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ABSTRACT

The use of composite structures represents a consolidated design strategy for solar race vehicles where
weight savings can be immediately transformed into energy efficiency and, essentially, into better race
performance. At the same time, no design assumption can sacrifice safety. This article describes the
redesign of an existing solar prototype aimed at improving overall vehicle performance in terms of weight
reduction and safety through replacement of titanium alloy with a CFRP carbon fiber reinforced laminate
and sandwich structure as the main element of the vehicle safety system. Through appropriate
optimization of materials, lay-up and sandwich structures it was possible to improve car safety while
significantly reducing its weight.

1. Introduction

The development of solar vehicles has grown from an elementary design exercise performed by amateur
sports enthusiasts [1-3] to a

full-blown global challenge with a continually increasing number of universities, research centers and
companies from all over the world taking part in design competitions, from Europe [4,5] to the Middle East
[6], Asia [7], North America [8,9], South America [10], Africa

[11] and Oceania [12]. Indeed, it is in the latter that the most important solar mobility event takes place
every two years: the World Solar Challenge (WSC). This competition proposes the challenge of crossing
Australia [13] from north to south, a 3022 km journey, using the Sun as the only source of energy [14]. It
represents an extreme design requirement for solar vehicles that promotes the development of advanced
engineering solutions specifically oriented to the efficient use of a small amount of available energy, equal
to approximately 100kWh [15].

Energy savings and exploitation therefore represent key concepts that guide each choice in solar car
development [16], from conceptual design [17] to race strategy [18]. It has been estimated that a 10%
reduction in overall weight of an electric race vehicle can lead to a 13.7% energy saving [19].

Maximum energy efficiency in terms of vehicle design is sought through various strategies, such as
optimization of aerodynamics [20—22], adjustment and balance of vehicle dynamics [23], elimination of
kinematic friction [24], and strict optimization of manufacturing- ing processes [25]. Amongst others, one of
the most highly regarded design strategies is weight minimization in order to reduce inertial mass and
energy losses in non-conservative systems [26,27]. This design paradigm has commonly been achieved
through the use of lightweight composite materials for both structural and non-structural vehicle parts, in
particular thermoset resins reinforced with carbon fiber (CFRP) [28]. In [29], as well as many other
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investigations, the benefits of adopting reinforced composites for structural applications in vehicles are fully
presented.

A wide-ranging assessment of material use and its impact on performance in the specific case of solar car
design and manufacturing has been presented in [30], where several materials employed in current solar
prototypes are considered. These vary from metals to composites, depending mainly on the team budget. A
general increase in the tendency to use carbon fiber reinforcement for both solar vehicle structures and parts
can be clearly noted worldwide and is related to the possibility of obtaining very light and stiff solutions.

In [31], for instance, the design and development of a solar car in Japan is described in which massive
involvement of advanced composites took place. Made with ultra-lightweight carbon fiber fabric as thin as
0.06 mm, a 55 kg reduction in bodyweight was reported for a two- seater racing vehicle compared to a
metal-based equivalent prototype. The study of extra lightweight vehicular structures for transport,
including modeling of their behavior, are aspects that date back many years. In relation to solar vehicles,
[32] proposes a model for supporting solar hybrid vehicle designers in accounting for aspects such as
optimal sizing, dynamics, energy flow, cost, and weight. This work,

together with many others [33], does not specifically address optimization of solar prototypes for
competitive purposes but is intended to frame solar mobility in a broader context. The authors explore
the multifaceted theme of automotive applications of solar energy [34], the promising nature of these
technologies [35], and the potential benefit that solar and hybrid vehicles can offer in terms of energy
savings and reductions in greenhouse gas emissions [36]. This can also be observed in [37], where an
approach to modifying conventional vehicles, including structural design, is indicated as a way to obtain a
more sustainable means of transportation.

Regardless of the motivation for minimizing weight through design, it is also strictly necessary to meet
several functionality and safety criteria relating to the vehicles themselves. As reported in [38],
lightweight vehicles of this type are formally categorized as light or heavy quadricycles, exhibiting specific
risk profiles that are not fully accounted for in current legislation. These risk profiles should be carefully
considered in the design approach, particularly in view of the high performance of existing prototypes

that can reach speeds of
>100 km/h [39].
Useful reviews of safety in automotive composite structural design are presented in [40,41].

Predominant aspects of design requirements are also presented in [42] in relation to the use of sandwich
parts and in [43] in relation to impact loads.

Within this context, the present article reports the redesign of an existing solar prototype aimed at
improving overall vehicle performance in terms of weight reduction and safety through the replacement
of titanium alloy with CFRP. Though investigation into the strength of composite structures in
automotive applications is certainly not new, with a large volume of excellent works in the literature
[44,45], very few studies have directly focused on the design or rede- sign of solar-powered terrain
vehicles [46,47] to the authors’ knowledge, while none have proposed a detailed example of the structural
benefits achieved by substituting metallic materials with reinforced composite and sandwich structures.

2. Objectives

The core of this investigation centers around a solar-electric competition prototype [48] designed to run
the American Solar Challenge (ASC) [49] in the Multi-Occupant Vehicle category (MOV) (Fig. 1).

This vehicle is categorized as a ‘heavy quadricycle’ accordingly to the Le7CP category of the
168/2013/EU standard, with a size of 4600x1800x1200mm and an empty weight (excluding batteries) of
230 kg. In the ASC race configuration, with a specific battery pack and four passengers on board, the
vehicle exhibits a total weight of 700 kg.



a) b)

Fig. 1. The multi-occupant solar vehicle: a) overview of general layout (main parts
transparent) and; b) detail of the metal roll bar.

Fig. 2. Vehicle interior before design changes with: a) metal roll cage; b) battery pack access window;
¢) laminated central beam; d) sandwich-structure roof; e) seat; f) door, g) protective bumpers; h)
headrest; i) water bottle.

This admirable result compared to similar prototypes was obtained through the extensive use of reinforced
composite sandwich structures.

Although winner of the ASC 2018, covering a distance of 2780 km at an average speed of 55 km/h, this
particular solar prototype did not meet the subsequent WSC 2019 regulations [50]; thus, a conceptual and
structural redesign was required within which the new carbon structure was created.

The design process took place in line with new logic, taking into consideration the following
requirements:

- the vehicle had to run a very different route with limited elevation change and a maximum altitude of 850
m;

- a cruising speed above 75 km/h was required to comply with regulations and, specifically, the presence of
time controlling gates;

- the vehicle would use smaller and lighter solar panels to allow them to be moved and reconfigured by

the driver alone;
3



- the vehicle required provision of safety structures able to resist higher loads compared to the existing
metal roll cage.

These goals were approximately equivalent to doubling the range of an already extremely efficient
vehicle. Therefore, it was necessary to intervene in a synergistic manner on many design aspects.

In terms of structural redesign, it was necessary to lighten the vehicle while safeguarding all other aspects
such as functionality and safety. The possibility of replacing the metal roll bar with a composite solution
was seen as an opportunity, as the former was no longer mandatory in the new regulations.

In practical terms, the structural intervention involved the design, optimization, and construction of a
safety cage made of reinforced composite materials in place of the metal cage, able to withstand the
stresses foreseen by race regulations in the event of car rollover.

A photo of the vehicle interior taken from the rear passenger side is presented in Fig. 2. The metal roll
cage (a) required by previous reg- regulations is immediately visible. The metal tubes, no longer required
under new regulations, are in clear contrast to other parts of the vehicles, which are made entirely of
composite materials.

The hollow central beam (b) had the function of both containing the batteries and part of the electronics
(c) while providing torsional stiffness. The roof (d), also in CFRP, is clearly visible together with circular
patterns for weight reduction. These sections, which represent holes in the support panel, not only reduced
the weight of the structure but also helped dissipate heat. Photovoltaic panels, in fact, suffer rapid
reductions in efficiency with temperature increases. Almost all of the sections described thus far were
redesigned and modified as a consequence of the present work. The monocoque structure in which all
elements are housed, comprising the central beam (battery holder) and lower bathtub structure (visible
externally in Fig. 3) instead remained unchanged.

3. Methods

Replacement of the metal safety cage (Fig. 4a) was achieved by conceiving an alternative able to exploit
the marked anisotropy of reinforced composites. Several options were considered, both in terms

Metal
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Fig. 3. External schematic of the vehicle. The metal roll cage is shown together with its critical zones.
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Fig. 4. Safety cage before and after redesign with all subsections: a) original metal roll-cage structure,

Seat
backrest

as inserted in the composite structure (not visible); b) final structure in reinforced composite.

Fig. 5. Application of external conditions: (a) fixed constraints (in blue) on seat contours and pillar
bases; b) applied load as a three directional force (46kN) transmitted by an infinitely rigid plate (in
red).

of geometry and materials. The present discussion is limited the final solution (Fig. 4b).

The study was carried out considering the safety requirements defined within the WSC 2019 race
regulations, comprising static analysis at pre-established loads and verification of maximum deformation. In
particular, with the aim of protecting occupants from the potential risk of vehicle rollover, the regulation
requires that a multi- directional load is applied in static conditions. This load must be equivalent to 5 times
the weight of the vehicle in the vertical direction, 4 times in the longitudinal direction and 1.5 times in the
transverse direction, applied to a section of the roof with a diameter smaller than 150 mm.
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Fig. 6. Through-thickness integration points (IP) in an n-layer laminate with extra integration points at
each interface for delamination prediction.

Physical conditions were reproduced with a finite element (FE) simulation using the commercial
software ANSYS Workbench Ver. 5



18.2. A description of this modeling approach applied metal structures is presented in [51]. Numerical
modeling was limited to the central and upper sections of the safety cage (Fig. 4b), in which the four seats
also performed structural functions. These parts are rigidly anchored to underlying elements of the
structure, specifically the monocoque and central tunnel, sections of the vehicle that can be considered
infinitely rigid in relation to the applied external forces. The result is a simplified model with interlocking
constraints where the seats and uprights are in contact with the vehicle (Fig. 5a).

A total weight of 750 kg was adopted for the investigation, including the mass of the frame, batteries,
photovoltaic panels, engines, driver, passengers, and all other kinematic elements (e.g., wheels, suspension,
etc.). This overall weight is higher than in the past due changes in the race configuration (larger battery
pack, heavier engines, etc.), but also represents a more conservative approach to design validation.

The static loading system was applied by placing an infinitely rigid plate in contact with the roof of the
vehicle. Given the geometry, the initial contact between the plate and structure only occurred within the
central section of the middle safety cage roll bar. The plate was then loaded with a force in accordance
with regulations in terms of magnitude and direction (Fig. 5b). Specifically, compression equivalent to 5
g downwards (Z direction), 4 g backwards (Y direction) and 1.5 g sidewards (X direction) was applied,
with a resultant force of 46 kN.

a) b)

Fig. 7. Discretization of the geometric model using bidimensional (shell181) elements.

The choice of using a rigid obstacle (the plate) instead of directly applying forces to nodes was intended
to provide better correspondence of loading conditions to the case of a real rollover. In particular, the plate
allowed other sections of the structure, not engaged during initial contact, to be progressively included
during impact progression and structure deformation. This effect was managed through control of the
contact criteria between the surfaces.

The composite safety cage was discretized using a single-layer shell method, a common simplification
when investigating macroscale phenomena in large structures or complex geometries. By correctly trans-
forming properties, the multi-layered laminate could be considered equivalent to a single layer discretized
with shell elements along the laminate surface and integration points (IPs) throughout the thickness [52].
One [P was employed per layer, providing accurate results for in- plane failures [52]. One IP was also
employed per layer interface with the scope of considering out-of-plane phenomena such as delamination
(Fig. 6). Discussion of this approach and comparison with alternatives is provided in [53,54], where a
significant reduction in mesh complexity is reported, with good overall precision especially in detecting in-
plane failures.

Two-dimensional (skell) elements with dimensions in the range 5—30 mm were used, with a total of
36,388 elements and 37,794 nodes (Fig. 7).

SHELLI181 elements characterized by 4 nodes and 6 degrees of freedom (dof) per node were employed



due to their suitability in applications where large rotations or large deformations emerge. Furthermore,
SHELLI181 elements have also been shown to be appropriate in situations where layers must be
discretized, as in the case of modeling composite shells or sandwich constructions [55—57].

Specifically, each lay-up was discretized by one specific FE layer. Convergence tests, carried out by
progressively increasing the number of discretization layers and elements, exhibited stable outputs, with
numerical results in terms of deformation changing by no >3% within the most sensitive areas. This
discretization implied the use of FEs with a thickness of 0.15 or 0.30 mm in the presence of unidirectional
or bidirectional fiber orientations, respectively.

4. Materials

Orthotropic material properties were introduced using the Ansys Composite PrePost (ACP) module in
Ansys®. This allowed carefully definition of layering to be undertaken, attributing precise material
characteristics to each layer including the orientation of fibers. Several configurations were defined based
on the following (main properties given in Table 1):

Table 1

Fundamental material

properties.
Property Unit T1000 T800
Type - Unidirectional Twill
Densi Kg/m3 1490 1420
ty
Young’s Modulus* MPa 121000, 8600, 8600 61340, 61340, 6900
Poisson’s Ratio ** - 0.27, 0.4, 0.27 0.04, 0.3, 0.3
Shear Modulus ** MPa 4700, 3100, 4700 19500, 2700, 2700
Tensile Stress Limit * MPa 2231, 29, 29 805, 805, 50
Compressive Stress Limit * MPa 1082, 100, 100 509, 509, 170
Shear Stress Limit ** MPa 60, 32, 60 125, 65, 65
Tensile Strain Limit * % 1.67,0.32, 0.32 1.26, 1.26, 0.8
Compressive Strain Limit * % 1.08, 1.92, 1.92 1.02,1.02, 1.2
Shear Strain Limit ** % 1.2, 1.1, 1.1 22,19,19
* (X, Y, Z) directions,; ** (XY, YZ, XZ)
directions
Properties Unit NOMEX PVC Ti Alloy
Type - Honeycomb Foam Metal
Density Kg/m?3 80 100 4620
Young’s Modulus MPa 1,1, 255 125 96,000
Poisson’s Ratio - 0.49, 0.001, 0.001 0.40 0.36
Bulk Modulus MPa - 208 11,429
Shear Modulus MPa 0, 37,70 44 35,294
Tensile Yield Strength MPa - 2.5 930
Compressive Yield Strength MPa - 2.0 930
Tensile Ultimate Strength MPa 0, 0, 5.31 2.5 1070

- T1000 and T800: high tensile strength carbon fibers manufactured by Toray, widely used for composite
structures in automotive applications. Both T1000 and T800 are designed to meet requirements for
lightweight structures, with the former representing one of the most resistant fibers available for
conventional applications [58]. With different forms available on the market, pre-impregnated fabrics
with 0.15 mm unidirectional T1000 and 0.3 mm twill T800 were employed.

- Nomex: the registered trademark of a meta-aramid-based substance developed by DuPont. From a
chemical point of view, Nomex can be considered an aromatic nylon, the meta variant of Kevlar para-
aramid. Produced analogously to paper, one of its various uses is to build honeycomb panels used in the
construction of lightweight structures such as planes.

- Polyvinyl chloride (PVC): a thermoplastic obtained from natural raw materials presenting a versatile

range of uses. It has good mechanical and chemical properties (e.g. wear, acid attack) for a lightweight



material.
A layer of carbon-Kevlar (supplied by Angeloni) was also present

on surfaces in contact with passengers (e.g. seats) to contain carbon chips in the event of cracks; however,
this was not considered during structural optimization.

A realistic representation of material properties is one of the first problems faced by the designer of
composite structures. Despite the use of commercial materials, the available datasheets are often
inconclusive as constituent materials and processing conditions can deviate from specifications, with even
slight changes significantly affecting the final properties.

In the present case, Toray declares proprieties for T800 and T1000 based on normalized values for a 60%
Fiber Volume Ratio (FVR) and a specific epoxy resin and curing cycle [59]. These values can deviate
significantly from those measured during experiments.

Results relating to TS00H-12 k-50B have been reported [60], con- firming the fiber properties declared by
Toray (tensile strength of 5.880GPa, tensile modulus of 294 GPa and elongation of 2.0% for a diameter of 5
pm) with only minor differences (tensile strength of 5.5GPa and elongation of 1.9%). The same cannot be
said for fabric properties, with the four composites under consideration exhibiting tensile strengths between
2140 and 2680 MPa instead of the declared 3290 MPa, with similar variability found in relation to ILSS.
Similar differences have also been confirmed in other studies [61], where the tensile strength was
measured as between 1889 and 2220 MPa due to a different FVR, in line with the rule of mixtures
(roughly 20%, ~720 MPa). In [62], where several reinforcements including Toray T1000 were compared,
the FVR rarely passed 50% in the case of conventional unidirectional (UD) fabrics.

These considerations led to the use of conservative material proper- ties for the present safety validation,
postponing the opportunity to

Table 2
Metal roll cage sections (made of Ti-alloy tubes with 30 mm diameter and 1.2 mm thickness).

Roll cage sections N. of Parts Length [mm] Mass
[ke]
central tube 1 1600 0.80
vertical central 4 400 0.80
tube
side tube 2 1900 1.91
rear tube 1 1600 0.80
rear vertical tube 4 250 0.50
front tube 1 1600 0.80
vertical front tube 2 500 0.50
central front tube 1 1400 0.70
Overall* 16 13,600 6.82

* Those total values also consider the n. of parts

improve accuracy via direct experimental characterization of the des- ignated reinforced materials to a later
stage.

Specifically, the Ansys database of composites was preferred (with values also in accordance with [63—
66]) using material models Epoxy Carbon Woven (230GPa) Prepreg for T800S, Twill, K24000 and, conser-
vatively, Epoxy Carbon UD (230GPa) Prepreg for T1000G, Unidirec- tional, K12000 in a MTM49 epoxy
resin system by Solvay. For Nomex, PVC and Titanium alloy, the Ansys ACP material models were
selected as HONEYCOMB (80 kg/m?), PVC Foam (100 kg/m?3) and Ti- alloy, respectively. A summary of
mechanical properties is reported in Table 1.

5. Metal structure



The pre-existing metal roll cage was also considered for comparison. Made of Ti-alloy with a density of
4620 kg/m?, it consisted of a
13.6 m tube with 30 mm diameter and 1.2 mm thickness split into 16 segments of different lengths and
welded, with an overall weight of 6.82 kg. Details are reported in Table 2.

The numerical simulation was performed in line with similar stud- ies performed by the authors for
metal roll cages [67] using the load/- constraint conditions described above. Shell 181 elements were also
employed in this case, with 3431 nodes and 34,269 elements with dimension between 5 and 27 mm.

Fig. 8 exhibits the total and directional deformations for the metal roll cage. With a maximum
displacement of 20.6 mm in the vertical (Z) direction, 27.2 mm longitudinally (Y) and 7.5 mm transversally
(Y), the cage was deformed by 28.3 mm toward the passengers. As shown in Fig. 9, several zones enter
the plastic regime (>930 MPa) or exceed the failure stress (>1070 MPa), with local Von Mises equivalent
stresses exceeding 1500 MPa in some regions. Risk to the occupants in the case of a rollover is clear,
providing the opportunity to adopt improvements in the design.

6. Composite structure

Manufacturing of the composite safety cage began with preparation of molds for the various subparts.
The molds were manufactured by layup on models produced by CNC machining based on three-
dimensional CAD representations of the various parts [48]. Models were produced in resins such as
polyurethane foam [68] and in some cases wood-base materials such as MDF. Prior to pre-preg
lamination, model surfaces were treated with chemical agents to facilitate subsequent removal of the
molds. Similar surface treatments were also adopted for the molds. This precaution not only permitted
easier release of parts after curing and a better surface finishing, but also reduced the risk of damaging
molds during forming and extraction due to friction. On average, six surface treatments were
performed on each surface.

Vacuum bags were prepared to apply mechanical pressure during curing. With a pressure of 1 bar, the
scope of this step was to remove air trapped between layers, better compact the layers and remove
moisture. The parts were then cured in an autoclave.

Full details of the process including applied pressures, the temporal temperature profile and other
manufacturing parameters are discussed in [69]. In relation to the composite laminates, the pressure was set
to 6 bar and the temperature increased at 2 °C/min up to 135 °C. Curing was performed under these
conditions for 2 hrs before decreasing the temperature at 1 °C/min to room temperature. Special attention
was paid to parts characterized by a sandwich structure to avoid excessive pressure or temperature that
might damage the soft core (in Nomex or PVC). In particular, the maximum temperature was reduced to
125 °C and the pressure to 2.7 bar. Even under these conditions, the cores contracted by approximately
10%.



71 Static Structural
Total Defoamation

]

Directional Deformation J
- tiorl Deformation(Z Auil)

Glabal Coceimte Stem
1

Il'l’.-'.'l:.':’L]“ 1438 L2018 1409
26,273 Max
23,398
20,393

H

JERES
11648
134
58199
2,953
D,0094134 Min

25511 Max
0020439
254
51675

of 17401

8 s
-12998
15,462
1B0s
=HLE09 Min

b) c)

Fig. 8. Total (a) and directional deformations in the case of a metal roll cage for: b) vertical (z axis) and
¢) longitudinal directions (¥ axis). Red arrows show the largest displacements (>20 mm) due to the
rollover loads.

Fig. 9. Equivalent Von Misses stress in the case of a metal roll cage: a) entire structure and b) detail.
Red areas represent zones where the stress level is close or higher than the Ti-alloy yield strength (930
MPa).

As noted previously, several lay-up variations were compared. All were defined in line with common
guidelines for the design of composite structures such as:

10



- limit the number of layers as much as possible and, in particular, alternate between layers of different
materials;

- ‘protect’ unidirectional (UD) layers (T1000), able to respond to the main directional loads, with woven
layers (T800) on the surface, able to respond to loads from unexpected directions;

- superimpose no >4 layers of the same type

- use a sandwich structure with an inside core (in Nomex or PV C) as a design solution in the presence of
flexural loads;

- arrange layers symmetrically about the center line to avoid bending or twisting during curing.

Table 3 describes the final lay-up configuration, reporting details relating to materials, thicknesses and
deposition angles for each of the essential sections of the roll cage. In the case of T1000, a single layer of
thickness 0.6 mm (at 0°) instead of 4 layers of thickness
0.15 mm is reported for simplicity. For instance, the roof rail component was obtained by laying up one
layer of T800 #will with fibers at 0/90°, four thin layers of T1000 UD and one additional layer of T800
twill with fibers rotated at +45°. The central core in Nomex was then positioned (Fig. 10) before
performing the same lay-up in reverse order.

<Table 3
Final composite material layout.

Section Front and Central Pillar Top Rail Back Rail Roof rail and Seat Backrest
Thickn 3.9 mm 4.8 mm 12.4 12.4
ess mm mm

Layers %\/Iateria Thicknes Angl %\/Iateria Thicknes Angl %\/Iateria Thicknes Angl %\/Iateria Thicknes Angl
s e s e s e s e

Type [mm] [(]  Type [mm] (]  Type [mm] [(]  Type [mm] [’
1 T800 0.3 +45 T800 03 +45 T800 0.3 0/90 T800 0.3 0/90
2 T1000 4x0.15 0 T1000  4x0.15 0 T1000 4x0.15 0 T1000 4x0.15 0
3 T800 03 0/90 T800 03 0/90 T800 0.3 +45 T800 0.3 +45
4 T1000 4x0.15 0 T1000 4x0.15 0 PVC 10 0 Nomex 10 0
5 T800 03 0/90 T800 03 0/90 T800 0.3 +45 T800 0.3 +45
6 T1000 4x0.15 0 T1000 4x0.15 0 T1000 4x0.15 0 T1000 4x0.15 0
7 T800 0.3 0/90 T800 0.3 0/90 T800 0.3 0/90 T8&00 0.3 0/90
8 T1000 4x0.15 0 T1000  4x0.15 0
9 T800 03 +45 T800 0.3 +45
10 T1000 4x0.15 0
11 T800 0.3 0/90

11



Fig. 10. Manufacturing of the composite sandwich structure. During lay-up of the roof rail, Nomex is
positioned in the middle of the other layers.

Results

The total and directional deformation of the safety cage are presented in Fig. 11, where it is confirmed
that the structure meets the safety criteria set by the regulations, which state that lowering of the roof
must not exceed 25 mm. Maximum deformation in this direction (equivalent to the Z axis) is 24.9 mm,
with this value obtained in sections near the doors where deformation does not interfere with the space
occupied by the passengers. The simulation instead predicts that the central part of the roof lowers by
<20 mm.

Fig. 12 provides an initial overview of the stress state, expressed in terms of the Maximum Principal
Stress (MPS) averaged across all layers. This figure allows quick identification of the most critical zones,
including the contact area between the plate and top rail

Type: Total Deformation
Uik e

Time: 10

Cuikom

e 36,82

Min: |

LU B

3641

nm
054
w54
0,456
16,364
wm
LALR
Friit

Fig. 11. Total and directional deformation of the CFRP roll cage.
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Fig. 12. Maximum Principal Stress (MPS) in CFRP roll cage: overview and details of the most
significant areas.
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(Fig. 12a) and the two intersections between the central pillar, top rail and roof rail on both the driver
(Fig. 12b) and passenger (Fig. 12¢) sides of the vehicle. It must be noted that despite the symmetry of the
structure and constraints with respect to a vertical Y-Z plane, the presence of an X-component (~22% of
the total) of the external force leads to an asymmetrical stress state and deformation. Consequently, the /left
intersection is mostly subject to compressive stresses in the y-direction and the right to tensile stresses in the
x- direction. The latter is less severe (~850 compared to ~1000 MPa) but also less critical in relation
to material strength, which is higher under tensile loading than under compressive loading for CFRP
(2231 compared to 1082 MPa for T1000). For the same reason, the zone with highest stress on the top
rail is on the right (~380 compared to ~240 MPa) and shifted ~50 mm to the right with respect to the
plane of symmetry (Fig. 12a).

Fig. 13 shows a distribution map of the MPS for each separate section of the most stressed layer. The
highest value of MPS for each layer is reported in Table 4. The seats are not shown since they are subject to
negligible stress under these test conditions.

Considering these values, the material stress limits for T800 or T1000 are not exceeded at any point.
Principal stresses are useful for comparing metal and composite cages in the case of a rollover. In Fig.
14, the structural response of these structures in the above-mentioned conditions is represented in terms
of von Mises equivalent stress for Ti-alloy and Maximum Princi- pal stress for CFRP.

In particular, the comparison highlights the fact that:

- the Ultimate Tensile Strength (UTS) of Ti-alloy (1030 MPa) is exceeded in several zones, implying
structural failure. Large zones exceeding the plastic limit (>970 MPa) are also visible. On the contrary,
in the case of CFRP, the maximum (principal) stress in the T1000 is much lower than the material UTS
(~1000 MPa compared to 2200 MPa).

- even if the total deformation is comparable in both cases, with values in the range 20—30 mm, the metal
roll bar exhibits dangerous deformation that is primarily in the Y direction, with 17-26 mm at the
intersection between the central vertical bar and the front seat; practically at the back of the passenger.

- Table 4
- Highest value of the maximum principal stress for each layer.

Layer Material Type Front pillar Central pillar Top rail Back rail Roof
Rail

1 T800 106 340 300 176 700

2 T1000 97 620 800 280 900

3 T800 120 370 525 190 700

4 T1000 102 600 900 0.5 (PVC) 3
/(Nomex

5 T800 97 365 445 38 222

6 T1000 107 577 750 70 1005

7 T800 75 357 427 40 271

8 T1000 112 555 809

9 T800 76 256 460

10 T1000 860

11 T800 394
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Fig. 13. Maximum principal stresses of the most stressed layer for each section.
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a) b)

Fig. 14. Comparison of stress values in the most critical zones for: a) metal (von Mises) and b)
CFRP (Maximum Principal stresses).

Fig. 15. Effect of local changes in the geometry on maximum principal stresses.

This situation does not take place for the CFRP safety cage, where the higher stiffness of the central
pillars and top rail compared to the tubular central and top bars, respectively, eliminates the requirement
for vertical reinforcing elements joined to the front seats.

It must be noted that the numerical simulation was carried out with a slight modification to the real
geometry. This difference, shown in Fig. 15, mainly relates to the absence of a roof rail segment over the
central pillow. This ‘window’ was opened to allow better investigation into one of the most critically stress
zones. This modification allowed some of the discontinuities present in the composite structure (i.e. the
joining of three orthogonal composite elements) to be studied in greater detail.
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7. Failure criteria

In terms of failure criteria, ANSYS Workbench Ver. 18.2 provides Maximum Stress, Maximum Strain, and
Tsai-Wu Failure as standard criteria [70,71]. While the first two are based on nine failure stresses or strains,
respectively, Tsai-Wu also allows consideration of three additional coupling coefficients. Other commonly
implemented criteria include Tsai-Hill, Hoffman, Hashin, Puck, LaRC and Cuntze [72]. These are physical
failure criteria specifically formulated to account for different damage mechanisms, including fiber or
matrix failure [73].

For each criterion, methods for estimating the probability of failure include the Margin of Safety (MoS),
Reserve Factor (RF) and Inverse Reserve Factor (IRF), amongst others. The IRF, in particular, represents a
dimensionless inverse margin to failure that is normalized against

a) b)

Fig. 17. Inverse Reserve Factor (IRF) map based on Hashin criterion. Layers with highest
stress levels are reported in brackets.

the load, where IRF > 1 means failure and IRF much lower than 1 (e.g. 0.5) means safety.
As undertaken in the present study, each criterion must be considered separately for structural validation,
as each can cause maximum IRF for different staking1 sequences.



Based on the numerically calculated stress states within the present study, the modeled composite
structure met all safety requirements for each of the selected failure criteria (i.e. IRF << 0.50), with the
exception of a single critical zone, the joint displayed in Fig. 15. Discretization and element codes for

each FE within this zone are presented in Fig. 16.

For this preliminary analysis and discussion of results, the Hashin criterion was utilized. This condition
takes into account matrix failure

Fig. 18. Principal stress directions within 6th layer, corresponding to the fiber orientation in the UD
composite.

due to simultaneous axial and shear stress, allowing differentiation between fiber breakage, to be avoided,
and matrix failure, which can be allowed as an extreme case in the event of overturning.

Fig. 17 displays the IRF map based on the Hashin criterion. For each FE, the most stressed layer (highest
IRF) is also reported in brackets. In the left section, all values are below 0.50 (corresponding to blue or
green) except for six elements within the 6th layer of the roof rail, cor- responding to T1000 UD, where
IRF > 0.875 (specifically, FE codes 20211, 20212, 20214, 20215 and 19944). An additional element on
the roof rail within the 6th layer and another on the top rail within the 2nd layer exhibit IRF values
between 0.750 and 0.875 (specifically, FE codes 20970 and 19945).

Fig. 18 exhibits further details relating to the 6th layer of the roof rail (T1000 UD), where it can be
observed that the principal stresses are in the same direction as the fiber orientation (x-axis). Considering
a fiber strength of 230GPa, it can be concluded that the IRF is primarily related to the failure of the matrix.
The same situation takes place at the right intersection.

Combining different failure criteria, other elements emerge as being critical within the same region. All
other parts of the safety cage do not exhibit criticalities (IRF << 0.750).

Fig. 19 presents the related IRF map for the left intersection, reporting the critical layer and
corresponding criterion for each FE. Fig. 20 provides details distinguishing the criteria in question.

Without entering into detail, the failure criteria generally confirm that the structure is safe in all areas
even if, under the defined loading conditions, failure could take place in one of the two intersections
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e2i(2)

Fig. 20. Inverse Reserve Factor (IRF) map for different failure criteria: a) Maximum Stress; b)
Maximum Strain; c) Tsai-Wu; d) Tsai-Hill.

Fig. 21. Inverse Reserve Factor (IRF) for different failure criteria after local reinforcement.
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Fig. 22. Layer-by-layer stress and material strength comparison in terms of IRF.
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already identified (Fig. 12b and c). Although the stress states in these areas are generally oriented in such a
way as to cause matrix failure, further reinforcement was nonetheless deemed appropriate. Given the need
to contrast stresses in different directions to the principal ones, already supported by unidirectional fibers
subject to stress well below their limit, reinforcement was performed using bidirectional layers (T800) and
doubling T800 layers already present for approxi- mately 200 mm in all directions. For instance, the roof
rail layout (de- tailed in Table 3) was modified locally by adding 4 layers of T800. As reported in Fig. 21,
this design reduced the IRF values but also modify the critical layers.

8. Discussion

In-depth knowledge of the stress state of individual layers for ani- isotropic materials and the ability to
account for different failure mechanisms (e.g., matrix or fiber failure) and different stress state directions
leading to failure is a powerful tool for design optimization of composite structures. This is recognized by
many authors [74,75] and is confirmed within the present study.

Stresses and strength are compared using IRF in Fig. 22. In regions where the IRF is low, the composite
layout could potentially be modified in accordance with new design objectives where possible.

It can be observed how the upper layers (1-3) of the roof rail are less stressed than the rest. This
circumstance would suggest the possibility of changing the sequence (i.e., removing a layer); however, this
option is impractical as layer symmetry about the core must be maintained. It is therefore difficult to
modify layers within the roof rail. Furthermore, special attention should be paid to the Nomex core as its
integrity must be preserved since the material is quite weak and strongly anisotropic at a local level given
the irregular geometry (similarly to details within [76]).

Fig. 23. Vehicle interior after design changes. The new composite structure eliminates all vertical
metal bars inside the cockpit improving drivability and usability.

On the other hand, all other parts, including the front and central pillars and top and back rails, exhibit
margin for changes, with the possibility of increasing stress and strain states to better exploit the material
strength.

The IRF is very low for the front pillar and back rail, with regions that could benefit from layer changes
(e.g. different pre-preg types or thicknesses).
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Conceptual studies were performed with the numerical simulation to assess alternatives based on
different goals.

In the case of weight reduction, layers of T800 with half the thickness were considered, leading to a 27%
reduction in weight and a stress state in layers over the expected limits.

In view hypothetical vehicle commercialization, material selection could also be oriented towards less
expensive composites. For instance, referring to the same type of pre-pregs and manufacturer, T1000 UD
and T800 could be replaced, respectively, with T700 UD and T300, halving material costs.

The present research was limited to several conceptual evaluations for practical reasons, as optimization
of costs was not strictly necessary for the competition prototype.

Furthermore, composite materials were readily available for proto-type construction, both in terms of type
and quantity, allowing the structural layout detailed within this study to be constructed. This was
desirable considering the fact that the entire safety of the four passengers was based on the composite
structure. Ample safety margins beyond minimum requirements were therefore preferred in the structural
design.

Technical decisions were also supported by the following considerations:

- the current race regulations offer specific conditions under which the vehicle must be certified (e.g.
maximum vertical displacement in the case of a rollover). At the same time, new safety regulations may
propose more stringent criteria that such a structure could reasonably respect without the need for
significant changes;

- the regulation simplifies loading conditions relating to a road accident (e.g. frontal impact, side impact,
rollover, etc.) by equating dynamic impact conditions to equivalent static loads (e.g. n-times
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the vehicle’s weight in a certain direction). This approach appears overly simplistic and, while
waiting to carry out crash studies, it was preferred to oversize the structure.

This form of overengineering does not simply refer to the use of a larger number of layers than was
strictly necessary, but also to assumptions made during the study, such as the use of conservative values for
material properties instead of values provided by the supplier.

The practical outcomes of replacing the metal roll cage with a composite structure are as follows:

- the composite structure meets all safety criteria;
- the roof could be modified and made more compact;
- the vertical bars present in the passenger compartment, between the seats and in the driver's line of

sight, could be eliminated (Fig. 23);
- the drivability and usability of the vehicle could be improved.

9. Conclusions

The design of solar vehicles continues to challenge research groups from around the world to make
continuous development key to their actions. This leads to the continuous evolution of such vehicles, with
the best results exhibited every two years at the most important global solar car competition, the World
Solar Challenge. This article details how the structure of an already competitive solar vehicle was modified
to improve its performance and safety. The design strategy was based on changing the vehicle frame
material from metal (titanium alloy) to fiber reinforced composite, allowing improvements in vehicle
safety and a reduction in weight to be achieved. Though the new structure is heavier than the old one, 14
kg compared to 7 kg, such a comparison is not entirely fair. It must firstly be noted that the metal structure
no longer satisfied updated design safety criteria, as stresses in the case of a rollover would have exceeded
the ultimate strength of the material. This issue had not previously been taken into account due to different
regulations in previous competitions.

The new CFRP cage also becomes part of the hood of the vehicle, lightening the roof as a whole.
This integration between structural and non-structural parts in the composite roof also allowed other
elements be lighten, in particular those locally supporting the solar cells, reducing the overall weight by
roughly 15 kg.

It was also possible to remove the central rail located in the center of the windscreen, essential for correct
functioning of the metal roll cage, to make the vehicle more drivable and functional. Finally, the composite
safety cage allowed greater design flexibility with the possibility of reinforcing areas of greatest interest as
required.
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