 

�6�Ö𝑐𝑐 [K]   tool cure temperature 

�Ù�à�à   [10-6 K] master model CTE 

3.1.2 MASTER MODEL FABRICATION  

The master model represents the reference geometry from which the mould is produced, and 
�W�K�H�U�H�I�R�U�H���G�H�I�L�Q�H�V���W�K�H���I�L�Q�D�O���V�X�U�I�D�F�H���T�X�D�O�L�W�\���D�Q�G���G�L�P�H�Q�V�L�R�Q�D�O���D�F�F�X�U�D�F�\���R�I���W�K�H���F�R�P�S�R�V�L�W�H���S�D�U�W�����,�W�V��
fabrication is a critical step, as any imperfections present in the master model will be directly 
replicated in the mould and subsequently in the component itself. 

 

Fig. 29 Master model and mould schematic 

For prototype and small-scale production, master models are most commonly manufactured by 
CNC machining from �H�S�R�[�\�� �W�R�R�O�L�Q�J�� �E�R�D�U�G�V or aluminium alloys, selected according to the 
�U�H�T�X�L�U�H�G�� �G�X�U�D�E�L�O�L�W�\�� �D�Q�G�� �W�K�H�U�P�D�O�� �U�H�V�L�V�W�D�Q�F�H���� �(�S�R�[�\�� �E�R�D�U�G�V�� �R�I�I�H�U�� �H�[�F�H�O�O�H�Q�W�� �P�D�F�K�L�Q�D�E�L�O�L�W�\�� �D�Q�G��
dimensional stability for moderate curing temperatures, while aluminium is more demanding 

a) b) 
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to machine but ensures reusability and reliability under higher thermal loads. For small or 
preliminary prototypes, additive manufacturing may also be employed, although it is generally 
limited by size, surface quality, and material properties. 

�2�Q�F�H�� �W�K�H�� �U�D�Z�� �J�H�R�P�H�W�U�\�� �L�V�� �R�E�W�D�L�Q�H�G���� �W�K�H�� �P�D�V�W�H�U�� �P�R�G�H�O�� �X�Q�G�H�U�J�R�H�V�� �D�� �V�H�U�L�H�V�� �R�I��post-processing 
steps to achieve the required surface finish. The process begins with sanding, performed in 
�V�H�Y�H�U�D�O���V�W�D�J�H�V���X�V�L�Q�J���S�U�R�J�U�H�V�V�L�Y�H�O�\���I�L�Q�H�U���D�E�U�D�V�L�Y�H���J�U�L�W�V�����W�\�S�L�F�D�O�O�\�����������:�����������:�����������:����������������
To avoid local over-sanding and to maintain uniform pressure, the use of a rubber sanding block 
�R�U���D���V�L�P�L�O�D�U���I�O�H�[�L�E�O�H���E�D�F�N�L�Q�J���W�R�R�O���L�V���U�H�F�R�P�P�H�Q�G�H�G�� 

�$�I�W�H�U�� �V�D�Q�G�L�Q�J���� �W�K�H�� �P�R�G�H�O�� �L�V�� �S�R�O�L�V�K�H�G�� �Z�L�W�K��specialised polishing pastes, aiming to achieve a 
mirror-like surface finish. This step improves surface quality and enhances the release 
�S�U�R�S�H�U�W�L�H�V���G�X�U�L�Q�J���P�R�X�O�G���S�U�R�G�X�F�W�L�R�Q�����,�Q���S�U�D�F�W�L�F�H�����D�G�G�L�W�L�R�Q�D�O��surface repair operations are often 
necessary, including the filling of pores and micro-defects, followed by final polishing. These 
corrections ensure that the surface meets the demanding quality requirements for composite 
tooling. 

�,�Q�� �V�X�P�P�D�U�\���� �W�K�H�� �T�X�D�O�L�W�\�� �R�I�� �W�K�H�� �P�D�V�W�H�U�� �P�R�G�H�O�� �L�V�� �G�H�F�L�V�L�Y�H�� �I�R�U�� �W�K�H�� �R�Y�H�U�D�O�O�� �V�X�F�F�H�V�V�� �R�I�� �W�K�H��
manufacturing chain. The combination of appropriate material selection, precision machining 
and careful surface treatment provides the foundation for high-quality 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 medium-scale production, moulds are most commonly produced by CNC 
machining �I�U�R�P�� �H�S�R�[�\�� �W�R�R�O�L�Q�J�� �E�R�D�U�G�V�� �R�U�� �D�O�X�P�L�Q�L�X�P�� �D�O�O�R�\�V���� �:�K�L�O�H�� �H�S�R�[�\�� �R�I�I�H�U�V�� �J�R�R�G��
machinability and cost efficiency, its lifetime is limited under elevated curing temperatures. 
�$�O�X�P�L�Q�L�X�P���P�R�X�O�G�V���D�U�H���P�R�U�H���G�X�U�D�E�O�H���D�Q�G���W�K�H�U�P�D�O�O�\���V�W�D�E�O�H�����E�X�W���W�K�H�L�U���P�D�F�K�L�Q�L�Q�J���U�Hquires higher 
effort and cost. 

�$�O�W�H�U�Q�D�W�L�Y�H�O�\���� �P�R�X�O�G�V�� �P�D�\�� �E�H�� �I�D�E�U�L�F�D�W�H�G�� �E�\��manual lamination, using either infusion 
technologies or prepreg lay-up. These processes are particularly suitable for large-scale 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 
�W�K�H�� �H�[�D�F�W�� �S�D�U�D�P�H�W�H�U�V�� �P�D�\�� �Y�D�U�\�� �G�H�S�H�Q�G�L�Q�J�� �R�Q�� �W�K�H�� �U�H�V�L�Q�� �V�\�V�W�H�P�� �D�Q�G�� �W�K�H required service 
�W�H�P�S�H�U�D�W�X�U�H���� �$�I�W�H�U�� �F�X�U�L�Q�J���� �W�R�R�O�L�Q�J�� �S�U�H�S�U�H�J�V�� �D�U�H�� �X�V�X�D�O�O�\�� �V�X�E�M�H�F�W�H�G�� �W�R�� �D�Q�� �D�G�G�L�W�L�R�Q�D�O�� �W�H�P�S�H�U�L�Q�J��
cycle in order to further increase the glass transition temperature (Tg) and ensure long-term 
dimensional stability during repeated high-temperature processing. 

Moulds produced by infusion likewise require subsequent tempering to achieve a sufficiently 
�K�L�J�K���7�J�����Z�K�L�F�K���H�Q�D�E�O�H�V���W�K�H�L�U���X�V�H���Z�L�W�K���V�W�U�X�F�W�X�U�D�O���S�U�H�S�U�H�J�V�����%�\���F�R�Q�W�U�D�V�W�����P�R�X�O�G�V���P�D�Q�X�I�D�F�W�X�U�H�G��
�E�\���&�1�&���P�D�F�K�L�Q�L�Q�J���I�U�R�P���H�S�R�[�\���W�R�R�O�L�Q�J���E�R�D�U�G�V���R�U���D�O�X�P�L�Q�L�X�P���D�O�O�R�\�V���G�R���Q�R�W���U�Hquire curing, but 
still undergo post-processing 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 ) 

�%�H�I�R�U�H�� �W�K�H�� �O�D�\-up process, 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 cleaning of the mould to remove dust, grease, and any residues from previous 
processing. 

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

�$��release agent is then applied in multiple layers, typically five to seven coats, with adequate 
�G�U�\�L�Q�J�� �W�L�P�H�� �E�H�W�Z�H�H�Q�� �D�S�S�O�L�F�D�W�L�R�Q�V���� �%�X�L�O�G�L�Q�J�� �X�S�� �D�� �V�W�D�E�O�H�� �U�H�O�H�D�V�H�� �I�L�O�P�� �L�Q�� �W�K�L�V�� �P�D�Q�Q�H�U�� �H�Q�V�X�U�H�V��
consistent demoulding, prevents sticking, and protects both the mould and the part. The 
effectiveness of the release system, however, is limited. Depending on the product type, the 
treatment remains reliable for several demoulding cycles only and must be periodically 
renewed. �:�D�[-based systems usually require reapplication after every single cycle, whereas 
semi-permanent release agents can withstand ��–10 cycles before reapplication is necessary. 

Finally, the surface is inspected for a mirror-like 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 models, particularly 
when they are used for mould fabrication, to guarantee defect-free separation 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 the lay-up process, following the 
defined stacking sequence. Careful attention is given to ply orientation and placement, as these 
�G�L�U�H�F�W�O�\�� �L�Q�I�O�X�H�Q�F�H�� �W�K�H�� �P�H�F�K�D�Q�L�F�D�O�� �E�H�K�D�Y�L�R�X�U�� �R�I�� �W�K�H�� �I�L�Q�D�O�� �O�D�P�L�Q�D�W�H���� �,�Q�� �D�U�H�D�V�� �L�Q�W�H�Q�G�H�G�� �I�R�U��
subsequent bonding, peel ply is applied to provide a roughened surface that eliminates the need 
for mechanical surface treatment prior to adhesive joining. 

 

Fig. ���� Prepreg lay-up process 
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�$�I�W�H�U���F�R�P�S�O�H�W�L�R�Q���R�I���W�K�H���O�D�\-up, the laminate is sealed in a vacuum bag and cured in an autoclave. 
The curing cycle is selected according to the prepreg specification, typically at ���������ƒ�&���I�R�U�������K 
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. 

�2�Q�F�H�� �F�X�U�L�Q�J�� �L�V�� �F�R�P�S�O�H�W�H���� �W�K�H�� �F�R�P�S�R�Q�H�Q�W�� �L�V��demoulded and subjected to quality inspection. 
�9�L�V�X�D�O�� �H�[�D�P�L�Q�D�W�L�R�Q���� �D�Q�G��—where appropriate— dimensional 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 imperfections. 

The subsequent lay-up process consists 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. 

�2�Q�F�H�� �W�K�H�� �O�D�\-up is complete, the part is sealed in a vacuum bag and subjected to autoclave 
curing. The curing cycle is selected according to the material specification, typically in the 
range of ���������ƒ�&���I�R�U�������K, or as recommended by the prepreg supplier. This process ensures full 
consolidation of the laminate, minimisation of porosity, and achievement of the desired 
mechanical properties. 

�$�I�W�H�U�� �F�X�U�L�Q�J���� �W�K�H�� �S�D�U�W�� �L�V�� �F�D�U�H�I�X�O�O�\��demoulded, followed by a quality inspection���� �9�L�V�X�D�O��
�H�[�D�P�L�Q�D�W�L�R�Q���� �G�L�P�H�Q�V�L�R�Q�D�O�� �F�K�H�F�N�V���� �D�Q�G�� �Z�K�H�U�H�� �Q�H�F�H�V�V�D�U�\�� �Q�R�Q-destructive testing (NDT) are 
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 

�$�I�W�H�U�� �G�H�P�R�X�O�G�L�Q�J�� �D�Q�G�� �S�U�L�P�D�U�\�� �L�Q�V�S�H�F�W�L�R�Q���� �F�R�P�S�R�V�L�W�H�� �S�D�U�W�V�� �X�Q�G�H�U�J�R�� �D�� �V�H�U�L�H�V�� �R�I�� �I�L�Q�L�V�K�L�Q�J��
operations to achieve the required dimensional accuracy and surface quality. The first step is 
the �W�U�L�P�P�L�Q�J���R�I���H�[�F�H�V�V���P�D�W�H�U�L�D�O along predefined trim lines. For prototype production, trimming 
is often performed manually using rotary tools or saws, whereas in pre-series or serial 
production it is preferably carried out with CNC machining or robotic trimming to ensure 
repeatability and precision. 

Subsequently, functional surfaces—particularly those used for assembly or adhesive bonding—
are carefully sanded �W�R���D�F�K�L�H�Y�H���W�K�H���U�H�T�X�L�U�H�G���W�R�O�H�U�D�Q�F�H�V���D�Q�G���V�X�U�I�D�F�H���U�R�X�J�K�Q�H�V�V���� �,�Q���W�K�H���F�D�V�H���R�I��
adhesive joints, the surfaces are additionally chemically cleaned to remove release agent 
residues and to provide optimal adhesion conditions. Where chemical cleaning alone is 
insufficient, light mechanical abrasion is applied to enhance surface energy and long-term bond 
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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Fig. ���� �$�S�S�O�L�F�D�W�L�R�Q���R�I���U�R�E�R�W�L�F���W�U�L�P�P�L�Q�J 

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. �����������7�K�H�\���G�L�I�I�H�U���R�Q�O�\���L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���D�Q���H�[�W�H�U�Q�D�O��bonding flange on one half, 
�Z�K�L�F�K���H�Q�D�E�O�H�V���D�G�K�H�V�L�Y�H���M�R�L�Q�L�Q�J���R�I���W�K�H���W�Z�R���V�K�H�O�O�V���L�Q�W�R���D���F�R�P�S�O�H�W�H���V�W�U�X�F�W�X�U�H�����$�O�U�H�D�G�\���G�X�U�L�Q�J���W�K�H��
design stage, a �P�L�Q�L�P�X�P���Q�R�P�L�Q�D�O���Z�D�O�O���W�K�L�F�N�Q�H�V�V���R�I�������P�P was specified. This value was used 
as the basis for the design of associated parts and for the definition of adhesive joints, which 
were dimensioned with a �E�R�Q�G���O�L�Q�H���W�K�L�F�N�Q�H�V�V���R�I�����������P�P. Failure to maintain these tolerances 
could result in difficulties during assembly, including deformation of the bonded parts or an 
insufficient bond line. 

�&�$�'���P�R�G�H�O�V���R�I���W�K�H���S�D�U�W�V are shown in Fig. ����, while Fig. ���� (left) presents the master model 
with integrated CTE compensation, and (right) the �H�S�R�[�\���W�R�R�O�L�Q�J���E�O�R�F�N���D�I�W�H�U���&�1�&���P�D�F�K�L�Q�L�Q�J��
and prior to sanding. Fig. ���� illustrates the CFRP mould with the first ply being placed during 
the prototype lay-�X�S���� �,�Q�� �S�U�H-series production, several iterations are typically carried out to 
refine the ply shapes and nesting strategy. The right side of the figure shows a cured part before 
trimming. 
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Fig. ���� �/�H�I�W��and right half of monocoque ���&�$�'�� 

  
Fig. ���� Master �P�R�G�H�O���R�I���O�H�I�W���K�D�O�I���R�I���P�R�Q�R�F�R�T�X�H�����&�$�'�����D�Q�G���P�D�V�W�H�U model after machining 

  
Fig. ���� �/�H�I�W�����&�)�5�3���P�R�X�O�G���Z�L�W�K���S�H�H�O���S�O�\���D�S�S�O�L�H�G���L�Q���W�K�H���U�H�J�L�R�Q���R�I���W�K�H���I�X�W�X�U�H���E�R�Q�G�H�G���M�R�L�Q�W�����5�L�J�K�W����

completed monocoque half prior to trimming. 

To ensure precise assembly of the two halves, control gauges were manufactured to verify the 
�O�H�Q�J�W�K���D�Q�G���W�K�L�F�N�Q�H�V�V���R�I���W�K�H���E�R�Q�G�L�Q�J���I�O�D�Q�J�H�����$���W�\�S�L�F�D�O���H�[�D�P�S�O�H���Z�D�V���D���8-shaped gauge with a 
�O�H�Q�J�W�K�� �R�I�� ������ �P�P�� �D�Q�G�� �D�� �J�D�S�� �R�I�� ���� �P�P���� �7�K�H�V�H�� �J�D�X�J�H�V�� �Z�H�U�H�� �S�D�U�W�L�F�X�O�D�U�O�\�� �Q�H�F�H�V�V�D�Uy for the half 
without an offset bonding flange, where the bond line thickness is defined solely by the 
�P�D�Q�X�I�D�F�W�X�U�L�Q�J���S�U�R�F�H�V�V�����,�I���W�K�H���O�D�P�L�Q�D�W�H���W�K�L�F�N�Q�H�V�V���H�[�F�H�H�G�H�G���W�K�H���V�S�H�F�L�I�L�H�G���W�R�O�H�U�D�Q�F�H�����G�H�I�R�U�P�D�W�L�R�Q��
or even the impossibility of joining the two halves could occur. 
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�,�Q���W�K�H���I�L�Q�D�O���V�W�D�J�H���R�I���S�U�R�G�X�F�W�L�R�Q�����H�[�F�H�V�V���P�D�W�H�U�L�D�O���Z�D�V���U�H�P�R�Y�H�G���D�O�R�Q�J���W�K�H���W�U�L�P���O�L�Q�H�����7�K�L�V���R�S�H�U�D�W�L�R�Q��
required high precision and was carried out manually due to the prototype character of the work 
�D�Q�G���W�K�H���J�H�R�P�H�W�U�L�F�D�O���F�R�P�S�O�H�[�L�W�\���R�I���W�K�H���S�D�U�W�V�����Z�K�L�F�K���P�D�G�H���W�K�H���P�Dnufacture of dedicated trimming 
�I�L�[�W�X�U�H�V�� �L�P�S�U�D�F�W�L�F�D�O���� �$�I�W�H�U�� �W�U�L�P�P�L�Q�J���� �W�K�H�� �E�R�Q�G�L�Q�J�� �V�X�U�I�D�F�H�V�� �Z�H�U�H�� �F�D�U�H�I�X�O�O�\�� �V�D�Q�G�H�G�� �D�Q�G��
chemically cleaned to prepare them for adhesive joining. 

3.2.2 U�3�3�(�5���$�1�'���/�2�:�(�5���6�7�(�(�5�,�1�*���+�(�$�'���&�2�9�(�5�6 

The upper and lower steering head covers are structurally similar components, designed to serve 
�D�V���U�H�L�Q�I�R�U�F�L�Q�J���O�D�S���M�R�L�Q�W�V���L�Q���W�K�H���V�W�H�H�U�L�Q�J���K�H�D�G���U�H�J�L�R�Q�����%�\���R�Y�H�U�O�D�S�S�L�Q�J���W�K�H���D�G�K�H�V�L�Y�H���M�R�L�Q�W���E�H�W�Z�H�H�Q��
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. ���� �8�S�S�H�U���K�H�D�G���F�R�Y�H�U���P�R�Q�R�F�R�T�X�H���R�Y�H�U�O�D�S 

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 difficultie�V���L�Q���D�V�V�H�P�E�O�\�����(�[�F�H�V�V�L�Y�H��
bond line thickness may lead to misalignment of the covers, while insufficient thickness could 
result in incomplete joint formation. 

�$�Q�R�W�K�H�U���G�H�P�D�Q�G�L�Q�J���V�W�H�S���L�V���W�K�H���W�U�L�P�P�L�Q�J���R�I���W�K�H���F�R�Y�H�U�V���D�O�R�Q�J���W�K�H�L�U���E�H�Y�H�O�O�H�G���H�G�J�H�V�����'�X�H���W�R���W�K�H��
�F�R�P�S�O�H�[���J�H�R�P�H�W�U�\�����W�U�L�P�P�L�Q�J���P�X�V�W���E�H���S�H�U�I�R�U�P�H�G���Z�L�W�K���K�L�J�K���S�U�H�F�L�V�L�R�Q���D�O�R�Q�J���W�K�H���H�Q�W�L�U�H���S�H�U�L�P�H�W�H�U��
of the part. This is not only structurally important but also critical for ensuring 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 
�R�I�� �D�S�S�U�R�[�L�P�D�W�H�O�\�� �������� �P�P���� �Z�K�L�F�K�� �S�U�R�Y�H�G�� �V�X�I�I�L�F�L�H�Q�W�� �I�R�U�� �W�K�L�V�� �D�S�S�O�L�F�D�W�L�R�Q���� �7o ensure secure 
�S�R�V�L�W�L�R�Q�L�Q�J���G�X�U�L�Q�J���W�U�L�P�P�L�Q�J�����D���G�H�G�L�F�D�W�H�G���M�L�J���Z�D�V���S�U�R�G�X�F�H�G���E�\�����'���S�U�L�Q�W�L�Q�J���I�U�R�P���$�%�6�����7�K�H���M�L�J��



BRNO 2025 

 

 

51 
 

MANUFACTURING TECHNOLOGY 

was mounted to the machine table using threaded holes, and its alignment was referenced by 
locating screw heads in corresponding recesses. 

�7�K�H���S�D�U�W�V���Z�H�U�H���F�O�D�P�S�H�G���L�Q���W�K�H���M�L�J���X�V�L�Q�J���Y�D�F�X�X�P���V�X�F�W�L�R�Q�����$���N�H�\���D�G�Y�D�Q�W�D�J�H���R�I���P�X�O�W�L-�P�D�W�H�U�L�D�O�����'��
printing was the ability to integrate vacuum channels directly into the jig. These channels were 
printed with soluble support material, which was later removed to create functional cavities for 
vacuum distribution. Since FDM-printed components are inherently porous, the jig surface was 
�V�H�D�O�H�G���W�R���S�U�H�Y�H�Q�W���O�H�D�N�D�J�H�����$�%�6���Z�D�V���S�D�U�W�L�F�X�O�D�U�O�\���V�X�L�W�D�E�O�H���I�R�U���W�K�L�V���S�X�U�S�R�V�H�����D�V���L�W�V���V�X�U�I�D�F�H���F�D�Q���E�H��
smoothed by acetone treatment, creating an airtight layer. Finally, circular seals and standard 
vacuum fittings were installed, completing the jig (Fig. ����). 

   

Fig. ���� �8�S�S�H�U���V�W�H�H�U�L�Q�J���K�H�D�G���F�R�Y�H�U���S�D�U�W�����P�D�V�W�H�U���P�R�G�H�O���D�Q�G���W�U�L�P�P�L�Q�J���I�L�[�W�X�U�H 

   

Fig. ���� �/�R�Z�H�U���V�W�H�H�U�L�Q�J���K�H�D�G���F�R�Y�H�U���S�D�U�W�����P�D�V�W�H�U���P�R�G�H�O���D�Q�G���W�U�L�P�P�L�Q�J���I�L�[�W�X�U�H 

 

  

Fig. ���� �2�Q���W�K�H���O�H�I�W�����S�U�R�W�R�W�\�S�H���W�U�L�P�P�L�Q�J���W�H�P�S�O�D�W�H�����R�Q���W�K�H���U�L�J�K�W�������'-�S�U�L�Q�W�H�G���W�U�L�P�P�L�Q�J���I�L�[�W�X�U�H���Z�L�W�K��
vacuum clamping. 
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3.2.3 COOLING DUCT AND BATTERY STOP REINFORCEMENT  

�7�Z�R�� �D�X�[�L�O�L�D�U�\�� �F�R�P�S�R�Q�H�Q�W�V�� �Z�H�U�H�� �L�Q�W�H�J�U�D�W�H�G�� �L�Q�W�R�� �W�K�H�� �P�R�Q�R�F�R�T�X�H�� �G�H�V�L�J�Q���� �E�R�W�K�� �R�I�� �Z�K�L�F�K�� �I�X�O�I�L�O��
multiple functions in addition to their structural role. 

The first component is a cooling duct (Fig. ����), which mechanically protects the cooling hose 
�U�R�X�W�H�G�� �W�K�U�R�X�J�K�� �W�K�H�� �P�R�Q�R�F�R�T�X�H���� �$�W�� �W�K�H�� �V�D�P�H�� �W�L�P�H���� �L�W��seals the opening to maintain the 
�D�L�U�W�L�J�K�W�Q�H�V�V�� �R�I�� �W�K�H�� �V�W�U�X�F�W�X�U�H���� �H�Q�D�E�O�L�Q�J�� �W�K�H�� �P�R�Q�R�F�R�T�X�H�� �W�R�� �I�X�Q�F�W�L�R�Q�� �D�V�� �D�Q�� �D�L�U�E�R�[���� �'�X�H�� �W�R�� �L�W�V��
position, it also provides a local stiffening effect. For the prototype series, the mould for this 
component was produced using ���'���S�U�L�Q�W�L�Q�J���I�U�R�P���3�&���P�D�W�H�U�L�D�O, which offers sufficient thermal 
resistance to withstand the pressure and temperature loads of autoclave curing (Fig. 40). �8�Q�G�H�U��
standard practice, the mould surface would require sanding; however, since the part is non-
visual and the print layers were oriented perpendicular to the demoulding direction, only careful 
sanding of the edges was performed. The mould was nevertheless thoroughly release-treated, 
�H�Q�V�X�U�L�Q�J�� �S�U�R�S�H�U�� �V�H�S�D�U�D�W�L�R�Q�� �G�X�U�L�Q�J�� �G�H�P�R�X�O�G�L�Q�J���� �$�O�W�K�R�X�J�K�� �W�U�D�F�H�V�� �R�I�� �W�K�H�� �S�U�L�Q�W�H�G�� �O�D�\�H�U�V�� �Z�H�U�H��
visible, the part could be released without major issues. 

�7�K�H���V�H�F�R�Q�G���D�X�[�L�O�L�D�U�\�� �H�O�H�P�H�Q�W���L�V���W�K�H���E�D�W�W�H�U�\�� �V�W�R�S�����Z�K�L�F�K���D�O�V�R���F�R�P�E�L�Q�H�V���V�H�Y�H�U�D�O���I�X�Q�F�W�L�R�Q�V���� �2�Q��
one hand, it acts as a positioning feature that, with the use of rubber pads, prevents the battery 
�I�U�R�P���V�O�L�G�L�Q�J���G�H�H�S�H�U���L�Q�W�R���W�K�H���P�R�Q�R�F�R�T�X�H���W�K�D�Q���L�Q�W�H�Q�G�H�G�����2�Q���W�K�H���R�W�K�Hr hand, its geometry provides 
an additional reinforcing effect. This part was also produced as a non-visual component using 
�W�K�H���V�D�P�H�����'���S�U�L�Q�W�L�Q�J���P�H�W�K�R�G�����'�H�V�S�L�W�H���L�W�V���F�R�Q�V�L�G�H�U�D�E�O�\���F�R�P�S�O�H�[���J�H�R�P�H�W�U�\�����W�K�H���P�R�X�O�G���V�X�U�I�D�F�H��
was covered with a PTFE film, which eliminated the need for further finishing and allowed 
direct lay-up on the surface (Fig. 41). 

�7�K�H���P�D�L�Q���U�H�D�V�R�Q�V���I�R�U���V�H�O�H�F�W�L�Q�J�����'���S�U�L�Q�W�L�Q�J���Z�H�U�H���W�K�H��speed of production and the possibility of 
�P�D�Q�X�I�D�F�W�X�U�L�Q�J�� �S�U�R�W�R�W�\�S�H�� �P�R�X�O�G�V�� �Z�L�W�K�R�X�W�� �H�[�W�H�Q�V�L�Y�H�� �S�R�V�W-processing. These benefits were 
particularly valuable for the early development stages, where rapid verification of design 
concepts was prioritised over long-term mould durability. 

   

Fig. ���� Cooling duct�����F�R�R�O�L�Q�J���G�X�F�W���P�R�X�O�G���D�Q�G�����'���S�U�L�Q�W�H�G���P�R�X�O�G 
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Fig. 40 �2�Q���W�K�H���O�H�I�W�����E�D�W�W�H�U�\���V�W�R�S���U�H�L�Q�I�R�U�F�H�P�H�Q�W���S�D�U�W�����R�Q���W�K�H���U�L�J�K�W�����&�$�'���P�R�G�H�O���R�I�����'���S�U�L�Q�W�H�G���P�R�X�O�G 

 

Fig. 41 ���'���S�U�L�Q�W�H�G���P�R�X�O�G���Z�L�W�K��PTFE film 

3.3 BONDING OF THE STRUCTURAL ASSEMBLY  
The final stage of manufacturing involves the bonding of all composite and aluminium 
�F�R�P�S�R�Q�H�Q�W�V�� �L�Q�W�R�� �D�� �F�R�P�S�O�H�W�H�� �V�W�U�X�F�W�X�U�D�O�� �P�R�Q�R�F�R�T�X�H���� �$�G�K�H�V�L�Y�H�� �E�R�Q�G�L�Q�J�� �Z�D�V�� �V�H�O�H�F�W�H�G�� �D�V�� �W�K�H��
joining method due to its ability to distribute stresses uniformly, reduce stress concentrations 
compared to mechanical fastening, and maintain low structural weight. 

�)�R�U�� �W�K�H�� �S�U�R�W�R�W�\�S�H�� �V�H�U�L�H�V���� �W�K�H�� �H�S�R�[�\�� �D�G�K�H�V�L�Y�H�� ���0�� �'�3�� �������� �Z�D�V�� �H�P�S�O�R�\�H�G���� �7�K�L�V�� �D�G�K�H�V�L�Y�H�� �Z�D�V��
chosen for its long pot life, which provides sufficient working time for the accurate positioning 
of parts, and for its tolerance to variations in bond-�O�L�Q�H���W�K�L�F�N�Q�H�V�V�����%onded joints were designed 
�Z�L�W�K�� �D�� �Q�R�P�L�Q�D�O�� �J�D�S�� �R�I�� �������� �P�P���� �Z�K�L�F�K�� �Z�D�V�� �Y�H�U�L�I�L�H�G�� �X�V�L�Q�J�� �F�R�Q�W�U�R�O�� �J�D�X�J�H�V���� �$�Q�� �D�G�G�L�W�L�R�Q�D�O��
advantage of this adhesive is that its shear strength does not decrease significantly with 
increasing bond-line thickness, making it particularly suitable for prototype assemblies where 
slight dimensional variations may occur (Fig. 42). 



BRNO 2025 

 

 

 

54 
 

MANUFACTURING TECHNOLOGY 

 

Fig. 42 Dependence of shear strength on bond-�O�L�Q�H���W�K�L�F�N�Q�H�V�V���I�R�U�����0���'�3�����������>�����@ 

Prior to bonding, the surfaces were prepared according to standard indus�W�U�L�D�O���S�U�D�F�W�L�F�H���� �$�U�H�D�V��
intended for adhesive joining were either covered with peel ply during the lay-up process 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 
�P�D�Q�X�I�D�F�W�X�U�L�Q�J���Z�R�U�N�I�O�R�Z�����$�P�R�Q�J���W�K�H���P�D�L�Q���G�L�I�I�L�F�X�O�W�L�H�V���Z�H�U�H���W�K�H���Q�R�Q-uniform laminate thickness 
and the suboptimal overlap design, which occasionally resulted in visible black seams caused 
by adhesive residues. These seams, although later concealed under the paint layer, illustrate the 
sensitivity of the process to dimensional tolerances. 

�,�W�� �V�K�R�X�O�G�� �E�H�� �H�P�S�K�D�V�L�V�H�G�� �W�K�D�W�� �W�K�H�� �Z�R�U�N�� �Z�D�V�� �F�R�Q�G�X�F�W�H�G�� �X�Q�G�H�U�� �S�U�R�W�R�W�\�S�H�� �F�R�Q�G�L�W�L�R�Q�V���� �S�U�L�P�D�U�L�O�\��
aimed at verifying the feasibility of the concept while conserving resources. For this reason, a 
�V�L�P�S�O�L�I�L�H�G�� �E�R�Q�G�L�Q�J�� �I�L�[�W�X�U�H�� �Z�D�V�� �H�P�S�O�R�\�H�G���� �Z�L�W�K�� �W�K�H�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �W�K�D�W��in future iterations it 
�Z�R�X�O�G���E�H���U�H�S�O�D�F�H�G���E�\���D���P�R�U�H���U�R�E�X�V�W���D�O�X�P�L�Q�L�X�P���I�L�[�W�X�U�H���Z�L�W�K���L�Q�W�H�J�U�D�W�H�G���F�O�D�P�S�V�� 

3.3.1 BONDING FIXTURE 

�7�K�H���S�U�R�Y�L�V�L�R�Q�D�O���I�L�[�W�X�U�H���L�V���L�O�O�X�V�W�U�D�W�H�G���L�Q��Fig. 44�����,�W���Z�D�V���P�D�Q�X�I�D�F�W�X�U�H�G���X�V�L�Q�J�����'���)�'�0���S�U�L�Q�W�L�Q�J����
where printed supports for the individual parts were mounted onto a 20 mm MDF raster plate. 
�$�O�W�K�R�X�J�K���0�'�)���L�V���S�U�R�Q�H���W�R���Z�D�U�S�L�Q�J���X�Q�G�H�U���K�X�P�L�G�L�W�\���D�Q�G�����'-printed parts are not dimensionally 
perfect with inadequate stiffness, this solution represented an acceptable compromise at the 
prototype stage. 
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Fig. ���� �%�R�Q�G�L�Q�J���I�L�[�W�X�U�H 

3.3.2 BONDING SEQUENCE – PHASE I 

�,�Q�� �W�K�H�� �I�L�U�V�W�� �S�K�D�V�H���� �W�K�H��right �K�D�O�I�� �R�I�� �W�K�H�� �P�R�Q�R�F�R�T�X�H�� �Z�D�V�� �S�R�V�L�W�L�R�Q�H�G�� �L�Q�� �W�K�H�� �I�L�[�W�X�U�H���� �7�K�H�� �S�D�U�W��
�U�H�P�D�L�Q�H�G�� �O�R�R�V�H�O�\�� �V�X�S�S�R�U�W�H�G�� �X�Q�W�L�O�� �W�K�H�� �D�G�K�H�V�L�Y�H�� �Z�D�V�� �D�S�S�O�L�H�G���� �,�Q�V�H�U�W�V�� �I�R�U�� �W�K�H�� �I�X�H�O�� �W�D�Q�N�� �P�R�X�Q�W�V��
were bonded by injecting adhesive into the designated cavities. The inserts were equipped with 
steel �S�L�Q�V���W�K�D�W���H�Q�J�D�J�H�G�� �Z�L�W�K���F�R�U�U�H�V�S�R�Q�G�L�Q�J���K�R�O�H�V���L�Q���W�K�H���I�L�[�W�X�U�H���� �H�Q�V�X�U�L�Q�J���F�R�U�U�H�F�W���S�R�V�L�W�L�R�Q�L�Q�J����
�$�G�K�H�V�L�Y�H�� �Z�D�V�� �Q�R�W�� �V�S�U�H�D�G�� �X�S�� �W�R�� �W�K�H�� �Y�H�U�\�� �H�G�J�H�� �R�I�� �W�K�H�� �E�R�Q�G�L�Q�J�� �I�O�D�Q�J�H���� �E�X�W�� �U�D�W�K�H�U�� �D�S�S�O�L�H�G��
�D�S�S�U�R�[�L�P�D�W�H�O�\�������F�P���E�H�O�R�Z���L�W�� 

�,�Q�V�H�U�W�V���I�R�U���W�K�H���I�X�H�O���W�D�Q�N���P�R�X�Q�W�V���Z�H�U�H���E�R�Q�G�H�G���E�\���L�Q�M�H�F�W�L�Q�J���D�G�K�H�V�L�Y�H���L�Q�W�R���W�K�H���G�H�V�L�J�Q�D�W�H�G���F�D�Y�L�W�L�H�V����
Each insert contained steel pins protruding from its lower side, which engaged with 
�F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �K�R�O�H�V�� �L�Q�� �W�K�H�� �I�L�[�W�X�U�H���� �W�K�H�U�H�E�\�� �H�Q�V�X�U�L�Q�J�� �F�R�U�U�H�F�W�� �S�R�V�L�W�L�R�Q�L�Q�J���� �$dhesive was not 
�V�S�U�H�D�G���X�S���W�R���W�K�H���Y�H�U�\���H�G�J�H���R�I���W�K�H���E�R�Q�G�L�Q�J���I�O�D�Q�J�H�����E�X�W���U�D�W�K�H�U���D�S�S�O�L�H�G���D�S�S�U�R�[�L�P�D�W�H�O�\�������F�P���E�H�O�R�Z��
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�� �W�K�H�� �U�H�D�U�� �R�I�� �W�K�H�� �P�R�Q�R�F�R�T�X�H���� �D�G�K�H�V�L�Y�H�� �Z�D�V�� �D�S�S�O�L�H�G�� �W�R�� �W�K�H�� �D�U�H�D�� �L�Q�W�H�Q�G�H�G�� �I�R�U�� �W�K�H�� �D�O�X�P�L�Q�L�X�P��
flange connecting the monocoque to the engine crankcase. The flange was inserted with 
�P�D�[�L�P�X�P�� �F�D�U�H�� �W�R�� �P�L�Q�L�P�L�V�H�� �D�G�K�H�V�L�Y�H�� �U�H�P�R�Y�D�O�� �G�X�U�L�Q�J�� �V�O�L�G�L�Q�J�� �F�R�Q�W�D�F�W���� �7�K�H�� �J�H�R�P�H�W�U�\�� �Rf the 
�G�H�P�R�X�O�G�L�Q�J���D�Q�J�O�H���U�H�G�X�F�H�G���W�K�L�V���H�I�I�H�F�W�����D�Q�G���I�L�Q�D�O���S�R�V�L�W�L�R�Q�L�Q�J���Z�D�V���D�J�D�L�Q���H�Q�V�X�U�H�G���E�\�����'���S�U�L�Q�W�H�G��
�I�L�[�W�X�U�H���H�O�H�P�H�Q�W�V�� 

Subsequently, adhesive was applied to the location of the hose pass-�W�K�U�R�X�J�K���� �+�H�U�H���� �F�R�U�U�H�F�W��
alignment was achieved through the interaction with the battery stop, which was pre-assembled 
�Z�L�W�K�� �W�K�H�� �I�L�[�W�X�U�H���� �7�K�H�� �E�D�W�W�H�U�\�� �V�W�R�S�� �Z�D�V�� �E�R�Q�G�H�G�� �E�\�� �D�S�S�O�\�L�Q�J�� �D�G�K�H�V�L�Y�H�� �W�R�� �Rne half of the 
�P�R�Q�R�F�R�T�X�H�����S�U�H�V�V�L�Q�J���W�K�H���F�R�P�S�R�Q�H�Q�W���L�Q�W�R���S�O�D�F�H�����D�Q�G���F�O�D�P�S�L�Q�J���L�W���X�V�L�Q�J���W�K�H���I�L�[�W�X�U�H�����Z�K�L�F�K���O�R�F�D�W�H�G��
the flange precisely.  
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Fig. 44 �%�R�Q�G�L�Q�J���I�L�[�W�X�U�H���D�I�W�H�U���S�K�D�V�H���,�� 

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 II 

�$�I�W�H�U���D�S�S�U�R�[�L�P�D�W�H�O�\���V�L�[���K�R�X�U�V�����R�Q�F�H���W�K�H���D�G�K�H�V�L�Y�H���U�H�D�F�K�H�G��handling strength, the second phase 
�R�I���E�R�Q�G�L�Q�J���F�R�X�O�G���E�H�J�L�Q�����$�W���W�K�L�V���V�W�D�J�H�����W�K�H��left half of the monocoque remained positioned in the 
�I�L�[�W�X�U�H�� �Z�L�W�K�� �D�O�O�� �L�Q�V�H�U�W�V�� �D�Q�G�� �D�X�[�L�O�L�D�U�\�� �F�R�P�S�R�Q�H�Q�W�V�� �D�O�U�H�D�G�\�� �E�R�Q�G�H�G���� �%�H�I�R�U�H�� �S�O�D�F�L�Q�J�� �W�K�H�� �V�H�F�R�Q�G��
half, adhesive was applied not only to the bonding flange of the right half—�V�R���W�K�D�W���D�Q�\���H�[�F�H�V�V��
would be displaced towards the inside of the joint rather than outward to the visible edge—but 
also to all remaining mating surfaces of �W�K�H���L�Q�V�H�U�W�V���D�Q�G���D�X�[�L�O�L�D�U�\���F�R�P�S�R�Q�H�Q�W�V. This ensured that 
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 
�W�K�H�� �I�L�[�W�X�U�H���� �V�O�L�J�K�W�� �Y�D�U�L�D�W�L�R�Q�V�� �L�Q�� �O�D�P�L�Q�D�W�H�� �W�K�L�F�N�Q�H�V�V�� �R�F�F�D�V�L�R�Q�D�O�O�\�� �O�H�G�� �W�R�� �Y�L�V�L�E�O�H�� �V�H�D�P�V�� �Z�K�H�U�H��
�D�G�K�H�V�L�Y�H���Z�D�V���V�T�X�H�H�]�H�G���R�X�W�����$�O�W�K�R�X�J�K���W�K�H�V�H���V�H�D�P�V���O�D�W�H�U���E�H�F�D�P�H���Y�L�V�Xally unobtrusive beneath 
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 
�H�Q�K�D�Q�F�H���M�R�L�Q�W���V�W�U�H�Q�J�W�K���D�Q�G���W�R���S�U�H�Y�H�Q�W���V�W�U�H�V�V���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�����,�Q���W�K�L�V���S�U�R�W�R�W�\�S�H���F�D�V�H�����W�K�H���D�V�V�H�P�E�O�\��
�Z�D�V���O�R�D�G�H�G���Z�L�W�K���H�[�W�H�U�Q�D�O���Z�H�L�J�K�W���W�R���P�D�L�Q�W�D�L�Q���X�Q�L�I�R�U�P���F�R�Q�W�D�F�W���D�O�R�Qg the joint during curing. The 
adhesive was allowed to cure at room temperature until full polymerisation was achieved. 
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Fig. ���� �%�R�Q�G�L�Q�J���I�L�[�W�X�U�H���D�I�W�H�U���S�K�D�V�H���,�,�� 

3.3.4 BONDING SEQUENCE – PHASE III 

�$�I�W�H�U���F�R�P�S�O�H�W�L�R�Q���R�I���W�K�H���V�H�F�R�Q�G���E�R�Q�G�L�Q�J���S�K�D�V�H�����W�K�H���U�H�P�D�L�Q�L�Q�J���F�R�P�S�R�Q�H�Q�W�V���W�R���E�H���D�W�W�D�F�K�H�G���Z�H�U�H��
the upper and lower steering head covers���� �,�Q�� �W�K�L�V�� �V�W�H�S���� �D�G�K�H�V�L�Y�H�� �Z�D�V�� �D�S�S�O�L�H�G�� �R�Y�H�U�� �W�K�H�� �H�Q�W�L�U�H��
�P�D�W�L�Q�J�� �V�X�U�I�D�F�H���� �D�Q�G�� �W�K�H�� �F�R�Y�H�U�V�� �Z�H�U�H�� �I�L�[�H�G�� �W�R�� �W�K�H�� �P�R�Q�R�F�R�T�X�H�� �X�V�L�Q�J��mechanical clamps to 
maintain contact during curing. 

This solution, however, proved challenging. Due to the laminate thickness variations and the 
bevelled geometry of the steering head�����L�W���Z�D�V���G�L�I�I�L�F�X�O�W���W�R���D�F�K�L�H�Y�H���S�H�U�I�H�F�W�O�\���X�Q�L�I�R�U�P���I�L�[�D�W�L�R�Q���R�I��
the two covers relative to the monocoque. Careful removal of �H�[�F�H�V�V���D�G�K�H�V�L�Y�H���V�T�X�H�H�]�H-out was 
therefore required to prevent visual or structural defects. 

Following bonding, the assembly underwent post-processing. The entire monocoque surface 
was sanded to achieve a uniform finish, enabling subsequent application of the protective and 
aesthetic paint layer. Fig. 47 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�,�2�1 
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 
�I�X�Q�G�D�P�H�Q�W�D�O���P�H�F�K�D�Q�L�F�D�O���S�U�R�S�H�U�W�L�H�V���R�I���W�K�H���E�L�D�[�L�D�O���U�H�L�Q�I�R�U�F�H�P�H�Q�W�V���D�Q�G���Z�R�Y�H�Q���Iabrics used in this 
�V�W�X�G�\�����7�K�H�V�H���H�[�S�H�U�L�P�H�Q�W�D�O�O�\���R�E�W�D�L�Q�H�G���Y�D�O�X�H�V���V�H�U�Y�H���D�V���W�K�H���E�D�V�L�V���I�R�U���G�H�I�L�Q�L�Q�J���W�K�H���P�D�W�H�U�L�D�O���P�R�G�H�O�V��
applied in the numerical analyses. 

4.1 MEASUREMENT OF MATERIAL PROPERTIES  
For simulating the structural deformation response under plane stress conditions, it is necessary 
�W�R���G�H�W�H�U�P�L�Q�H���D�W���P�L�Q�L�P�X�P���W�K�H���I�R�O�O�R�Z�L�Q�J���S�D�U�D�P�H�W�H�U�V�����<�R�X�Q�J�¶�V���P�R�G�X�O�L��Ex, Ey, the in- plane shear 
modulus Gxy, and Poisson’s ratio ��xy. To reduce numerical inaccuracies, the out-of-plane shear 
moduli Gxz and Gyz should also be specified. The value of Young’s modulus in the fibre 
direction may decrease �E�\���D�S�S�U�R�[�L�P�D�W�H�O�\�����������X�Q�G�H�U���F�R�P�S�U�H�V�V�L�R�Q���>�����@�����)�R�U���D���F�R�P�S�O�H�[���O�D�P�L�Q�D�W�H��
this difference can be considered negligible, since variations introduced by manufacturing 
sensitivity generally dominate. 

For failure analysis based on the strength criteria, it is further necessary to determine the 
ultimate stresses and strains in tension, compression, and shear. Due to relative simplicity, a 
�X�Q�L�D�[�L�D�O���W�H�Q�V�L�O�H���W�H�V�W���Z�D�V���S�H�U�I�R�U�P�H�G�����)�U�R�P���W�K�L�V���W�H�V�W�����<�R�X�Q�J�¶�V���P�R�G�X�O�X�V�����X�O�W�L�P�D�W�H���W�H�Q�V�L�O�H���V�W�U�H�Q�J�W�K����
ultimate strain, Poisson’s ratio, and shear modulus can be obtained [19, 76, 77]���� �2�W�K�H�U��
parameters were adopted from available literature on comparable materials. 

�6�D�P�S�O�H���S�U�H�S�D�U�D�W�L�R�Q���D�Q�G���W�H�Q�V�L�O�H���W�H�V�W�L�Q�J���Z�H�U�H���F�D�U�U�L�H�G���R�X�W���D�F�F�R�U�G�L�Q�J���W�R���$�6�7�0���'�����������'���������0 – 
00 [76]�����7�K�H���W�H�V�W�V���Z�H�U�H���F�R�Q�G�X�F�W�H�G���X�V�L�Q�J���D���=�Z�L�F�N���=���������X�Q�L�Y�H�U�V�D�O���W�H�V�W�L�Q�J���P�D�F�K�L�Q�H��equipped with  
�W�H�V�W�;�S�H�U�W�� ���� �V�R�I�W�Z�D�U�H���� �,�Q�� �S�D�U�D�O�O�H�O���� �D�Q�� �$�5�$�0�,�6�� �R�S�W�L�F�D�O�� �P�H�D�V�X�U�L�Q�J�� �V�\�V�W�H�P�� �Z�D�V�� �F�R�Q�Q�H�F�W�H�G�� �W�R��
record the stochastic speckle pattern applied on the specimen using a digital camera. The system 
�R�S�H�U�D�W�H�V�� �R�Q�� �W�K�H�� �S�U�L�Q�F�L�S�O�H�� �R�I�� �G�L�J�L�W�D�O�� �L�P�D�J�H�� �F�R�U�U�H�O�D�W�L�R�Q�� ���'�,�&������ �H�Q�D�E�O�L�Q�J��both in-situ and post-
processing strain evaluation. The test setup is shown in Fig. 21, while strain visualization is 
illustrated in Fig. 22. 

  

Fig.  1 �8�Q�L�D�[�L�D�O���W�H�Q�V�L�O�H���W�H�V�W���Z�L�W�K���$�5�$�0�,�6���'�,�&���V�\�V�W�H�P 
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�7�K�H���W�H�V�W�H�G���V�S�H�F�L�P�H�Q�V���Z�H�U�H���P�D�Q�X�I�D�F�W�X�U�H�G���I�U�R�P���W�Z�L�O�O���Z�R�Y�H�Q���I�D�E�U�L�F���Z�L�W�K���D�Q���D�U�H�D���Z�H�L�J�K�W���R�I����������
�J���P�q�ð�� �D�Q�G�� �D�� �E�L�D�[�L�D�O�� �S�U�H�S�U�H�J�� �Z�L�W�K�� �“�����ƒ�� �R�U�L�H�Q�W�D�W�L�R�Q�� �D�Q�G�� �D�Q�� �D�U�H�D�� �Z�H�L�J�K�W�� �R�I�� �������� �J���P�q�ð�����%�R�W�K��
reinforcements correspond to the same material system that was used for the fabrication of the 
�P�R�W�R�U�F�\�F�O�H���P�R�Q�R�F�R�T�X�H���D�Q�G���D�U�H���W�K�H�U�H�I�R�U�H���Q�R�W���G�H�V�F�U�L�E�H�G���L�Q���I�X�U�W�K�H�U���G�H�W�D�L�O�����$�O�O���P�H�D�V�X�U�H�G���Y�D�O�X�H�V��
�Z�H�U�H���V�W�D�W�L�V�W�L�F�D�O�O�\���S�U�R�F�H�V�V�H�G���X�V�L�Q�J���W�K�H���W�H�V�W�;�S�H�U�W�������V�R�I�W�Z�D�U�H���L�Q���Rrder to ensure the reliability of 
�W�K�H���R�E�W�D�L�Q�H�G���G�D�W�D�V�H�W�����$���F�R�P�S�U�H�K�H�Q�V�L�Y�H���R�Y�H�U�Y�L�H�Z���R�I the material properties used to define the 
constitutive model for subsequent simulations is summarised in Tab. ����, Tab. 14 and Tab. ����. 

 

 

Fig. 47 �3�U�L�Q�F�L�S�D�O���V�W�U�D�L�Q���I�L�H�O�G���Z�L�W�K���Y�L�U�W�X�D�O���H�[�W�H�Q�V�R�P�H�W�H�U�����X�Q�O�R�D�G�H�G���D�Q�G���G�H�I�R�U�P�H�G���V�S�H�F�L�P�H�Q�� 

 

Tab. ���� Material properties - elasticity 

Property �*�*�����������7 �*�*�����������; �8�Q�L�W 

�<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���;���G�L�U�H�F�W�L�R�Q 61.�� 67.0 GPa 

Young’s modulus Y direction 61.�� 67.0 GPa 

Young�¶�V���P�R�G�X�O�X�V���=���G�L�U�H�F�W�L�R�Q 6.�� 6.�� GPa 

�3�R�L�V�V�R�Q�¶�V���U�D�W�L�R���;�< 0.04 0.04 - 

�3�R�L�V�V�R�Q�¶�V���U�D�W�L�R���<�= 0.�� 0.�� - 

�3�R�L�V�V�R�Q�¶�V���U�D�W�L�R���;�= 0.�� 0.�� - 

�6�K�H�D�U���P�R�G�X�O�X�V���;�< �������� 4700 MPa 

�6�K�H�D�U���P�R�G�X�O�X�V���<�= 2700 2700 MPa 

�6�K�H�D�U���P�R�G�X�O�X�V���;�= 2700 2700 MPa 

Tab. 14 Material properties - stress limits 

a) 

b) 
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Property �*�*�����������7 �*�*�����������; �8�Q�L�W 

�7�H�Q�V�L�O�H���;���G�L�U�H�F�W�L�R�Q 1117 �������� MPa 

Tensile Y direction 1117 �������� MPa 

�7�H�Q�V�L�O�H���=���G�L�U�H�F�W�L�R�Q ���� ���� MPa 

�&�R�P�S�U�H�V�V�L�Y�H���;���G�L�U�H�F�W�L�R�Q -706 -812.�� MPa 

Compressive Y direction -706 -812.�� MPa 

�&�R�P�S�U�H�V�V�L�Y�H���=���G�L�U�H�F�W�L�R�Q -170 -170 MPa 

�6�K�H�D�U���;�< ������ ������ MPa 

�6�K�H�D�U���<�= ���� ���� MPa 

�6�K�H�D�U���;�= ���� ���� MPa 

 

Tab. ���� Material properties - strain limits 

Property �*�*�����������7 �*�*�����������; �8�Q�L�W 

�7�H�Q�V�L�O�H���;���G�L�U�H�F�W�L�R�Q 0.�������� 0.019 - 

Tensile Y direction 0.�������� 0.019 - 

�7�H�Q�V�L�O�H���=���G�L�U�H�F�W�L�R�Q 0.008 0.008 - 

�&�R�P�S�U�H�V�V�L�Y�H���;���G�L�U�H�F�W�L�R�Q -0.0142 -0.012 - 

Compressive Y direction -0.0142 -0.012 - 

�&�R�P�S�U�H�V�V�L�Y�H���=���G�L�U�H�F�W�L�R�Q -0.0120 -0.012 - 

�6�K�H�D�U���;�< 0.022 0.022 - 

�6�K�H�D�U���<�= 0.019 0.019 - 

�6�K�H�D�U���;�= 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 measurements of its structural 
properties had already been carried out [78]. Therefore, only simplified simulations needed to 
be performed—focusing not on obtaining absolute values, but rather on enabling comparative 
assessment between different design variants—and subsequently verified against the 
�H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D�����6�L�Q�F�H���W�K�H���R�Yerall objective of this work is structural 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, layup (Table 7), and 
manufacturing technology closely resembling those of the proposed frame design. The selected 
specimen was an adhesively bonded composite swingarm [78]�����L�O�O�X�V�W�U�D�W�H�G���L�Q���)�L�J�����������G�X�U�L�Q�J���W�K�H��
bonding process. �7�K�H�� �P�D�W�H�U�L�D�O�� �Q�R�W�D�W�L�R�Q�� �I�R�O�O�R�Z�V�� �W�K�H�� �F�R�Q�Y�H�Q�W�L�R�Q�� �L�Q�W�U�R�G�X�F�H�G�� �L�Q�� �&�K�D�S�W�H�U�� ��������������������������������
�.�� �G�H�Q�R�W�H�V�� �W�K�H�� �*�*�������7�� �W�Z�L�O�O-�Z�R�Y�H�Q�� �I�D�E�U�L�F���� �D�Q�G�� �%�� �G�H�Q�R�W�H�V�� �W�K�H�� �*�*�������;�� �E�L�D�[�L�D�O�� �Q�R�Q-crimp 
fabric. 

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

Component �/�D�\�X�S - nominal thickness 

Swingarm upper half (K0���%�������%�����%����)S - ������ mm 

Swingarm lower half ���.�����%�������%�����%������S - ���������P�P 

CFRP reinforcement �.���������������������������� - ���������P�P 

 

 

Fig. 48 Construction of the technological specimen 

4.2.2 NUMERICAL SIMULATION  

�7�K�H�� �Q�X�P�H�U�L�F�D�O�� �V�L�P�X�O�D�W�L�R�Q�� �Z�D�V�� �F�D�U�U�L�H�G�� �R�X�W�� �L�Q�� �$�Q�V�\�V�� �:�R�U�N�E�H�Q�F�K���� �(�O�D�V�W�L�F�� �P�D�W�H�U�L�D�O�� �S�U�R�S�H�U�W�L�H�V��
obtained from the tensile tests were assigned to the material model within the Engineering Data 
module. The geometry was simplified in SolidWorks and SpaceClaim, while meshing was 
�S�H�U�I�R�U�P�H�G�� �L�Q�� �$�Q�V�\�V�� �0�H�F�K�D�Q�L�F�D�O���� �2�U�W�K�R�W�U�R�S�L�F�� �S�U�R�S�H�U�W�L�H�V�� �D�Q�G�� �O�D�P�L�Q�D�W�H�� �K�R�P�R�J�H�Q�L�V�D�W�L�R�Q�� �Z�H�U�H��
�G�H�I�L�Q�H�G�� �L�Q�� �$�&�3�� ���3�U�H������ �D�Q�G�� �W�K�H�� �S�R�V�W-�S�U�R�F�H�V�V�L�Q�J�� �R�I�� �U�H�V�X�O�W�V�� �Z�D�V�� �F�R�Q�G�X�F�W�H�G�� �L�Q�� �$�&�3�� ���3�R�V�W������ �7�K�H��
�D�Q�D�O�\�V�H�V���Z�H�U�H���V�R�O�Y�H�G���X�V�L�Q�J���$�Q�V�\�V���0�H�F�K�D�Q�L�F�D�O���$�3�'�/�� 

upper half swingarm 

lower half swingarm 

bonding area 

bolted joint 

CFRP 
reinforcement 

aluminium insert 

aluminium inserts 



BRNO 2025 

 

 

 

62 
 

MATERIAL PROPERTIES AND DATA VALIDATION 

 

Fig. 49 Simplified geometry of technological specimen 

Composite components were represented as shell geometries, whereas aluminium inserts were 
�P�R�G�H�O�O�H�G�� �D�V�� �V�R�O�L�G�� �E�R�G�L�H�V���� �$�G�K�H�V�L�Y�H�� �M�R�L�Q�W�V�� �Z�H�U�H�� �D�S�S�U�R�[�L�P�D�W�H�G�� �E�\�� �E�R�Q�G�H�G�� �F�R�Q�W�D�F�W�V���� �)�R�U��
discretisation, a four-�Q�R�G�H���V�K�H�O�O���H�O�H�P�H�Q�W�����6�+�(�/�/�����������Z�D�V���H�P�S�O�R�\�H�G�����$���Q�R�P�L�Q�D�O���H�O�H�P�Hnt size 
of 2.2 mm was chosen as a compromise between sufficient accuracy and computational 
efficiency. The resulting mesh density is illustrated in Fig. ����. 

 

Fig. ���� Discretisation of the swingarm geometry  

�%�R�X�Q�G�D�U�\�� �F�R�Q�G�L�W�L�R�Q�V�� �D�Q�G�� �O�R�D�G�V�� ��Tab. 17���� �Z�H�U�H�� �D�S�S�O�L�H�G�� �W�R�� �U�H�S�O�L�F�D�W�H�� �W�K�H�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �V�H�W�X�S��
described in Chapter ���������� and are illustrated in Fig. ���� and Fig. ����. The applied loads 
�F�R�U�U�H�V�S�R�Q�G�H�G�� �W�R�� �W�K�H�� �P�D�[�L�P�X�P�� �O�H�Y�H�O�V�� �X�V�H�G�� �L�Q�� �P�H�F�K�D�Q�L�F�D�O�� �W�H�V�W�L�Q�J���� �7�K�H�� �U�H�V�X�O�W�L�Q�J�� �G�H�I�R�U�P�D�W�L�R�Q��
fields under torsional and longitudinal loading are shown in Fig. ���� and Fig. ����, respectively. 
�7�Z�L�V�W���D�Q�J�O�H�V�� �D�Q�G�� �G�L�V�S�O�D�F�H�P�H�Q�W�V�� �Z�H�U�H�� �H�Y�D�O�X�D�W�H�G�� �D�W���W�K�H�� �V�D�P�H�� �O�R�F�D�W�L�R�Q�V�� �D�V�� �L�Q�� �W�K�H�� �H�[�S�H�U�L�P�H�Q�W�D�O��
measurements. �$���G�H�W�D�L�O�H�G���G�L�V�F�X�V�V�L�R�Q���R�I���W�K�H���U�H�V�X�O�W�V���L�V���S�U�R�Y�L�G�H�G���L�Q��chapter 4.2.4. 

Tab. 17 �%�R�X�Q�G�D�U�\���F�R�Q�G�L�W�L�R�Q�V���L�Q���W�K�H���V�L�P�X�O�D�W�L�R�Q���P�R�G�H�O 

 Degrees of freedom �$�S�S�O�L�H�G���O�R�D�G 

 �)�L�[�H�G���V�X�S�S�R�U�W Displacement constraint  

Torsional load None �5�R�W�D�W�L�R�Q���;�����<�����= 471 Nm 

�/�R�Q�J�L�W�X�G�L�Q�D�O���O�R�D�G None �;�����<�������U�R�W�D�W�L�R�Q���;�����<�����= 942 N 
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Fig. ���� Simulation setup – torsional twisting 

 

 
Fig. ���� Simulation setup – longitudinal bending 

 

 

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

 

�)�L�[�H�G���V�X�S�S�R�U�W Displacement 
constraint 

�$�S�S�O�L�H�G���O�R�D�G 

Displacement 
constraint 

�$�S�S�O�L�H�G���P�R�P�H�Q�W 

�)�L�[�H�G���V�X�S�S�R�U�W 
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Fig. ���� Deformation under longitudinal load (simulation) 

4.2.3 EXPERIMENTAL MEASUREMENT OF STRUCTURAL PROPERTIES  

�7�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���U�H�V�X�O�W�V���D�U�H���E�D�V�H�G���R�Q���W�K�H���D�X�W�K�R�U�¶�V���H�D�U�O�L�H�U���G�L�S�O�R�P�D���W�K�H�V�L�V��[78]�����6�S�H�F�L�D�O���I�L�[�W�X�U�H�V��
were designed for clamping and loading of the specimen, as shown in Fig. ����. Deformations 
�Z�H�U�H�� �P�H�D�V�X�U�H�G�� �X�V�L�Q�J�� �D�� �7�5�,�7�2�3�� �Q�R�Q-contact optical system operating on the principle of 
photogrammetry. This method enables static deformation analysis by comparison with the 
�U�H�I�H�U�H�Q�F�H���X�Q�O�R�D�G�H�G���V�W�D�W�H�����,�W�V���N�H�\���D�G�Y�D�Q�W�D�J�H���O�L�H�V���L�Q���W�K�H���V�L�P�X�O�W�D�Q�H�R�X�V evaluation of a large number 
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 Tab. 18. The 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 Fig. 60.  

  

Fig. ���� �7�H�V�W���I�L�[�W�X�U�H���D�Q�G���O�R�D�G�L�Q�J���G�L�U�H�F�W�L�R�Q 

 

 

 

applied load 

f�L�[�H�G���V�X�S�S�R�U�W 

applied load 

�I�L�[�H�G���V�X�S�S�R�U�W displacement 
constraint 
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Tab. 18 �%�R�X�Q�G�D�U�\���F�R�Q�G�L�W�L�R�Q�V���L�Q���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���V�H�W�X�S 

 Degrees of freedom �$�S�S�O�L�H�G���O�R�D�G 

 �)�L�[�H�G���V�X�S�S�R�U�W Displacement constraint  

Torsional load None �5�R�W�D�W�L�R�Q���;�����<�����= �������������������������������������>�1�P�@ 

�/�R�Q�J�L�W�X�G�L�Q�D�O���O�R�D�G None �;�����<�������U�R�W�D�W�L�R�Q���;�����<�����= ���������������������������������������>�1�@ 

 

 

Fig. ���� Testing setup – torsional stiffness 

 

 

Fig. ���� �9�H�F�W�R�U���G�L�V�S�O�D�F�H�P�H�Q�W��– torsional stiffness 
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Fig. ���� Testing setup – longitudinal stiffness 

 

 

Fig. ���� �9�H�F�W�R�U���G�L�V�S�O�D�F�H�P�H�Q�W��– longitudinal stiffness 

4.2.4 �9ALIDATION RESULTS  

�7�K�H�� �V�W�L�I�I�Q�H�V�V�� �G�L�V�W�U�L�E�X�W�L�R�Q�V�� �R�E�W�D�L�Q�H�G�� �I�U�R�P�� �V�L�P�X�O�D�W�L�R�Q�V�� �D�Q�G�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �P�H�D�V�X�U�H�P�H�Q�W�V�� �D�U�H��
presented in Fig. 61 and Fig. 62���� �%�R�W�K�� �W�R�U�V�L�R�Q�D�O�� �D�Q�G�� �O�R�Q�J�L�W�X�G�L�Q�D�O�� �V�W�L�I�I�Q�H�V�V�� �H�[�K�L�E�L�W�� �D�� �O�L�Q�H�D�U��
�G�H�S�H�Q�G�H�Q�F�H�� �R�Q�� �O�R�D�G�� �L�Q�� �W�K�H�� �K�L�J�K�H�U�� �U�D�Q�J�H�V���� �$�W�� �O�R�Z�H�U�� �O�R�D�G�� �O�H�Y�H�O�V���� �K�R�Z�H�Y�H�U���� �W�K�H�� �P�H�D�V�X�U�H�G��
�G�H�I�R�U�P�D�W�L�R�Q�V�� �Z�H�U�H�� �D�I�I�H�F�W�H�G�� �E�\�� �I�L�[�W�X�U�H�� �S�O�D�\�� �D�Q�G�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �L�Q�D�F�F�X�U�D�F�L�H�V���� �D�Q�G�� �W�K�H�U�H�I�R�U�H�� �W�K�H��
results correspond�L�Q�J�� �W�R�� �W�K�H�� �O�R�Z�H�V�W�� �D�S�S�O�L�H�G�� �I�R�U�F�H�V�� �Z�H�U�H�� �Q�R�W�� �F�R�Q�V�L�G�H�U�H�G���� �2�Y�H�U�D�O�O���� �W�K�H�� �U�H�V�X�O�W�V��
�G�H�P�R�Q�V�W�U�D�W�H�� �D���K�L�J�K���G�H�J�U�H�H���R�I�� �F�R�Q�Y�H�U�J�H�Q�F�H���E�H�W�Z�H�H�Q���V�L�P�X�O�D�W�L�R�Q���D�Q�G�� �H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D���� �,�W���F�D�Q��
thus be concluded that the material model is correctly defined in terms of elastic orthotropic 
coefficients, and that subsequent simulations provide relevant and reliable results. 
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Fig. 60 Comparison of simulated and measured torsional stiffness 

 

 

Fig. 61 Comparison of simulated and measured longitudinal stiffness 

 

Tab. 19 Comparison of global stiffness values 

�/�R�D�G���W�\�S�H �$�S�S�O�L�H�G���O�R�D�G Simulation Measurement Difference 

Torsion 471 Nm 241 Nm °-1 ���������1�P °-1 0,8 % 

�/�R�Q�J�L�W�X�G�L�Q�D�O 942 N ���������1 mm-1 ���������1 mm-1 ������ % 
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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 material layout that 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 stiffness 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 
2.4.1���� �6�X�F�K�� �F�R�Q�V�W�U�D�L�Q�W�V�� �G�H�W�H�U�P�L�Q�H�� �W�K�H�� �G�H�V�L�J�Q�� �V�S�D�F�H�� �I�R�U�� �R�S�W�L�P�L�V�D�W�L�R�Q�� �D�Q�G�� �G�H�I�L�Q�H�� �W�K�H�� �H�[�W�H�Q�W�� �W�R��
which the structure can be modified in shape or function without compromising operability, 
ergonomics, or subsystem integration. 

�%�D�V�H�G�� �R�Q�� �W�K�H�V�H�� �U�H�T�X�L�U�H�P�H�Q�W�V���� �D�Q�� �L�Q�L�W�L�D�O�� �J�H�R�P�H�W�U�L�F�� �P�R�G�H�O�� �Z�D�V�� �G�H�Y�H�O�R�S�H�G�� �W�R�� �H�V�W�D�E�O�L�V�K�� �W�K�H��
�I�X�Q�G�D�P�H�Q�W�D�O���G�H�V�L�J�Q���V�S�D�F�H���I�R�U���R�S�W�L�P�L�V�D�W�L�R�Q���� �$���V�H�F�W�L�R�Q�D�O���Y�L�H�Z���R�I�� �W�K�H���U�H�V�X�O�W�L�Q�J���G�H�V�L�J�Q���V�S�D�F�H���L�V��
presented in Fig. ����.  

�,�Q�� �W�K�H�� �U�H�J�L�R�Q�� �R�I�� �W�K�H�� �H�Q�J�L�Q�H�� �F�U�D�Q�N�F�D�V�H���� �W�K�H�� �D�Y�D�L�O�D�E�O�H�� �V�S�D�F�H�� �L�V�� �V�X�E�V�W�D�Q�W�L�D�O�O�\�� �U�H�V�W�U�L�F�W�H�G�� �W�R�� �D��
rectangular cross-section due to packaging requirements associated with the battery modules, 
�Z�K�H�H�O�V�����D�Q�G���I�X�H�O���W�D�Q�N�����,�Q���W�K�L�V���D�U�H�D�����W�K�H���S�R�W�H�Q�W�L�D�O���I�R�U���W�R�S�R�O�R�J�\���R�S�W�L�P�L�Vation is limited, making 
�V�K�D�S�H�� �R�S�W�L�P�L�V�D�W�L�R�Q�� �P�R�U�H�� �D�S�S�U�R�S�U�L�D�W�H���� �8�Q�O�L�N�H�� �W�R�S�R�O�R�J�\�� �R�S�W�L�P�L�V�D�W�L�R�Q���� �Z�K�L�F�K�� �V�H�H�N�V�� �W�K�H�� �P�R�V�W��
efficient distribution of material within a defined volume, shape optimisation focuses on 
�U�H�I�L�Q�L�Q�J�� �H�[�L�V�W�L�Q�J�� �V�W�U�X�F�W�X�U�D�O�� �E�R�X�Q�G�D�U�L�H�V�� �W�R�� �L�P�S�U�R�Y�H�� �P�Hchanical performance or reduce weight 
while preserving the original topological configuration. 

  
Fig. 62 �,�Q�L�W�L�D�O���L�W�H�U�D�W�L�R�Q���R�I���W�K�H���W�R�S�R�O�R�J�\���R�S�W�L�P�L�V�D�W�L�R�Q�����O�H�I�W�����V�H�F�W�L�R�Q���W�K�U�R�X�J�K���W�K�H���G�H�V�L�J�Q���V�S�D�F�H�����U�L�J�K�W����

�V�H�F�W�L�R�Q���W�K�U�R�X�J�K���W�K�H���G�H�V�L�J�Q���V�S�D�F�H���L�Q���W�K�H���F�R�Q�W�H�[�W���R�I���W�K�H���P�R�W�R�U�F�\�F�O�H���D�V�V�H�P�E�O�\�� 
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5.1.2 BOUNDARY CONDITIONS 

The simulations were performed using the same software as for the technological specimen, but 
�Z�L�W�K�� �W�K�H�� �6�W�U�X�F�W�X�U�D�O�� �2�S�W�L�P�L�V�D�W�L�R�Q�� �P�R�G�X�O�H�� �D�Q�G�� �Z�L�W�K�R�X�W���$�&�3���� �7�K�H�� �P�R�G�H�O�� �Z�D�V�� �U�H�S�U�H�V�H�Q�W�H�G�� �D�V�� �D��
solid body. Meshing was carried out using the Quad Dominant method to ensure that 
quadrilateral elements were generated preferentially, providing a compromise between mesh 
�T�X�D�O�L�W�\���D�Q�G���F�R�P�S�X�W�D�W�L�R�Q�D�O���H�I�I�L�F�L�H�Q�F�\�����7�K�H���Q�R�P�L�Q�D�O���H�O�H�P�H�Q�W���V�L�]�H���Z�D�V���V�H�W���W�R�������P�P�����U�H�V�X�O�W�L�Q�J���L�Q���D��
relatively coarse mesh, as illustrated in Fig. 64. 

 
Fig. ���� Discretisation 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 stiffness (Fig. ���������� �D�� �I�L�[�H�G�� �V�X�S�S�R�U�W�� ���S�X�U�S�O�H���� �Z�D�V�� �D�S�S�O�L�H�G�� �W�R�� �W�K�H�� �V�W�H�H�U�L�Q�J�� �K�H�D�G����
constraining all degrees of freedom. The torsional moment (red) was applied at the crankcase 
�I�O�D�Q�J�H�� �D�Q�G�� �R�U�L�H�Q�W�H�G�� �D�E�R�X�W�� �D�Q�� �D�[�L�V�� �S�D�V�V�L�Q�J�� �W�K�U�R�X�J�K�� �W�K�H�� �F�H�Q�W�U�H�� �R�I�� �W�K�H�� �I�O�D�Q�J�H���� �Z�K�L�F�K�� �L�V��
perpendicular to �W�K�H���V�W�H�H�U�L�Q�J���K�H�D�G���L�Q�F�O�L�Q�D�W�L�R�Q���D�[�L�V�� 

�,�Q���W�K�H���F�D�V�H���R�I���O�R�Q�J�L�W�X�G�L�Q�D�O���V�W�L�I�I�Q�H�V�V����Fig. 66), all degrees of freedom were constrained at the 
crankcase flange (purple)�����$���O�R�Q�J�L�W�X�G�L�Q�D�O���I�R�U�F�H���%�����U�H�G�����Z�D�V���D�S�S�O�L�H�G���L�Q���W�K�H���F�R�R�U�G�L�Q�D�W�H���V�\�V�W�H�P���R�I��
�W�K�H���I�U�R�Q�W���Z�K�H�H�O���D�[�L�V�����Z�L�W�K���W�K�H���O�R�D�G���Y�H�F�W�R�U���R�U�L�H�Q�W�H�G���S�H�U�S�H�Q�G�L�F�X�O�D�U���W�R���W�K�H���V�W�H�H�U�L�Q�J���K�H�D�G���L�Q�F�O�L�Q�D�W�L�R�Q����
The force was transferred to the steering head region of the monocoque using a remote force. 

For lateral stiffness (Fig. 67), the steering head was again fully constrained (purple). The load 
�Z�D�V���D�S�S�O�L�H�G���D�O�R�Q�J���W�K�H���P�R�W�R�U�F�\�F�O�H�¶�V���V�\�P�P�H�W�U�\���S�O�D�Q�H�����Z�L�W�K���W�K�H���=-�D�[�L�V���S�D�V�V�L�Q�J���W�K�U�R�X�J�K���W�K�H���F�H�Q�W�U�H��
of the crankcase flange (red). To avoid the introduction of torsional loading, the force was 
�D�S�S�O�L�H�G���Z�L�W�K���D�Q���R�I�I�V�H�W���L�Q���W�K�H���=-direction. 
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Fig. 64 �%�R�X�Q�G�D�U�\���F�R�Q�G�L�W�L�R�Q�V���Z�L�W�K���W�R�U�V�L�R�Q�D�O���O�R�D�G�L�Q�J 

 

 
Fig. ���� �%�R�X�Q�G�D�U�\���F�R�Q�G�L�W�L�R�Q�V���Z�L�W�K���O�R�Q�J�L�W�X�G�L�Q�D�O���O�R�D�G�L�Q�J 
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Fig. 66 �%�R�X�Q�G�D�U�\���F�R�Q�G�L�W�L�R�Q�V���Z�L�W�K���O�D�W�H�U�D�O���O�R�D�G�L�Q�J 

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

For the braking simulation, the boundary conditions were established as follows (Fig. 68). 
�&�R�Q�V�W�U�D�L�Q�W���$�����S�X�U�S�O�H�����U�H�S�U�H�V�H�Q�W�V���D���I�L�[�H�G���V�X�S�S�R�U�W���U�H�P�R�Y�L�Q�J���D�O�O���G�H�J�U�H�H�V���R�I���I�U�H�H�G�R�P���D�W���W�K�H���V�W�H�H�U�L�Q�J��
�K�H�D�G�����/�R�D�G���%��(red) corresponds to the braking force vector acting at the motorcycle’s centre of 
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���W�K�H���M�X�P�S���O�D�Q�G�L�Q�J���V�L�P�X�O�D�W�L�R�Q�����W�K�H���I�L�[�H�G���V�X�S�S�R�U�W�����&�R�Q�V�W�U�D�L�Q�W���$�����S�X�U�S�O�H�����Z�D�V���D�J�D�L�Q���D�S�S�O�L�H�G���D�W��
the steering head, constraining all degrees of freedom (Fig. 69). Several force vectors (red) were 
defined within local coordinate systems and coupled to the frame via remote force connections. 
�)�R�U�F�H���%���Z�D�V���D�S�S�O�L�H�G���D�W���W�K�H���G�D�P�S�L�Q�J���X�Q�L�W�����)�R�U�F�H���&���D�W���W�K�H���V�H�D�W�����D�Q�G���)�R�U�F�H�V���'���D�Q�G���(���D�W���W�K�H���I�R�R�W�U�H�V�W�V����
These loads acted simultaneously and were transmitted to the crankcase flange and tank inserts 
through the defined remote force couplings. 

�)�R�U���W�K�H���F�R�U�Q�H�U�L�Q�J���V�L�P�X�O�D�W�L�R�Q�����W�K�H���I�L�[�H�G���V�X�S�S�R�U�W�����&�R�Q�V�W�U�D�L�Q�W���$, purple) was once more applied 
at the steering head (Fig. 70). �)�R�U�F�H���%�����U�H�G�����Z�D�V���D�S�S�O�L�H�G���D�W���W�K�H���U�H�D�U���Z�K�H�H�O–road contact patch 
and transferred to the crankcase flange and fuel tank inserts using a remote force connection. 
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Fig. 67 �%�R�X�Q�G�D�U�\���F�R�Q�G�L�W�L�R�Q�V��- braking 

 

 
Fig. 68 �%�R�X�Q�G�D�U�\���F�R�Q�G�L�W�L�R�Q�V��- jump 
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Fig. 69 �%�R�X�Q�G�D�U�\���F�R�Q�G�L�W�L�R�Q�V��- cornering 

5.1.3 OPTIMISATION SETUP 

�7�K�H���R�S�W�L�P�L�V�D�W�L�R�Q���V�H�W�X�S���L�Q���W�K�L�V���F�D�V�H���Z�D�V���U�H�O�D�W�L�Y�H�O�\���F�R�P�S�O�H�[�����D�V���W�K�H���P�D�W�H�U�L�D�O���S�U�R�S�H�U�W�L�H�V���G�H�I�L�Q�H�G��
�I�R�U�� �W�K�H�� �R�S�W�L�P�L�V�D�W�L�R�Q�� �P�R�G�H�O�� �G�L�I�I�H�U�� �I�U�R�P�� �W�K�R�V�H�� �W�K�D�W�� �Z�L�O�O�� �E�H�� �D�S�S�O�L�H�G�� �L�Q�� �W�K�H�� �I�L�Q�D�O�� �G�H�V�L�J�Q���� �$�I�W�H�U��
interpreting the optimisation results, the isotropic material initially used will be replaced by an 
anisotropic composite laminate, and further modifications are introduced to reflect 
manufacturing constraints typical for thin-walled shell structures. 

To obtain results as relevant as possible, aluminium was selected as the baseline optimisation 
�P�D�W�H�U�L�D�O�����,�W�V���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���������*�3�D���L�V���F�O�R�V�H���W�R���W�K�H���H�I�I�H�F�W�L�Y�H���V�W�L�I�I�Q�H�V�V���R�I���W�K�H���&�)�5�3���O�D�P�L�Q�D�W�H��
�L�Q���E�R�W�K���W�K�H���O�R�Q�J�L�W�X�G�L�Q�D�O�����(�u���� �D�Q�G���W�U�D�Q�V�Y�H�U�V�H�����(�~�u���� �G�L�U�H�F�W�L�R�Q�V����Fig. 71). For the purpose of the 
�R�S�W�L�P�L�V�D�W�L�R�Q�����W�K�H���P�R�G�X�O�X�V���Z�D�V���U�H�G�X�F�H�G���W�R���D�S�S�U�R�[�L�P�D�W�H�O�\���P�D�W�F�K���(�u�����Z�K�L�F�K—although neglecting 
anisotropy—�S�U�R�Y�L�G�H�V�� �D�� �U�H�D�V�R�Q�D�E�O�H�� �D�S�S�U�R�[�L�P�D�W�L�R�Q�� �R�I�� �W�K�H�� �O�D�P�L�Q�D�W�H�� �V�W�L�I�I�Q�H�V�V�� �W�K�U�R�X�J�K�� �W�K�H��
thickness. The density was also adjusted to correspond to the composite system, i.e. �!���§��������������
kg �P�q�ñ. 

Tab. 20 Comparison of reference stiffness values 

Material Young’s modulus of elasticity 

�2�F�H�O 210 GPa 

�$�O�X�P�L�Q�L�X�P 71 GPa 

CFRP K �����ƒ�������ƒ�����ƒ�������ƒ�����ƒ�� 
E0 E���� E90 

�������*�3�D �������*�3�D �������*�3�D 
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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�������2�Q�O�\���U�H�J�L�R�Q�V���Z�L�W�K���S�U�H�V�F�U�L�E�H�G���F�R�Q�V�W�U�D�L�Q�W�V���R�U���O�R�D�G�V���Z�H�U�H���H�[�F�O�X�G�H�G���I�U�R�P���R�S�W�L�P�L�V�D�W�L�R�Q����
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�L�V�D�W�L�R�Q objectives 

Response type Goal �/�R�D�G���F�D�V�H Weight Response 
constraint 

�9�R�O�X�P�H Minimize - 1 40 % 

Stress Minimize �%�U�D�N�L�Q�J 1 - 

Stress Minimize �-�X�P�S 1 - 

Stress Minimize Cornering 1 - 

Compliance Minimize Torsion 1 - 

Compliance Minimize �/�R�Q�J�L�W�X�G�L�Q�D�O 1 - 

Compliance Minimize �/�D�W�H�U�D�O 1 - 

�$�O�O�� �R�E�M�H�F�W�L�Y�H�V�� �Z�H�U�H�� �D�V�V�L�J�Q�H�G�� �H�T�X�D�O�� �Z�H�L�J�K�W�L�Q�J���� �$�S�D�U�W�� �I�U�R�P�� �W�K�H�� �Y�R�O�X�P�H�� �U�H�G�X�F�W�L�R�Q�� �W�D�U�J�H�W���� �W�K�H��
�U�H�P�D�L�Q�L�Q�J�� �R�E�M�H�F�W�L�Y�H�V�� �G�L�G�� �Q�R�W�� �K�D�Y�H�� �G�L�V�F�U�H�W�H�� �Q�X�P�H�U�L�F�D�O�� �F�R�Q�V�W�U�D�L�Q�W�V���� �$�V�� �D�� �U�H�V�X�O�W���� �W�K�H�� �D�O�J�R�U�L�W�K�P��
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 �%�R�X�Q�G�D�U�\���F�R�Q�G�L�W�L�R�Q��– topological optimisation 

�7�K�H���0�L�[�D�E�O�H���'�H�Q�V�L�W�\���0�H�W�K�R�G���Z�D�V���X�V�H�G���I�R�U���W�K�H���P�X�O�W�L-load topology optimisation. With multiple 
�O�R�D�G���F�D�V�H�V���D�Q�G���D���V�L�Q�J�O�H���Y�R�O�X�P�H���F�R�Q�V�W�U�D�L�Q�W�����W�K�H���V�R�O�Y�H�U���G�R�H�V���Q�R�W���D�W�W�H�P�S�W���W�R���V�D�W�L�V�I�\���H�[�S�O�L�F�L�W���O�L�P�L�W�V��
�I�R�U���G�H�I�R�U�P�D�W�L�R�Q���R�U���V�W�U�H�V�V���� �,�Q�V�W�H�D�G���� �L�W���P�L�Q�L�P�L�V�H�V���W�K�H���V�W�U�D�L�Q���H�Q�H�U�J�\ (compliance) by combining 
�F�R�Q�W�U�L�E�X�W�L�R�Q�V���I�U�R�P���W�K�H���G�L�I�I�H�U�H�Q�W���O�R�D�G���F�D�V�H�V�����,�Q���S�U�D�F�W�L�F�H�����W�K�L�V���P�H�D�Q�V���W�K�D�W���V�R�P�H���O�R�D�G���F�D�V�H�V���G�U�L�Y�H��
the structure towards higher stiffness, while others suppress stress concentrations. The outcome 
is a material distribution that, for the prescribed 40 % volume reduction, delivers the best 
compromise of global stiffness and uniform stress distribution Fig. ����. 

�)�L�Q�D�O�O�\�����D�Q���D�G�G�L�W�L�R�Q�D�O���V�\�P�P�H�W�U�\���F�R�Q�V�W�U�D�L�Q�W���Z�D�V���L�P�S�R�V�H�G�����%�H�F�D�X�V�H���V�R�P�H���R�I���W�K�H���O�R�D�G���F�D�V�H�V���D�U�H��
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 Y-plane was enforced to ensure a geometrically balanced design. 

5.1.4 RESULTS AND INTERPRETATION  

�7�K�H�� �L�Q�L�W�L�D�O�� �J�H�R�P�H�W�U�\�� �R�I�� �W�K�H�� �P�R�Q�R�F�R�T�X�H�� �I�U�D�P�H�� �K�D�G�� �D�� �P�D�V�V�� �R�I�� ���������� �N�J���� �$�I�W�H�U�� �W�R�S�R�O�R�J�\��
�R�S�W�L�P�L�V�D�W�L�R�Q�����W�K�L�V���Y�D�O�X�H���Z�D�V���U�H�G�X�F�H�G���W�R�����������N�J�����U�H�S�U�H�V�H�Q�W�L�Q�J���D���Z�H�L�J�K�W���U�H�G�X�F�W�L�R�Q���R�I���P�R�U�H���W�K�D�Q��
���� %. The optimisation result is shown in Fig. ����. 

The key task following the topology run was to correctly interpret the generated geometry and 
�W�R���P�R�G�L�I�\���L�W���L�Q�W�R���D���I�H�D�V�L�E�O�H���G�H�V�L�J�Q�����$�W���W�K�L�V���V�W�D�J�H�����L�W���Z�D�V���Q�H�F�H�V�V�D�U�\���W�R���D�O�U�H�D�G�\���W�D�N�H���L�Q�W�R���D�F�F�R�X�Q�W��
the manufacturing technology and to propose modifications or alternative 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�� �W�K�H�� �U�H�D�U�� �V�H�F�W�L�R�Q�� �R�I�� �W�K�H�� �P�R�Q�R�F�R�T�X�H���� �R�Q�O�\�� �P�L�Q�R�U�� �F�K�D�Q�J�H�V�� �Z�H�U�H�� �S�R�V�V�L�E�O�H�� �G�X�H�� �W�R�� �W�K�H�� �O�L�P�L�W�H�G��
�G�H�V�L�J�Q�� �V�S�D�F�H�� �F�R�Q�V�W�U�D�L�Q�H�G�� �E�\�� �W�K�H�� �E�D�W�W�H�U�\�� �V�\�V�W�H�P���� �,�Q�� �W�K�L�V�� �D�U�H�D���� �W�K�H�� �P�R�G�L�I�L�F�Dtions mainly 
corresponded to shape optimisation of the gross geometry – removal of sharp corners, 
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smoothing of surfaces, and elimination of small radii – motivated both by mechanical 
performance and by manufacturability. 

 

 

Fig. 72 Result of topology optimisation  

 

Fig. ���� �2�Y�H�U�O�D�\���R�I���W�K�H���R�S�W�L�P�L�V�H�G���P�D�W�H�U�L�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���Z�L�W�K���R�U�L�J�L�Q�D�O���J�H�R�P�H�W�U�\ 

More significant changes were observed in the steering head region, where the optimisation 
�V�X�J�J�H�V�W�H�G���D���Q�R�W�D�E�O�H���V�O�L�P�P�L�Q�J���R�I���W�K�H���V�W�U�X�F�W�X�U�H���D�Q�G���U�H�P�R�Y�D�O���R�I���U�H�G�X�Q�G�D�Q�W���Y�R�O�X�P�H�V�����%�D�V�H�G���R�Q���W�K�H��
load distribution obtained earlier (see Fig. ���� and Fig. 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. 74 �2�S�W�L�P�L�V�H�G���P�D�W�H�U�L�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���L�Q���W�K�H���Q�H�F�N���D�U�H�D 

 

Fig. ���� Section overlay of the optimised material distribution with original geometry 
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6 DESIGN AND MANUFACTURING  OPTIMISATION 
�%�D�V�H�G�� �R�Q�� �W�K�H�� �U�H�V�X�O�W�V�� �R�I�� �W�K�H�� �W�R�S�R�O�R�J�\�� �R�S�W�L�P�L�V�D�W�L�R�Q�� �S�U�H�V�H�Q�W�H�G�� �L�Q�� �&�K�D�S�W�H�U�� ������ �W�R�J�H�W�K�H�U�� �Z�L�W�K�� �W�K�H��
�H�[�S�H�U�L�H�Q�F�H�� �J�D�L�Q�H�G�� �I�U�R�P�� �W�K�H�� �S�U�R�W�R�W�\�S�L�Q�J�� �D�Q�G�� �P�D�Q�X�I�D�F�W�X�U�L�Q�J�� �R�I�� �W�K�H��baseline composite 
monocoque (c�K�D�S�W�H�U�V�����������D�Q�G���������������D���V�H�U�L�H�V���R�I���G�H�V�L�J�Q���P�R�G�L�I�L�F�D�W�L�R�Q�V���Z�H�U�H���S�U�R�S�R�V�H�G�����7�K�H���S�U�L�P�D�U�\��
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 
�I�D�E�U�L�F�D�W�L�R�Q�����$�W���W�K�H���V�D�P�H���W�L�P�H�����W�K�H���P�R�G�L�I�L�F�D�W�L�R�Q�V���D�L�P�H�G���W�R��increase the mechanical performance 
of the frame while keeping the overall lay-up scheme and production costs at a comparable 
level. 

�7�K�H���R�Y�H�U�D�O�O���F�R�Q�F�H�S�W���R�I���W�K�H���E�R�Q�G�H�G���D�V�V�H�P�E�O�\���U�H�P�D�L�Q�V���X�Q�F�K�D�Q�J�H�G�����+�R�Z�H�Y�H�U�����V�H�Y�H�U�D�O���J�H�R�P�H�W�U�L�F�D�O��
and structural improvements were introduced to enhance the manufacturability of the 
monocoque, to facilitate handling during the lay-up and bonding processes, and to ensure more 
reliable structural performance in operation. 

  

Fig. 76 �/�H�I�W�����W�R�S�R�O�R�J�\���R�S�W�L�P�L�V�D�W�L�R�Q���L�Q�S�X�W�����U�L�J�K�W�����R�S�W�L�P�Lsed design 
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Fig. 77 �2�Y�H�U�O�D�\���R�I���W�K�H���W�R�S�R�O�R�J�\���R�S�W�L�P�L�V�D�W�L�R�Q���L�Q�S�X�W���D�Q�G��optimised design 

6.1 LIMITATIONS OF THE BASELINE  DESIGN 
The initial prototype design revealed a number of limitations that affected both manufacturing 
�H�I�I�L�F�L�H�Q�F�\���D�Q�G���W�K�H���T�X�D�O�L�W�\���R�I���W�K�H���I�L�Q�D�O���V�W�U�X�F�W�X�U�H�� 

�ƒ �1�R�P�L�Q�D�O���W�K�L�F�N�Q�H�V�V���F�R�Q�V�W�U�D�L�Q�W�V�����,�Q���V�H�Y�H�U�D�O���F�U�L�W�L�F�D�O���U�H�J�L�R�Q�V�����W�K�H���O�D�P�L�Q�D�W�H���W�K�L�F�N�Q�H�V�V���F�R�X�O�G��
not be adapted to the structural requirements. Moreover, the application of sandwich 
�V�W�U�X�F�W�X�U�H�V���Z�L�W�K���O�L�J�K�W�Z�H�L�J�K�W���F�R�U�H�V���Z�D�V���Q�R�W���I�H�D�V�L�E�O�H���G�X�H���W�R���W�K�H���F�R�P�S�O�H�[���J�H�R�P�H�W�U�\ Fig. 79 
(left). 

�ƒ �7�D�Q�N�� �P�R�X�Q�W�� �L�Q�V�H�U�W�V���� �$�O�X�P�L�Q�L�X�P�� �K�R�O�G�H�U�V�� �I�R�U�� �W�K�H�� �I�X�H�O�� �W�D�Q�N�� �Z�H�U�H�� �H�P�E�H�G�G�H�G�� �L�Q�W�R�� �W�K�H��
composite shell through small, difficult-to-machine pockets. These features not only 
�U�H�T�X�L�U�H�G���H�[�W�H�Q�V�L�Y�H���&�1�&���P�D�F�K�L�Q�L�Q�J���E�X�W���D�O�V�R���G�H�P�D�Q�G�H�G���P�X�O�W�L�S�O�H���R�U�L�H�Q�W�D�W�L�R�Q���F�K�D�Q�J�H�V���R�I��
the lay-up. 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 bond lines Fig. 79 (right). 
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Fig. 78 �/�H�I�W�����F�R�P�S�O�H�[���J�H�R�P�H�W�U�\�����5�L�J�K�W�����F�U�L�W�L�F�D�O���D�U�H�D���I�R�U���O�D�\-up and bonding 

�ƒ �%�R�Q�G�L�Q�J�� �I�O�D�Q�J�H�� �G�H�V�L�J�Q���� �7�K�H�� �I�O�D�Q�J�H�� �Z�D�V�� �R�U�L�J�L�Q�D�O�O�\�� �R�U�L�H�Q�W�H�G�� �R�X�W�Z�D�U�G���� �Z�K�L�F�K�� �L�Q�G�H�H�G��
allowed the use of a one-piece 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�I�W����baseline design flange�����5�L�J�K�W����inside flange 

�ƒ �&�R�P�S�O�H�[���H�[�W�H�U�Q�D�O���J�H�R�P�H�W�U�\�����7�K�H���R�X�W�H�U���V�X�U�I�D�F�H���R�I���W�K�H���V�K�H�O�O���F�R�Q�W�D�L�Q�H�G���Q�X�P�H�U�R�X�V���V�P�D�O�O��
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 labour-intensive. 
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Fig. 80 Sharp corners and small radii 

 

 

Fig. 81 Sharp corners and small radii 

 

�ƒ 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 delamination under 
load. 

critical areas 

critical areas 
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�ƒ �%�R�Q�G�L�Q�J���D�F�F�X�U�D�F�\�����'�X�U�L�Q�J���W�K�H���E�R�Q�G�L�Q�J���R�I���W�K�H���W�Z�R���K�D�O�Y�H�V�����W�K�H���D�V�V�H�P�E�O�\���O�D�F�N�H�G���U�H�O�L�D�E�O�H��
�S�K�\�V�L�F�D�O���V�W�R�S�V���W�R���G�H�I�L�Q�H���W�K�H���I�L�Q�D�O���S�R�V�L�W�L�R�Q���R�I���W�K�H���S�D�U�W�V�����9�D�U�L�D�W�L�R�Q�V���L�Q���O�D�P�L�Q�D�W�H���W�K�L�F�N�Q�H�V�V��
combined with rounded edges at the flanges made precise alignment difficult, often 
leading to uncontrolled bond-line thickness. 

�2�Y�H�U�D�O�O�����W�K�H��baseline prototype monocoque highlighted the necessity to simplify the geometry, 
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 region (Fig. ����). This reinforcement 
follows the load paths identified in Chapter 6 and locally increases stiffness in one of the 
�V�W�U�X�F�W�X�U�D�O�O�\���Z�H�D�N�H�V�W���S�D�U�W�V���R�I���W�K�H���I�U�D�P�H�����$�W���W�K�H���V�D�P�H���W�L�P�H�����W�K�H���U�L�E���D�O�V�R���I�X�Q�F�W�L�R�Q�V���D�V���D���V�W�R�S���H�O�H�P�H�Q�W��
for battery positioning during installation, thus combining structural and functional roles. 

�,�Q���W�K�H���V�H�O�H�F�W�H�G���F�R�Q�I�L�J�X�U�D�W�L�R�Q�����W�K�H���U�L�E���L�V���P�D�Q�X�I�D�F�W�X�U�H�G���V�H�S�D�U�D�W�H�O�\���D�Q�G���V�X�E�V�H�T�X�H�Q�W�O�\���E�R�Q�G�H�G���L�Q�W�R��
�W�K�H���F�X�U�H�G���P�R�Q�R�F�R�T�X�H���V�K�H�O�O�����7�K�L�V���D�S�S�U�R�D�F�K���R�I�I�H�U�V���I�O�H�[�L�E�L�O�L�W�\���L�Q���I�D�E�U�L�F�D�W�L�R�Q���D�Q�G���T�X�D�O�L�W�\���F�R�Q�W�U�R�O��
of the rib, while allowing the main monocoque halves to be produced without additional 
�F�R�P�S�O�H�[�L�W�\���L�Q���W�K�H���P�R�X�O�G�����$�O�W�K�R�X�J�K���L�W���U�H�T�X�L�U�H�V���D�Q���D�G�G�L�W�L�R�Q�D�O���E�R�Q�G�L�Q�J���R�S�H�U�D�W�L�R�Q���D�Q�G���L�Q�W�U�R�G�X�F�H�V��
tolerances in the adhesive bond line, these disadvantages are outweighed by the advantages in 
manufacturability and modularity. 

�$���I�X�U�W�K�H�U���E�H�Q�H�I�L�W���R�I���W�K�L�V���D�U�U�D�Q�J�H�P�H�Q�W���L�V���W�K�D�W���W�K�H���V�S�D�F�H���E�H�W�Z�H�H�Q���W�K�H���W�Z�R���U�L�E�V���I�R�U�P�V���D���F�R�Q�W�L�Q�X�R�X�V��
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 elements across the joint. 

 

 

Fig. 82 Steering head region reinforcement 

bonding area 



BRNO 2025 

 

 

83 
 

DESIGN AND MANUFACTURING OPTIMISATION 

6.2.2 REDESIGN OF FUEL TANK MOUNTS  

The baseline design included aluminium holders for the fuel tank embedded into small pockets 
within the laminate. These pockets were difficult to manufacture and created local thickness 
�Y�D�U�L�D�W�L�R�Q�V���� �Z�K�L�F�K�� �F�D�X�V�H�G�� �F�R�P�S�O�L�F�D�W�L�R�Q�V�� �G�X�U�L�Q�J�� �D�G�K�H�V�L�Y�H�� �E�R�Q�G�L�Q�J���� �,�Q�� �W�K�H��optimised concept, 
these features were eliminated (see Fig. 77)���� �,�Q�V�W�H�D�G���� �D��simplified insert is bonded into an 
internal cavity of the shell, while the �H�[�W�H�U�Q�D�O���W�D�Q�N���E�U�D�F�N�H�W will be mounted from the outside 
and screwed directly into the insert. The insert itself is designed as a turned part with an 
integrated thread and shoulder, which is bonded into the composite wall. This solution reduces 
�P�D�Q�X�I�D�F�W�X�U�L�Q�J�� �F�R�P�S�O�H�[�L�W�\���� �L�P�S�U�R�Y�H�V�� �E�R�Q�G�L�Q�J�� �U�H�O�L�D�E�L�O�L�W�\���� �D�Q�G�� �O�R�Z�H�U�V�� �F�R�V�W�V�� �E�\�� �D�O�O�R�Z�L�Q�J�� �W�K�H��
�H�[�W�H�U�Q�D�O���E�U�D�F�N�H�W���W�R���E�H���S�U�R�G�X�F�H�G���E�\���V�L�P�S�O�H���E�H�Q�G�L�Q�J�����Z�H�O�G�L�Q�J�����R�U���V�W�U�D�L�J�K�W�I�R�U�Z�D�U�G���P�D�F�K�L�Q�L�Q�J. 

6.2.3 MODIFICATION OF BONDING FLANGES  

�,�Q���W�K�H��baseline design, the bonding flange was oriented outward, which created visible joints 
�R�Q���W�K�H���H�[�W�H�U�Q�D�O���V�X�U�I�D�F�H���D�Q�G���L�Q�F�U�H�D�V�H�G���W�K�H���U�L�V�N���R�I���D�G�K�H�V�L�Y�H���E�H�L�Q�J���Z�L�S�H�G���R�I�I���G�X�U�L�Q�J���D�V�V�H�P�E�O�\�����,�Q��
the optimised concept, 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 (bevel) at the flange 
edge. This reduces the likelihood of adhesive being scraped away when the halves are pressed 
�W�R�J�H�W�K�H�U�����W�K�H�U�H�E�\���L�P�S�U�R�Y�L�Q�J���W�K�H���U�H�O�L�D�E�L�O�L�W�\���D�Q�G���X�Q�L�I�R�U�P�L�W�\���R�I���W�K�H���M�R�L�Q�W�����$�V���D���U�H�V�X�O�W�����W�K�H���R�Y�H�U�D�O�O��
consistency and robustness of the bonding process are significantly enhanced. 

This modification also influences the tooling concept. Since the lap joint is recessed inward, 
the mould can no longer be manufactured as a one-�S�L�H�F�H���W�R�R�O�����,�Q�V�W�H�D�G�����D�Q���R�S�S�R�V�L�Q�J���W�R�R�O���V�X�U�I�D�F�H��
(counterpart) must be incorporated along the parting line to create the necessary flange offset 
towards the inside of the monocoque. 

6.2.4 O�9�(�5�$�/�/���6�0�2�2�7�+�,�1�*���2�)���*�(�2�0�(�7�5�< 

�7�K�H�� �R�S�W�L�P�L�V�H�G�� �J�H�R�P�H�W�U�\�� �I�U�R�P�� �&�K�D�S�W�H�U�� ���� �Z�D�V�� �W�D�N�H�Q�� �D�V�� �W�K�H�� �E�D�V�H�O�L�Q�H���� �E�X�W�� �L�W�� �Z�D�V�� �V�X�E�V�H�T�X�H�Q�W�O�\��
simplified to meet manufacturing constraints. Sharp corners, small radii, and unnecessary 
recesses were eliminated, resulting in smoother surfaces that facilitate lay-up 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�� �D�G�G�L�W�L�R�Q�D�O�� �V�W�H�S�� �W�R�Z�D�U�G�V�� �V�L�P�S�O�L�I�\�L�Q�J�� �W�K�H�� �G�H�V�L�J�Q�� �Z�D�V�� �W�K�H��reduction in the total number of 
composite parts forming the bonded assembly. This modification directly results in fewer 
�P�R�X�O�G�V�����I�H�Z�H�U���D�V�V�H�P�E�O�\���I�L�[�W�X�U�H�V�����D�Q�G���D���U�H�G�X�F�H�G���Q�X�P�E�H�U���R�I���E�R�Q�G�L�Q�J���R�S�H�U�D�W�L�R�Q�V�����&�R�Q�V�H�T�X�H�Q�W�O�\����
manufacturing efficiency is increased, while the probability of dimensional inaccuracies during 
�D�V�V�H�P�E�O�\�� �L�V�� �U�H�G�X�F�H�G���� �,�Q�� �W�K�H�� �R�S�W�L�P�L�V�H�G�� �F�R�Q�I�L�J�X�U�D�W�L�R�Q���� �W�K�H�� �P�R�Q�R�F�R�T�X�H�� �F�R�Q�V�L�V�W�V�� �R�I�� �R�Q�O�\��four 
�F�R�P�S�R�V�L�W�H���F�R�P�S�R�Q�H�Q�W�V���L�Q�V�W�H�D�G���R�I���V�L�[—the two main halves and the newly added internal ribs. 

6.2.6 SIMPLIFICATION OF MACHINED INSERTS  

The aluminium inserts used in the baseline �G�H�V�L�J�Q���F�R�Q�W�D�L�Q�H�G���F�R�P�S�O�H�[���J�H�R�P�H�W�U�L�F�D�O���I�H�D�W�X�U�H�V���W�K�D�W��
�V�L�J�Q�L�I�L�F�D�Q�W�O�\���L�Q�F�U�H�D�V�H�G���P�D�F�K�L�Q�L�Q�J���W�L�P�H�����,�Q���W�K�H��optimised design, these inserts were simplified 
to shapes that are compatible with standard machining operations, avoiding 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 pocket directly into the 
monocoque structure (Fig. 84)�����,�Q���W�K�H��baseline prototype, this pocket was realised as a separate 
plastic insert �S�O�D�F�H�G���L�Q�W�R���D�Q���R�S�H�Q�L�Q�J���L�Q���W�K�H���F�R�P�S�R�V�L�W�H���V�K�H�O�O�����,�Q���W�K�H���R�S�W�L�P�L�V�H�G���G�H�V�L�J�Q�����K�R�Z�H�Y�H�U����
the pocket is incorporated directly into one half of the monocoque, which simplifies assembly 
but simultaneously requires the use of a multi-piece mould. 

The necessity of a multi-piece tool is further reinforced by the inward offset of the bonding 
flange, which prevents demoulding of the part using a single-�S�L�H�F�H�� �P�R�X�O�G���� �,�Q�� �W�K�L�V�� �F�D�V�H���� �W�K�H��
problem is solved by a simple shaped insert mounted 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 
�S�L�Q���S�R�V�L�W�L�R�Q�L�Q�J�����$�I�W�H�U���F�X�U�L�Q�J�����W�K�H���V�F�U�H�Z�V���D�U�H���U�H�P�R�Y�H�G���D�Q�G���W�K�H���L�Q�V�H�U�W���F�D�Q���E�H���U�H�O�H�D�V�H�G���W�R�J�H�W�K�H�U��
with the part, ensuring straightforward demoulding. 

 

Fig. ���� Draft angle analysis of a monocoque half 

 

 

 

 

Non-demoldable cavity 
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7 NUMERICAL ANALYSIS OF MONOCOQUE STRUCTURES  
Numerical simulations were carried out for both the baseline version of the monocoque and an 
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 
�L�Q���&�K�D�S�W�H�U���������� 

Composite parts were modelled as shell elements with parametrically defined orthotropic ply 
properties, while aluminium reinforcing inserts were represented as solid bodies with 
�K�R�P�R�J�H�Q�H�R�X�V�� �L�V�R�W�U�R�S�L�F�� �E�H�K�D�Y�L�R�X�U���� �$�G�K�H�V�L�Y�H�� �M�R�L�Q�W�V�� �Z�H�U�H�� �L�G�H�D�O�L�V�H�G�� �X�V�L�Q�J�� �E�R�Q�G�H�G�� �Fonstraints 
applied at the corresponding contact areas. This modelling approach follows the procedure 
�Y�D�O�L�G�D�W�H�G���L�Q���F�K�D�S�W�H�U�������������H�Q�V�X�U�L�Q�J���W�K�D�W���W�K�H���Q�X�P�H�U�L�F�D�O���U�H�V�X�O�W�V���U�H�P�D�L�Q���F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K���H�[�S�H�U�L�P�H�Q�W�D�O��
observations. 

�/�R�D�G�L�Q�J���F�R�Q�G�L�W�L�R�Q�V���D�Q�G���E�R�X�Q�G�D�U�\���G�H�I�L�Q�L�W�L�R�Q�V���Z�H�U�H���D�S�S�O�L�H�G���L�Q���D�F�F�R�U�G�D�Q�F�H���Z�L�W�K���W�K�H���I�U�D�P�H�Z�R�U�N��
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 red in Fig. ����). The moment acts along an 
�D�[�L�V���S�D�V�V�L�Q�J���W�K�U�R�X�J�K���W�K�H���F�H�Q�W�U�R�L�G���R�I���W�K�H���O�R�D�G�H�G���V�X�U�I�D�F�H�����S�H�U�S�H�Q�G�L�F�X�O�D�U���W�R���W�K�H���V�W�H�H�U�L�Q�J���D�[�L�V�����D�Q�G��
lying in the plane of symmetry of the motorcycle. 

�2�Q���W�K�H���L�Q�Q�H�U���V�X�U�I�D�F�H���R�I���W�K�H���D�O�X�P�L�Q�L�X�P���L�Q�V�H�U�W���R�I���W�K�H���V�W�H�H�U�L�Q�J���K�H�D�G�����D���I�L�[�H�G���V�X�S�S�R�U�W���Z�D�V���G�H�I�L�Q�H�G����
constraining all degrees of freedom (shown in purple in Fig. ����). 

The resulting torsional angle of twist was calculated using equation (��). The calculation is based 
�R�Q�� �W�K�H�� �O�H�Y�H�U�� �D�U�P�� �E�H�W�Z�H�H�Q�� �W�K�H�� �W�R�U�V�L�R�Q�D�O�� �D�[�L�V�� �D�Q�G�� �W�K�H�� �S�R�L�Q�W�� �D�W�� �Z�K�L�F�K�� �G�L�V�S�O�D�F�H�P�H�Q�W�� �G�X�H�� �W�R��
deformation was measured. The torsional stiffness was calculated using equation (1). Results 
are in Tab. 22. 

Tab. 22 Composite monocoque torsional stiffness results 

 �%�D�V�H�O�L�Q�H design �2�S�W�L�P�Lsed design Percentual difference 

�$�S�S�O�L�H�G���O�R�D�G 1 000 Nm 1 000 Nm  

Displacement of point  0.89 mm 0.�������P�P - ��6 % 

�/�H�Y�H�U���D�U�P���O�H�Q�J�W�K 121 mm 121 mm  

�$�Q�J�O�H���R�I���W�Z�L�V�W 0.421° 0.�������ƒ + ��6 % 

Torsional stiffness  2 ���������1�P °-1 �� ���������1�P °-1 + 128 % 

Mass �������� kg 2.�������N�J�� - 2 % 
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Fig. 84 Torsional loading – boundary conditions 

 

Fig. ���� Torsional deformation on the baseline monocoque design 
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Fig. 86 Torsional deformation on the optimised monocoque design 

7.1.2 LONGITUDINAL LOADING  

For the longitudinal load case, a force was applied at the intersection of the steering-�K�H�D�G���D�[�L�V��
and the front-�Z�K�H�H�O���D�[�O�H�����V�H�H��Fig. 88). The force acts perpendicularly to the steering-�K�H�D�G���D�[�L�V��
and is transferred to the inner surface of the aluminium insert of the fork mounting, thereby 
inducing a bending moment in the frame. 

�2�Q���W�K�H���F�R�Q�W�D�F�W���V�X�U�I�D�F�H���R�I���W�K�H���D�O�X�P�L�Q�L�X�P���L�Q�V�H�U�W���F�R�Q�Q�H�F�W�L�Q�J���W�K�H���I�U�D�P�H���W�R���W�K�H���F�U�D�Q�N�F�D�V�H�����D���I�L�[�H�G��
support was defined, constraining all degrees of freedom (Fig. 88). 

The resulting longitudinal displacement used for stiffness evaluation was calculated from the 
measured shift of a reference point on the lower edge of the steering-head insert. 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 Eq. (4). Results are summarised in Tab. 22. 
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Tab. ���� Composite monocoque longitudinal stiffness results 

 �%�D�V�H�O�L�Q�H 
design 

�2�S�W�L�P�Lsed 
design 

Percentual 
difference 

�$�S�S�O�L�H�G���O�R�D�G 1 000 N 1 000 N  

�$�Y�H�U�D�J�H���G�L�V�S�O�D�F�H�P�H�Q�W���R�I���U�H�I�H�U�H�Q�F�H��
point  �����������P�P �����������P�P - 40 % 

�/�H�Y�H�U���D�U�P���I�U�R�P���U�R�W�D�W�L�R�Q�D�O���D�[�L�V 92 mm 92 mm  

�/�H�Y�H�U���D�U�P���W�R���O�R�D�G���D�S�S�O�L�F�D�W�L�R�Q���S�R�L�Q�W ���������P�P ���������P�P  

Displacement at load application point 2.48 mm 1.49 mm - 40 % 

�/�R�Q�J�L�W�X�G�L�Q�D�O���V�W�L�I�I�Q�H�V�V ���������1 mm-1 671 N mm-1 + 67 % 

Mass �������� kg �����������N�J�� - 2 % 

 

 

Fig. 87 �/�R�Q�J�L�W�X�G�L�Q�D�O���O�R�D�G�L�Q�J – boundary conditions 
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Fig. 88 �%�D�V�H�O�L�Q�H monocoque design - displacement under longitudinal loading 

 

Fig. 89 �2�S�W�L�P�Lsed monocoque - displacement under longitudinal loading 
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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 in Fig. 91). The force acts in the lateral 
direction and is applied with an �R�I�I�V�H�W���D�O�R�Q�J���W�K�H���=-�D�[�L�V���L�Q���R�U�G�H�U���W�R���P�L�Q�L�P�L�V�H���W�K�H���L�Q�G�X�F�W�L�R�Q���R�I��
torsional loading. 

�2�Q���W�K�H���L�Q�Q�H�U���V�X�U�I�D�F�H���R�I���W�K�H���D�O�X�P�L�Q�L�X�P���L�Q�V�H�U�W���R�I���W�K�H���V�W�H�H�U�L�Q�J���K�H�D�G�����D���I�L�[�H�G���V�X�S�S�R�U�W was defined, 
constraining all degrees of freedom (shown in purple in Fig. 91). 

The resulting lateral displacement was determined from the measured displacement of the 
reference point. The lateral stiffness was then obtained according to Eq. (��). Results are 
summarised in Tab. 24. 

Tab. 24 Composite monocoque lateral stiffness results 

 �%�D�V�H�O�L�Q�H design �2�S�W�L�P�Lsed design Percentual difference 

�$�S�S�O�L�H�G���O�R�D�G 1000 N 1000 N  

�$�Y�H�U�D�J�H���U�H�I�H�U�H�Q�F�H���S�R�L�Q�W���G�L�V�S�O�D�F�H�P�H�Q�W  2.08 mm 0.87 mm - �������� 

�/�D�W�H�U�D�O���V�W�L�I�I�Q�H�V�V 480 N mm-1 �����������1 mm-1 + 140 % 

Mass �������� kg �����������N�J�� - 2 % 

 

 

Fig. 90 �/�D�W�H�U�D�O���O�R�D�G�L�Q�J��– boundary conditions 
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Fig. 91 �%�D�V�H�O�L�Q�H monocoque design - displacement under lateral loading 

 

 

Fig. 92 �2�S�W�L�P�Lsed monocoque - displacement under lateral loading 
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7.2 STRENGTH PARAMETERS 
The applied loads and boundary conditions are identical to those defined in Chapter ���������� and 
subsequently used for the topology optimisation in Chapters 6. Due to this near-complete 
correspondence, the boundary conditions are presented here only in a graphical form. 

For the evaluation of composite failure���� �W�K�U�H�H�� �Z�L�G�H�O�\�� �U�H�F�R�J�Q�L�V�H�G�� �F�U�L�W�H�U�L�D�� �Z�H�U�H�� �D�S�S�O�L�H�G����
�P�D�[�L�P�X�P�� �V�W�U�D�L�Q, �P�D�[�L�P�X�P�� �V�W�U�H�V�V, and Tsai–Wu. These criteria were selected because they 
�W�R�J�H�W�K�H�U���S�U�R�Y�L�G�H���D���F�R�P�S�U�H�K�H�Q�V�L�Y�H���G�H�V�F�U�L�S�W�L�R�Q���R�I���O�D�P�L�Q�D�W�H���E�H�K�D�Y�L�R�X�U�����7�K�H���P�D�[�L�P�X�P���V�W�U�D�L�Q���D�Q�G��
�P�D�[�L�P�X�P���V�W�U�H�V�V���F�U�L�W�H�U�L�D���H�Q�D�E�O�H���D���V�W�U�D�L�J�K�W�I�R�U�Z�D�U�G���D�V�V�H�V�V�P�H�Q�W���R�I���Z�K�H�W�K�H�U���L�Q�G�L�Y�L�G�X�D�O���S�O�\���V�W�U�H�V�V�H�V��
�R�U���V�W�U�D�L�Q�V���H�[�F�H�H�G���W�K�H���F�R�U�Uesponding material limits, while the Tsai–Wu criterion offers a more 
general failure envelope that accounts for multi-�D�[�L�D�O�� �Vtress states and interaction effects 
between different stress components.  

�7�K�H���W�D�U�J�H�W���Z�D�V���W�R���P�D�L�Q�W�D�L�Q���D���V�D�I�H�W�\���I�D�F�W�R�U���R�I�������I�R�U���D�O�O���O�R�D�G���F�D�V�H�V�����Z�K�L�F�K���F�R�U�U�H�V�S�R�Q�G�V���W�R���D�Q���L�Q�Y�H�U�V�H��
�U�H�V�H�U�Y�H���I�D�F�W�R�U�����,�5�)�����R�I���������������$�U�H�D�V���Z�K�H�U�H���W�K�H���,�5�)���I�D�O�O�V���E�H�O�R�Z���W�K�L�V���W�K�U�H�V�K�R�O�G���L�Q�G�L�F�D�W�H���L�Q�V�X�I�I�L�F�L�H�Q�W��
safety and require further justification or redesign. Since local m�D�[�L�P�D occurs due to mesh 
imperfections or discretisation artefacts, the comparison between design variants is based 
�S�U�L�P�D�U�L�O�\���R�Q���W�K�H���D�Y�H�U�D�J�H���,�5�)���Y�D�O�X�H�V���D�F�U�R�V�V���W�K�H���F�R�P�S�R�Q�H�Q�W�����7�K�L�V���D�S�S�U�R�D�F�K���I�L�O�W�H�U�V���R�X�W���L�V�R�O�D�W�H�G��
outliers and provides a clearer and more representative basis for comparison. 

7.2.1 BRAKING 

The applied boundary conditions are shown in Fig. 94 and are identical to those used for the 
topology optimisation. 

From a safety perspective, the baseline �J�H�R�P�H�W�U�\���H�[�K�L�E�L�W�V���F�U�L�W�L�F�D�O���U�H�J�L�R�Q�V����Fig. ����) where the 
�L�Q�Y�H�U�V�H���U�H�V�H�U�Y�H���I�D�F�W�R�U�����,�5�)�����H�[�F�H�H�G�V�������������D�F�U�R�V�V���D�O�O���D�S�S�O�L�H�G���I�D�L�O�X�U�H���F�U�L�W�H�U�L�D�����7�K�H�V�H���U�H�J�L�R�Q�V���D�F�W��
�D�V�� �O�R�F�D�O�� �V�W�U�H�V�V�� �F�R�Q�F�H�Q�W�U�D�W�R�U�V���� �S�U�L�P�D�U�L�O�\�� �G�X�H�� �W�R�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �V�P�D�O�O�� �D�Q�G�� �V�K�D�U�S�� �U�D�G�L�L���� �,�Q�� �W�K�H��
�R�S�W�L�P�L�V�H�G���J�H�R�P�H�W�U�\�����V�L�P�L�O�D�U���H�[�F�H�H�G�D�Q�F�H�V���F�D�Q���D�O�V�R���E�H���Rbserved, but they occur to a significantly 
�O�H�V�V�H�U���H�[�W�H�Q�W�� 

�2�Y�H�U�D�O�O���� �W�K�H�� �V�W�H�H�U�L�Q�J�� �K�H�D�G�� �U�H�J�L�R�Q�� �U�H�P�D�L�Q�V�� �W�K�H�� �P�R�V�W���F�U�L�W�L�F�D�O�� �D�U�H�D�� �R�I�� �W�K�H�� �V�W�U�X�F�W�X�U�H�� �D�Q�G�� �U�H�T�X�L�U�H�V��
�O�R�F�D�O�� �U�H�L�Q�I�R�U�F�H�P�H�Q�W�� �W�R�� �H�Q�V�X�U�H�� �V�D�I�H�W�\���� �1�H�Y�H�U�W�K�H�O�H�V�V���� �L�Q�� �W�H�U�P�V�� �R�I�� �W�K�H�� �D�Y�H�U�D�J�H�� �,�5�)�� �Y�D�O�X�H�V���� �W�K�H��
�R�S�W�L�P�L�V�D�W�L�R�Q���U�H�V�X�O�W�H�G���L�Q���D�������������U�H�G�X�F�W�L�R�Q�����G�H�P�R�Q�V�W�U�D�W�L�Q�J���W�K�H���E�H�Q�H�I�L�F�Lal effect of the modified 
geometry. 
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Fig. ���� �%�U�D�N�L�Q�J��– boundary conditions 

 

Fig. 94 �%�D�V�H�O�L�Q�H monocoque – braking - composite inverse reverse factor 

 

critical area 
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Fig. ���� �2�S�W�L�P�Lsed monocoque – braking - composite inverse reverse factor 

7.2.2 JUMP 

The applied boundary conditions for the jump loading case are shown in Fig. 97���� �$�V�� �W�K�L�V��
scenario produces the highest overall load levels among all investigated cases, it also leads to 
�W�K�H���J�U�H�D�W�H�V�W���Q�X�P�E�H�U���R�I���H�[�F�H�H�G�D�Q�F�H�V���R�I���W�K�H���V�H�O�H�F�W�H�G���V�D�I�H�W�\���I�D�F�W�R�U�� 

�,�Q���W�K�H��baseline geometry, critical regions can be observed (Fig. 98) where the inverse reserve 
�I�D�F�W�R�U�����,�5�)�����H�[�F�H�H�G�V�������������D�F�F�R�U�G�L�Q�J���W�R���D�O�O���D�S�S�O�L�H�G���I�D�L�O�X�U�H���F�U�L�W�H�U�L�D�����$�V���L�Q���W�K�H���S�U�H�Y�L�R�X�V���O�R�D�G���F�D�V�H����
the steering head is the most critical area due to stress concentrations, but additional 
�H�[�F�H�H�G�D�Q�F�H�V���D�O�V�R���D�S�S�H�D�U���L�Q���W�K�H���U�D�G�L�X�V���U�Hgions near the tank inserts. 

�,�Q���W�K�H���R�S�W�L�P�L�V�H�G���J�H�R�P�H�W�U�\�����Y�D�O�X�H�V���D�E�R�Y�H���W�K�H�������������W�K�U�H�V�K�R�O�G���D�U�H���V�W�L�O�O���S�U�H�V�H�Q�W���L�Q���W�K�H�V�H���D�U�H�D�V�����E�X�W��
�W�R���D���P�X�F�K���V�P�D�O�O�H�U���H�[�W�H�Q�W�����1�H�Y�H�U�W�K�H�O�H�V�V�����E�R�W�K���W�K�H���V�W�H�H�U�L�Q�J���K�H�D�G���D�Q�G���W�K�H���W�D�Q�N���L�Q�V�H�U�W���U�H�J�L�R�Q�V���Z�L�O�O��
require local reinforcement to ensure sufficient safety margins. 

�,�Q���W�H�U�P�V���R�I���D�Y�H�U�D�J�H���,�5�)���Y�D�O�X�H�V�����W�R�S�R�O�R�J�\���R�S�W�L�P�L�V�D�W�L�R�Q���U�H�V�X�O�W�H�G���L�Q���D�������������U�H�G�X�F�W�L�R�Q�����F�R�Q�I�L�U�P�L�Q�J��
a substantial improvement in the overall structural response under this most demanding loading 
condition. 

 

critical area 
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Fig. 96 �-�X�P�S��– boundary conditions 

 

 

Fig. 97 �%�D�V�H�O�L�Q�H monocoque – jump - composite inverse reverse factor 
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Fig. 98 �2�S�W�L�P�Lsed monocoque – jump - composite inverse reverse factor 

7.2.3 CORNERING 

The applied boundary conditions for the cornering load case are shown in Fig. 100. Compared 
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���W�K�H��baseline �J�H�R�P�H�W�U�\�����D���V�O�L�J�K�W���H�[�F�H�H�G�D�Q�F�H���R�I���W�K�H���V�D�I�H�W�\���I�D�F�W�R�U���Z�D�V���R�E�V�H�U�Y�H�G���L�Q���W�K�H���V�W�H�H�U�L�Q�J��
head region (Fig. 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���W�K�H���R�S�W�L�P�L�V�H�G���J�H�R�P�H�W�U�\�����W�K�H���V�D�P�H���U�H�J�L�R�Q�V���V�K�R�Z���L�Q�F�U�H�D�V�H�G���,�5�)���Y�D�O�X�H�V�����K�R�Z�H�Y�H�U�����W�K�H�\���U�H�P�D�L�Q��
below 0.2, and thus comfortably within the required safety margin. 

�)�U�R�P�� �W�K�H�� �S�H�U�V�S�H�F�W�L�Y�H�� �R�I�� �W�K�H�� �D�Y�H�U�D�J�H�� �,�5�)�� �Y�D�O�X�H�V���� �W�K�H�� �R�S�W�L�P�L�V�H�G�� �J�H�R�P�H�W�U�\�� �D�F�K�L�H�Y�H�G�� �D�� ������ ����
reduction, confirming a noticeable improvement in the distribution of stresses even under this 
comparatively less demanding loading condition. 

 

critical area 
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Fig. 99 Cornering – boundary conditions 

 
Fig. 100 �%�D�V�H�O�L�Q�H��monocoque – cornering - composite inverse reverse factor 
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Fig. 101 �2�S�W�L�P�Lsed monocoque – cornering - composite inverse reverse factor 

7.2.4 SUMMARY 

From the perspective of stiffness, the optimised geometry demonstrated clear improvements, 
particularly in torsional and lateral stiffness, where the target values were comfortably 
�H�[�F�H�H�G�H�G�����7�K�H���L�Q�F�U�H�D�V�H���L�Q��longitudinal stiffness was less pronounced; however, even a gain of 
67 % represents a positive outcome and likely reflects the geometric limitations of the baseline 
design.  

�,�W���V�K�R�X�O�G���D�O�V�R���E�H���Q�R�W�H�G���W�K�D�W���W�K�H���F�R�P�S�D�U�D�W�L�Y�H�O�\���O�R�Z�H�U���V�W�L�I�I�Q�H�V�V���Y�D�O�X�H�V���R�E�W�D�L�Q�H�G���L�Q���W�K�L�V���Z�R�U�N�����Z�K�H�Q��
�F�R�Q�W�U�D�V�W�H�G�� �Z�L�W�K�� �W�K�R�V�H�� �U�H�S�R�U�W�H�G�� �E�\�� �&�R�V�V�D�O�W�H�U���� �P�D�\�� �E�H�� �S�D�U�W�O�\�� �H�[�S�O�D�L�Q�H�G�� �E�\�� �G�L�I�I�H�U�H�Q�F�H�V�� �L�Q�� �W�K�H��
�D�S�S�O�L�H�G���P�H�W�K�R�G�R�O�R�J�\�����,�Q���S�D�U�W�L�F�X�O�D�U�����W�K�H���U�H�I�H�U�H�Q�F�H���O�L�W�H�U�D�W�X�U�H���G�R�H�V���Q�R�W���H�[�S�O�L�F�L�W�O�\���V�S�H�F�L�I�\���W�K�H���H�[�D�F�W��
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 data wi�W�K���Q�X�P�H�U�L�F�D�O���R�U���H�[�S�H�U�L�P�H�Q�W�D�O���U�H�V�X�O�W�V�� 

With respect to strength, all load cases analysed with the optimised geometry showed a 
reduction in the average inverse reserve factor, confirming a more favourable stress distribution. 
Nevertheless, for safety reasons, the steering head region �U�H�P�D�L�Q�V���F�U�L�W�L�F�D�O���� �7�K�L�V���D�U�H�D���H�[�K�L�E�L�W�V��
the highest compliance and must be locally reinforced, both to ensure sufficient safety margins 
and to further improve longitudinal stiffness. 

�,�Q�� �W�H�U�P�V�� �R�I��mass, the optimised design achieved a 2 % reduction, demonstrating that the 
�L�P�S�U�R�Y�H�P�H�Q�W�V���L�Q���V�W�L�I�I�Q�H�V�V���D�Q�G���V�W�U�H�Q�J�W�K���Z�H�U�H���Q�R�W���D�F�K�L�H�Y�H�G���D�W���W�K�H���H�[�S�H�Q�V�H���R�I���L�Q�F�U�H�D�V�H�G���Z�H�L�J�K�W�� 

�$�O�W�K�R�X�J�K�� �Q�R�Q�H�� �R�I�� �W�K�H�� �W�D�U�J�H�W�H�G�� �G�H�V�L�J�Q�� �J�R�D�O�V�� �Z�H�U�H�� �I�X�O�O�\�� �P�H�W���Z�L�W�K�L�Q�� �D�F�F�H�S�W�D�E�O�H�� �W�R�O�H�U�D�Q�F�H�V���� �W�K�H��
results indicate that the �P�D�[�L�P�X�P���S�R�W�H�Q�W�L�D�O���R�I���J�H�R�P�H�W�U�L�F���R�S�W�L�P�L�V�D�W�L�R�Q���K�D�V���E�H�H�Q���U�H�D�F�K�H�G. Further 
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improvements must therefore be sought through the optimisation of the lay-up configuration, 
�Z�K�L�F�K���L�V���W�K�H���Q�H�[�W���O�R�J�L�F�D�O���V�W�H�S���L�Q���W�K�H���G�H�V�L�J�Q���S�U�R�F�H�V�V�� 

Tab. ���� �2�Y�H�U�D�O�O���F�R�P�S�D�U�L�V�R�Q��– baseline vs optimised 

Parameter Non - 
optimised 

�2�S�W�L�P�Lsed Percentual 
difference  

design 
goal 

Design goal 
achievement 

Torsional stiffness ���������� ���������� + 128 % ���������� 216 % 

�/�R�Q�J�L�W�X�G�L�Q�D�O��
stiffness [N mm-1] 

������ 671 + 67 % 4 000 16.8 % 

�/�D�W�H�U�D�O���V�W�L�I�I�Q�H�V�V��
[N mm-1] 

480 ���������� + 140 % 600 191.7 % 

�%�U�D�N�L�Q�J ������������ 0.0288 - ��������   

�-�X�P�S 0.109 0.0788 - 28 %   

Cornering 0.0194 ������������ - 22 %   

Mass �������� kg �����������N�J�� - 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 shell-�W�\�S�H�� �V�W�U�X�F�W�X�U�H�V�� �Z�K�L�O�H�� �H�[�S�O�L�F�L�W�O�\�� �D�F�F�R�X�Q�W�L�Q�J�� �I�R�U�� �P�D�Q�X�I�Dcturing constraints. 
�2�Q�� �W�K�H�� �E�D�V�L�V�� �R�I�� �D�� �Y�D�O�L�G�D�W�H�G�� �P�D�W�H�U�L�D�O�� �P�R�G�H�O���� �F�R�Q�I�L�U�P�H�G�� �W�K�U�R�X�J�K�� �W�H�V�W�L�Q�J�� �R�Q�� �D�� �W�H�F�K�Q�R�O�R�J�L�F�D�O��
specimen, the results presented converge towards realistic structural behaviour. The research 
has demonstrated that topology optimisation, when combined with essential knowledge of 
�F�R�P�S�R�V�L�W�H�� �P�D�Q�X�I�D�F�W�X�U�L�Q�J�� �S�U�R�F�H�V�V�H�V���� �F�R�Q�V�W�L�W�X�W�H�V�� �D�� �Y�D�O�X�D�E�O�H�� �W�R�R�O�� �I�R�U�� �W�K�H�� �G�H�V�L�J�Q�� �R�I�� �F�R�P�S�O�H�[��
carbon-fibre 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 lay-�X�S�����,�W���F�D�Q���W�K�H�U�H�I�R�U�H���E�H���F�R�Q�F�O�X�G�H�G���W�K�D�W���W�K�H���I�X�O�O���S�R�W�H�Q�W�L�D�O��
�R�I�� �J�H�R�P�H�W�U�L�F�� �R�S�W�L�P�L�V�D�W�L�R�Q�� �K�D�V�� �E�H�H�Q�� �H�[�S�O�R�L�W�H�G���� �D�Q�G�� �W�K�D�W�� �I�X�U�W�K�H�U�� �L�P�S�U�R�Y�H�P�H�Q�W�V�� �P�D�\�� �R�Q�O�\�� �E�H��
realised through lay-up optimisation, for instance by employing multi-objective optimisation 
���0�2�2�������7�K�H���I�L�Q�G�L�Q�J�V���W�K�X�V���F�R�Q�I�L�U�P���W�K�H���V�L�J�Q�L�I�L�F�D�Q�F�H���R�I���W�R�S�R�O�R�J�\���R�S�W�L�P�L�V�D�W�L�R�Q���D�V���D���V�X�S�S�R�U�W�L�Q�J��
tool in the development of composite structures applicable across the automotive, aerospace, 
sports, and leisure industries. 

From a practical perspective, the main benefit lies in material savings while achieving equal or 
�V�X�S�H�U�L�R�U�� �S�H�U�I�R�U�P�D�Q�F�H���� �,�Q�� �V�S�H�F�L�I�L�F�� �F�D�V�H�V���� �U�H�G�X�F�H�G�� �P�D�W�H�U�L�D�O�� �F�R�Q�V�X�P�S�W�L�R�Q�� �P�D�\�� �W�U�D�Q�V�O�D�W�H�� �L�Q�W�R�� �D��
lower number of plies required during lay-up, 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 and subsequently 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 broader transport and mechanical engineering applications. 
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9 DISCUSSION 
The results obtained in this dissertation clearly demonstrate that topology optimisation has its 
�S�O�D�F�H���L�Q���W�K�H���G�H�V�L�J�Q���R�I���F�R�P�S�O�H�[���F�R�P�S�R�V�L�W�H���V�W�U�X�F�W�X�U�H�V. The improvements in stiffness and stress 
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���W�K�H���V�D�P�H���W�L�P�H�����W�K�H���I�L�Q�G�L�Q�J�V���K�L�J�K�O�L�J�K�W���W�K�H��limitations of single-objective optimisation�����,�Q���W�K�H��
�F�D�V�H���R�I���W�K�H���D�Q�D�O�\�V�H�G���I�U�D�P�H�����F�H�U�W�D�L�Q���W�D�U�J�H�W�V���Z�H�U�H���V�X�F�F�H�V�V�I�X�O�O�\���P�H�W���R�U���H�Y�H�Q���H�[�F�H�H�G�H�G�����Z�K�L�O�H���R�W�K�H�U�V��
�F�R�X�O�G�� �Q�R�W�� �E�H�� �I�X�O�O�\�� �D�F�K�L�H�Y�H�G���� �)�R�U�� �H�[�D�P�S�O�H���� �W�K�H�� �R�S�W�L�P�L�V�H�G�� �J�H�R�P�H�W�U�\�� �H�[�K�L�E�L�W�H�G�� �V�X�E�V�W�D�Q�W�L�D�O��
improvements in torsional and lateral stiffness, but the longitudinal stiffness remained at the 
�O�R�Z�H�U�� �H�Q�G�� �R�I�� �W�K�H�� �U�H�T�X�L�U�H�P�H�Q�W�V���� �7�K�L�V�� �L�Q�G�L�F�D�W�H�V�� �W�K�D�W���� �Z�L�W�K�� �D�� �I�L�[�H�G�� �O�D�\-up, the laminate may be 
locally over-dimensioned in some directions while under-dimensioned in others. The logical 
�Q�H�[�W�� �V�W�H�S�� �L�V�� �W�K�H�U�H�I�R�U�H�� �W�K�H�� �D�S�S�O�L�F�D�W�L�R�Q�� �R�I��multi-�R�E�M�H�F�W�L�Y�H�� �R�S�W�L�P�L�V�D�W�L�R�Q�� ���0�2�2��, which would 
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 properties on a shell-type 
�V�W�U�X�F�W�X�U�H���S�U�R�Y�H�G���Y�D�O�X�D�E�O�H�����,�W��also allowed for the identification of dominant load paths and thus 
indicated the most suitable regions for the introduction of reinforcements (Fig. 102). 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 loading 
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The evaluation based on composite failure criteria further revealed that the baseline frame 
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 reinforcement to 
ensure sufficient structural safety.  

�$���S�U�R�P�L�V�L�Q�J���R�S�W�L�R�Q�����Q�R�W���L�P�S�O�H�P�H�Q�W�H�G���L�Q���W�K�L�V���Z�R�U�N���G�X�H���W�R���W�K�H���O�D�F�N���R�I���Y�D�O�L�G�D�W�H�G���P�D�W�H�U�L�D�O���G�D�W�D����
would be the integration of thin hybrid aramid–carbon fabrics beneath the surface ply. The 
primary purpose of such reinforcement would be to suppress splintering failure of the carbon 
laminate in the event of damage to the monocoque, thereby preventing the formation of sharp 
fragments and reducing the associated safety risks. 

�2�Y�H�U�D�O�O�����W�K�H���U�H�V�X�O�W�V���R�I���W�K�L�V���G�L�V�V�H�U�W�D�W�L�R�Q���F�R�Q�I�L�U�P���W�K�D�W���W�R�S�R�O�R�J�\���R�S�W�L�P�L�V�D�W�L�R�Q���L�V���D��useful supporting 
tool in the design of composite structures. When combined with validated material models, 
composite-specific failure criteria, and manufacturing knowledge, it provides a solid basis for 
developing lightweight, safe, and manufacturable composite components. Future research 
�V�K�R�X�O�G���I�R�F�X�V���R�Q���H�[�W�H�Q�G�L�Q�J���W�K�L�V���P�H�W�K�R�G�R�O�R�J�\���E�\���L�P�S�O�H�P�H�Q�W�L�Q�J���0�2�2���V�W�U�D�W�H�J�L�H�V and optimising 
laminate lay-ups. 
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CONCLUSION 

10 CONCLUSION 
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 manufacturing constraints. 
Structural requirements were defined in terms of torsional, longitudinal, and lateral stiffness as 
�Z�H�O�O�� �D�V�� �V�D�I�H�W�\�� �X�Q�G�H�U�� �E�U�D�N�L�Q�J���� �M�X�P�S�� �O�D�Q�G�L�Q�J���� �D�Q�G�� �F�R�U�Q�H�U�L�Q�J���� �$�� �S�U�R�W�R�W�\�S�H�� �P�R�Q�R�F�R�T�X�H�� �I�U�D�P�H����
�F�R�Q�V�L�V�W�L�Q�J�� �R�I�� �V�L�[�� �F�R�P�S�R�V�L�W�H�� �D�Q�G�� �I�R�X�U�� �D�O�X�P�L�Q�L�X�P�� �S�Drts, was manufactured using prepreg–
�D�X�W�R�F�O�D�Y�H���W�H�F�K�Q�R�O�R�J�\�����D�Q�G���P�D�W�H�U�L�D�O���P�R�G�H�O�V���Z�H�U�H���Y�D�O�L�G�D�W�H�G���H�[�S�H�U�L�P�H�Q�W�D�O�O�\�� 

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 
�N�H�\���O�R�D�G���S�D�W�K�V���D�Q�G���Z�H�D�N���U�H�J�L�R�Q�V�����O�H�D�G�L�Q�J���W�R���W�D�U�J�H�W�H�G���P�R�G�L�I�L�F�D�W�L�R�Q�V�����D�G�Gition of an internal rib 
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. 

�1�X�P�H�U�L�F�D�O�� �D�Q�D�O�\�V�H�V�� �F�R�Q�I�L�U�P�H�G�� �V�X�E�V�W�D�Q�W�L�D�O�� �L�P�S�U�R�Y�H�P�H�Q�W�V���� �W�R�U�V�L�R�Q�D�O�� �V�W�L�I�I�Q�H�V�V�� �L�Q�F�U�H�D�V�H�G�� �E�\��
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 design offers higher 
stiffness, lower weight, and simplified production, providing a cost-efficient and reproducible 
framework for lightweight structures. The study also highlighted the limitations of geometry-
only optimisation, pointing to the necessity of laminate lay-up optimisation in future research. 

�,�Q�� �V�X�P�P�D�U�\���� �W�K�H�� �G�L�V�V�H�U�W�D�W�L�R�Q�� �G�H�P�R�Q�V�W�U�D�W�H�G�� �W�K�D�W�� �W�R�S�R�O�R�J�\�� �R�S�W�L�P�L�V�D�W�L�R�Q���� �Z�K�H�Q�� �F�R�P�E�L�Q�H�G�� �Z�L�W�K��
technological constraints, is an effective approach for designing composite structures. The 
methodology and results are directly applicable to motorcycle engineering and transferable to 
broader transport and mechanical applications. 
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