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Abstract: This study is on the conception of the DS700 HYBRID project by the application of the
Industrial Design Structure method (IDeS), which applies different tools sourced from engineering
and style departments, including QFD and SDE, used to create the concept of a hybrid motorbike
that could reach the market in the near future. SDE is an engineering approach for the design and
development of industrial design projects, and it finds important applications in the automotive
sector. In addition, analysis tools such as QFD, comprising benchmarking and top-flop analysis
are carried out to maximize the creative process. The key characteristics of the bike and the degree
of innovation are identified and outlined, the market segment is identified, and the stylistic trends
that are most suitable for a naked motorbike of the future are analyzed. In the second part the
styling of each superstructure and of all the components of the vehicle is carried out. Afterwards the
aesthetics and engineering perspectives are accounted for to complete the project. This is achieved
with modelling and computing tools such as 3D CAD, visual renderings, and FEM simulations, and
virtual prototyping thanks to augmented reality (AR), and finally physical prototyping with the use
of additive manufacturing (AM). The result is a product conception able to compete in the present
challenging market, with a design that is technically feasible and also reaches new lightness targets
for efficiency.

Keywords: Industrial Design Structure (IDeS); Stylistic Design Engineering (SDE); Quality Function
Deployment (QFD); motorcycle design; design engineering; benchmarking; topology optimization;
additive manufacturing; augmented reality

1. Introduction

This project was born with the aim to create an innovative motor vehicle, highlighting
innovative product design methods and competitive product characteristics that will
guarantee a possible successful market share if put into production. Initial analysis led to
the idea of solving the market’s need for an agile, innovative, and versatile two-wheeled
vehicle, which could be used as a test bed for the future implementation of highly advanced
features on production vehicles of such kind. All the various phases of creation and
development of a transportation design product are analyzed, and the methods are shown
and discussed.

The industrial design phase of a product has to pursue the design of each component,
and to make a product attractive to the market it is necessary to carry out in-depth analyses
and collect information directly from potential customers. To perform an accurate analysis
and an innovative product development, it was chosen to apply the Industrial Design
Structure (IDeS). Methodologies such as Quality Function Deployment (QFD) [1] and
Stylistic Design Engineering (SDE) were developed in the application of the transportation
design project, and then applied to this design, and then the analysis and the detection
of the unique innovation elements were made possible by the adoption of them. The
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development of an innovative industrial product is possible by subdividing the design
process in phases. This allows a reduction in time and errors and consequently reduces the
design costs. The use of innovative technologies, such as additive manufacturing (AM) and
augmented reality (AR) shows the possibility of implementing the IDeS process rapidly
and with extremely flexible solutions for virtual prototyping. Innovative ways to design the
frame are also explored, studying the possibilities offered by topological optimization, and
trying to incorporate these innovative technologies into the design to achieve real benefits
in terms of performance and size.

To better achieve the goal of innovation in the design field, this project also used
the SDE methodology. It is a design technique that has been successfully used in the
industrial field and in the car design industry [2]. It consists of the systematic arrangement
of tasks gradually led by the design team, the labor of which becomes very rigorous and
objective compliant, to obtain a model with the best possible characteristics and in full
correspondence with the project targets set at the beginning of the work. This begins with
the analysis of the style in the field of interest, up until the definition of the final model’s
shape, through all the middle steps that allow precision and coherence in the design
work [3], also using innovative technologies such as rapid prototyping and augmented
reality [4] to better evaluate the lines and proportions of the model live and in a tangible
way [5].

The field of motorcycle design is of strong importance now as the motorcycle market
has been a strong, growing market in the US [6], especially because of the higher taxation,
fuel prices, and running costs that represent having an affordable means of transport. In
2017 the motorcycle share of greenhouse gases in the Europe transport sector accounted
for 0.9%, compared with 43.2% accountable to passenger vehicles and 18.7% to buses [7].
Even though current market trends in the mobility sector are driven by sustainability [8],
switching swiftly towards electric-powered vehicles, electric motorcycles are likely to
become more competitive than the ICE-sourced vehicles, especially due to the external
impact costs such as particulate creation, climate change, and human toxicity [9].

Furthermore, evolution on commercial simulation and parametric design software
allows topology optimization algorithms on designed elements to be portrayed, modifying
the structure by maintaining the smooth boundaries, and enabling engineers to modify
the boundary information according to the given application [10]. This process appears
to be a compelling alternative for generating innovative designs [11]. Various researchers
have presented diverse topological design algorithms that can obtain smooth 3D topologies
sourced from the volumetric, regular designed part. This approach has shown important
results in construction [12], as well as automotive [13,14], medical [15], and additive
manufacturing [16] fields.

Therefore, this motorbike project has been developed with the goal of pursuing the
path of innovation through all the design processes. The main objective is to develop
an innovative motorbike, with advances focused on the chassis design and the engine
proposal, as well as all the design set-up and analyses carried out. Various methodologies
have been studied, strengthened, and adopted to achieve the target results. Methods such
as QFD and SDE have been adopted in order to create a precise analysis and design of
a coherent yet innovative project. Advanced design optimization techniques are applied
such as topological optimization to explore innovative ways of structural optimization, and
the final model is represented through virtual prototyping techniques.

2. Materials and Methods

The methodology chosen for this product development is IDeS, which aims to drive
the whole organization structure in a development company by means of design, integrat-
ing both technical product and stylistic design, from which Stylistic Design Engineering
(SDE) [3,5] was conceived. This methodology was first introduced by Lorenzo Ramacciotti,
ex CEO of Pininfarina design house [2], revealing a systematic style-oriented methodology
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to freeze style concepts in the world of car design [17]. This method was picked by young
designers and educators [3,18] as a tool to portray the best design solution.

Moreover, this solution combines innovative and logical product conception tools
such as Quality Function Deployment (QFD), benchmarking, and top-flop analysis [19],
among others. The application of IDeS towards the present work can be structured in the
following scheme, which summarizes the process involved (Figure 1).
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Figure 1. The IDeS general structure.

IDeS is a methodology that combines various planning and design techniques. For
more accurate design, it is divided into technical and style design. Both have their specific
tools and methodologies; in the development of this project the QFD and the SDE were
used. Previous research by the authors demonstrated that IDeS is a tool that can help to
portray a technical, market-oriented, and feasible prototype, and optimizes development
time by means of straightforward information sharing across all departments during the
development phases.

The first phases of this project consist of several steps, drawn in Figure 2 for the
development of the final model of this motorbike vehicle.

2.1. Environmental Analysis

Therefore, it is possible to see that the emotional value is extremely important [20], as
motorbike owners consider their bikes more than just a vehicle [21]. As shown by many
publications, the emotional involvement in the potential buyer of a motorcycle is high,
and the most considered aspects in a customer’s product evaluation are: engine, media
branding, price, advertising, and lastly fuel consumption [22,23].

Naked-Type Motorbikes

Naked bikes are a type of motorbike designed to have normal roads as their ideal
environment. They differ from sport bikes in some key points. The first visible difference is
the lack of fairings. The main purpose of them is to increase high speed efficiency, reducing
the overall aerodynamic resistance, as sport bikes are designed with track performance
as the main peculiarity. Due to their more road-oriented nature, naked bikes can get rid
of this feature, lowering the total weight and exposing the mechanics, with an important
stylistic effect. The high-speed performance and comfort are reduced, but that is not a
problem for this type of bike. In fact, in order to make them more fun and comfortable on
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twisty roads, the whole ergonomics and gearing are adapted to agility rather than speed,
so they do not need to reach compulsorily high speeds, as with their sports counterparts.
Regarding the ergonomics, naked bikes generally have their foot controls set more in the
center with a higher rising handlebar mounted on the bike’s triple tree. The placement of
both the handlebars and the foot controls generally affect the stance of the rider and the
bike’s overall silhouette. Because of the positioning of the motorcycle’s handlebars and
foot controls, naked bikes generally have a more upright riding position. This gives them a
more commanding view of the road ahead and allows them to be used with more comfort,
especially on long rides. Bumps on the road are better dissipated by the bike’s suspension
and the centered foot controls allow the legs to compensate for the additional shock on less
worthy road conditions [24].
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Figure 2. The path of the designing phases.

As shown in Figure 3, naked bikes can be divided into some categories based on style
and performance: they can be more classic, sportive, or regular naked. One of the first
modern naked bikes was considered the Ducati Monster, which made its debut in 1993.
This bike has always been characterized by staying in step with the times and bringing
innovative aspects to the market.
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Figure 3. Different types of naked motorbikes.

In 2021 a third of sold motorcycles in Italy were naked motorbikes, with overall sales
growth of the sector of 21% [25] (Figure 4).
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Figure 4. Motorcycle registrations by segment in Italy for the year 2021.

2.2. QFD

Moreover, IDeS method is applied to structure the planning and design phases by
sharing information across departments (Figure 1), and by the application of existing
product design tools as QFD, SDE (Figure 5).
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To evaluate the best characteristics of an innovative product, it is necessary to study
dependency relationships existing between the customer requirements. The QFD method
was used to achieve this goal. This method makes use of matrices of interrelation, which
provide the tools to create a unique ranking between the requirements. The first step is
the individuation of these requirements through the use of six basic questions: who, what,
where, when, why, and how. Having obtained all the requirements, it is then possible to
move on to the interrelation matrices.

The analyses were carried out using the QFD method and the results of the design us-
ing the SDE are shown below. Moreover, the methods of QFD analysis used while carrying
out this project were: the six questions, the relative importance matrix, the independence
matrix, and the what–how matrix, in addition to the benchmark and the top-flop analysis.
They are analyzed individually.
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2.2.1. Six Questions and Customer Requirements

The six questions of the QFD were applied to the case study in the first design phase of
our innovative naked motorcycle. The customer’s answers, which allow the requirements
from analyses with the interrelation matrix to be found, are crucial in the next analyses.
From the preceding analysis and the research carried out, key words are extrapolated for
the product to be designed, which serve as a guideline in the subsequent matrix analysis
and design phases.

Answers to the six question analysis made it possible to find some key words that
were used to narrow the field in the next analyses:

• WHO: Middle and Upper Class/Adult Riders
• WHAT: Middle and Upper Class/Adult Riders
• WHERE: Urban Roads/Suburban Roads/Motorways
• WHEN: All Seasons/Different Weather
• WHY: Fun/Personality/Performance/Versatility/Comfort
• HOW: Everyday Life/Driving Experience/Safety

2.2.2. Independence Matrix

The independence matrix is built by placing all the customer requirement items,
obtained from the six questions, both in column and in line. The goal is to determine the
cause-and-effect relationships for each parameter by asking the question: how does the
element on the row depend on the elements on the columns?

Numeric values, distinguishing between null link (empty box), weak (1), medium (3),
or strong (9), are entered in the matrix to quantify the dependence relationship between
each column and row element.

The independence matrix (Figure 6) puts requirements found in the previous analysis
into a scale of importance. The most important elements for the designer in the preliminary
stages of design are summarized in the characteristics stated in the rows and columns
of the chart. Then an interpolation of these features is performed based on the factual
needs regarding the internal system and the final user, the values in the chart are identified
through a scoring system agreed upon upstream of the analysis.

Therefore, the proper characteristics of rows and columns were identified after an-
swering the six questions, which identified the most important characteristics to be used
for this project.

2.2.3. Importance Matrix

While the construction is similar to the previous matrix, a different question is ana-
lyzed: is the element in the row more important than the element in the column?

As in the matrix described above, the numerical values are distinguished in:

- 1: the row element and the column element have the same importance,
- 0: the row element is less important than the column element,
- 2: the row element is more important than the column element.

The importance matrix (Figure 7) narrows the field even more to reach more precise
innovative characteristics.

2.2.4. What–How Matrix

Through the what/how matrix, the customer’s requirements are compared with the
technical requirements necessary for the realization of the product.

In this case numerical evaluations are used to identify the type of relationship:

- Nothing (empty box, equivalent to 0),
- Weak (1),
- Medium (3),
- Strong (9).
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The what–how matrix (Figure 8) is a very useful tool to understand the most influential
spec that meets the requirements.

2.2.5. Benchmarking

To design an innovative naked motorbike, it is fundamental to analyze the models
already existing on the market. Benchmarking is the process to study and systematically
compare the various products and avoid subsequent change requests due to reprocessing
or mistaken decisions made during the design process [26].

Moreover, to have a clear idea of the competitors’ proposals, a benchmark analysis
was carried out, comprising all the important characteristics of the products (Figure 9). This
arrived at the benchmark analysis table (Figure 10) with the top flop analysis.

2.3. SDE

SDE is an innovative methodology widely used in car design field. This method
consists of various steps to be carried out in sequence; the correct success of this sequence
can lead to projects being consistent with both current market trends and history of the
reference positioning brand.

1. The work begins with the study of stylistic trends [3]. A large number of design
mistakes are often due to a bad or insufficient study in the initial phases. The study
takes into consideration the history of the car manufacturer of the car that is going
to be designed. Aside from the history, the key moments of its path, positive and
negative, and all the stages that have brought it to the present day are analyzed. Then
comes the analysis of its stylistic past, identifying the key moments [5].



Inventions 2022, 7, 91 8 of 22

2. Next step is freehand sketching. Thanks to the knowledge acquired in the previous
phase, it is not difficult to trace forms consistent with the reference company and
its style. Thus, the style and the personal trait of the designers are preserved and
emphasized, they are guided by their research. In this way the sketches are not
only beautiful to their taste, but significant for the project and the heritage of the
brand. Different stylistic proposals are examined and modified, until arriving at a
final selection [5].

3. Then, the selected sketch is converted into a rigorous 2D computer drawing. This is
an important step because in freehand sketches the shapes are often very “emotional”
and out of proportion. This drawing technique, useful in the early stages, is inefficient
when evaluating realistic shapes and proportions. In this way the appropriate changes
can be made in the key areas, and the 2D drawing is updated [5].

4. Based on 2D drawings, the creation of the 3D model is started. What usually happens
is that the shapes of the model do not completely coincide with the 2D lines [27], so
the model is modified to meet the style requirements. At this point proportions are
evaluated from every point of view, and the stylistic weaknesses are now visible and
updated. The model is also detailed, the shapes gradually refined, and the style lines
or the details of the bodywork are improved [5].

5. Physical prototyping phase. Developed in Section 2.6 (Physical Prototyping).
6. Rendering and augmented reality phase. Developed in Sections 2.5.1 and 2.5.2.
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2.4. Structure Design

Afterwards, it was decided to proceed with a front-frame type for the frame design.
The front frame itself allows reduced weight and dimensions compared to more conven-
tional types of frames as it uses the engine as a stressed member, giving the overall bike
increased rigidity and dynamic advantages. It has been widely used, for instance, in latest
Ducati models, especially on trellis frame type. It is also found applied in motor racing
competitions thanks to its dynamic advantages.
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Acceleration 0-100 km/h (s) 5.4 3.3 3.4 3.5 3.9 3.5 4.7 3.3 nd nd nd 4 nd 4.2 3.5 3.3

Tank Capacity (l) 15 13 14.5 14 16.2 15.4 16 17 14 16.5 16.5 14 17.4 14 14 17.4

Average Consumption(km/l) 20.4 17.9 19.6 18.6 17.2 20.4 22 17.5 21 17.9 17.9 21 19.6 20 20 22

Gears 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6

Emissions euro 5 euro 5 euro 5 euro 5 euro 5 euro 5 euro 5 euro 5 euro 5 euro 5 euro 5 euro 5 euro 5 euro 5 euro 5

Displacement(cc) 659 895 937 937 998 649 649 948 889 798 798 660 660 690 889

N° cylinders 2 2 2 2 4 4 2 4 2 3 3 3 3 2 3

Front Brake (mm) 320 320 320 320 310 310 300 300 300 320 320 310 310 298 298 320

Rear Brake (mm) 220 265 245 245 256 240 220 250 240 220 220 220 220 245 245 265

Price (€) 10,550 8950 12,890 11,290 13,390 8190 7190 9790 10,700 14,900 13,400 8295 8900 6999 9499 6999

TOP 4 4 1 3 2 0 1 1 0 2 2 0 2 2 0

FLOP 1 2 2 1 3 1 2 1 0 2 0 2 0 1 1

DELTA 3 2 −1 2 −1 −1 −1 0 0 0 2 −2 2 1 −1

Ducati

COMPETITORS      
Triumph YamahaKawasakiHonda MV Agusta

Figure 10. Benchmark and top-flop analysis.
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Topological Optimization

Moreover, the topological optimization of the front frame was performed. The term
“topological optimization” defines the study, rearranges the distribution of material within
the design domain, at different loads, and boundary conditions. This was carried out with
new generation software that elaborates structural efficiency calculations [28] in order to
optimize overall structural performance and maintain factors of safety for overall and
individual member instabilities [29]. These iterations are able to redefine the shape of a
mechanical component, allowing the model to be lightened through the subtraction of
unnecessary material in order to maintain the properties of the piece while maintaining
its mechanical performances [30]. Research findings suggest the capability of portraying a
computational homogeneous-based material calculation [31], approach useful for multi-
material topology optimization in vehicle frames for cross-section optimization [32]. The
main benefits of this approach are: reduce production costs, time and manufacturability
efficiency [33] by placing material where it is most appropriate, develop ideas that are
unfeasible before the advent of these technologies, design parts in a completely different
way that were previously designed rigidly due to constraints and limitations dictated by
traditional production technologies. Applications in motorcycle design were found by [34]
that used the L9 orthogonal array in ANSYS 17.2 version to a sprocket design valuation.
Lastly, the study by [35] optimized the frame design of a motorbike by 26.63%.

2.5. Virtual Prototyping

Prototyping is a key aspect in the development of a project. Aside from physical
prototyping, there is another type of method that can be used: this is virtual prototyping.
Compared to its real counterpart, virtual prototyping has some peculiarities and important
advantages, has been used in great-scale ambient mock-ups in maritime [36], aircraft
design [37,38], and even medical fields [39]. In fact, while a real, physical model can be
preferred to understand proportions and geometries of a model, it takes a lot of time and
effort to make it look like the real model, for example, regarding materials and finishings. A
virtual prototype, however, can substantially speed up the process, making it less expensive
in terms of money and time used while maintaining a realistic look of the model. Making a
virtual model with an appearance close to reality also helps when creating promotional
multimedia, such as images or videoclips, or some views, such as exploded images of the
models’ parts. For this project, two types of virtual prototyping were used: rendering and
augmented reality. This technology is still evolving, and is becoming a novel mode of
visualization and interaction supporting engineering design [40,41].

2.5.1. Rendering

Rendering refers to the creation of digital images of the product. It is a crucial part
not only for the evaluation of the visual quality of the model, but also for the creation of
communication images, crucial when showing the project to those who have not taken part
in the project. With this technology it is possible to create images that represent the final
aspect of the product, with full control of materials, colors, finish, roughness, reflections,
and so on. In this way, through some steps, it is possible to create photorealistic images
of any product with only a few hours of file set-up and calculation through a simple PC.
It is also the phase of color and combination choices, and it makes possible to start to
figure out how the product will look when put into production. It also allows to virtually
recreate scenarios set in daily-use environments, and images for product presentations,
advertisements, both photographic and in video form.

2.5.2. Augmented Reality

Augmented reality is another very powerful tool in the representation of the model.
While with renderings it is possible to create photorealistic images, with AR technologies
designers can visualize the 3D model of the product in the real world around them [42].
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Thus, it is possible to place the virtual model almost anywhere in the space and walk
around it, seeing it through a smartphone, enhancing the design efficiency even more.

2.6. Physical Prototyping

Thanks to 3D modeling it is possible to have a realistic shape of the product. However,
the monitor display has limitations, such as the correct display and definition of the
curvature of the surfaces, and the always very difficult management of proportions, which
in a product such as a car must be organic and harmonious from any view direction. To
achieve this, a physical model of the project must be created. With a physical model
realized, it is possible to correctly evaluate the quality of the surfaces and apply changes
to the 3D model in the CAD. Sometimes it can be useful to realize a full-size model made
from clay, a material widely used in automotive industry. It allows to bring modifications
directly to the real model by hand, and, subsequently, via a 3D scan, import those changes
into the virtual 3D model.

3. Results
3.1. SDE
3.1.1. Styling

A highly recognized Italian brand among the motorcycle sector was taken as a ref-
erence idea to portray the four main stylistic trends in SDE: Retrò, Stone, Natural, and
Advanced. All the steps that have led to conceive the style among this Italian brand’s
products until the present day were followed. The inspirational brand’s glorious history
includes a reputation built thanks to the world of competitions, from which Ducati has
always brought innovative technology and knowledge into their road models. The prestige
of the Ducati brand was also built thanks to their unique engines, as real trademarks, thanks
to the desmodromic distribution and unique character. These were the models analyzed to
fully understand their characteristics and styling language:

• 125 Sport (1957)
• Scrambler 450 (1968)
• 750 GT (1972)
• 500 SL Pantah (1979)
• 851 S (1987)
• Monster 900 (1993)
• 916 (1994)

3.1.2. Sketching

A proposal inspired by each of the four stylistic trends was created (Figure 11), and
then a stakeholder meeting was held in order to agree on the choice of characteristics to
portray the final proposal, as seen in Figure 12.

• RETRO: rounded simple lines, presence of round or oval components, reference to
features of past models.

• NATURAL: essential curves, general cleanliness, lightness, reference to elements
present in nature.

• STONE: large and clear lines, square and angular volumes, feeling of solidity
and heaviness.

• ADVANCED: attractive design, light and shadow on surfaces, bold but light lines,
combination of unique surfaces and visible edges.

3.1.3. CAD Design Engineering

The first step of the development was to rework and transform the sketches into rigor-
ous 2D drawings (Figure 13). As a result, compared to the sketches, it was possible to have
a clear overview of the different designs, making it easier to notice the possible weaknesses.
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Figure 13. Two-dimensional CAD drawing of the stone proposal.

An integral part of the project was the ergonomic research to make the product close to
the needs of the pilot. The narrow seat from the natural sketch was inspired by competitions,
as was the deep shell on the frame for the knees taken from the advanced sketch to ensure
maximum adherence of the body to the bike for better control. These features helped
to reduce the fatigue of the upper body; the masses to be managed were brought to a
minimum, and the maximum visibility of the road was always guaranteed. The final
design was then obtained by combining the results of all the analyses listed above and the
suggestions provided by motorcycle engineers during the various seminars.
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Moreover, by using PTC CREO and Autodesk Inventor, it was possible to create and
assemble the first 3D mock-up, which was the first step to further develop our design
(Figures 14 and 15).
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Figure 15. Side view of 3D model.

Starting from the mock-up, it was possible to create the 3D surfaces’ structure us-
ing Rhinoceros as it allows a good degree of freedom and control when creating sur-
faces (Figure 16).
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Figure 16. Finished model with all surfaces.

The surfaces were than imported into the Inventor model to continue their develop-
ment and assemble all the finished components. Having assembled our final 3D model, the
chance was now taken to study its aerodynamic performance.
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3.1.4. Rendering

Thereafter, the model was imported on Autodesk’s VRED software, which gives the
possibility of realizing high quality renderings and animations. This software allowed the
design to be reproduced and placed in a realistic environment (Figure 17).
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3.1.5. Prototyping

Having a prototype of the object you want to produce allows several preventive tests
to be conducted, i.e., to verify its ergonomics, functionality, assembly, and aesthetics. Three-
dimensional prototypes in plastic molding projects therefore have several advantages:
they reduce the design cycle, and, consequently, any additional expenses that facilitate the
testing of the shape, size, and assembly and help in the development and correct definition
of the product.

A realistic prototype is also a very effective tool for marketing actions and can be
useful to all the different business areas to provide a more concrete vision of the project:
from R&D, to the technical office, to marketing, and to production.

The DS700H took advantage of the possibility to use 3D printing to evaluate the shape
and the fittings of the parts. Once the 3D model was completed, it was subdivided into
printable assemblies to be first sliced in CURA software, printed, and finally joined together
with glue (Figure 18).

The model was printed in a CREALITY ENDER 3 (CORDOL TECHNOLOGY, Hong
Kong, China), which is a desktop machine for hobby purposes, using a height of 0.2 mm and
touching build-plate supports to ensure that the material had volume to stick on (Figure 19).
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3.1.6. Augmented Reality

The software used to add our bike to the everyday environment is Unity, an engine for
video game development that allows video games to be created and exported to multiple
platforms. It consists of a graphics engine, a physical engine, and a live game preview that
allows the changes made during the programming phase to be viewed in real time.

The AR technology used is marker based, therefore following the recognition of an
object in two or three dimensions that, framed by an appropriate viewer, places the virtual
object in its spatial position (Figure 20).

To achieve augmented reality through the use of the marker, it is necessary to use
an additional package of Unity, called Vuforia. Vuforia is a software development kit for
AR applications that can provide fast and accurate image tracking. The main part of the
package consists of the Image Target, the tracker that analyzes every single frame captured
by the camera to check if it contains fragments of known images—trackable—and to which
specific behaviors are associated. Another fundamental component is the AR Camera, a
component used to identify the marker, acting as a video camera within the program and
connecting with the real world thanks to the devices used for augmented reality.
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Figure 20. Three-dimensional model in augmented reality environment.

3.2. Frame Technical Assessment

In order to give some brand identity to this model, a reference was made to the
Ducati brand, and it was decided to use the trellis frame to sum up the trademark and
for the aesthetic factor that follows. For this reason, the design began by considering the
dimensions and geometry of a trellis frame on which a desmodromic engine was mounted,
with a caster angle of 25◦; a value obtained from the benchmark and considered plausible
for an agile and responsive bike. Furthermore, the geometry obtained was imported into
the Altair Inspire software on which topological optimization was carried out considering
two load cases: static, i.e., the weight of the rider and the engine, with a hinge constraint
on the swingarm pivot and a bogie on the front wheel; and at limit braking: considering
the braking forces on the front wheel (Figure 21).

Inventions 2022, 7, x FOR PEER REVIEW 18 of 23 
 

 

  

Figure 20. Three-dimensional model in augmented reality environment. 

To achieve augmented reality through the use of the marker, it is necessary to use an 

additional package of Unity, called Vuforia. Vuforia is a software development kit for AR 

applications that can provide fast and accurate image tracking. The main part of the pack-

age consists of the Image Target, the tracker that analyzes every single frame captured by 

the camera to check if it contains fragments of known images—trackable—and to which 

specific behaviors are associated. Another fundamental component is the AR Camera, a 

component used to identify the marker, acting as a video camera within the program and 

connecting with the real world thanks to the devices used for augmented reality. 

3.2. Frame Technical Assessment 

In order to give some brand identity to this model, a reference was made to the Ducati 

brand, and it was decided to use the trellis frame to sum up the trademark and for the 

aesthetic factor that follows. For this reason, the design began by considering the dimen-

sions and geometry of a trellis frame on which a desmodromic engine was mounted, with 

a caster angle of 25°; a value obtained from the benchmark and considered plausible for 

an agile and responsive bike. Furthermore, the geometry obtained was imported into the 

Altair Inspire software on which topological optimization was carried out considering 

two load cases: static, i.e., the weight of the rider and the engine, with a hinge constraint 

on the swingarm pivot and a bogie on the front wheel; and at limit braking: considering 

the braking forces on the front wheel (Figure 21). 

 

Figure 21. Topological optimization set-up. Figure 21. Topological optimization set-up.

The chosen material was the aluminum alloy AlSi 10 Mg, characterized by a yield
stress of 250 MPa and an average density of 2.67 g/cm3 [43]. The topological optimization
was performed by imposing a “mass minimization” approach considering the two load
cases and trying to respect a safety coefficient of 2. The resulting geometry was then
modelled using Altair Inspire. The final result had a total mass of 4 kg, which is considered
satisfactory compared to the nearly 8 kg of a trellis frame.

Moreover, to comply with the ideal geometry obtained, it was decided to use Selective
Laser Melting (SLM) additive technology in order to obtain a frame that came as close as
possible to the mechanical properties predicted by the software at the design stage. With a
view to future-oriented production, the decision to use an aluminum frame rather than a
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carbon fiber frame (which had been evaluated in the preliminary phase) was also intended
to have a “greener” production objective. In addition, it made it possible to achieve a
better futuristic look that still managed to maintain references to the Ducati trellis frame.
Finally, there was a reduction in material waste since the project switched from a trellis
frame that usually weighs 9 kg to a model with a weight of 4 kg, maintaining the same
overall dimensions.

Afterwards, the entire model was imported into the ANSYS software to validate the
geometry obtained. This software is versatile for the number of calculations that can be
used for assessments so that engineers can reach the target values [44]. The geometry
was slightly modified by eliminating fittings and chamfers that were not necessary for the
FEM analysis and, in order to reduce the number of elements, only half the frame was
simulated by imposing a symmetry constraint on the software. The mesh used was 3 mm
with tetrahedra 3D elements. The two static linear analyses of the two load cases were
carried out: static and limit braking overturning. The weight of the engine was 700 N
and the weight of the rider was 900 N, so a limit breaking scenario in X and Z axes was
applied with 2913 N and 2700 N, respectively. In the static case, the performance was
considered sufficient with a maximum deformation of 0.14 mm and an equivalent stress of
10 MPa (Figure 22).
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Figure 22. Static load—equivalent stress FEM simulation—max deformation = 0.14 mm.

At the braking limit, the performance was not considered sufficient due to the high
stress at certain points (Figure 23), which brought the safety coefficient close to 1. After ana-
lyzing the most stressed points, the geometry of the frame was modified at the attachments
to the steering head (Figure 24).

Thanks to this solution, the maximum deformation decreased by two-tenths of a
mm to 1.85 mm, while the Von Mises stress decreased by 61 MPa to 170 MPa without a
significant increase in the weight in the structure. This result was considered satisfactory.
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4. Discussion

The project succeeded in achieving its objectives. In particular, through the methods
of Stylistic Design Engineering (SDE) and Quality Function Deployment (QFD) it was
possible to conduct the stylistic development of a futuristic naked motorbike. It managed to
improve the design phase thanks to the prototyping solutions adopted, as these permitted
us to potentially avoid the induction of a subsequent redesign phase that would generate
higher costs for the total management of the project. Afterwards, different real-world
scenario analyses were developed thanks to augmented reality and additive manufacturing.
These gave us the opportunity to help develop both the styling and the technical side
of the product. To further develop the project, in order to make it closer and closer to
production, more aspects need to be investigated, such as some of the main innovations of
the bike that need standalone projects. Starting with the powertrain, a hybrid proposal was
developed with the idea of downsizing the engine to 700cc (compared to the benchmarking
competitors) and recovering the loss of power of the small displacement with an electric
engine, providing torque to increase riding pleasure, which would receive energy in
deceleration phases. Although the idea was taken from an already existing project and the
electric motor respected the dimensions of a 7–10 kW unit, further dimensioning of the
supercap capacity and positioning to give the maximum efficiency need to be performed.

Regarding the presence of power electronics, it is possible to develop FEM simulations
about electromagnetic fields to study interference (e.g., using Altair Flux). Furthermore,
to give the rider the best experience possible, dynamic simulation and modelling need to
be performed in environments capable of modelling a preliminary control system for the
hybrid powertrain.
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Regarding the active aerodynamics that conceptually equip servo motors to change
the angle of attack of the wing, further CAD modelling and dimensioning of the motor
must be performed. Additionally, more complex CFD analysis that can confirm or deny the
advantages of such a solution are necessary; in fact, the solution was chosen by looking at
the other bikes on the market (such as MV Agusta Brutale 1000 RR for the winglets design,
Ducati Streetfighter V4 for their position, and Moto Guzzi V100 Mandello for the possibility
to equip active aerodynamics), but specific solutions need to be developed for this DS700H.

Another sensible feature is the additive manufactured frame: although the solution is
already possible, the usage of such technology for series production remains an unexplored
field, but as the technology grows continuously, it must not only be taken into account
for the realization of prototypes. In the meantime, further investigations on the fatigue
resistance of a component such as the frame are mandatory.

5. Conclusions

This design-inspired project, helped by the application of the IDeS method, was able
to achieve the following results.

A precise and straight product target analysis, which held to a straightforward problem
definition, was sourced from customer’s needs, assessing potential design challenges, and
benefitting from the technological opportunities that were found, allowing time and money
to be saved, not only on the analysis itself, but also in the design and redesign phases where
important savings were made. This also allowed the concept of topological optimization to
be applied in order to conceive a lightweight structure that eventually led to an engineering,
as well as a stylish, optimum proposal.

A quick and coherent design phase development of the concept set-up and study was
performed by means of the SDE method that led to the style and technical feasibility of the
final model in a fast and secure way, avoiding potential delays in change requests that could
have compromised the overall quality of the design and with respect to the time schedule.

A secure final check to control the quality of the proposal, thanks to the augmented
reality, rendering, and prototyping design validation phases that helped to straightfor-
wardly freeze the design of the product. These methodologies also made it possible to keep
timelines under control during all phases of processing, and to keep down the risk of an
overall lengthening of the project development timelines.
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