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ABSTRACT

Santos, D. D. L. An electric urban tricycle designed for safety. 2023. 133p.
Dissertação (Mestrado) - Universidade de São Paulo, Sao Paulo, 2023.

This dissertation presents the design of an electric tricycle for urban use (Trike). The
vehicle was developed to mainly meet the needs of transporting people in large cities,
having a flexible system for changing transport devices. The structure of the tricycle was
optimized, allowing polymers to be used as the main raw material. Seat belts, side curtain
airbags and front airbags have been included to increase driver safety. Pilot damage was
assessed through explicit analysis, using the finite element method and the Total Human
Model for Safety (THUMS).

Keywords: Design for safety, Crashworthiness, Tricycle design, Electric Vehicle, Generative
design





RESUMO

Santos, D. D. L. An electric urban tricycle designed for safety. 2023. 133p.
Dissertação (Mestrado) - Universidade de São Paulo, Sao Paulo, 2023.

Esta dissertação apresenta o projeto de um triciclo elétrico para uso urbano. O veículo foi
desenvolvido para atender principalmente a necessidade de transportar cargas ou pessoas
em grandes cidades, tendo um sistema flexível para troca dos dispositivos de transporte.
A estrutura do triciclo foi otimizada, permitindo que Polímeros fossem utilizados como
matéria prima principal. Foram incluídos cinto de segurança, air-bags de cortina nas
laterais e air-bag frontal para aumentar a segurança do condutor. Os danos ao piloto
foram avaliados por meio de analise explícita, utilizando o método dos elementos finitos e
o modelo humano completo para avaliação de segurança (THUMS).

Palavras-chave: Projeto para segurança, Simulação de colisão, Projeto de triciclo, Veículo
elétrico, Projeto generativo
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1 INTRODUCTION

Urban mobility is a fascinating and complex topic as it involves various modes of
transportation such as busses, cars, motorcycles, bicycles, and pedestrians. Each technology
brings a set of characteristics, which has its advantages and disadvantages.

It is a fact that the investment in the development and improvement of car designs
surpasses other categories. If we compare motorcycle accidents with light vehicles, mo-
torcyclists are much more at risk. According to ABRAMET, in Brazil at least 30% of the
victims who visit the health care system are due to accidents of this type.

Although the Covid-19 pandemic has led to a decline in motorcycle sales, this
market generated a profit of more than R$700 billion in 2020 with a registration figure of
more than 900 thousand motorcycles according to FENABRAVE.

Within this context, this work seeks both to present a project adhering to current
product development practices and to perform numerical simulations aimed at reconstruc-
ting accidents, keeping the driver as the protagonist of the scenario.

1.1 Motorcycle Accidents

According to a report provided by the Ministry of Infrastructure of Brazil, in
2021 was recorded 4.187.002 traffic accidents, in which 6.434.272 people were injured and
108.506 people died. In other words, the consequences of the accidents were not insignificant.

The relation between accidents and vehicle type can be seen in the figure 1. Its is
possible to note that 53,22% of accidents is related to automobile and 17,49% involved
motorcycles.

Regarding the number of deaths, the accidents involving motorcycle represent the
highest number, 35,27%, which correspond to 38.270 obits (See Figure 2.
We note that both the highest number of accidents and the highest number of deaths

occur on weekends, at night as is shown at figure 3 and figure 4.

If we consider only accidents involving motorcyclists, we recorded 885,777 incidents in
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Figura 1 – Accidents by vehicle type

Source: Ministry of Infrastructure of Brazil - webpage:
https://www.gov.br/infraestrutura/pt-br/assuntos/transito/arquivos-
senatran/docs/renaest

Figura 2 – Deaths by vehicle type

Source: Ministry of Infrastructure of Brazil - webpage:
https://www.gov.br/infraestrutura/pt-br/assuntos/transito/arquivos-
senatran/docs/renaest

2021, with 35,501 deaths (Figure 5).
According to SENATRAN, the total active fleet in Brazil in 2021 was 115,116,532 vehicles,
of which 25,743,762 were motorcycles. Although motorcyclists account for 22% of motorists,
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Figura 3 – Heat map - Accidents along week

Source: 2020’s Annual Report - PRF

35% of traffic fatalities in Brazil are motorcyclists.It is possible to see in figure 5 as deaths
involving motorcycle accidents are higher than involving other vehicles.

The regional distribution shows that the North region of Brazil has the lowest
number of accidents, followed by the Midwest. The Northeast, Southeast, and South
regions were virtually tied.Table 1 shows the number of motorcycle’s riders injured or
death in federal highways in Brazil, along the year of 2020. In terms of the number of
fatalities, the North region had the lowest number of accidents, followed by the Midwest,
with the Northeast region having a negative peak in this regard. See Figure 6.
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Figura 4 – Heat map - Deaths along week

Source: 2020’s Annual Report - PRF
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Figura 5 – Number of deaths per 100,000 inhabitants

Brazilian Ministry of Health - SUS Report

Figura 6 – Accidents and deaths over regions

Source: 2020’s Annual Report - PRF
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The number of accidents can be attributed to behavioral characteristics, among
others. In this context, the number of reported traffic violations could be a strong indicator.
In 2020, more than 70 thousand drivers were identified without helmets, and more than 2
million were driving above the speed limit, as shown in figure 7.

Figura 7 – Traffic infractions considering cars, motorcycles, trucks and Bus

Source: 2020’s Annual Report - PRF

Historically, these two violations have increased since 2007 (Figure 8), which may
reflect the increase in the number of PRF’s officials inspecting these aspects, a greater
efficiency in the way of recording incidents, or it may actually express the increase in the

Figura 8 – Traffic infraction

Source: 2020’s Annual Report - PRF
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Tabela 1 – Accidents involving motorcycles in 2020
State Injury Death
AC 199 7
AL 292 39
AM 53 7
AP 107 2
BA 1323 156
CE 1025 96
DF 473 9
ES 1474 50
GO 1121 65
MA 543 122
MG 2877 130
MS 605 32
MT 818 74
PA 537 60
PB 859 57
PE 1174 145
PI 633 83
PR 2749 132
RJ 1735 64
RN 868 50
RO 1008 38
RR 123 10
RS 1505 47
SC 3546 88
SE 329 17
SP 1771 46
TO 201 30

Source: 2020’s Annual Report - PRF

number of violations. The fact is that even considering the first two aspects, the number
of violations is not decreasing

Therefore, if we want to strive a state of "zero traffic fatalities", we have a long way
to go with public policies strengthening the role and responsibility of individuals for their
own safety and those around.

In this sense, this work aims both to look at product development techniques and
apply them to the design of a tricycle, which is more stable than a motorcycle e more
flexible than a car, and to implement mechanisms that increase the safety of the rider on
urban roads.
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1.2 An overview of product design

Much has been said about Industry 4.0, the Internet of Things (IoT), artificial
intelligence, and machine learning, and how these technologies have brought about disrup-
tive change in various areas of knowledge. Here we will address how these technologies are
impacting the design environment in a very broad way, and we will outline some ways to
adapt familiar design metrics to the current context. This work draws on both theoretical
knowledge and practical experience of the author from years of project development in a
variety of domains.
In general, project development is an activity that becomes more complex every day. Take
automobiles as an example, which at the beginning of the 20th century were complex
machines made of a small combination of mostly metallic materials and moved by a
kinematic chain that transferred the mechanical energy from the thermo-chemical source
of combustion of the engine (gasoline or diesel) to the steering system, which in turn was
completely controlled by the driver (Figure 9). Nowadays they are highly complex sys-
tems, equipped with mechanical, electrical, thermo-chemical, magnetic and/or rheological
subsystems. They have a control center that regulates fuel quantity, speed limit, driving
speed, tire pressure, brakes, and vehicle stability, not to mention the more modern versions
from some manufacturers that have an autopilot function (Figure 10). Certainly, designing
a car today is a much more complex task than it was in the early 19th century. In contrast,
we have a much larger number of tools that not only allow us to evolve significantly with
product design, but also to integrate a much larger number of participants into the same
project, so that rather than depending on a few people who have reasonable knowledge in
many areas, we can count on many people who have specific knowledge in a few areas.
This integration exploited the complexity of the system design and created a barrier in
terms of evaluating the project as a whole.

Boothroyd, Dewhurst e Knight (2010) have defined Design for Manufacturing and
Assembly (DFMA) as a qualitative method for evaluating various aspects of a mechanical
design, creating a design paradigm that focuses on manufacturing processes. The criteria
of Ullman (1992) are also in this direction, helping us to find a quantitative parameter
for project evaluation. The assumption here is that the designer must be an expert in
manufacturing processes, since the metrics are based on manufacturing.

It does not mean that studies of Ullman (1992) are not applicable today. On the
contrary, the bases are still present, but some extent complementary measures are required.
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Figura 9 – Studebaker electric car, c. 1905.

1.2.1 Design for customization

As a rule, the smaller the scale of production, the greater the possibility of custo-
mization, since the processes are carried out by professionals in their field. On the other
hand, we have components that are manufactured in automated processes and with low fle-
xibility, which means a low level of customization (HUNT; SPROAT; KITZMILLER, 2004).

One of the proposals on Industry 4.0 (along with IoT in household elements) is to
enable the best of both worlds. High productivity in automated lines with a high level of
customization (ZAWADZKI; ŻYWICKI, 2016). This feature must therefore be taken into
account at the conceptual stages of the project in order to make this possibility a reality
(Figure 11).
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Figura 10 – Toyota Concept i, presented at Geneva Motor Show as a concept car for 2030.

Figura 11 – Relationship between customization, production volume and manufacturing
profitable field

Source: Author, adapted from https://www.logistiikanmaailma.fi/en/production/process-
improvement/mass-customization/
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1.2.2 Design for Excellence

Design for Excellence (DFX) aims to adapt the tool or method to the project and
project functions defined in the initial phases (EASTMAN, 2012). It covers a wide range
of design approaches and studies (Figure 12):

• Design for Manufacturing and assembling (DFMA)

• Design for Safety (DFS)

• Design for Compliance (DFC)

• Design for Maintainability (DFMa)

• Design for Disassembling (DFD)

• Design for Ergonomics Aspects (DFEA)

• Design for Integration (DFI)

• Design for Ecology (DFEc)

• Design for Energy (DFE)

• Design for Wellness (DFW)

• Design for Change (DFCh)

• Design for Discovery (DFDs)

• Design for Topology optimization (DFTOp)

• Design for Addictive Manufacturing (DFAM)

• Design for Recycling (DFR)

The above paradigms can complement each other and must not be mutually
exclusive.

Among the various design paradigms mentioned above, three of them have become
increasingly important in recent years, and attention will be given to them here.

The first is Design for Integration - DFI (ANDERL et al., 2018), whose integration
can be interpreted in two different ways.
First, we will understand integration as the possibility of connecting a system with other
systems or subsystems. Using as an example a vehicle, the project should enable the
desired integration (and avoid unwanted integration) between its parts. The car controller
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Figura 12 – Some of the fields that could be considered on DFX

Source: https://network.aia.org/blogs/kira-l-gould/2019/09/17/defining-design-excellence

(control module) needs to be integrated with the electronic steering system, the electronic
transmission, the fuel injection system, the ABS brake system, the suspension control
system, among others. However it cannot allow the integration with external devices
(unwanted integration), such as computers and cell phones, to prevent vehicles from being
hacked. Favoring the desired integration and preventing unwanted integration needs to be
a design metric, for which it must be considered a validation metric. The creation of a
simple check-list can be the difference between developing a vulnerable system or designing
a robust system (Figure 13).

Another way of looking at DFI is to think about integration during the development
of the project. In this case, we are not dealing with the integration of sub-systems, but
with tools and their sub-products.
For a vehicle, once the design is being created, the product must go through the due
structural simulations, multi-physics, crash tests among others. The vehicle design is
likely to be developed using CAD software, connected to a PLM (Product Life-cycle
Management) system, and equipped with CAM and/or CAE tools. In this way, the pro-
ject’s development history is not lost, and the lessons learned are used in future projects
(RAMÓN-RAYGOZA; GUERRA-ZUBIAGA; TOMOVIC, 2008).
However, process planning and control steps, factory, and process simulation can eventually
be left behind. Simulations of entire factories, made up of robotic and/or fully automated
systems, offer a great advantage in terms of installation time and new equipment insertion,
predictability regarding the possibility of changes (DFCH - Design For Change) of products
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Figura 13 – Electronic Design - Embedded Systems

Source: https://www.mindteck.com/electronic-design-services-embedded-systems-and-
applications

that are already in production, as well as enable the optimization of logistical flow and/or
production time. The project also needs to take this into account from its earliest stages,
creating for every subsystem its digital twin. This is the electronic version of a system,
which faithfully represents its physical version, considering logic inputs and outputs, ana-
log signals, physical sensors, subroutines in micro-controllers, among others. The project
designed for integration must provide information for the development and validation of
the system as a whole before any manufacturing process is started.(WINDHEIM, 2020)
(Figure 14).

A second aspect to consider is the design for optimization (DFTOp).

Optimizing a project or process is different from improving it (JONGEN; JONKER;
TWILT, 2013). Improvement means that any response could be accepted, if the provided
result is to some extent better than the input. The optimization process, in turn, aims to
achieve the best result of all possible answers.

In general, we can divide the optimization process into two main categories, dis-
crete or parametric optimization, where the optimum condition is sought in some specific
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Figura 14 – Digital Twins workflow

Source: https://www.arcweb.com/blog/digital-twins-advancing-infrastructure

parameters, as shown in Figure 15(a) (PORTER; VERSEPUT; CUNNINGHAM, 1997),
or topological, Figure 15(b) (XIA et al., 2018), where the optimum is sought for the
component as a whole (SOHN, 2009).In both methods, the search for the optimal solution
can be performed by gradient-based algorithms or genetic algorithms, both of which have
their advantages and disadvantages.

(a) Parametric optimization (b) Topology optimization

Figura 15 – Example of parametric and Topology Optimization

Source (a): https://www.esss.co/blog/otimizacao de projetos de engenharia

Source (b): https://grabcad.com/groups/generative design topology optimization

Complementary to the design concept for topological optimization, we can con-
sider the design concept for additive manufacturing shown in Figure 16(BRACKETT;
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ASHCROFT; HAGUE, 2011). While we were thinking about components designed from
primitive geometries (square, rectangle, cylinder, etc.) and a group of bollean operation
used to combine them, in order to obtain a shape that satisfies the design criteria, the
additive manufacturing process did not prove to be an equal competitor when compared
to the means of production. The number of materials that can be used is still very limited,
and the parts idealized by topological optimization or generative design (Figure 17) may
not be possible to produce by conventional means. Additive manufacturing also eliminates
the high investment in tooling or fixtures for each product change, which brings it in line
with DFCh (Design For Change) as the impact of design changes can be easily absorbed
by the manufacturing process.

Figura 16 – Topology optimization applied in a component which will be build by addictive
manufacturing process

Source: Gebisa e Lemu (2017)
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Figura 17 – Example of Generative Design concept

Source: Adapted from https://www.autodesk.com/campaigns/generative-design/lightning-
motorcycles
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2 OBJECTIVES

The objective of this work is to design an electric tricycle for the transportation of
goods or people. The result should be a versatile and easy-to-use tricycle for intercity trans-
portation. During the design process, best practices related to new product development
and safety aspects will be considered.
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3 METHODOLOGIES FOR PRODUCT DEVELOPMENT

3.1 Engineering design

Product development implies the application of a very broad concept in terms of
design techniques (BACK et al., 2008). Integrated product development assumes that the
process of information acquisition and transformation must be carried out by a multidis-
ciplinary team. The idea of integrated product development can also be seen under the
terminology of concurrent engineering.

Magrab Eduard B. (2008) expanded on the concept presented by Back et al. (2008)
by emphasizing the idea that manufacturing processes cannot be separated from product
development.

In this context, Magrab Eduard B. (2008) proposed IP 2D2, which stands for
IIntegrated Product and Process Design and Development.

This concept is based on the following pillars:

• IP 2D2 teams need to interact with customers to understand their needs and prefe-
rences and get their feedback on existing products;

• Quality is very important to customers. Therefore, IP 2D2 teams must ensure that
the quality of a product meets customer expectations;

• IP 2D2 teams must continuously monitor competitors’ products through benchmar-
king;

• IP 2D2 teams must work with senior management to understand how the current
product fits into the company’s overall strategy;

• IP 2D2 teams need to work with suppliers to understand their cost structure and
seek advice on manufacturability;

Considering the concepts proposed by Magrab Eduard B. (2008), we can understand
the following. Engineering Design as a systematic, creative, and iterative process that
applies engineering principles to design and develop components, systems, and processes
that meet a specific need. This process is both dynamic and evolutionary and involves
four distinct aspects (MAGRAB EDUARD B., 2008):
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• Problem definition: the transition from a fuzzy set of facts and myths to a coherent
problem statement. This is the phase in which the idea for the product is developed.

• Creative process: a highly subjective means of developing a physical embodiment
of the solution that is highly dependent on the specific knowledge of the people
involved in the process. In this phase, various concepts are developed to transform
the idea into a product.

• Analytical process: this is where it is determined if the proposed solutions are correct
and means to evaluate them is provided. In this phase, prototypes are built and
evaluated.

• Final inspection: here it is confirmed that the design meets the original requirements.
Once the most appropriate solution is selected, the preliminary design of the new
products begins. This is a very dynamic process where the parameters of the project
must be defined, as well as the impact on the system if one of these parameters is
changed.

Once the most viable solution is selected, the preliminary design of the new
products begins. This is a very dynamic process where the parameters of the project
must be defined, as well as the impact on the system if any of these parameters are changed..

3.1.1 1-D Modeling and Simulation

Implementing the modeling and simulation of a complex and dynamic system
requires some skills:(BACK et al., 2008).

• knowledge of systems engineering

• knowledge about the physics in which the problem is involved

• Knowledge about the mathematical models used.

• Ability to interpret the results correctly

• Ability to code the mathematical equation and apply it correctly to the model

• Knowledge to understand the interaction between the model and the numerical
algorithms used to solve it.

Once the design team members are qualified, a simulation technique must be
selected. 1D simulation is one of the most commonly used procedures in the preliminary
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design phase, leading to:

• definition of the synthesis of the mechanism.

• Analysis of the mechanism

• Mechanical analysis

• Fluid analysis (hydraulic or pneumatic system)

• Electromechanical analysis

• Thermal analysis

• Simulation of control systems

Once the project is complete, it moves to the conceptual design phase, where the
simulation uses a multi-dimensional environment. The system moves from a schematic
drawing to a 3D representation.

In Figure 18, you can see that the cost of change increases throughout the product
lifecycle. Changes to the product concept in the first phase are easier to make than in the
production phase. Large changes with small impacts at the beginning of the project are
possible.

This means that development work must be done in the early phases, where there
are more options with less impact.

3.1.2 Problem Definition

The first step of product design is to identify the main idea of the product. This
path may allow for some shortcuts or be longer, depending on the structure and strategy
of the company. The iterative activities for product realization and their relationship to
the four phases of product development proposed by Magrab Eduard B. (2008) can be
seen in the figure 19.

At this stage, we can get the following elements as output:

• Clearly understand the customer need

• Determine the market potential (according to the company strategy).
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Figura 18 – Cost of a product change

Source: https://www.immateriell.se/house-of-quality-qfd-quality-function-deployment

• A business model that shows the company can make a profit from selling the product
(according to the corporate strategy)

• Identify and evaluate the risks associated with implementing the project (a SWOT
analysis may be of interest for this)

• A determination of whether a sustainable competitive advantage can be achieved

• An estimate of the resources that will be required to develop the product

3.1.3 Product Design Specification

Obtaining the product specification as input to the design is usually not an easy
task, first because it involves converting some qualitative criteria into some quantitative
criteria.
Considering the tools available for this, we take two that focus on the customer, the QFD
and the Design Thinking. The first strategy aims to get the product specifications and
the second helps to keep the customer needs in focus.



45

Figura 19 – Stages of IP 2D2

Source: Magrab Eduard B. (2008)
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3.1.4 Quality Function Deployment

Quality Function Deployment (QFD) is a method developed by Akao (1994) that
helps transform the voice of the customer into technical characteristics for a product.

Akao (1994) described the QFD matrix as a "method for converting qualitative user
requirements into quantitative parameters, deploying the functions that form quality, and
using methods to achieve design quality in subsystems and components, and ultimately in
specific elements of the manufacturing process."

The House of Quality, a part of QFD, is the basic design tool for developing quality
functions (HAUSER JOHN R.; CLAUSING, 2016). It identifies and classifies the following
aspects:

• the customer wishes (What’s)

• the importance of these wishes

• the technical features that may be relevant to these desires (How’s)

• correlates the two, allows to check these correlations

• assigns goals and priorities for the system requirements

The House of Quality output is typically a matrix with customer requirements on
one dimension and correlated non-functional requirements on the other dimension. The
cells of the matrix table are filled with the weights assigned to the stakeholder characteris-
tics when those characteristics are affected by the system parameters at the top of the
matrix.

At the bottom of the matrix, the column is summed, allowing weighting of system
characteristics by stakeholder characteristics. System parameters that are not correlated
with stakeholder characteristics may be unnecessary to the system design and are indicated
by blank matrix columns, while stakeholder characteristics (indicated by blank rows) that
are not correlated with system parameters indicate "characteristics that are not addressed
by the design parameters".

System parameters and stakeholder characteristics with weak correlations indicate
missing information, while matrices with "too many correlations"indicate that stakeholder
needs should be refined. The "House of Quality"can be seen in the figure 20
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Figura 20 – Example of QFD Matrix

Source: https://www.immateriell.se/house-of-quality-qfd-quality-function-deployment

3.2 Design Thinking

According to Przybilla1 Leonard. (2016), design thinking focuses on developing
human-centered innovation. An innovation that addresses the needs and desires of the
user while ensuring technical feasibility and commercial viability.

A Design Thinking project is divided into work on the problem space and the
solution space (Figure 21). Both are first expanded before being merged, resulting in a
double-diamond shape. Assigning the same size to the problem space and the solution
space means that a lot of time is spent on fostering understanding of the actual problem
to be solved.(PRZYBILLA1 LEONARD., 2016)

The formulation of a challenge initiates the divergent part of the problem space
through needs identification, which is transferred to the solution space through synthesis.
The solution space is opened and converges to a final solution through prototyping and
testing activities. A variety of different methods can be used in these phases. For example,
interviews or ethnographic observations can be used in the needs assessment, while the



48

Figura 21 – Design Thinking represented by a double diamond graph

Source: (PRZYBILLA1 LEONARD., 2016)

development of initial rough prototypes and their iterative refinement to a detailed pro-
totype characterize the solution space.

Design thinking methods can be divided into seven phases (SANDINO; MATEY;
VÉLEZ, 2013):

• Define

• Explore

• Ideate

• Prototype

• Select

• Implement

• Check

3.3 C-K Design Theory

Concept-knowledge theory (C-K) is both a theory of design and a theory of reasoning
in design. It defines reasoning in design as a logic of extension processes. According to
Braha D. Maimon (1998):

• Provides a comprehensive formalization of design that is independent of a design
domain or object
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• Explains invention, creation, and discovery in the same framework and as design
processes.

C-K theory was a response to three perceived limitations of existing design theories
(HATCHUEL A. WEIL, 2003):

• Design theory is unable to address the innovative aspects of design

• Classical design theories dependent on object domains, machine design, architecture,
or industrial design favored design theories tailored to their specific knowledge
bases and contexts. Without a unified design theory, these fields have difficulty
collaborating in real design situations.

• Design theories and creativity theories were developed as separate areas of research.
However, design theory was intended to incorporate the creative, surprising, and
accidental aspects of design, while creativity theories were unable to address the
intentional invention processes common in the design field (HATCHUEL A., 2003).

C-K theory uses an approach that is domain-independent and that allows acting
on unknown objects and changing the definitions of known objects during the process
(revising the identities of the objects) (HATCHUEL A., 2003).

The C-K roadmap can be seen in figure 22. The initial concept is created based
on the existing knowledge. Additional concepts are created based on the initial concept,
resulting in an expansion of the concept space. This new concept may reach the limits of
the team’s knowledge base, so the knowledge space must be expanded to make some of
the new concepts feasible.

As new concepts are created, unexpected ideas may emerge that result in a "crazy
concept"for which the knowledge base is not yet defined. These crazy concepts eventually
become the starting point for disruptive solutions. This is similar to the concept of mutation
used in some optimization algorithms. The interaction between concept and knowledge
space can also be seen in Figure 23 and Figure 24.
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Figura 22 – C-K Road Map

Source: https://www.immateriell.se/house-of-quality-qfd-quality-function-deployment

Figura 23 – C-K Theory - Crazy Concept

Source: https://creativante.com/new/index.php/2013-02-03-19-36-05/2021/499-theories-
design-and-implementation-of-strategies-teorias-design-e-implementacao-de-estrategias-
parte-3
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Figura 24 – Concept and Knowledge spaces - C-K Theory

Source: https://open-organization.com/fr/2016/11/29/knowledge-and-innovation-a-tight-
interdependency/

3.4 Morphological Matrix Method

As a starting point, this method proposes the identification of the functions or
operations of the process. This information is expressed in the form of a matrix.
The first column of the matrix is filled with the identified functions, and the other columns
are filled with the solution principles for each operation. Once the matrix is completed, the
goal is to find the best combination that meets all the requirements of the new product.
(RESIN et al., 1989).
The process to get solutions for each function is supported by creative methods like
brainstorming or researching some patents or publications.
To combine only feasible answers, this method aims to apply the morphological matrix
created in the following steps:

1. Create a list of product demand (functions or operations);

2. Identify / research the solution principle for each function;

3. Research, investigate, and create a graphical representation of the possible combina-
tions for the possible solutions.
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Figure 25 shows an example of this matrix. The pictures of the possible solutions
are not necessary, but their use makes the understanding clear.
The possible combinations are expressed by the color paths shown in the figure.

Figura 25 – Morphological Matrix

Source: https://www.immateriell.se/house-of-quality-qfd-quality-function-deployment

3.5 Ranking and selection of the better solution

The steps that should be followed to obtain the best and innovative concept are
(ION; LOW, 1998):

1. Decision matrix/grid.

2. Selection matrix/grid

3. Problem matrix

4. Opportunity analysis

5. Criteria evaluation form

6. Criteria-based matrix
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The weighting of the criteria is determined as an agreement between the design
team members. An example of the Pugh matrix is shown in Figure 26.

Figura 26 – Sample of Pugh Matrix

Source: https://www.modernanalyst.com/Careers/InterviewQuestions/tabid/128/ID/2159/What-
is-a-Pugh-Matrix.aspx

With a score for each criterion, the alternatives are ranked as follows:(ULLMAN,
1992)

1. Not feasible (should not be considered as a solution).

2. Possibly feasible (could be considered as a solution under certain conditions)

3. Feasible (should be considered as a possible solution).

After the first step, the Pug matrix can be reused, but the general criteria must
be modified for some specific criteria. It acts like a filter that reduces the number of
possibilities.
It is important to note that an alternative with a higher score is not necessarily the best
alternative. It is necessary to include some qualitative aspects in the analysis and take
them into account when choosing the solution.(MICHELOTTI et al., 2016)

3.6 TRIZ

TRIZ methodology is an inventive problem solving process. It was proposed by
Altshuller (1984). Its tools are intended to replace the unsystematic trial-and-error method
of finding solutions to problems.
The TRIZ method does not itself provide solutions, but instead suggests various solution
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principles to solve the problem.

Domb (1998) pointed out that TRIZ researchers have encapsulated the principles
of good inventive practice and put them into a general problem-solving structure. This
general problem-solving structure can be seen in Figure 27.

Figura 27 – The general model for TRIZ problem-solving

Source: Lin e Su (2007)

Mann (2009) has depicted the TRIZ methodology with a triangular pyramid in a
hierarchical perspective (Figure 28), suggesting that TRIZ at the top of the pyramid can
be seen as a systematic study of excellence. Then some other concepts are presented, such
as the elimination of inconsistencies and the preservation of functionality. At the bottom
of the TRIZ hierarchy, there are a number of tools and techniques for problem solving.

Figura 28 – The hierarchical view of TRIZ

Source: Mann (2009)
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3.7 CORA

Although the Component-Oriented Requirements Analysis (CORA) method is
most commonly used in software development (RANKY et al., 2012), it can also be
applied in general development (RANKY; CHAMYVELUMANI, 2003). It is a systematic,
customizable method for analyzing product and process requirements. It is a matrix-based
method, similar to QFD practices, developed for user requirements analysis and integrated
in four modules, namely (PROCHAZKA et al., 2008):

• User Requirements;

• Technical Solutions;

• Parameter Calculations;

• benchmark

The basic units of CORA are the unified checklist, requirements information
management, specification drivers, functional and non-functional analysis, and criteria
analysis (Figure 29).

Figura 29 – A CORA road-map

Source: Brace e Cheutet (2012)
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3.8 Strategy Frameworks

Different methods may be used for the same project. The arrangement of tools for
a particular project is called a framework.
Cross (2021) points out the importance of having a well-defined design framework where
it is clear which tool is used at each stage. An example of a framework can be seen in the
table30.

Figura 30 – Framework Strategy

Source: Brace e Cheutet (2012)

Both phases and methods vary from one project to another.
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4 TRICYCLE DESIGN BASED ON DFSS

Design for Six Sigma (DFSS) is a methodology that applies the principles of Six
Sigma to design and develop new products and processes that meet or exceed customer
requirements while minimizing defects and variability. The goal of DFSS is to get the
design "right the first time,"reducing the need for rework and improving overall efficiency.

There are several key elements to DFSS, including the use of a structured approach
and the use of data-driven decision making. The structured approach includes a series of
phases, including Define, Measure, Analyze, Design, and Verify (DMAIC). In each phase,
the techniques presented in Chapter Three can be applied.

Frizziero, Liverani e Nannini (2019) shows how DFSS can be applied to the deve-
lopment of a motorcycle. The same approach is used for the tricycle project.

4.0.1 Define stage

According to PRODIP methodology, propose by Back et al. (2008), this is the first
stage of a project.

Planning a project requires identifying the activities to be developed, its sequence or
simultaneity, define time and resources required, responsibility for the tasks. The time-frame
must be clear, considering the beginning, the development and the conclusion of the project.

In this stage (planning), a project chart was created (Figure 31).

The application of a methodology or tool is important to get the definitions clear,
mainly in complex projects. In the development of the Tricycle, the tool applied in the
planning phase was 5W2H.(BACK et al., 2008)

The answer of 5W2H questions pointed for the main design is shown in the table
4.0.1.

4.0.1.1 Customer needs

The customer needs was defined based in three main lines. The experience of the
author with motorcycles and vehicle design, research in internet forums, like GrabCAD
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Figura 31 – Project Chart

Source: Author

and a couple of questions done for autonomous workers, who deliver food using platforms
like iFood and Uber Eats. The questions were:

• What is more important characteristic for you, in a motorcycle?

• What would make you take a decision of buy or not buy a vehicle?

• Is there any characteristic that could make your day easier?

The question above were made in a informal way, like a brainstorm.

The customer needs obtained by the transcription of the Autor’s experience, website
research and user answer is:

• High Autonomy - As there’s no so much places to recharge the vehicle in the
Brazilians cities, autonomy may play a crucial role

• Lightness - It’s not only contributes with the Autonomy aspect, as well make the
vehicle easier to drive or it would allow the transport of a higher cargo using the
same power, when compared with a heaviest vehicle

• Comfort - As the vehicle is designed for professional scenarios, it should be considered
the driver will spend the whole day in it.
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What What are the uses of the product?
A transport for cargo or people under short and medium routes

Why Why was the product chosen?
It could be chosen due the environment impact,
energy consuming, flexibility, stability and safety performance

Who Who uses the product?
Autonomous who works for iFood, Uber, etc
Companies focused in delivery good
Small producers
Technologist enthusiasts

When When is it used?
Along all year, but it will be easier to use it in a favorable weather

Where Where is the product used?
It is mainly used along urban roads

How How is the product used?
The product is driven directly by the end user and mainly used
for work, as goods and people transportation. It also can be
used inside companies for logistical needs.

How Much Target undefined, but should be as cheap as possible

Tabela 2 – 5W2H applied to Main Project

• Low price - It should be accessible to every one who works with logistics

• Easy to recharge - As there are no many recharges points in most of Brazilian cities,
the vehicle should be abble to be reacharded using residencial sockets (low / medium
voltage and low / medium current)

• Safety - None of the riders mentions safety as an important characteristics, even
though it was added by the author.

4.0.2 Measure stage

Once the customer’s requirements are known, the importance of these parameters
and the degree of independence between them must be determined. To achieve this, the
QFD matrix was used.

The relative importance matrix (table 3) was used to determine which parameter
has greater importance than the others. In particular, one wonders whether the element of
the row is more important than that of the column.

According to the QFD methodology as defined by its inventors ((AKAO, 1994)),
the following values are used:
1 = The element of the row has the same importance as the element of the column.
xxxxxx0 = The element of the row has less importance than the element of the column.
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Tabela 3 – Relative Importance Matrix
Importance Matrix High Autonomy Lightness Comfort Low price Easy to recharge Safety Total
High Autonomy 1 1 2 1 1 1 7
Lightness 1 1 2 0 0 0 4
Comfort 0 0 1 0 0 0 1
Low price 1 2 2 1 2 1 9
Easy to recharge 1 2 2 1 1 1 8
Safety 1 2 2 1 1 1 8

Tabela 4 – Correlation Matrix
Correlation Matrix High Autonomy Lightness Comfort Low price Easy to recharge Safety Dependencies

(Total)
High Autonomy 9 3 12
Lightness 1 9 3 3 16
Comfort 3 3 6
Low price 9 9 1 9 3 31
Easy to recharge 9 3 12
Safety 9 3 12
Independence
(Total) 18 30 2 21 12 6

xxxxxx2 = The row element has more importance than the column element.

The most important parameters are in bold and are used for the following analyzes.

Summarizing the results of the relative importance analysis related to the matrix
of relative importance, it can be seen that the first objectives for the designer to consider:
low price, low time for recharging and safety.
Thus, the above characteristics are the starting point for the design.

It is used to identify the possible dependency relationships between the different
characteristics to be analyzed (Table 4).

To proceed with the compilation, the following question is proposed:
How does the element in the rows depend on the elements in the columns?
Therefore, we indicate through the values a weak, medium and strong dependence, quanti-
fied by the values 1, 3 and 9. If there is no relationship between them, the field remains
empty, corresponding to a value of 0.
Also in this table, the sum value is calculated along the rows and columns to determine
which parameters are more independent.

In particular, the sum of the rows defines how much a feature depends on the
others, while the sum of the columns identifies the most independent parameters.

As in the case of the relative importance matrix, the authors also summarize
the results of the second QFD analysis related to the independence matrix (table 4).
It is confirmed that the second objectives for the designer are price, lightness and high
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autonomy, because they are considered the most independent requirements.
It is important to select the most independent requirements because they are characteristics
that are not derived from others, so if there is no focus on them, they would not be present
in the project.
In contrast, the dependent requirements were not relevant to be selected; in fact, they
became available in the project because they depended on the independent requirements.

In this case, the analysis of the relative importance matrix and the analysis of the
independence matrix do not lead to the same results. Thus, these characteristics are not
only the starting point, but they should be tracked along the design looping in other to
ensure none of them will be lost.

4.0.2.1 Benchmarking

When developing an innovative electric vehicle, it is necessary to know the current
market offer in order to analyze and compare the different technical specifications and
create a product that can improve the current landscape.

For this purpose, the top-flop analysis tool was used, which allows a quick qua-
litative comparison between a set of objects based on a fixed number of parameters for
evaluation. In this way, it was possible to indicate the best and worst values among the
different brands and models for each specification and to determine what is innovative
and what is not. In this way, it was possible to identify the parameters that could improve
the current selection and bring an innovative product to the market.

The motorcycles presented in the comparison correspond to existing models,
although the market in this category is still developing. A brief analysis of the main
brands and their products follows.

Since there are not many competitors in this field, the comparison is mainly made
considering the motorcycle brands, including all the main groups, such as scooters, naked
bikes and sportive bikes.

Once the analysis of the various competitors was completed, the available data
was analyzed with the technical specifications of each model. In this way, it was possible
to proceed with the compilation of the table for the top-flop analysis (Table 3) [3]. The
comparison between the different motorcycles took place based on the following parameters:
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Tabela 5 – Top Flop Matrix
Brand
Model

Energica
Ego

Zero
SR ZF

Brammo
Empulse

Volt
Lacama

Lito
Sora

Lightning
LS-218

Johammer
J1

BMW
CE 04

Wheelbase (mm) 1465 1410 1473 1482 1498 1455 2225
Width (mm) 870 807 830 814 855
Seat Height (mm) 810 807 800 830 800 810 650 780
Weight (kg) 258 188 213 250 260 225 178 231
Power (kW) 107 52 40 70 42.5 150 16 31
Torque (Nm) 200 146 83 208 90 168 220 62
Max Speed
(km/h) 240 164 161 180 190 350 120 120

Acceleration
0-100 km/h 2.8 3.3 4.8 4.6 4.3 1.8 8 2.6

Autonomy
(km) 200 217 200 180 200 175 200 130

Battery (kWh) 11.7 14.4 10.4 11.7 12 12 12.7
Charging times
(min) 210 150 240 180 210 120 210 65

Price ($) 31040 19286 16225 35046 70092 35046 24933 11795
Number of Top 0 2 0 0 0 3 3 3
Number of Flop 2 1 1 1 2 0 3 3
Delta -2 1 -1 -1 -2 3 0 0

• Wheelbase, width, seat height and weight, related to the dimensional characteristics

• Power, torque, top speed, acceleration, which characterize the performance of the
motorcycle

• Autonomy, battery and charging time, to highlight the characteristics of an electric
vehicle

• Price, as one of the determining factors for the diffusion of this market.

The best values for each characteristic were highlighted in green, while the worst
values were shown in red. Then, a balance was made to calculate the delta, i.e., the
difference, between the positive results, tops, and the negative ones, flops, to determine
which model represented the best innovation.

Based on these results, the most innovative model, i.e., the model with the highest
delta, could be determined. The reference is the Lightning Ls-218 model with a delta of 3.
To develop an innovative motorcycle, one must overcome or compensate for this delta by
improving 4 or 5 characteristics without worsening other values. Taking the best results of
each specification as a reference, it is possible to create a table showing how to work to
improve (Table 4).

In the specific case of this project, the final product will be used for freight trans-
portation. For this reason, aspects such as maximum speed will be neglected.
Obviously, the weight must be as low as possible to favor autonomy and handling (safety),
while all parameters related to the lightness of the bicycle must be as high as possible to
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Tabela 6 – Innovation Table
Characteristic Target Value
WheelBase >1500mm
Width <870 mm
Seat Height <800 mm
Weight <178 kg
Power >150 kW
Torque >220Nm
Max Speed >350km/h
Acceleration
0-100 km/h <1.8 seg

Autonomy >217km
Battery >14.4 kWh
Charging time <120 min
Price ($) <16.200
Delta >3

compete in the competitive market.

In order to compete with gasoline vehicles, a high level of autonomy is required.
To ensure this, the capacity of the battery must also be as large as possible to allow for
longer run times.
However, one of the main drawbacks in affirming mobility through electric vehicles is
certainly the duration of recharging, which is why the system with the lowest possible
value will be chosen.

The manufacturing cost will be the most difficult parameter to determine. However,
an estimate will be made.

4.0.3 Analyse stage

Once the Define, Measure, Benchmark, and Top-Flop Analysis phases are completed,
the process defined by the QFD can be concluded with the Analysis phase, in which the
"WHAT /HOW relationship matrix"is created.

4.0.3.1 WHAT /HOW Relationship Matrix

The "what", i.e. the needs of the product from the customer’s point of view, is com-
pared with the "how", i.e. the technical requirements for the realization of the product, as it
is used in the top-flop analysis. In this phase, the parameters that have emerged most cle-
arly from the previous tables, indicated by yellow colored cells, are used. Numerical ratings
for the type of relationship are also used in this case: Nothing (empty field, equivalent to 0),
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Tabela 7 – What and How table
What / How Matrix WheelBase Width Seat Height Weight Power Torque Max Speed Acceleration

0-100 km/h Autonomy Battery Charging time Price ($) Total

High Autonomy 0 0 0 9 3 0 0 3 9 9 0 3 36
Lightness 1 1 0 9 1 0 0 3 9 3 0 3 30
Low price 0 0 0 3 3 1 1 1 3 3 3 9 27
Easy to recharge 0 0 0 0 3 0 0 0 0 9 9 0 21
Safety 3 0 0 9 0 0 3 0 1 0 0 3 19
Total 4 1 0 30 10 1 4 7 22 24 12 18

Weak (1), Medium (3), Strong (9). Finally, the sums for rows and columns are performed for
these numbers. So, from reading this "WHAT /HOW matrix"(Table 7), it can be seen which
are the most important values to be improved for the innovative design of an electric vehicle.

Summing:

• The sum of the row values indicates which requirement is most affected by the
technical specifications

• The sum of the column values indicates the priority of the actions that must be
taken to achieve the maximum impact on the requirements of the row

Based on the values obtained, it can be assumed that the priority in the develop-
ment of an innovative electric vehicle is mainly related to the highest ranked specifications,
such as vehicle weight, autonomy, battery capacity and price.

This means that the designer should emphasize the above features (weight, auto-
nomy, battery capacity, and selling price) during the design process to satisfy the customer.

As the most important feature where defined, It is possible to create the morpholo-
gical matrix (Figure 32, which will be used to determine the solution applied in the earlier
design.

For the each feature, a group of possibilities was evaluated and one was choose as
starting point for the design stage. They are numbered in the morphological matrix and
related following

High Autonomy: For the high autonomy aims, the battery’s technology plays an
important role. The chosen model was Lithium based.
In the morphological matrix there are three different kinds, which are indicated bellow:

• 1 - Lithium battery

• 2 - Lead battery
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Figura 32 – Morphological Matrix

Source: Author

• 3 - Nickel Metal Hydrate battery (NiMH)

Lightness: For achieve this goal, some different strategies of body frame was
considered. The choice was the model based in addictive manufacturing, with the concern
of looking for a lighter, and less expensive material.
The options shown in the morphological matrix are:

• 1 - Double beam frame

• 2 - Backbone frame

• 3 - Tubular frame (truss)

• 4 - Mono-block frame

• 5 - Addictive manufactured frame

Low price: For this objective, two conditions for motor mounting was considered,
for one of them would be necessary to include a chain or belt transmission system. For the
second option it is not necessary. In order to keep the number of components as smaller as
possible, the second option was selected.

• 1 - Electric motor centered in the frame + transmission from electric motor to rear
wheel

• Electric motor centered on the rear wheel

Easy to recharge: For the recharging strategy three possibilities where take
into account, a plug and play connection, what make it possible to be done at home, an



66

inductive system and a battery swapping using a battery batch. For that feature, the first
option was took.

• 1 - Manual plug

• 2 - Inductive recharge system 3 - Swapping battery

Safety: The safety feature could be subdivided in some sub-functions, which have
some possible solutions each. In order to keep the matrix readable, only the selected
options for the sub-system is chosen.

• 1 - Inverted tricycle - To allow the load and unload goods, without destabilizing the
vehicle, a the three wheel solutions was taken. It also make the parking easy, even
while loaded and in irregular floor.

• 2 - To avoid or reduce injuries to the rider in case of rollover of the vehicle, a ROPS
(Rollover Protective Structure) will be designed.

• 3 / 4 - Although a car design it is not what is being dealing with, some of the passive
safety systems commonly used in automobile will be added to this vehicle design,
such as front airbags, curtain airbags and seat-belts.

As mentioned early, the design phase will start from the solutions pointed-out in
the morphological matrix.

4.0.4 Design stage

Once the main feature are defined and the possible solutions were selected, the
design phase may begin.
Along the project, some models were done, in the first time, a street motorcycle were
considered, them a scooter model took place and lastly a tricycle. This sketches was used
as inspiring for the final design.

4.0.5 Verify stage

Considering the definition and exploration of the possibilities, the first concept of
the vehicle was ideated. For it the software Fusion 360 was used ( Figure 33 and Figure
43).
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Figura 33 – Initial Trike Design

Figura 34 – Ideated Trike

Source: Author

The trike was designed to be convenient for the driver and also to carry the load.
Its main dimensions, such as the distance between the axles, the caster angle and the
position of the mass, were first specified in the table 6 and then adjusted based on the
author’s experience. Some characteristics of this tables was not considered due the natural
difference between motorcycle and tricycle, likewise the width. It can be seen in figure 35.

Figura 35 – Load Position

Source: Author
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Tabela 8 – Use cases
[HTML]C0C0C0 Case Path Velocity (m/s) Acceleration (m/s2) Cargo (kg) DownHill UpperHill Obstacle

1 Linear Variable 2 140 No No No
2 Curvilinear 16 140 140 No No No
3 Linear Variable 2 140 Yes Yes Yes

The rider was assumed to be a man, for which the main dimensions can be seen in
Figures 36 and 37
This first sketch was used in the first looping of the dynamics analysis, which was done
with the MSC Adams Software. As first input, the weight of the motorcycle considered
was 192 kg (Figure 38).
From the dynamic analysis the load applied in the optimization phase was obtained. It
was done in done according to the cases shown in table 8:

From this analysis, the resulting forces in each suspension on each of the modeled
lanes were determined (see Figures 45, 46 and 47).

These values were used in the finite element model to develop the frame and rear
arm.

Figura 36 – Rider’s dimension scheme

Source: © 2020 The Ergonomics Center
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Figura 37 – Rider’s dimension table

Source: © 2020 The Ergonomics Center

Figura 38 – Center of mass (Unload motorcycle)

Source: Author
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The setups of the dynamic analysis performed on Adams software can be seen in
the Figures 39,40, 41, 42. To perform the analysis, the front and rear suspensions were

Figura 39 – Trike - First road used on dynamic simulation

Source: Author

Figura 40 – Trike - First road used on dynamic simulation

Source: Author

first defined in BikeSim software ((LEE; POLAK; BELL, 2008)). Later, the front and rear
suspension attibutes were used on Adams to perform dynamics simulation (Figures 43
and 44).

One more scenario was considered in the dynamic analysis. The second simulation
aimed to determine the limiting speed and maximum roll angle of the motorcycle to
validate or identify changes for urban/freight traffic.
In this context, the analysis was performed assuming that the scooter is in a curve and
the speed and roll angle are continuously increased. In Figure 48 you can see the limiting
speed of 125km/h and in Figure 49 the maximum roll angle of 40°. Despite the fact that
the scooter became unstable and tipped over after exceeding the speed limit, 125km/h
can be considered sufficient for urban use.
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Figura 41 – Trike - Second road used on dynamic simulation

Source: Author

Figura 42 – Trike - Second road used on dynamic simulation

Source: Author

Figura 43 – Properties: Front Suspension Figura 44 – Properties: Rear Arm

Source: Author



72

Figura 45 – Adams Results for path 1 - In the left, forces of rear suspension (FX, FY and
FZ), in the right Force of front suspension (FX, FY and FZ)

Source: Author

Figura 46 – Adams Results for path 2 - In the left, forces of rear suspension (FX, FY and
FZ), in the right Force of front suspension (FX, FY and FZ)

Source: Author
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Figura 47 – Adams Results for path 3 - In the left, forces of rear suspension (FX, FY and
FZ), in the right Force of front suspension (FX, FY and FZ)

Source: Author

Figura 48 – Longitudinal Speed in constant
radius, with longitudinal acce-
leration

Figura 49 – Roll Angle in constant ra-
dius, with longitudinal acce-
leration

Source: Author
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4.0.5.1 Generative Designing

Both the loads (Figure 58) and the constrains (Figure 51) of the preliminary design
were used as input in a generative model to define the frame, the rear arm and the front
console concepts.
As a premise, the material considered was polyetherketone ketone HT -23 (PEKK) (Figure
52) reinforced with carbon fibers to enable the manufacturing process through addictive
manufacturing, also through the EOS P 700 3D printer (Figure 53).

Figura 50 – Load Case 1 - Frame

Source: Author
Figura 51 – Load Case 2 - Rear Arm

Source: Author

The maximum components of the load determined in the dynamic analysis for each
user case were included in the generative model. These forces can be seen in the table 9.

The results from the combination of material and manufacturing process can be
seen in Figures 54 to 59.

4.1 Design result

The final result was a tricycle suitable for carrying both goods and passengers
(Figure 61). The preliminary design can be found in the Appendix section. A simple

Tabela 9 – Maximum components of forces per user case

Load Case
Loads from

Front Suspension (N)
Loads from

Rear Suspension (N)
Fx Fy Fz Fx Fy Fz

1 4500 -30000 -16000 10200 -14000 4500
2 5000 45000 -25000 -7500 -12000 -8000
3 -3000 -3000 -25000 -7500 -12500 -7500
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Figura 52 – PEKK Properties

Source: https://matweb.com

Figura 53 – EOS P 700 3D Printer

Source: EOS web page - https://www.eos.info/en
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Figura 54 – Generative Design Result -
Frame

Source: Author

Figura 55 – Generative Design Result -
Frame

Source: Author

Figura 56 – Generative Design Result -
Rear Arm

Source: Author

Figura 57 – Generative Design Result -
Rear Arm

Source: Author

Figura 58 – Generative Design Result -
Front suspension support

Source: Author

Figura 59 – Generative Design Result -
Front suspension support

Source: Author

indexing system, similar to the ISOFIX used in cars ((NO, 2014)) was provided so that
the transport devices could be easily interchanged. The dimensions of the ISOFIX Hooke’s
can be found in the figure 60. For passenger transport, the ISOFix system should be used
to secure a seat, backwards towards the rider’s seat, as shown in figures 63 and 64.
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Figura 60 – ISOFIX Dimensions

Source: Adapted from Lowne et al. (2002)

Because of the flexible fastening system, any other device can also be used. This
depends on the needs of the end user, as well as a backpack or gallon transport (Figure
62).
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Figura 61 – Final tricycle design

Source: Author

Figura 62 – Final trike design for goods transportation

Source: Author
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Figura 63 – Final trike design with passenger transportation - Side view

Source: Author

Figura 64 – Final trike design with passenger transportation - Isometric view

Source: Author
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5 SAFETY ANALYSIS

5.1 THUMS Overview

Neither the development nor the improvement of the human body model was the
subject of this project, but since it has a great impact on the analysis, not only in terms
of results, but also in terms of debugging the whole model, some details are given about
the THUMS project.

The THUMS used in this work is a model of the human body of an adult male of
the 50th percentile (AM50). The height and weight are 175 cm and 77 kg, version 5. The
Figure 65 shows the developed FE model, which includes a head/brain model, the internal
organs, and the skeleton, which includes the major bones such as the skull, ribs, spine,
femur, tibia, pelvis, humerus, ulna, and radius, and the major anatomical joints such as
the ankle, knee, hip, shoulder, elbow, and hand.

Figura 65 – Thums model

Toyota webpage www.toyota.co.jp/thums/about/

The model was developed by Toyota Motor Corporation and is freely available for
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download from their website.
THUMS version 5 has been validated using 36 test sets of postmortem human surrogates
(PMHS) and volunteer tests in frontal, side, and rear impacts. The validation sets are also
available on the Toyota Motor Corporation website.

5.1.1 Materials used in human models

5.1.1.1 Hard Materials

The behavior of human bone is like a brittle material whose properties are recorded
in mechanical tests.

Li et al. (2010) show in their paper how a test was performed to describe the
material properties of a rib. They took ribs 2, 4, and 10 from men between the ages of 31
and 62 and tested them for tension, compression, and shear. They also examined different
velocities to determine the relationship between response and velocity. The experimental
test matrix can be seen in Figure 66, and the model setup as in Figure 67.

Figura 66 – Experimental test matrix

Source: Li et al. (2010)

Figura 67 – Model Setup

Source: Li et al. (2010)
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The problem was also modeled using a finite element method to validate a material
curve. The results obtained are available in the figure 68.

Figura 68 – Experimental test results

Source: Li et al. (2010)

5.1.1.2 Soft Materials

Material models used to represent organ response are much more complex than
those used for bone. Because of the high degree of nonlinearity present in the model.
Budday et al. (2017) show that an experiment could be performed on a human brain to
obtain the correct parameters to model it correctly.
It is possible to see that a certain damping system is applied to the material model (Figure
69), which itself introduces a high degree of complexity to optimize the curves.

Figura 69 – Brain Model

Source: Budday et al. (2017)

As usual, an experiment was performed with a small part of the organ. In the
specific case of the brain, both the white and gray matter were used. Then a finite element
model was created to validate the material model, and finally the model was extrapolated
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Experimental and numerical curve for brain Experimental and
numerical curve for Rib4

Source: Budday et al. (2017)

Source: Author

Figura 70 – From left to right: Low strain rate, Medium strain rate and High strain rate

Source: Budday et al. (2017)

to a higher-level problem.

The curves are obtained considering different rates, as is shown in the picture 70.

There are many other important aspects to consider, such as the behavior of joints
(Yue, Shin e Untaroiu (2011)), shown in Figure 71, or the contribution of tissue and
ligaments (Fice, Cronin e Panzer (2011)), see Figure 72. The tissue and ligaments play an
important role when tensile loads are applied, but they can usually be neglected when
compressive loads are applied.

Depending on the analysis and the desired target, spinal posture prediction may
be considered (Figure 73).
To use the Piper application to position the THUMS in the preprocessing phase of a finite
element analysis, a metafile must be created.
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Figura 71 – Knee Joint experiment

Source: Yue, Shin e Untaroiu (2011)

Figura 72 – Neck Ligaments

Source: Fice, Cronin e Panzer (2011)

Figura 73 – Spine Posture prediction

Source: Claude, Lyon e Projets (2017)

Of course, however, the full model of the human body is much more complex than
presented here, as are the material models, since they not only determine the outcome of
the analysis, but also imply relevant properties such as time step or failure mode, which
are important to understand in order to properly handle safety simulations.

5.1.2 Modeling and Pre-Processing

The trike model was developed entirely by the author.
Given the complexity of the mesh of the optimized model, which would have small solid
elements, which in turn would significantly reduce the time step and make the analysis
infeasible, the tube frame version was chosen for the simulation, which is simpler and
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allows the analysis (Figure 74).

Figura 74 – Pre-processing in Hypermesh

Source: Author

After preprocessing the trike model, the helmet was modeled. The 3D CAD was
created based on the public references available in the GrabCAD platform. The outer
shape was simplified to reduce the number of components and to obtain a patterned mesh.
The inner shape was adapted to the thum’s head size to position the helmet without
interference (Figure 75).
A belt model without the 1D slip rings was added to the helmet to keep it in the THUMS
head during analysis.

The material properties of the helmet, both for the outer skin and the inner foam,
were taken from the GMSIE team that had previously worked with the helmet.

Then the tricycle, the helmet, and the Total Human Model for Safety - THUMS
V5 were imported together. The positioning of Thums on the tricycle was done with the
software Piper (Figure 76).

The final pre-processing result can be found in the Figure 77.

Since the Federal Motor Vehicle Safety Standard FMVSS 581 and ECE-R42 only
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Figura 75 – In the left, helmet model, in the middle, the helmet with the lower belt and
in the right helmet meshed

Source: Author

Figura 76 – Thums model positioning with Piper’s software

Source: Author

specify requirements for vehicle parts (such as bumpers) in low-speed front and side
impacts, the (UNECE, 1958) criterion chosen for driver evaluation was that the head must
not exceed 80g for 3 ms.

5.2 THUMS Evaluation

The response of THUMS was evaluated under two different conditions, frontal
impact and side impact.
For this analysis, a numerical model of the tricycle was used to simulate the impact against
a rigid wall or a rigid vertical post with a diameter of 273 mm. The initial velocity applied
was 8 m/s (29 km/h), which closely matched Federal Motor Vehicle Safety Standard 214
(FMVSS214) - Figures 78 and 79.
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Figura 77 – Complete model pre-processed - Trike, THUMS and Helmet

Source: Author
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Figura 78 – Frontal Crash simulation - Trike, Thums, Helment and Frontal Airbag

Source: Author

The side impact was performed with curtain airbags, but they did not function
as expected and extended above the rider’s head (Figure 79). Nevertheless, it could be
retained in the final design, as it should provide additional protection at least in rollovers -
which were not simulated in this work.
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Figura 79 – Side Impact simulation - Trike, Thums, Helment and Frontal Airbag

Source: Author

The first feature analyzed was the energy balance. For this purpose the following
components were considered:

• Total energy

• Kinetic energy

• Internal energy
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• External work

• Hourglass energy

The energies are a first indicator of the success of a simulation. As can be seen in
the figure 80, the total energy increases slightly over the course of the analysis, but the
magnitude of the increase is considered acceptable.

The trend in kinetic and internal energy is correct. The hourglass energy, a para-
meter considered non-physical, should be below 10% of the total energy according to the
LS -dyna guidelines, and as can be seen, this constraint is met.

Figura 80 – Energy balance

Source: Author
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6 RESULTS AND DISCUSSION

6.1 Product design

In the development of a project, it is widely recognized that using a well-defined
methodology is crucial for effectively organizing activities at each stage. In the tricycle
project, the DFSS methodology was employed, incorporating a combination of different
tools.

The TRIZ tool, utilized during the Benchmarking phase, facilitated the discovery of
an innovative solution, given that the trike’s design is based on a polymer. This allows the
structure to be adapted according to the application, if necessary. Moreover, the ISO-Fix
system was adapted for the vehicle, offering a variety of accessories that can be installed,
such as elements for transporting food, goods, and even passengers.

In contrast to commercial motorcycles and tricycles, this design includes seat
belts, front and curtain airbags, and a rollover protective structure (RoPS). Although the
simulation with the curtain airbag was unsuccessful, it was retained in the project due to
its potential to reduce damage to the motorcyclist in the event of a trike rollover.

A solar panel was incorporated to minimize energy consumption and power the
displays and lighting system. The conceptual design features a 475 mm x 1 m solar panel,
and the daily energy generation can be calculated using the following formula:

Energy (Wh) = Power (W) × Sunlight hours per day (h)

Replacing the area value, it is possible to estimated to generate around 85.5 watts
of power under ideal sunlight conditions, assuming an average efficiency of 18% and an
irradiance of 1000 W/m2 (KALOGIROU, 2014).

It should be noted that these are only estimations at this stage of the project.
During the detailed design phase, the solar panel’s characteristics and available sunlight
in the specific location should be thoroughly investigated to provide a more accurate
assessment of the solar panel’s performance and energy generation capacity.

Regarding the tricycle development objectives, is possible to mention the following:

1. High autonomy: The battery capacity was estimated to achieve a 220 km autonomy.
A lithium battery package was assumed, and some simplifications were made for the
conceptual phase (DOE, 2020):



94

To estimate the power required to overcome forces and the battery capacity, we will
use the following equations, considering a vehicle mass of 118 kg and litium battery.
Other variables was assumed in the conceptual phase based on the author experience:

Calculate the rolling resistance force F(rr):

Frr = Crr ×m× g

Assuming a rolling resistance coefficient C(rr) of 0.015, and the gravitational accele-
ration g as 9.81m/s2, we have:

Frr = 0.015 × 118 × 9.81 = 17.36 N

Calculate the aerodynamic drag force F(drag):

Fdrag = 0.5 × Cd × A× ρ× V 2

Assuming a drag coefficient Cd of 0.7, a frontal area A of 0.8m2, an air density of
1.225kg/m3, and a vehicle speed V of 20m/s, we have:

Fdrag = 0.5 × 0.7 × 0.8 × 1.225 × 202 = 112.28 N

Calculate the total force F(total):

Ftotal = Frr + Fdrag

Ftotal = 17.36 + 112.28 = 129.64 N

Calculate the power P required to overcome the forces:

P = Ftotal × V

P = 129.64 × 20 = 2592.8 W

Calculate the energy required for the trip:

Energy (Wh) = P (W) × Trip Distance (km)
Average Speed (km/h)

Assuming an average speed of 60km/h and a trip distance of 220km, we have:

Energy (Wh) = 2592.8 × 220
60 = 9, 520 Wh
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Calculate the required battery capacity:

Battery Capacity (Wh) = Energy (Wh)
ηbattery × ηmotor

Assuming a battery efficiency battery of 0.95 and a motor efficiency motor of 0.9, we
have:

Battery Capacity (Wh) = 9, 520
0.95 × 0.9 = 11, 162.81 Wh

2. Lightness: The use of polymers and generative design techniques reduced the mass
from 192kg to 118kg.

3. Comfort: The front windshield and riding position offer greater comfort than current
motorcycles and tricycles.

4. Low Price: While a detailed cost analysis was not conducted during the preliminary
design phase, the structure’s minimal components should contribute to reduced
assembly and maintenance costs.

5. Easy to recharge: Batteries were positioned to enable quick recharging and easy
replacement.

6. Safety: Significant advancements were achieved. The results will be discussed in the
following sections

6.1.1 Process Planing

As in the other phases of the project, computer-aided tools were used in process
planning to optimize the workflow.
Typically, the process planner combines information from 2D drawings with data from the
model CAD, to define the best sequence or machines for manufacturing.

In the tricycle project, several parts were developed using the generative design
method, resulting in complex surfaces that can be produced by additive manufacturing or
injection molding.

However, the components may require post-processing, such as machining to
improve the surface or to reach the assembly areas, inserting Ensats bushings for threaded
holes, and more.
As diverse 3D software were used in the Trike developement, like Catia V5, Fusion 360
and SpaceClaim, and the manufacturing attributes are lost in translation, to facilitate the
understanding and minimize process errors, it is proposed to use a color pattern in the 3D
design in addition to the part information in the 2D design to help the process engineer
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define the best manufacturing strategy for the product. A proposed pattern can be seen in
Figure 81

Figura 81 – Color Pattern

Source: Author

Different colors for each features are proposed because they are kept in the most
comom standard extension, like .step and .igs
An application of the standard color can be seen in the figure 82

6.1.1.1 Manufacturing

The Tricycle project involves the use of additive manufacturing for several com-
ponents. Although it is an innovative technology, it is not yet accessible for all sizes of
components. Especially not for large parts.

One way to get around this limitation is to split a large part into two or more parts
83
, manufacture the parts separately, and then join them together using screws, high-strength
adhesives, or ultrasonic welding.
These methods were not considered in this work.
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Figura 82 – Application Color Pattern

Source: Author

Figura 83 – Example of divided component in two parts

Source: Author

6.2 Safety analysis

6.2.1 Injuries evaluation

6.2.1.1 Head and Neck

According to (UNECE, 1958), the head injury criterion (HIC36) must not exceed
1000 and the head acceleration must not exceed 80g for 3 ms with respect to the neck,
the bending moment must not exceed 57 Nm and the tensile and shear criteria should be
below the curves in the figure 84.
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Figura 84 – Neck Injury Criteria

Source: UNECE 2017b

Head acceleration was assessed in both frontal and side impacts (Figures 85 and
86. In both cases, the critical value is reached.

Figura 85 – Head Acceleration and equivalent HIC36 - Frontal Impact

Source: Author
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Figura 86 – Head Acceleration and equivalent HIC36 - Side Impact

Source: Author

With respect to the neck, the shear and tensile forces were extracted for the upper
and lower vertebrae, C1 and C7, respectively (87.

Figura 87 – Vertebrates C1 and C7

Source: Author

The results of the frontal impact are shown in 88 and 89, and those of the side



100

impact are shown in 90 and 91.

Figura 88 – Neck Shear and Tension Force - Frontal Impact

Source: Author

Figura 89 – Neck Bending Moment - Frontal Impact

Source: Author
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Figura 90 – Neck Shear and Tension Force - Side Impact

Source: Author

Figura 91 – Neck Bending Moment - Side Impact

Source: Author

In a frontal impact, the rider’s head does not contact any component of the tricycle
or the rigid barrier, so both the bending moment and the shear force are much lower than
in a side impact.
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The side impact meets the criteria, but it is noticeable that the risk of injury to
the rider is significantly higher because the helmet collides directly with the rigid pole.

Compared to the frontal crash model, the model differs only with regard to the
airbags. The front airbag was eliminated, and a curtain airbag was added. The other
conditions, such as helmet and safety for the occupant, were kept.

However, the curtain airbags were not effective in mitigating the impact, since
they opened to the sides, not downwards. Even so, they could kept in the design, as they
certainly reduce the damage to the driver in the event of a rollover.
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6.2.2 Skull and Brain

The development of complete human body models, such as the THUMS used in this
project or the HBM developed by Elemance, sets a precedent for establishing other crite-
ria for evaluating damage, such as criteria based on stress, strain, energy, or volume change.

Germanetti summarized the study of several authors who proposed methods for
estimating injuries other than those presented by UNECE (1958).

The summary of this study for the assessment of injuries to the skull and brain
can be found in Figure 92

Figura 92 – Summary of proposed injuries criteria for skull and brain

Source: (GERMANETTI F.; FIUMARELLA, 2022)

Some results were taken for the frontal and side impacts, and they can be seen at
figures 93, 94, 95 and 96.
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Figura 93 – In the left, Brain First Principal Strain and in the right Brain VonMises Stress
for the Frontal Impact

Source: Author

Figura 94 – In the left, Brain First Principal Strain and in the right Brain VonMises Stress
for the Side Impact

Source: Author

It can be found that the first principal strain over 31% can lead to moderate and
over 40% to severe damage to the brain. For the VonMises stress criterion, the same rule
applies: up to 26KPa moderate damage and over 33KPa severe damage.

Looking at the results for both the frontal impact and the side impact, there is
one location that significantly exceeds these limits, but since it is a very concentrated
region, it could be a numerical singularity problem. However, there is a large region of the
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brain that has a high probability of severe damage under both criteria in both accident
simulations.

Figura 95 – In the left, Skull Maximum Principal Strain and in the right Skull strain
energy for the Frontal Impact

Source: Author

Figura 96 – In the left, Skull Maximum Principal Strain and in the right Skull strain
energy for the Side Impact

Source: Author

It is important to note that even if the criteria for head acceleration are met, the
skull is well above the limits given by Geovane. One possible reason for this could be
related to two aspects of the simulation rather than the actual physical conditions. The
first is the use of mass scaling, which causes some nodes to protrude from the model due
to the concentrated increase in mass. The second is the hourglass effect, where we have a
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large displacement of nodes subjected to a relatively small force.

6.2.2.1 Internal Organs

Concerning internal organs, (GERMANETTI F.; FIUMARELLA, 2022) also sum-
marizes the criterion of several studies. This summary can be seen in the figure 97

Figura 97 – Summary of proposed injuries criteria for internal organs

Source: (GERMANETTI F.; FIUMARELLA, 2022)

From the lung and heart results, profiles were extracted for both frontal and side
impact. These results can be seen in figures 98 and 99 As in the case of the brain, the result

Figura 98 – In the left, Heart Maximum Principal Strain for Frontal Impact and in the
right Heart Maximum Principal Strain for the Side Impact

Source: Author

for the heart shows a high strain point, well above the threshold, but very concentrated.
Nevertheless, we see a large area of strain greater than 30%, indicating a high risk of
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contusion.
The possibility of lung injury is greater in the area under the seat belt, especially in

Figura 99 – In the left, Lung Maximum Principal Strain for Frontal Impact and in the
right Lung Maximum Principal Strain for the Side Impact

Source: Author

frontal collisions. The maximum principal strain is up to 0.76

6.2.2.2 Thorax

For a summary of the injury criteria that can be used for the thoracic skeleton and
organs, see 100 ((GERMANETTI F.; FIUMARELLA, 2022)).

As in the previous case, some criteria were selected and the results were extracted
for both frontal and side impact.
The risk of fracture was evaluated according to the criteria of first principal strain and
VonMises stress (Figures 101 and 102).

In a frontal impact, the VonMises stresses and the first principal strain found are
quite low, even if the ribs have a high deformation that compresses the lung. The main
focus is on the cervical spine, where a high stress level is found - about 135 MPa according
to the VonMises criteria.

As for the side impact, the first principal strain is low overall, but the VonMises
stress in the rib area is close to the fracture limit - 119MPa.
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Figura 100 – Summary of proposed injuries criteria for thorax

Source: (GERMANETTI F.; FIUMARELLA, 2022)

Figura 101 – In the left, Thorax First Principal Strain, and in the right Thorax VonMises
stress for the Front Impact

Source: Author
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Figura 102 – In the left, Thorax First Principal Strain, and in the right Thorax VonMises
stress for the Side Impact

Source: Author

6.3 Model complexity

The model developed for this analysis consists of 2,585 components (including
beams, shells, and solids ) and more than 2 million elements. This level of complexity
makes debugging the analysis difficult, and each loop takes time to run. using THUMS
alone, 94 simulations were run, each taking between 20 and 30 hours to complete.

Under these conditions, the use of models with this level of complexity is not
justified in all cases.
On the other hand, because the human model is complete, the response of various organs
or body parts can be accurately assessed, which can shed light on an area that would
likely be neglected in simpler models.
Therefore, the choice of the human model used must be considered as a design criterion.
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7 CONCLUSION AND FUTURE WORK

In this dissertation, DFSS design methods were applied with some PRODIP and
IP2P tools to develop a tricycle for urban use.

The result was a flexible, manufacturable vehicle that is easy to assemble and
provides enhanced safety compared to conventional motorcycles and tricycles. Although
significant progress has been made, there is still a certain way to go towards the ultimate
goal of achieving zero traffic fatalities.

Defining a framework is important not only because it ensures the achievement
of the final result, but also because it minimizes the number of detours in the project phases.

In complex projects, such as the development of a tricycle, it is common to use a
group of software to perform CAE or CAM simulations, as well as for the modeling of
different areas, such as complex surfaces or the validation of kinematics. Because of this
feature, it is important to create a pattern to transfer the attributes from one software to
another. In this project a color pattern was used.

Both the design requirements - versatile, innovative and user-friendly, as well the
safety requirements were met. However, the manufacturing cost of the solution is not
necessarily low, as addictive manufacturing was considered and the investment is higher
compared to traditional welding/machining processes.

In the validation phase, impact simulations were performed according to FMVSS
581, which specifies parameters for low-speed impact. The THUMS model was used in the
tricycle as the rider, and the head acceleration and neck force were determined.

Since the THUMS is a very detailed human model, other criteria can be studied,
as mentioned in the discussion chapter, like the based on energy, strain or stress. Some
authors have been studied it, and some of their methods applied.

For future work, the evaluation of the criteria could be further explored in relation
to the area of the model in which they are applied. As mentioned in the discussion chapter,
some authors suggest the application of VonMises stress for the evaluation of bones, such
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as the ribs. Since the ribs behave like a brittle material, there is probably a different
stress criterion to evaluate them, since the VonMises criterion is generally used for ductile
materials.

The effects of hourglass and mass scaling on energy and strain based results could
also be analyzed. It was possible to identify non-physical deformations in areas of interest,
such as the brain and skull, and in these areas the results were divergent compared to
traditional methods, such as head acceleration. This does not mean that the application
of mechanical criteria should not be performed, but the consistency of the analysis for
their application needs to be verified.

Due to the complexity and size of the model, the impact analysis was performed
using a simplified structure of the tricycle. For future work, the full model of the tricycle
with the polymer structure should be used instead of the reduced model.

It is also possible to modify the lower structure and implement a bumper on the
tricycle. This should improve energy dissipation in the event of a collision.

A rear impact, with a passenger and against other vehicles could also be considered
to confirm that the vehicle is safe for daily use.
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ANEXO A – MOTORCYCLE’S CHARACTERISTICS

Although motorcycles consist of complex kinetic systems, we can divide them into
four broad groups (COSSALTER, 2006):

• Rear assembly (frame, saddle, tank and motor );

• Front assembly (the fork, the steering head and the handlebar);

• Front wheel;

• Rear wheel;

These rigid bodies are connected by three pivot joints (the steering axle and the
two wheel axles) and have ground contact at two wheel/ground contact points.

Figura 103 – Kinematic structure of a motorcycle (COSSALTER, 2006)

The main parameters for a motorcycle rigid body are shown in the Figure 104
(COSSALTER, 2006):

• p wheelbase;

• d fork offset: perpendicular distance between the axis of the steering head and the
center of the front wheel;
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• ϵ caster angle;

• Rr radius of the rear wheel;

• Rf radius of the front wheel;

• tr radius of the cross section of the rear tire;

• tf radius of the front tire cross section.

Figura 104 – Geometry of a motorcycle

Source: Cossalter 2014

Some important geometric parameters can be expressed in terms of these variables:

• r = (Rr − tr) radius of the front torus center circle;

• f = (Rf − tf ) radius of the rear torus center circle;

• an = Rfsinϵ− d;

• a = an
cosϵ

= Rf tanϵ− d

cosϵ
.

The geometric parameters used to describe motorcycles are as follows:
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• the wheelbase p ;

• the caster angle ϵ ;

• the normal trail a.

• the real trail d

These parameters are measured when the motorcycle is in a vertical position and
the steering angle of the handlebar is set to zero.

A.0.1 Trail

Trail is the distance by which the ground contact point of the front wheel lags
behind the ground contact point of the steering axle.
The steering axle is the axis about which the entire steering mechanism (fork, handlebars,
front wheel, etc.) pivots. In traditional bike / trike designs with the steering axle tilted
rearward from vertical, positive trails tends to steer the front wheel in the direction of a
lean, regardless of the speed of travel.(WILSON; SCHMIDT, 2020).

Trail is a function of steering head angle, fork offset or rake, and wheel size. Their
relationship can be described by this formula:

Trail = (Rw cos(Ah) −Of )
sin(Ah)

Trail = (Rw cos(Ah) −Of )
sin(Ah)

where:

• Rw is the radius of the wheel;

• Ah is the head angle measured clockwise from horizontal;

• Of is the fork offset or rake.

The more trail a conventional motorcycle has, the more stable it feels, although too much
trail can make the motorcycle difficult to steer. Motorcycles with negative trail are reported
to feel very unstable(ZINN, 2004).
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Figura 105 – Dimension of the trail for the electric motorcycle

Source: (COSSALTER, 2006)

A.0.2 Turning

To turn a bicycle, i.e., change the direction of travel, the front wheel must point
approximately in the desired direction, as with any front-steered vehicle. The friction
between the wheels and the ground then generates the centripetal acceleration necessary
to change course from straight ahead, as a combination of cornering force and camber
thrust. The turning radius of an upright (not lean) bike can be roughly estimated for small
steering angles by(COSSALTER, 2006):

r = w

δ cos (ϕ)

where r is the approximate radius, w is the wheelbase, δ is the steering angle, and
ϕ is the caster angle of the steering axis.

A.0.3 Leaning

Motorcycles (and bicycles) must also lean during a turn to balance the relevant
forces: gravity, inertia, friction, and grip. The angle of inclination, θ, is easily calculated
using the laws of circular motion(FAJANS, 2000):

θ = arctan
(
v2gr

)
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where:
v is the forward velocity
r is the radius of rotation
g is the acceleration due to gravity

This is the idealized case. For motorcycles, a slight increase in lean angle may be
required to compensate for the width of the tires at the same forward speed and radius of
turn
.

This lean angle of the motorcycle reduces the actual cornering radius in proportion
to the cosine of the lean angle. The resulting radius can be roughly approximated (within
2% of the exact value) by:

r = w cos (θ)
δ cos (ϕ)

where:
r is the approximate radius
w is the wheelbase
θ is the lean angle
δ is the steering angle
ϕ is the caster angle of the steering axle.

When a bicycle is leaned, the contact patches of the tires shift further to the side
and wear.

The limited width of the tires changes the actual lean angle of the rear frame from
the ideal lean angle described above. The actual angle of lean between the frame and
the vertical axis must increase with tire width and decrease with the height of the center
of mass. Bikes with thick tires and low center of mass must lean more than bikes with
thinner tires or higher center of mass for the same turn and speed.

The increase in lean angle due to a tire thickness of 2t can be calculated as follows:

arcsin
(
t
sin(ϕ)
h− t

)
where:
ϕ is the ideal angle of inclination h is the height of the center of mass

It has been shown that the couple generated by gravity and ground reaction forces
is necessary for a bicycle to turn. On a custom-built bicycle with suspension outriggers that



122

precisely cancel this coupling so that the bicycle and rider can assume any lean angle when
riding in a straight line, it is impossible for the rider to make a turn. As soon as the wheels
deviate from a straight path, the bike and rider begin to lean in the opposite direction,
and the only way to correct them is to steer back onto the straight path(DONG et al., 2014).

A.0.4 Countersteering

To initiate a turn and the necessary lean in the direction of the turn, a bicycle must
momentarily steer in the opposite direction. This is often referred to as countersteering.
Since the front wheel is now at a finite angle to the direction of travel, a lateral force is
generated on the tire’s contact patch. This force creates a torque around the longitudinal
axis (roll axis) of the motorcycle, and this torque causes the motorcycle to lean away from
the original steered direction and toward the direction of the desired turn. If there is no
external influence, such as a favorable crosswind, that generates the force necessary to tilt
the motorcycle, countersteering is necessary to initiate a fast turn(COSSALTER; LOT;
PERETTO, 2007).

While the initial steering torque and steering angle are both opposite to the desired
direction of the turn, this does not necessarily have to be the case to maintain a smooth
turn. The sustained steering angle is usually in the same direction as the curve, but can
remain opposite to the direction of the curve, especially at high speeds. The sustained
steering torque required to maintain this steering angle is usually opposite to the direction
of the curve. The actual magnitude and orientation of both the sustained steering angle
and the sustained steering torque of a given bicycle in a given turn will depend on the
riding speed, bicycle geometry, tire characteristics, and the combined mass distribution
of the bicycle and rider. When you are in a turn, the radius can only be changed by
changing the lean angle accordingly. This can be achieved by additional countersteering
out of the turn to increase lean angle and decrease radius. To exit the turn, the motorcy-
cle must countersteer again, briefly steering more into the turn to decrease the radius,
increasing inertial forces and thereby decreasing the lean angle .(COSSALTER et al., 2010).

A.0.5 Maneuverability

Motorcycle maneuverability and handling are difficult to quantify for several reasons.
The geometry of a bicycle, particularly the angle of the steering axis, makes kinematic analy-
sis complicated (MEIJAARD et al., 2013). Under many conditions, bicycles are inherently
unstable and must always be under the control of the rider. Finally, the skill of the rider
has a major impact on the performance of the bicycle in any maneuver. Bicycle design is
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usually about a trade-off between maneuverability and stability(COSSALTER et al., 2010).

Although maneuverability is a difficult parameter to determine, it is generally agreed
that the stiffer the structure of the motorcycle, the better it plays its role in this regard,
since the entire mechanism tends to respond to calls to change trajectory(COSSALTER;
LOT; PERETTO, 2007).

A.0.6 Acceleration

During acceleration, load transfer causes a decrease in the normal force on the
front tire and an increase in the normal force on the rear tire (COSSALTER, 2006).

The dynamic load on the front tire (FILIPOZZI et al., 2021)(Nf ) is given by:

Nf = mg
b

p
− S

h

p

The dynamic load on the rear tire (Nr) is given by:

Nr = mg
(p− b)
p

+ S
h

p

The load transfer term in the above equations is the Sh
p

term(COCCO, 2013)(FO-
ALE, 2006). The driving force (S) multiplied by the ratio of the height to the center of
gravity (h) to the wheelbase (p). Acceleration is limited by wheel spin or loss of rear wheel
traction, which is a correlation ratio between the distance of the rear wheel contact patch
and the height of the CG. If the traction coefficient (µp) is less than the ratio h

p
, the

acceleration phase is traction limited. If the traction coefficient (µp) is larger than the
ratio h

p
, the acceleration is wheel-limited.(COSSALTER, 2006)

Mathematically,

if b
h
> µp, atraction limited

if b
h
< µp, awheeling limited
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A.0.7 Braking

During braking, the signs of the load transfer term reverse because the Thurs t(S)
is negative. The dynamic equations become:

Nf = mg
b

p
+ s

h

p

Nr = mg
(p− b)
p

− S
h

p

Braking is limited by overturning or when the rear wheel lifts off the ground (Nr = 0). The
maximum deceleration ( ẍ ) experienced by the best racer is 1.1 to 1.2 g ’s(LIEH, 2013).
The nondimensional equations describe the values of deceleration or force (mẍ) for the
entire motorcycle, front tire force (Ff ) and rear tire force (Fr), respectively. (COSSALTER,
2006).

ẍ

g
= pµr + b (µf − µr)

p+ h (µr − µf )

Ff
F

= µf (b+ hµr)
pµr + b (µf − µr)

Fr
F

= µf ((p− b) − hµf )
pµr + b (µf − µr)

The deceleration and force equations depend on the geometric values (CG height,
wheelbase, distance from CG to rear wheel) of the motorcycle and the coefficient of friction
of the tires (µr, µf )(COSSALTER, 2006).

A.0.8 Tires

Tires affect bicycle dynamics in two different ways: finite crown radius and force
generation (COSSALTER et al., 2010)(FOALE, 2006). It has been shown that increasing
the crown radius of the front tire results in a reduction in size or elimination of inherent
stability. Increasing the crown radius of the rear tire has the opposite effect (SHARP, 1971).

Tires generate the lateral forces necessary for steering and balance through a
combination of cornering force and camber thrust. In this context, inflate pressure plays
an important role (EVANGELOU, 2004).

A torque generated by a tire, called self-aligning torque, is caused by asymmetries
in lateral slip along the length of the contact patch.

Another torque is generated by the limited width of the contact patch and the lean
angle of the tire in a corner. The part of the contact patch that is outside the curve moves
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rearward with respect to the wheel hub faster than the rest of the contact patch because
it is a larger radius away from the hub.

The combination of these two opposing torques creates a yaw moment on the front
wheel, the direction of which is a function of the tire’s side slip angle, the angle between
the tire’s actual path and the direction it is pointing, and the tire’s camber angle (the
angle at which the tire leans from vertical)(WILSON; SCHMIDT, 2020).

A.0.9 Equation of motion

Blundell e Harty (2004) proposes the dynamic analysis of the bicycle based on
the multibody approach, which means that the motorcycle is modeled considering rigid
subsystems interacting with each other through joints.

The lean equation can be expressed by(MEIJAARD et al., 2013):

Mθθθ̈r +Kθθθr +Mθψψ̈ + Cθψψ̇ +Kθψψ = Mθ

Mθθθ̈r +Kθθθr +Mθψψ̈ + Cθψψ̇ +Kθψψ = Mθ

and the steer equation expressed by:

Mψψψ̈ + Cψψψ̇ +Kψψψ +Mψθθ̈r + Cψθθ̇r +Kψθθr = Mψ

Mψψψ̈ + Cψψψ̇ +Kψψψ +Mψθθ̈r + Cψθθ̇r +Kψθθr = Mψ

Where:

• θr is the lean angle of the rear assembly;

• ψ is the steer angle of the front assembly relative to the rear assembly;

• Mθ and Mψ are the moments (torques) applied at the rear assembly and the steering
axis, respectively. For the analysis of an uncontrolled bike, both are taken to be zero.

These can be represented in matrix form as:

M q̈ + Cq̇ +Kq = f

Where,

• M is the symmetrical mass matrix which contains terms that include only the mass
and geometry of the bike;
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• C is the so-called damping matrix, even though an idealized bike has no dissipation,
which contains terms that include the forward speed v (it is asymmetric);

• K is the so-called stiffness matrix which contains terms that include the gravitational
constant;

• q is a vector of lean angle and steer angle;

• f is a vector of external forces, the moments mentioned above.

In this idealized and linearized model, there are many geometric parameters (wheel-
base, head angle, mass of each body, wheel radius, etc.), but only four significant variables:
Inclination angle, inclination rate, steering angle, and steering rate(DORIA; TOGNAZZO,
2014).

The equations show that the bicycle behaves like an inverted pendulum, with
the lateral position of its support controlled by terms representing roll acceleration, roll
velocity, and roll displacement as a function of steering torque(SHARP, 1971).
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ANEXO B – MECHANICAL DRAWINGS
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