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Abstract

Lightweighting is a need in many industrial fields and, in particular, in transports, to reduce energy consumptions and to promote
more environmentally friendly solutions. In this context, the use of composite materials has become ever more strategic, and a
design approach that effectively combines shapes and materials is by now mandatory. In this work, the Systematic Design
Approach has been extended to include potentialities and constraints related to materials and manufacturing at the early steps of
the design flow. The proposed approach, named systematic material-oriented design approach, enables designers to identify and
to select, in a systematic way, design solutions where shapes are tailored to materials and where benefits and criticalities related to
the manufacturing processes are considered. In the paper, each design phase of the approach is described and applied to design the
carbon fiber-reinforced polymer (CFRP) motor wheel of the Emilia 4 solar vehicle. Optimization steps of geometry and materials
complete the approach. The design of the wheel is fully detailed as well as its manufacturing and bending tests under static and
fatigue conditions. In particular, strain fields were measured with a 3D digital image correlation (DIC) system during static tests
to validate the numerical model.

Keywords Carbon fiber composites - Systematic design approach - Motor wheel - Lightweight vehicles - FEA - Digital image
correlation
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d Inset of the wheel

Sp Safety factor bending moment
S, Safety factor rolling

S Safety factor torque

E, 0° tensile modulus

E, 90° tensile modulus

Gio In-plane shear modulus (IPSM)
Vi Major Poisson’s ratio

0y 0° tensile strength

Op 90° tensile strength

Ocl 0° compressive strength

O 90° compressive strength

Tio In-plane shear strength (IPSS)

Interlaminar shear strength

IRF Inverse reserve factor [ultimate load]/
[ultimate strength]

1 Introduction

The design of lightweight components is a growing need in
many industrial fields and, in particular, in transport applica-
tions that require low masses to contain energy consumption
and to have a lower environmental impact [1, 2]. The transport
sector has begun a process of lightening that started in the
contest of heavy-duty vehicles for passenger and goods, and
today has a new frontier in the design of electric and hybrid
light-duty vehicles for sustainable mobility. In this context,
the use of composite materials, and in particular of fiber-
reinforced polymer (FRP), has become necessary [3], and a
design methodology that effectively combines shapes and ma-
terials is mandatory.

In this work, we propose a new design approach that allows
combining shapes and materials, and in particular composite,
from the very first steps of its paradigm, and we present the
application of this approach to the design, manufacture, and
testing of the composite motor wheel for the Emilia 4 solar
vehicle.

Several design methodologies for the development of com-
posite components have been proposed in the literature. A
comprehensive review of Concurrent Engineering design ap-
proaches for composite components is reported by Sapuan [4].
Other design methodologies for composite parts, like the one
suggested by Monroy Aceves [5], were developed based on
the material selection process proposed by Ashby and
Johnson [6]. These methodologies represent a step forward
in the integration of composite material in the component
design process even if their application is not trivial, and no
examples of their concrete use to design components with
complex geometries and functionalities were found.
Moreover, such methodologies do not enable designers to
explore solutions that can derive from the cross-
contaminations of different material classes.
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The design approach here proposed is inspired by the en-
gineering systematic design approach introduced by Pahl and
Beitz [7]. The systematic design approach guides the de-
signers to develop an extensive and credible range of concep-
tual solutions and to select, among them, the one which is the
most compliant to the application requirements and con-
straints. This approach was initially established to design me-
chanical systems and components which are expected to be
made by conventional materials and to be manufactured by
traditional technologies. The extension of this approach to
structural, and even esthetic, components to be realized by
composite is not trivial because, for example, in the case of
composite laminates, the stacking of plies generates a com-
plex structure that can undergo several types of defects that
could be introduced during manufacturing, tooling and
finishing processes [8—14]. Furthermore, the connection of
composite components to other parts requires the adoption
of solutions that are much different with respect to ones
adopted for components made by conventional material
[15-21]. Finally, mechanical performances of composite parts
can be deteriorated by a multitude and concomitant failure
modes which are completely different with respect to what is
experienced in the case of conventional materials, and this fact
has to be accounted during the design process [22-25]. By the
authors’ knowledge, just a few examples of the extension of
the systematic design approach to include composite mate-
rials, and the related manufacturing technologies, have been
proposed in literature. For instance, Kaspar [26] proposes a
systematic FRP design methodology within a lightweight and
material-oriented development process, leading to a topology-
optimized and tailor-made material and process-specific sys-
tem design. However, this approach is somewhat intricate and
restrictive, leaving little degrees of freedom to designers to
explore new functionalities and novel material combinations.
Mastura and others [27], instead, propose a product-oriented
hybrid approach that combines quality function deployment,
theory of inventive problem solving, and blue ocean strategy
for the development of a natural fiber-reinforced composite
component. However, their work only concerns the conceptu-
al design phase, and nothing is reported about the experimen-
tal tests to validate their approach.

In this paper, the systematic design approach has been
modified by including materials and related manufacturing
processes in the main design flow. Such an approach gives
designers the freedom in the choice of materials, including
composites, and enables the systematic evaluation of their
impact on design solutions. In the paper, each phase of the
approach is described in detail including an extensive collec-
tion of examples of composite materials and their applications
which are useful for the development of conceptual design
solutions. Moreover, the proposed approach includes optimi-
zation steps of geometry and materials which are developed
consequentially to have greater control on intermediate results
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and to reduce the computing time. In the paper, we present the
application of the proposed systematic material-oriented de-
sign approach to the motor wheel project of solar vehicle
Emilia 4.

2 The design approach

The proposed approach is based on a consolidated design for
function procedure, originally proposed by Pahl and Beitz [7].
As summarized in Fig. 1, the systematic design approach con-
sists of 4 macro phases: (i) the task clarification phase, (ii) the
conceptual design phase, (iii) the structural design and calcu-
lation phase followed by (iv) manufacturing and experimental
validation. In the traditional approach, the selection of mate-
rials and manufacturing processes is performed only at the
structural design phase and this limits the classes of materials
that can be directly adopted. To include also composite mate-
rials and the related manufacturing processes in the design
flow, materials and processes have to be introduced at the
early stage. In particular, thanks to the task clarification phase,
it is possible to identify the suitable classes of materials, even-
tually using Ashby charts with CES selection engine (Granta
Design Ltd., 2015) [28-30], and the related manufacturing
processes (Fig. 1b). Material classes and processes influence
the development of the conceptual design phase which is used
to identify the design solution most compliant to the project
tasks and the most suitable materials among the ones available
in the previously selected classes. During the structural design
phase, optimization procedures are applied to find the optimal
solution in terms of geometry and material (e.g., in the case of
composite laminate, the optimal laminate type and staking
sequence).

The proposed approach is graphically represented in detail
in Fig. 2. The four main phases are presented in blocks where
for each of them, the most relevant steps are reported. About
the material, in Fig. 2, there are two boxes highlighted with

dotted lines: one is referred to the material class identification
and process selection, while the second one represents the
selection of the material followed by its optimization. To sim-
plify the graphical representations of links between blocks
related to the materials and the others, two symbols and ar-
rows of different colors have been sketched: the symbol “*”
with red arrow represents the link of material class identifica-
tion and process selection to other activities in the conceptual
design phase, while the symbol “®” with blue arrow repre-
sents the link of material selection to other activities in the
structural design, manufacturing, and testing phases.

In the following sections, both design approach phases and
their application to the case of the motor wheel are explained.
In particular, the task clarification phase and the identification
of material classes are described in Section 3, while the con-
ceptual design phase and considerations about materials and
processes are reported in Section 4. In Section 5, the structural
design is exposed. Finally, in Section 6, the manufacturing is
described and in Section 7, the experimental test procedure
and results are presented and discussed.

3 Task clarification and identification
of material classes

The clarification of the project task aims to define the main
function and the related requirements and constraints, taking
into account what is already known from the state of the art
(Fig. 2). This phase is organized into four main steps, de-
scribed in the following paragraphs. The material class iden-
tification and the related manufacturing processes are
discussed immediately after the task clarification phase.

3.1 Main function

The main function of a motor wheel is to interface the vehicle
to the road and to move it.
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Fig. 1 Comparison between the a traditional systematic design approach and b the material-oriented version
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3.2 Context and state of the art

In the case of a motor wheel for a solar vehicle, some specific
issues must be considered. The development of a solar vehicle
is a challenge that has been studied for years because to get out
the most of the power generated by solar cells, a strong effort
must be paid in reducing the vehicle weight and in minimizing
aerodynamical, electrical, and mechanical losses [31-33]. In
particular, to optimize power consumption, the design of high-
efficiency powertrain is a crucial aspect. Since 1993, direct-
drive in-wheel motor (“motor wheel”) has been adopted in
several solar vehicles to reduce transmission losses and to
increase efficiency, as reported by Lovatt and others [34]. In
particular, they found that the electrical efficiency of an in-
wheel brushless machine increases with its weight, and there-
fore, to compensate for the unsprung mass increment, it would
be necessary to lighten the wheel. Such a goal can be achieved
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by employing FRP materials for their high specific stiffness
and strength. The idea of using FRP to manufacture wheels is
not new, and it was initially explored to realize lightweight
and high-performance wheels for conventional cars. Design
and production of FRP wheels for passenger cars date back to
the early 1970s, but until today, it was limited to small series
or prototypes. According to Tomasini and others [35], limiting
issues to a widespread diffusion of FRP wheels for conven-
tional cars are thermal stability of the material and lack of
standards and directives for a damage-tolerant design.
However, compared to an internal combustion engine vehicle,
where most of the heat in the rim is produced by brakes, in the
case of an electric vehicle, the high-temperature problem is
drastically reduced thanks to regenerative braking. The design
of the first in-wheel electric motor for solar car application
was reported in 1998 by Lovatt and others [34]. However,
their work was focused on the design of the electric motor
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and not on the mechanical parts. The first proof of concept on
the development of an integrated FRP motor wheel, to achieve
the optimum of lightweight potential, was reported by
Schweizer and others in 2012 [36]. However, their study lacks
detailed information regarding the design phase and the opti-
mization of the FRP stacking sequence. Moreover, production
and tests are not reported. In the present paper, lacks in the
literature related to the design and realization of motor wheels
for solar vehicles are answered.

3.3 Requirements

Following the state of the art, a strategic requirement is the
minimum weight of the motor wheel in order to reach the best
performances in both rolling inertia and vehicle dynamics.
Additional general requirements for the wheel of Emilia 4
are the following: (i) to support the solar car in a fully loaded
configuration (4 passengers); (ii) to pass the qualification
tests; (iii) to last, at least, a single race; and (iv) to guarantee
the safety of occupants.

3.4 Constraints

An essential constraint is the compactness of the motor wheel,
necessary to fit it into the limited chassis space of the solar
vehicle Emilia 4. Geometrical constraints are represented in
Fig. 3, in which the overall dimensions of the wheel and the
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electric motor are shown. Other important constraints,
highlighted in red in Fig. 3, are (i) the rim profile, given by
the tires supplier of the 16” pneumatic, developed explicitly
for solar races and (ii) the type and size of the electric motors,
already developed and optimized by the electrical experts of
the Onda Solare team [37].

Regarding the material class identification, using the
Ashby charts [28], it is possible to identify the proper class
of material which is most compliant with the requirements
related to minimum weight, to safety and to compactness.
To represent these requirements in Ashby charts, specific
strength and specific stiffness were adopted as selection pa-
rameters. Thanks to both plots of the Young modulus and the
yield strength versus density, it is possible to observe that
carbon fiber-reinforced polymer (CFRP) material class is the
most compliant with the requirements and that it gives to the
designer the higher leverages with respect to stiffness/mass
and strength/mass ratios. Among the manufacturing process
available to produce CFRP components, the one here adopted
is the hand-layup followed by the autoclave curing process
using the vacuum bag technique. This choice was made due
to the limited number of prototypes that have been foreseen
for the production (10 wheels).

4 Conceptual design and considerations
about materials and processes

The development of the conceptual design, after the clarifica-
tion of the project tasks and the identification of the material
class and manufacturing process, consists of the following
steps (Fig. 2):

1. The functional analysis, which aims to identify the essen-
tial sub-functions (Fy, F», ..., F,) which, when combined,
allow the component to fulfill the main function

2. The identification of several conceptual design solutions
(Si1» Sip, - --» Sim) for each sub-function defined in step 1),
organized in the morphological matrix

3. The combinations of the conceptual design solutions,
identified in step 2, to obtain several design concepts

4. The definition of the design objectives, based on require-
ments and constraints identified in the task clarification
phase

5. The construction of the objectives tree, where the design
objectives are listed and related to relevance weights, nec-
essary for the evaluation of the design concepts

6. The evaluation of each design concept using the relevance
weight defined in the objective tree to obtain the optimal
design concept.

During the functional analysis, the component is analyzed
to identify primarily the essential elements that compose it
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and, therefore, the functions that each of them performs. The
list of functions must be essential and without logical repeti-
tion. In the case of the wheel, 6 main sub-functions have been
identified: (1) the wheel centering, (2) the wheel fixing, (3) the
torque transmission, (4) the connection of the wheel hub to the
rim, (5) the connection of the wheel disc to the rim, and,
finally, (6) the structural health monitoring. It is worth men-
tioning that the last function is peculiar to applications based
on the use of composite materials [38, 39]. Composites, and in
particular composite laminates, are susceptible to several fail-
ure modes that are, in most of the cases, not detectable by
visible inspection, and they rapidly degenerate to a catastroph-
ic failure without clear evidence in advance [24]. Therefore,
especially when safety is an issue, it is strategic to provide a
function for monitoring structural integrity.

The conceptual design solutions for each sub-function are
identified by analyzing all possible geometries, physical prin-
ciples, their combinations, and using all potentialities that
composite materials have in terms of strength/weight and
stiffness/weight ratios. Additional potentialities of composite
laminates which can be used during the identification of con-
ceptual design solutions are related to local and gradual tuning
of stiffness’s component, without any significant impact on
the final geometry [40, 41]. Moreover, the use of functional
composites enables the identification of smart conceptual so-
lutions without any increment in weight and geometrical com-
plexity. Self-sensing and self-powered materials are examples
of smart composite that enable the development of smart con-
ceptual design solutions [42, 43]. Nevertheless, all limits re-
lated to composites such as plies assembly constraints (e.g.,
minimum bending radii), special care in tooling and finishing
(e.g., drilling, milling, coating), and their in-service use (sen-
sitivity to shocks and impacts) have to be accounted [44]. In
the case of the wheel under consideration, in Fig. 4, the iden-
tified conceptual design solutions for the six sub-functions are
reported in the morphological matrix. In particular, for the
wheel centering sub-function, two solutions have been identi-
fied: using (1A) straight pins and (1B) a cylindrical/conical
coupling surface. Solution (1A), because of the composite
wheel, requires the use of metal inserts to be integrated during
the lamination phase [45, 46], while solution (1B) requires
special care on geometrical tolerances to realize the cylindrical
or conical coupling surfaces. For this sub-function, solutions
based on physical phenomena, such as forces deriving from
magnetic fields, are not considered because they would have
caused an increase in the final weight of the wheel, and they
could interfere with the control of the electrical motor. For the
wheel fixing sub-function, two conceptual design solutions
have been founded: one based on the use of (2A) several
bolted connections and one that provides for the use of (2B)
a single central ring nut. For both solutions, a specific design
must be adopted to reduce the contact pressure between the
surface of the laminated composite material and the heads of
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the screws or ring nut [47, 48]. Three solutions have been
identified for the torque transmission sub-function: the first
one involves the use of (3A) straight pins, the second one is
based on (3B) bolted connections, and the third one requires
the use of (3C) shaped connections. The realization of solu-
tions (3A) and (3B) in a composite wheel requires to integrate
inserts during the lamination phase, while solution (3C) re-
quires care on geometrical tolerances and surface finishing
of the surfaces transmitting torque.

Three solutions have been identified for the sub-function
wheel hub to rim connection (wheel disk type): (4A)
implementing spokes, (4B) using a lens, and (4C) adopting a
hybrid solution that combines spokes and lens. All three so-
lutions can be realized through the use of composite laminates,
also having the possibility of obtaining tunable stiffness by
modifying the local lamination sequence. Nevertheless, solu-
tion (4A) requires shaping prepreg plies following spokes ge-
ometry, and special care, during the design and the
manufacturing, has to be used to prevent the risk of edge
delamination as well as fiber misalignment [49]. Solution
(4B) requires pre-cutting several circular plies that have to
be carefully laminated to obtain quasi-isotropic effects.
Solution (4C) requires the adoption of all the measures of
the previous solutions. Besides, special attention must be paid
to the resin pockets that may occur in overlapping areas be-
tween spokes and lens [50].

In the case of the rim-wheel disc connection sub-function,
three solutions have been identified: one based on (5A) bolted
connections, one (5B) using rivets, and another one based on
(5C) co-curing or adhesive bonding. The first solution (5A)
requires the use of bushes that might be integrated into the
lamination of both the rim flange and the wheel disc, and it
requires the adoption of specific manufacturing solutions to
guarantee the matching of holes. The second (5B) requires
drilling composite parts. The third one (5C) requires, in the
case of co-curing, the proper calculation and manufacturing of
the joining surface to enable the best stress distribution and the
correct assembly of parts. Also, in the case of adhesive join-
ing, attention has to be paid on deformation after curing and
on surfaces finishing [51].

Finally, for the structural health monitoring sub-function,
two solutions have been proposed that allow continuous mon-
itoring and one that provides for scheduled inspections [52].
For continuous monitoring, the solutions considered are the
following: (6A) the acoustic emission technique, which re-
quires the use of piezoelectric sensors bonded on the wheel
surface [53, 54], and (6B) the use of self-sensing materials to
be integrated into the composite laminate [55-57]. The third
solution (6C) is based on ultrasound inspection and can only
be carried out when the vehicle is stationary [58].

The next step of the design process consists of the assem-
bling of conceptual design solutions to obtain design con-
cepts. Based on the conceptual design solutions in the
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morphological matrix in Fig. 4, three design concepts have
been proposed and graphically represented in Fig. 5. The

design concepts A and B provide the wheel centering and
the torque transmission using straight pins insisting on
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Fig. 5 Three candidate design concepts resulting from the conceptual design

cylindrical bushes (solutions (1A) and (3A) in the morpholog-
ical matrix, Fig. 4). While fixing sub-function is performed
through bolted connections for design concept A (solution
(2A), Fig. 4) and through a wheel nut for design concept B
(solution (2B), Fig. 4). Design concept C provides the wheel
centering and the transmission of the torque moment using
interlocking protrusions, hereinafter “noses” (conceptual de-
sign solutions (1B) for centering and (3C) for torque transmis-
sion, Fig. 4) directly obtained during the lamination process.
Moreover, the fixing of the wheel is granted by means of
threaded connections (solution (2A), Fig. 4). For the design
concepts A and B, the connection between the rim and the
wheel disk is granted by bolted connections (solution (5A),
Fig. 4), while design concept C provides an undetachable
assembly (solution (5C), Fig. 4). All these design concepts
are conceptualized to reduce external load transmission from
the wheel to the rotor, which could be hazardous for the elec-
tric motor.

Despite the goodness of the described design concepts,
each of them presents minor specific limitations. Indeed, de-
sign concepts A and B require a much higher number of com-
ponents than design concept C for torque transmission and
wheel centering. As previously mentioned, to install straight
pins on FRP components, it is necessary to integrate cylindri-
cal bushes during the manufacturing process of the wheel.
This task can be approached either by co-curing the bushes
with the laminate directly in the mold or by fitting them into
the cured part after drilling. Both design concepts provide
external components connected directly to the laminate, so
reducing the bearing strength of the overall part [23]. On the
other side, design concept C overcomes this problem by inte-
grating shaped connection directly in the mold and so in the
final component. Moreover, with this design, it is possible to
reduce the contact pressure thanks to an increased contact area
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on both sides of the noses. Interestingly, design concept B
provides an easy and fast way to lock the wheel to the hub
thanks to the single-wheel nut. However, in this case, more
space is required for this kind of connection.

Regarding the wheel disk-rim connection, all three design
concepts provide the connection in the central part of the rim,
which is supposed to be the stiffer one. Design concepts A and
B, based on a modular bolted connection, allow to remove and
to change the components easily in case of damage. However,
these design concepts are potentially heavier than the perma-
nent connection proposed with design concept C, due to the
presence of the bolts and a reasonably thick flange on the rim.
Concerning the sub-function (4) of the morphological matrix
(wheel disc type), solution (4C) proposed in Fig. 4 appears to
be an efficient compromise between structural and aerody-
namic performances for all three candidate design concepts.
Since the motor wheels operate inside a closed compartment
within the body of the vehicle, where no significant air inlets
are permitted, the choice was to use a hybrid lenticular wheel
disc with reinforcing spokes, in order to minimize the aerody-
namic turbulence induced by the rotation of the wheel.

For the structural integrity monitoring sub-function, ultra-
sound control was chosen for all three design concepts. Such a
solution has been adopted because of the racing purposes of
the wheel, where weight is paramount. Real-time monitoring
based on acoustic emission is a mass-expensive solution be-
cause it requires acquisition instrumentations directly on
board of the vehicle. Self-sensing materials do not require
heavy transducers, but they need electronic instrumentation
and Wi-Fi transponders, impacting the final weight.

The next step of the conceptual design requires the selec-
tion of the best design concept via a systematic evaluation
approach. Such an approach requires the identification of spe-
cific design criteria. Such criteria can be derived from the
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drawing up of a set of design objectives and assigning them a
relative relevance value. The set of design objectives came
from general constraints (e.g., limitations in dimensions) and
from the list of requirements, which can be technical (e.g.,
mechanical and thermal performances, chemical behavior)
and economical [7]. Examples of design objectives should
be as follows: “technical quality”, “ergonomics and comfort”,
“operational quality”, and “cost”. The importance of each de-
sign objective comes from the requirements and the con-
straints resulting from the task clarification phase. Individual
design objectives are usually arranged in a hierarchical order
generating an “objectives tree” structure, where several sub-
objectives can be defined for each design objective. In this
way, the sub-objectives are arranged vertically into levels of
decreasing complexity, and horizontally into the objective
areas, such as technical, economic, etc. As a general rule,
sub-objectives have to be independent, and for this reason,
each of them may be connected with only one objective of
the highest level. This hierarchical order helps the designer to
determine whether or not all decision-relevant sub-objectives
have been covered. Associated with the objective named tech-
nical quality, it is possible to link sub-objectives like “high
strength”, “high stiffness”, “low weight”, “high damping”,
“high safety”, “high reliability”, and “high durability”.
Possible sub-objectives linked to ergonomics and comfort
can be the following: “easy to use”, “suitable for long-time
continuous use”, and “suitable for intuitive use”. Possible sub-
objectives for operational quality are the following: “easy to
manufacture”, “easy to install”, “easy to remove”, “easy to

recycle”, “easy to disassemble”, and “easy to maintain in

Top objective:
main goal of the desing

Technical
quality

0.4 03 0.4 1018 02012
Weight Safety Reliability
Low High

service”. Finally, examples of sub-objectives linked to the cost
can be the following: “low manufacturing cost”, “low cost of
maintenance”, “low cost of recycling”, and “low cost for sec-
ond use”.

In the case under study, it was decided to use two design
objectives (Fig. 6): one related to technical quality (O;;) and
the other one related to operational quality (O;,). Ergonomics
and comfort and cost design objectives are not considered here
because they are not entirely coherent with the racing purpose
of the motor wheel. Moreover, the technical design objective
was given greater importance (60%) compared to the opera-
tional design objective (40%) because it was decided to prior-
itize performance than operational aspects. The sub-objectives
for technical quality were selected to satisfy the requirements
relating to performance and safety: low weight (O;;;), high
safety (Oy,), and high reliability (Oy,3). The low weight and
the high safety objectives have the same relevance in order to
induce the evaluators to consider the reduction of the mass
significant without losing the attention on safety. At the same
time, the sub-objective high reliability has been introduced to
ensure that the wheel has to complete at least a single race.
Sub-objectives related to operational quality have been iden-
tified to evaluate the design solutions considering the
manufacturing ease and the component easy usage during
the race: “simple manufacturing” (O;,;), “simple mainte-
nance” (O;4,), and “easy installation” (O1,3). The manufactur-
ing sub-objective is the one that has a higher weight than
others because of the lamination process of the FRP laminate.
The lamination of different plies of reinforced fiber prepreg is
a complex process by its nature. Consequently, to simplify the

Operational
quality

Installation

Manufacturing Maintenance

Simple Easy

Fig. 6 The objectives tree with the design objectives and their relevance weights
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manual overlapping and compression phases of the prepreg
layers, when possible, it is better to choose simple geometries,
with a smooth and a reduced number of shape variations, as
well as simple manufacturing solutions (e.g., reduced number
of tools and assemblies). The sub-objective “installation” has
a higher weight than “maintenance” one because of the pur-
pose for which the wheel is designed. In fact, during the race,
any substitution of the wheel must be carried out as quickly as
possible. On the contrary, if possible, a damaged wheel should
be maintained, but this event is less relevant in percentage
weight than the other sub-objectives related to operational
quality.

The last step of the conceptual design process concerns the
evaluation of the design concepts to identify the one that best
meets the requirements contained in the objective tree. Expert
judgment is used to apply the requirements listed in the objec-
tive tree to the design concepts. The experts have to analyze
the design concepts, and they have to assign a score to each
sub-objective. In the case studied here, it was decided to use
the scale of scores suggested in VDI 2225 [59]. This standard
provides that when a specific sub-objective can be achieved in
a “very good” manner, experts give a score of 4, while the
score is 0 if the analyzed design concept is “unsatisfactory.”
Five experts in the field of composite materials, outside the
research group, were interviewed for the motor wheel project
and related tasks. Their assessments were collected using the
evaluation form reported in the Supplementary Information
(SI1). Note that in the form, each expert was asked to express
an evaluation of each design concept following the list of sub-
objectives without weights. This choice was made in order not
to influence the experts’ judgments.

In Table 1, the results of the evaluation process are sum-
marized. In particular, the average (Avg) and the standard
deviation (SD) of the score given by evaluators are reported.
It is worth mentioning that the standard deviation is interesting
information about the accordance within the evaluators’ panel
about the satisfaction of the objective for each design concept.

The multiplication of each Avg score with the correspond-
ing absolute weight is the weighted score (WS) of each

Table 1

objective. The sum of the weighted scores is used to prepare
the hit of the design concept. The highest total score of 3.07
was achieved by design concept C, which provides the fol-
lowing characteristics: interlocking noses for torque transmis-
sion, a cylindrical surface for wheel centering, bolted connec-
tion for wheel fixing, co-curing for wheel disk-rim connec-
tion, and a hybrid wheel disk. It is interesting to note that for
all design concept solutions, the SD of the objectives scores is
very limited which represent a good accordance within the
evaluator panel. The optimal design concept C, identified dur-
ing the conceptual design phase, is then optimized during the
structural design phase, described in Section 5. It must be
noticed that during the application of the proposed approach,
depending on the production process, a high number of itera-
tions between designers and producers could be required to
verify the manufacturability. Moreover, the optimization of
processing parameters, depending on the material, needs to
be tuned for each case study.

5 Structural design

Structural design phase is performed on the result of the con-
ceptual design phase. Due to the complexity of the design of
FRP structures, the structural design phase has been
subdivided, for computation time convenience, in two steps
(Fig. 2): the optimization of geometrical parameters and the
optimization of the stacking sequence.

In this phase, indeed requirements and constraints are
quantitatively considered. Therefore, the external loads ap-
plied on the wheel are calculated (Paragraph 5.1) and a pre-
liminary stacking sequence is proposed (Paragraph 5.2). The
design goal is to minimize the mass within an acceptable stiff-
ness and an allowable safety margin, by means of finite ele-
ment analysis (FEA) and design of experiments (DOE) meth-
od over a numerical model (Paragraph 5.3). Geometrical op-
timization and laminate stacking sequence optimization are
discussed in Paragraph 5.4 and Paragraph 5.5 respectively.

Computation of the scores for the three candidate design concepts, according to VDI 2225 standard

Design objectives

Design concept A Design concept B Design concept C

ID Objective Attribute (to be ...) Relative weight

Absolute weight Avg SD WS Avg SD WS Avg SD WS

Oy;  Weight Low 0.4 0.24
Oy, Safety High 0.4 0.24
Oy;3  Reliability High 0.2 0.12
021  Manufacturing  Simple 0.6 0.24
012, Maintenance Simple 0.1 0.04
O3 Installation Easy 0.3 0.12

2.04 0.10 049 211 0.3 051 310 0.12 0.74
336 030 081 220 024 053 337 027 081
308 034 037 1.10 0.17 0.13 3.04 0.15 0.36
191 027 046 210 025 050 297 030 0.71
2.14 015 009 264 021 0.11 198 022 0.08
293 023 035 351 021 042 298 021 036
Total 2.56 Total 220 Total 3.07
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Fig. 7 Overall dimensions, forces, and positioning of the centre of gravity of the solar vehicle Emilia 4

5.1 Load calculations

Design loads on the wheel have been calculated by means of
classical vehicle dynamics analysis. Overall dimensions,
forces, and positioning of the center of gravity of the vehicle
are represented in Fig. 7.

Assuming a gross vehicle weight rating m of 660 kg with a
symmetric distribution in the longitudinal x and side y axis,
load transfer in braking can be calculated as Azy=m hgc a,/l,
from equilibrium equations. Moreover, maximum value for a,
can be obtained by knowing the longitudinal grip p, of the tire
as dy, max = 1 & Denoting by crand c,, respectively, the size of
the front and rear track of the car, lateral load transfer for front
and rear axle can be calculated as Ay,=m hcg a,/crand Ay, =
m heg ay/c,. Similarly, maximum value for a,, is obtained from
the lateral grip of the tire y, as @, uq = i1, g The values of the
friction coefficients, experimentally validated by means of
accelerometer tests on the previous prototype Emilia 3, which
uses the same tires, are £;=0.9 and 1, =0.6.

Maximum load transfer in braking is estimated to be
1073 N while lateral load transfer in cornering is expected to
be 732 N for the front axle and 810 N for the rear axle.
Maximum calculated components of the forces acting on the
tire in both braking and cornering are reported in Table 2.

From the results, it is worth to mention that cornering is the
most severe working condition, and, for this reason, it is con-
sidered in the next calculations. The combination of braking
and cornering is neglected because this kind of competitions
does not include tests in which the wheel is stressed with

Table 2 Force components acting on the tire during braking and
cornering

Force component Braking (N) Cormering (N)
Vertical F, 2154 2428

Lateral F, 1293 1457
Longitudinal F, 1939 2186

combined loads (e.g., Fig. 8 course, slalom course, braking
test). According to the E/ECE/324 R124e Regulation, the
maximum load capacity F, ., is considered for the design
ofthe wheel. Three loading conditions are therefore separately
considered: (1) bending moment, (2) torque, and (3) rolling.
The relevant formulas are

Mbﬁmwc = Sb Fzﬁmax (,ut r+ d)
M, =S, FzA,mwc r
Fp - Sr Fz‘max

From the relationship (1), (2), and (3), assuming suggested
safety factors values (S, =2, S,=2.5, S;,=1), a bending mo-
ment M}, 4, 0 1027 Nm, a rolling testing force £, of 6071 N,
and a torque M, of 678 Nm are obtained. Impact load case is
neglected due to the racing application of this wheel.
Moreover, in combination with the three loading conditions
prescribed by the regulation, the effects of the inflation pres-
sure are considered. The maximum load at the interface be-
tween the tire and the rim flange is calculated using the ex-

pression Ty = (rz—rf,)fTO/ according to [60], by considering

a maximum inflating pressure pg, . of 8 bar. Noticeably,
such design parameter is 160% of the nominal inflating pres-
sure of the tire and is chosen as a compromise between safety,
mass, and rolling resistance reduction [61].

5.2 Materials and stacking sequence constraints

As previously mentioned in Section 3, among the market-
available FRP materials, CFRP ones have been chosen for
the design of the wheel. Both fabric and unidirectional (UD)
CFRP prepregs were adopted. Two types of UD carbon fibers
have been selected: high modulus (HM) and high strength
(HS). The first type of fibers has been used to increase, where
necessary, the stiffness of the component, while the second
type to increase the safety. Moreover, a resin with good per-
formances at high temperature combined with good impact
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Fig. 8 Schematic representation of wheel disk stacking sequence. Purple:
5 lens units (from WD-L1 to WD-L5). Orange: rear UD spokes groups
reinforcement (WD-S1 and WD-S2). Yellow: frontal UD spokes groups

resistance was selected. Specifically, the prepregs used are a
200 g/m? 2 x 2 twill fabric with 6K T800OHB fibers MTM49-
3/CF1218-42%RW, a 124 g/m* UD with 12K HS T1000
fibers MTM49-3/T1000G(12K)-124-36%RW, and a 124 g/
m® UD with 12K HM M46] fibers MTM49-3/M46J(12K)-
124-36%RW), supplied by Solvay Cytec Industries Inc. All
material properties, resulting from datasheet and experimental
characterization program [62], are summarized in Table 3.

A preliminary design in terms of shape and layup was
defined. Shape was drawn on the result of the conceptual
design phase to accomplish the geometrical constraints de-
scribed in Fig. 3. Number of spokes was set to 5 as a

Table 3  Carbon fiber prepreg properties
T800 Twill T1000 UD M46] UD

E, 66.0 155 235 GPa
E, 66.0 6.8 6.9 GPa
G, 4.4 3.1 4.1 GPa
Vi2 0.06 0.32 0.32 -

Oyl 852 2999 1709 MPa
O 852 19.3 25.8 MPa
Oc1 605 1431 875 MPa
Oc2 605 199 189 MPa
Ti2 123 132 69 MPa
ILSS 783 105 88.2 MPa

@ Springer

reinforcement (WD-S3 and WD-S4). Green: central discs groups
reinforcements (from WD-D1 to WD-D2). Blue: discs group
reinforcement for the hub connection (WD-D3). Gray: 5 nose inserts

compromise between radial compliance, bending stiffness,
and processability.

The layup was subdivided in different zones, each one with
a preferential fiber orientation, to withstand a specific load
direction. Indeed, UD was oriented in radial direction to bear
bending and radial loads while fabrics, oriented to form a
quasi-isotropic laminate, were introduced to bear the torque.

The stacking sequence of the wheel disk is schematically
represented in Fig. 8. Three composite units have been used to
laminate the wheel disc (WD): the lens unit (WD-L), the
spokes group unit (WD-S), and the reinforcing disc unit
(WD-D). In particular, 5 lens units, each of them made with
a single-fabric ply (from WD-L1 to WD-L5), were interleaved
with 4 spokes groups (from WD-S1 to WD-S4), whose num-
ber of plies has subjected to optimization, together with 3
reinforcing fabric disks groups (from WD-D1 to WD-D3),
placed in the central part of the wheel disk.

7~

A~

M Zone 1

Lay-up [] Zone 2
direction M Zone 3
B Zone 4
B Zone 5

Fig. 9 Ideal subdivision of the rim for stacking sequence optimization
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Orientation angle of each ply of the series from WD-L1 to
WD-L5 and from WD-D1 to WD-D3, with respect to the next,
was set at 144°, in order to have at least one fabric aligned to
each spoke and globally obtain a quasi-isotropic laminate.
Moreover, by interleaving UD with fabric, it is possible to
limit the thickness of each UD group, so as to improve the
quality of the layup, by reducing fiber waviness and by stop-
ping through the thickness crack propagation. Therefore, var-
iables of the optimization process for the wheel disk are ma-
terial and number of the UD plies for each spokes group.

In the same way, as depicted in Fig. 9, the rim layup was
subdivided into 5 regions, symmetric about the represented
vertical axis. The initial stacking sequence for DOE involved
a fraction of UD HS, for safety issue, mainly oriented at 90°,
interleaved with fabric plies to reduce and limit crack propa-
gation. Variables of the optimization process for the rim are
number, orientation, and positioning within the laminate of
UD and fabric plies.

5.3 Numerical model

The wheel is modeled in ANSYS Workbench and ACP using
4 nodes shell-layered elements (SHELL181) with an average

Pressure: 0.8MPa
Pressure 2:10.2 MPa.

B Pressure 3: 102 MP3

(©)

element size of 1.2 mm. The model consisted of 1,420,000
degrees of freedom, and the linear static analysis was solved
by a direct method. Mesh, load application, and constraints for
the 3 loading conditions, discussed in Paragraph 5.1, are
shown in Fig. 10. From preliminary investigations, bending
load case was found to be the most severe for the wheel.
Optimizations were therefore performed under loading condi-
tion expressed by Eq. (1) combined with maximum inflating
pressure, and the final solution was verified to withstand in
both torque and rolling.

5.4 Geometry optimization

A critical point of the proposed conceptual solution could be
the value of the angle & shown in Fig. 11. For this reason,
finite element (FE) analysis were performed on different angle
configurations of the wheel disk under bending load, in order
to minimize deformation and Inverse Reserve Factor (IRF)
index, based on Tsai-Wu failure criterion. The investigation
was performed between 16° and 36°. The lower value was
chosen according to geometrical constraints, while the upper
one was selected as a limit to avoid both the risk of prepreg
wrinkling during draping both fiber damages during curing

Pressure; 0.8MPa
Pressure 2: 102 MPa
Pressure 3: 102 MPa

0.00 200.00 (mm)
L Se—

Frictionless Support
Nodal Force - Rolling: 60;

0.00 200.00 (mm)
L See—

Fig. 10 Numerical model of the wheel. a Mesh. b Bending load case. ¢ Torque load case. d Rolling load case
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Fig. 11 Maximum deformation and Tsai-Wu IRF on the wheel disk for different & angle configuration under bending load (a; = 0.0041, b; =—0.1384,

€1=2.3144, R,%=0.99. ay = 0.0002, by =— 0.0062, ¢, = 0.8881, R,> = 0.99)

process [63]. As shown in Fig. 11, reducing the angle, both
deflection and failure index decreases asymptotically.
Therefore, an angle of 20° was chosen, which is the minimum
admissible value to prevent the risk of interference between
the wheel disk profile and the rotor.

5.5 Stacking sequence optimization

The optimization process of a composite structure is dominat-
ed by one or more objective functions, design variables, and
constraints [64—66]. In this work, the minimization of the
Tsai-Wu IRF, combined with the minimization of weight
and deflection, was considered.

Stacking sequence was optimized in Ansys Workbench by
means of DOE. Screening algorithm, based on Shifted
Hammersley Sampling Method, was adopted as a strategy
for the optimization, due to its ability to deal with a high
number of input parameters [67]. Unfortunately, as often hap-
pens for a complex stacking sequence, it was impossible to
successfully perform a direct optimization, due to the high
number of input parameters. Therefore, DOE output data were

Wheel disc Design Points
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Fig. 12 DOE candidate design points for both a wheel disk and b rim
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considered to graphically identify local minima and find the
best candidate solution.

Output design variables for both rim and wheel disk are
shown in Fig. 12, in which all candidate design points (DPs)
are represented. Feasible and unfeasible DPs were judged
considering separately DOE constrains for the rim and wheel
disk, in order to investigate other DP combinations not con-
templated by the algorithm. In particular, as DOE constrains,
it was assumed a maximum allowable IRF of 1 for the wheel
disk, to maximize the strength/mass ratio, while an IRF of 0.5
was chosen for the rim to avoid matrix cracking that can cause
undesirable pressure losses.

Therefore, feasible DP for the wheel disk (IRF < 1) and for
the rim (IRF < 0.5) are plotted in Fig. 13 as function of IRF,
deformation, and mass. Dots highlighted in gray represent the
best candidate solutions found automatically by the software.
However, by the separate analysis for the wheel disk and the
rim, it was possible to graphically identify a lighter solution
thanks to the combination of the best stacking sequence of
each separate component.

Interestingly, this solution presents HM UD fibers posi-
tioned on the external layers of the laminate (WD-S1 and

Rim Design Points
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Fig. 13 Tsai-Wu IRF, deformation, and mass of the feasible design points computed by DOE algorithm a for the wheel disk and b for the rim. Black
dots: feasible design points. Gray dots: best candidate points detected by Ansys

WD-S4) and HS UD fibers in the inner groups (WD-S2 and
WD-S3). Moreover, this configuration provides an increased
bending stiffness thanks to the external layers, combined with
a good strength due to the presence of HS UD in the inner
groups of the laminate. The best solution for the rim evidenced
a stacking sequence having UD plies positioned on the exter-
nal layers, to increase the section modulus, and fabric plies in
the centerline.

Thanks to the proposed approach, it was possible to reduce
the overall mass of the wheel of 16.7%, compared to the
preliminary proposed stacking sequence. The final masses of
the rim and wheel disk were estimated to be 0.76 kg and
0.63 kg respectively, resulting in a total estimated wheel
weight of 1.39 kg.

FEA results represented in Fig. 14 show that the optimized
wheel is able to withstand at all 3 design loading conditions,
and no critical areas are evidenced. Optimized laminations for

both wheel disk and rim are reported in the Supplementary
Information (SI2 and SI3 respectively).

In order to verify the effectiveness of the optimized CFRP
wheel, an aluminum one was designed (see Supplementary
Information - SI4). The aluminum wheel was developed fol-
lowing the same requirements and constrains defined in the
conceptual design phase for the composite wheel. It is inter-
esting to mention that the final weight of the aluminum wheel
was 2.86 kg, corresponding to an increment of 51.2% with
respect to the optimized CFRP wheel, thus, confirming the
effectiveness of the CFRP-based solution.

6 Manufacturing

A specific mold was developed for the manufacturing of the
optimized wheel. The mold consists of 4 parts as evidenced in

0.00 200.00 (mm) 0.00
L S

100.00

(a)

200.00 (mm) 0.00
100.00 100.00

200.00 (mm)

(©)

Fig. 14 Tsai-Wu IRF distribution obtained from FEA of the optimized wheel under prescribed load cases a bending, b torque, and ¢ rolling combined

with inflating pressure
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Fig. 15 Scheme of the mold assembly

Fig. 15. As a first step, shown in Fig. 16a, the two CFRP parts
of the mold of the rim were assembled, release agent was
applied, and prepreg was stacked directly on the mold accord-
ing to the optimal sequence obtained by FEA. As a second
step, shown in Fig. 16b, the rim assembly was fixed on a
centering disk to match under strict dimensional tolerances
with the mold of the wheel disk. Finally, as shown in
Fig. 16¢, optimal stacking sequence for the wheel disk was
stacked on its mold to obtain the best calculated performances.
The final vacuum built-up was cured for 90 min in autoclave
at a temperature of 140 °C and a pressure of 6 bar. The final
weight of the wheel was 1.41 kg, in accordance with the pre-
vision given by the model.

7 Experimental validation

Complete wheel assembly has been tested in rotating fatigue
bending using the custom device represented in Fig. 17. The
equipment consisted of a basement (a) fixed to the ground, a
rotating disc (b) with 8 fixing for the rim (c), a steel tube (d)

connected to the center of the wheel disk, and a movable mass
(e) for adjusting the applied bending moment.

Since only one sample was available, a custom incremental
load fatigue test, inspired to the Locati test [68, 69], was per-
formed at a rotational frequency of 0.5 Hz. The wheel was
gradually loaded until its failure: cycles and applied loads are
summarized in Table 4. Due to the effect that the wheel has
been designed for racing, the number of incremental fatigue
cycles was reduced with respect to what is commonly adopted
in literature.

At the end of each load step, testing device was stopped at a
prescribed angular position and deflection at the tip of the tube
(d) was measured. Angular position was chosen to maximize
strain on the surface, i.e., when the bending moment is applied
between two spokes.

A digital image correlation (DIC) analysis was performed
by means of a 3D DIC system (Q-400, Dantec Dynamics),
equipped with 5 Megapixels cameras and 17 mm lenses [70].
A speckle pattern was previously applied on the wheel disk
surface by means of an airbrush. Istra-4D software (Dantec
Dynamics) was employed to elaborate the captured images
and calculate the strain field of the wheel disk. Facet size
and grid spacing was set to 19 and 11 pixels respectively,
and a local regression displacement smoothing filter of 25 x
25 facets, available within Dantec software, was applied as a
compromise between accuracy and spatial resolution [71, 72].

In order to validate the numerical model in the elastic
field, the strain distribution of the FE model was compared
with DIC results. In Fig. 18 is reported the strain field at
the end of load step 4, which corresponds to the 50% of the
design bending moment. The zone of analysis, between a
radius of 75 mm and 120 mm, corresponds to the most
stressed part of the wheel disk. An evaluating path was
applied along a spoke (R1) and another one between two
spokes (vertical). Since the component is loaded symmet-
rically with respect to the vertical path, only the R1 spoke
path results have been reported.

(b)
Fig. 16 Manufacturing of the CFRP wheel. a Rim. b Rim and wheel disk mold assembled. ¢ Stacking process of wheel disk
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(a) (b)
Fig. 17 Experimental setup. a Schematics of the fatigue test bench. b Test bench with 3D DIC system

Table 4 Load steps for

experimental test under bending Load step No. of cycles %0 M max M, (Nm)
moment

LS1 1000 20% 205

LS2 800 30% 308

LS3 600 40% 411

LS4 400 50% 514

LS5 200 60% 616

LS6 100 70% 719

LS7 50 90% 924

In Fig. 19 are represented the strain distributions along the ~ reported in Fig. 19a and b while for the vertical path are plot-
aforementioned paths. The blue lines represent the experimen-  ted in Fig. 19¢ and d respectively.
tal DIC results, while the red ones the numerical FE model As can be observed, the numerical and experimental curves
results. The radial and hoop strains for the R1 spoke path are  exhibit the same trend. Regarding the spoke path, maximum

@ ®)
Fig. 18 Elastic strain distribution for load step 4 and evaluating paths. a FEA results. b DIC results
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Fig. 19 Strain comparison between DIC and FEA on load step 4. a Radial strain distribution along R1 path. b Hoop strain distribution along R1 path. ¢
Radial strain distribution along Vertical path. d Hoop strain distribution along vertical path

discrepancies of 19% and 21% for the radial and hoop strains
were respectively revealed. Interestingly, these maximum er-
rors occurred at the transition zone between the nose and the
rest of the wheel disk laminate, due to the simplifications
introduced in the numerical model, thus leading in local strain
concentration phenomena.

Similarly, for the vertical path, a maximum relative error of
23% for the radial strain was measured. This error, instead,
occurred at the edge of the reinforcement disks (WD-D

Fig. 20 Fatigue test results:

comparison between applied 1000
bending moment and flexural
stiffness index versus load steps 200
600

400
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200 ’7
0
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series), where there is an important change in thickness.
Indeed, the shell model is not able to correctly represent the
strain field in the drop-off zone, as it does not take into account
out-of-plane loads [73].

Results of fatigue test are reported in Fig. 20. To evaluate
the structural integrity of the wheel, an index related to the
component flexural stiffness and the applied bending moment
was introduced as follows: flexural stiffness index = [bending
moment] / [tube tip displacement]. The flexural stiffness index

12.5

11.5

Flexural stiffness Index [Nm/mm)]

LS2 LS3 LS4 LS5 LS6 LS7
Load Step [-]
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behavior was constant until the end of LS6, which corre-
sponds to the 70% of the design bending moment. During
LS7, when the 90% of the design bending moment was ap-
plied, multiple and continuous audible cracks happened and
after 50 cycles, the flexural stiffness index decreased down to
34% of the initial value of the flexural stiffness index.

8 Conclusions

In this work, the systematic design approach has been extend-
ed to the design of composite components and successfully
applied to the case of the CFRP motor wheel of the Emilia 4
solar vehicle. The proposed approach is intuitive, and it en-
ables the designers to account for the effect of material, and
the related manufacturing processes, through the entire design
process. This fact has remarkable consequences because it
allows building effective and sometimes very advanced con-
ceptual design solutions, including also innovative functions
thanks, for example, to the use of smart materials. Moreover,
the new methodology allows reliable identification of the best
design solution thanks to the statistical analysis of the evalu-
ation made by a panel of experts external to the design team.
Finally, this material-oriented approach integrates the optimi-
zation of both geometry and materials respecting, at the same
time, the requirements and constraints of the project. In par-
ticular, optimization of geometry, material, and stacking se-
quence was applied to the CFRP wheel and it was performed
using DOE, resulting in a weight saving of 16.7% with respect
to the initial CFRP solution and 51.2% with respect to the best
aluminum solution. Following the approach, the studied
wheel was successfully manufactured and tested both statical-
ly and under bending fatigue. In particular, strain fields mea-
sured with a 3D DIC system during static tests were in good
accordance with numerical results. Fatigue test showed that
until the 90% of the design bending moment, the flexural
stiffness index of the component was maintained. All these
facts supported the conclusion that the proposed systematic
material-oriented design approach is an effective methodolo-
gy for the design of composite components and systems.
Besides, this systematic approach can also be used to design
and discover new materials which can integrate novel archi-
tecture and advanced features (e.g., damping, toughening,
sensing, diagnostics, healing, and others).
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