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A B S T R A C T

The effects of vibrations in vehicles range from simple noise and reduced comfort, to decreased performance,
from wear and material fatigue to irreversible failures and danger. A study of the dynamic behaviour of rein-
forced composite panels is here presented, applied to the construction of an ultralight photovoltaic roof in the
case of a solar sport car. This is an extreme race prototype where design and materials solutions, as high
strength carbon fiber reinforced polymers and sandwich‐structured composites, were addressed to optimize
the stiffness‐to‐weight ratio. A modal analysis was performed considering materials anisotropies by a
layered‐shell finite element model and through‐the‐thickness integration points with the scope to discretize
the multi‐layered sandwich structure. Additional aspects, as gravity force and external constrains, were also
included. Experimental evidences were used for validating the numerical model and underscored an outstand-
ing accuracy. The same design procedure was finally applied to change the preexisting structural solution
achieving an optimized roof that was manufactured, installed and tested.

1. Introduction

The use of composite laminates and sandwich panels in automo-
tive, mainly for car frames, is a very effective method to limit the
weight while improving the mechanical properties [1]. Due to this,
the diffusion of such a type of structures is gradually increasing, espe-
cially in motorsport applications [2]. In [3], for instance, a design opti-
mization with the scope to reach the minimum weight of sandwich
structures under a combination of torsion and bending loads is pro-
posed. Moreover, in [4], the crashworthy properties of different com-
posite sandwiches are compared as collapsing structures.

At the same time, the determination of an optimal design in the
case of composite structures can represent a rather complicated task,
since it does not only depend on the inherent complexity introduced
by the adoption of composite materials with their own anisotropic
properties, but also on the possible complication due to the compo-
nents’ geometry. For instance, in [5] the Ansys Finite Elements (FE)
code was used on composites structures to investigate the effect of a
frontal impact in the case of a F1 racing car.

The abovementioned studies mainly refer to the use of composite
laminates and sandwiches in structural lightening, impact resistance
and crashworthiness. However, other investigations also consider
additional functions, associated to the dynamic behaviour of compos-
ite laminates and sandwiches. For instance, [6–8] deal with dynamic

phenomena, transmission of dynamic forces, free forced and damping
vibrations, frequencies, damping properties in sandwich composite
structures. They also include case studies related to transport and auto-
motive applications.

Actually, almost all structures vibrate creating immediate annoy-
ances, as displacements or noise, and long‐term criticalities, as fatigue
failure, fretting or wear.

Focusing on the dynamic behaviour of vehicles, the reduction of
structural vibrations, which can be caused by engine, wheels, chassis
or airflow [9], surely represents a fundamental action in their design
permitting to improve smoothness and comfortability in riding [10].
Besides, the same vibrations can also affect the vehicle performance
[11] and, even more relevant, the long‐term health of passengers
[12], to the point of involving structural and personal safety as a whole
[13].

To optimize the vibratory behaviour of composite structures, the
numerical approach, based on finite elements, is widely utilized, espe-
cially in the presence of geometrically complex designs.

In [14] a significant overview about the use of the Finite Element
Method (FEM) on composites is reported taking in considerations
vibrational problems and dynamic response respect to different mate-
rials and applications. The attractiveness of this topic is also reflected
in numerous works that aimed at development of efficient and robust
finite elements for modeling composite structures, ranging from equiv-
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alent single layer shell elements [15–17], via layer‐wise elements
[18,19] and up to solid‐shell finite elements [20,21]. It also emerges
that the numerical modal analysis is preferred as a primary method-
ological approach for describing, understanding, and modeling struc-
tural behaviour in the case of sandwich‐structured composites.

The modal behaviour depends on how the structures are made in
terms of mass distribution and stiffness. However, modal analysis
assumes that the dynamic behaviour of a complex structure, consisting
of many degrees of freedom, can be adequately represented through a
linear combination of systems, each one characterized by a single
degree of freedom [22]. Then, a FEM analysis technique permits to
determine these degrees of freedom, even including the presence
and the effect of complex geometries or materials [23].

In [24] a parametric study of the influence of the aspect ratio and
fiber orientation on the dynamic properties of a fiber‐reinforced plate
was investigated by FEM. Similarly, the dynamic behaviour of complex
structures was also analyzed, such as smart composite beams [25] or
composite floors slabs with profiled steel decks [26]. Among other
works of particular interest, in [27], the effects of inhomogeneities
(delamination damages in the case) on the natural frequencies of a
beam was studied, comparing theoretical, numerical and experimental
results, and demonstrating even more closely the intimate connection
between microstructural and overall properties of the system.

Some studies exploited either shell [28] or solid finite elements
[29] to perform a modal analysis of sandwich structures with, respec-
tively, an aluminium honeycomb core and recyclable foam cores. In
[30], a modal analysis of a sandwich plate with a central rectangular
cutout was performed, highlighting the relations between the natural
frequencies and the size of the cutout. Alternatively, a modal mixed
numerical‐experimental identification procedure for the determina-
tion of the elastic and damping properties in the case of sandwich lam-
inates was proposed in [31] where parameters were modified up to a
minimum global error between numerical and experimental values.

Among other valuable outcomes emerged regarding the composite
sandwiches and dynamics, [32] demonstrated that changes in ply ori-
entation, plate geometry and temperature can affect the dynamic
response of FRP sandwich plates with a PVC foam core.

On the other side, [33] studied how the PVC foam core can alter the
dynamic response of sandwich materials: an increase in the foam core
shear modulus was found to reduce vibrational phenomena. Further-
more, [34] successfully optimized a sandwich structure with a vis-
coelastic core, maximizing the damping by modifying the layers
thicknesses and ply orientations.

The numerical modal analysis of large and complex composite
structure was shown in several studies such as a fast patrol boat
[35], a wind turbine blade [36] and a chassis frame [37].

An automotive roof, as here mentioned, should be carefully
designed considering both its static and dynamic behaviour, and for
the scope FEM tools can be a valid support permitting to quickly inves-
tigate the effect of design parameters. In [38], for instance, the mate-
rial choice was optimized by using a FEM model in static and dynamic
conditions with a significant reduction in mass of the composite roof.
In [39], a similar analysis allowed to optimize the thickness and the
lay‐up angle of a CFRP laminate, improving bending stiffness instead
of weight. FE models have also been used for the topological or mate-
rial optimization of other automotive components, including the hood,
the rear bench and the chassis [40], the floor [41] or the drive shaft
[42]. Finally, in [43], the numerical modal analysis was carried out
including damping effects with results compared with experiments.

An interesting alternative to the traditional use of laminates, which
represent most of the systems analyzed so far, are grid structures or
Advanced Grid Stiffened composite structures (AGS) [44], which con-
sist of connected beams. They offer a high damage tolerance and a bet-
ter dynamic behaviour than conventional sandwich structures. The
global and local geometry optimization of a grid structure by using a
FEM model is a topic that has been extensively studied in literature,

mainly regarding buckling loads [45–47][48,49]In general, FE models
offer several advantages over analytical ones, which are acceptable
only for initial studies, but it is difficult to fully automatize the process
because of the complexities of grid patterns. A refined analytical
method, which can be incorporated with existing FEM techniques to
obtain a better accuracy, is developed in [50].

2. Aims and scopes

In this paper a reconfigurable photovoltaic roof for a solar vehicle,
consisting of a large composite sandwich structure with a quadridirec-
tional grid pattern, is designed by means of an enhanced FE model,
able to accurately represent its dynamic behaviour as experimentally
verified. Materials characteristics, physical constrains and pre‐stress
conditions were also considered in detail.

This research is part of a wider action leading to the design and
construction of an exclusive solar competition prototype, character-
ized by a massive use of ultra‐lightweight composite structures [51].
Specifically, it represents an evolution, both at the level of method-
ological approach and technical outcomes, of a recent study [52]
where a grid structure, made in sandwich composite, was detected
by a multi‐objective optimization as the most appropriate design solu-
tion of solar roof. The FE model, as here developed, made possible to
improve the numerical accuracy and move toward a very efficient
design of the sandwich‐structured composite in conditions like reality.

To the authors’ knowledge, no other research combined the follow-
ing peculiarities.

Firstly, the study is focused on a rather complex composite struc-
ture, both in terms of size and geometry, especially if considered
respect to the final application. In the automotive sector, in fact, it is
quite uncommon to deal with elements of similar size (8 square
meters) and complexity (double orthogonal grid), used as large cover-
ing panel (e.g. the roof), but also designed to allow structural functions
(e.g. weight support for solar cells).

Furthermore, it is quite unusual to deal with the dynamics of struc-
tures with such a complication in terms of materials and layouts: to the
seven layers representing the sandwich composite, five layers were
added representing the solar panels. These materials were considered
respect to their characteristics (e.g. mechanical properties, aniso-
tropy). Some of them (e.g. monocrystalline silicon) are quite rare to
be found as subject of dynamic studies and a special state of the art
was necessary.

Adding, a specific numerical model was developed with proper
attention to refine apparently secondary aspects (e.g. the difference
between nominal and actual thicknesses) that was rewarded by the
accuracy in the validation phase. The same model was fully exploited
to investigate the behaviour of structures in conditions very close to
the reality, however complex (e.g. multiplicity of constrains, loads).
Hypotheses on models, constraints, forces were compared and
discussed.

Finally, the paper is framed in a research area, i.e. the solar vehicles
design, still little explored, where results from other sectors (e.g. tradi-
tional vehicles) can be rarely transferred in a simple and direct way.

3. Materials and methods

3.1. Vehicle and its geometry

This study, as said, aimed to optimize the movable roof panels in
the case of a solar racing vehicle. It is a 4‐passenger solar prototype
[51] where recent changes in aerodynamics and main structural parts
gave the chance to intervene on the photovoltaic roof. In Fig. 1, where
the vehicle is shown before and after the intervention, the main differ-
ences stand out. In particular, a general rethinking of the vehicle pro-
file with lowering of the rear part to better accompany the flow lines,



allowed a reduction in the aerodynamic coefficients, as drag coeffi-
cient (from 0.145 to 0.102) and lift coefficient (from 0.613 to
0.067). At the same time, the extensive use of fiber reinforced compos-
ites made it possible to replace the metal safety structure which a com-
posite one with an overall weight reduction and stiffness
improvement.

The change in the overall shape of the vehicle and roof was accom-
panied by a change in the structure of the panel as well. This panel is
fixed to the vehicle frame by connecting elements. Its initial structure
consisted of a single sandwich panel lightened by circular holes
(Fig. 2a). This design solution, in a recent multipurpose optimization
proved to be less performing than supposed [52]. Its one‐piece struc-
ture, with multiple curvature geometry, would have badly adapted
to an increase in size as expected from modifications in the vehicle

profile (~5200x1.600 mm). Finally, sandwich laminates may represent
non‐optimal solutions in terms of thermal insulation and, then, solar
panel efficiency [52].

A quadrangular grid was preferred (Fig. 2b), made by composite
layered rods, connected between them, in a superior orthogonal grid,
reinforced by a lower one. This design solution permitted to obtain
better mechanical properties [44], but also to simplify the manufactur-
ing and installation phases. In fact, it allowed an easy subdivision of
both panel and roof into two sections, which represents a design expe-
dient able to improve their static and dynamic responses as well as
handling. Thanks to a reduction in weight and dimensions, in fact,
and also to the proper system of constraints, the two sections of the
roof can be moved by the pilot in total autonomy for a better orienta-
tion with respect to the sun's rays during the parking phases.

Fig. 1. General layout of multi-occupant solar vehicle: a) before and b) after design changes.

Fig. 2. Structure of the panel: a) before and b) after design changes. The different base elements are reported, together with their special successions in three
elements.



3.2. Materials and composite layout

In terms of materials, with the scope to improve mechanical prop-
erties and vehicle performance, high strength and stiffness‐to‐weight
ratio materials were adopted wherever possible in the car design. It
was also the case of the panel for roof where unidirectional (UD)
and bidirectional (BD) carbon fiber reinforced plastic (CFRP) plies
were layered in the form of sandwich structured laminates.

Specifically, UD and BD CFRP pre‐impregnated fabrics (prepregs)
with, respectively, 0.15 mm and 0.30 mm thicknesses, were used,
together with a Polyvinyl chloride (PVC) foam, 4.0 mm of thicknesses,
as sandwich core. The 5.20 mm layout consisted of 7 layers, as detailed
in Table 1: an outermost BD fabric with fibers are 0°/90°, two UD fab-
rics at 0°, the core and symmetrical layout respect to this core.

High Tensile Strength (HTS) carbon fibers, with a tensile modulus
of 294 GPa and tensile strength up to 6370 MPa of fibers, were chosen.
Manufactured by Toray Composite Materials, these advanced fibers are
largely used in composite structures for automotive when weight
reduction is required thanks to their mechanical properties. The UD
(namely T1000) exhibits, with respect to the fibers’ direction, over
120 GPa Elastic Modulus and 2200 MPa Tensile Stress Limit with
1490 Kg/m3 density. The BD (namely T800), with similar density,
exhibits in two directions over 60 GPa Elastic Modulus and 800 MPa
Tensile Stress Limit. Main properties for these materials are reported
in Table 2.

It is important to highlight that in Table 1 the nominal values of the
thickness of the pre‐preg fabrics as purchased and used to achieve the
layering (through manual lamination on an open mold) are shown.
However, the manufacturing process in autoclave, including the cure
with temperatures around 120 °C and pressures of 2 bars, leads to a
decrease in the final thicknesses, estimated at around 10% for the lam-
inates and 15% for the core. The correction was made by an appropri-
ate redefinition of the thicknesses in the FE model so that the materials
mass and stiffness referred to a more appropriate geometry.

3.3. Structural dynamic and modal analysis in brief

In general, a dynamic problem can be analyzed with respect to dif-
ferent domains:

• physical domain: complex geometric deformation is represented by
a set of independent and simpler deformation models (modal
forms) sometimes referable to mathematical formulations.

• time domain: the vibrational response is represented in the form of
a signal over time that can be traced back to a set of sinusoids, that
tend to fade in the presence of damping phenomena.

• frequency domain: the analysis of the signal over time provides a
spectrum containing a series of peaks, then represented by a set
of response spectra with a single degree of freedom.

• modal domain: the general response of the system is traced back to
an overlap of models, each of which is represented by a mode shape
(representing the motion of each points of the structure) and by a
modal frequency.

Focusing on this last approach, frequency, mode shape and, eventu-
ally, modal damping give a complete representation of the intrinsic
dynamic characteristics of the system during vibration. Also, they
are constant, related to the structure properties, and FE can support
their quick determination.

The modal analysis is the process of determining these modal
parameters respect to every mode (in the frequency range of interest)
with the goal to use such parameters to build a modal model of the
response. This is possible under the two hypotheses that each forced
dynamic deformation of a structure can be represented as a weighted
sum of its modal forms and that each mode can be represented by a
single degree of freedom model.

3.4. Eigenvalues, eigenvectors and normalization

It is also noteworthy how most vibrational problems are related to
the resonance phenomenon: in fact, with an excitation of the structure
at the resonance frequency, a very small intensity force is enough to
induce an oscillation with very high amplitude.

The problem can be traced back to a homogeneous linear system
whose non‐trivial solution is represented by values, the eigenvalues,
which correspond to the deformed ones, the eigenvectors. These eigen-
vectors have, among their important characteristics, that of being lin-
early independent vectors, i.e. cannot obtain an eigenvector as a linear
combination of the other eigenvectors. Consequently, thanks to this
property of orthogonality, they constitute a basis for a vector space
(i.e. the modal space). In other terms, the calculation of eigenvectors
and eigenvalues as a solution of modal analysis allows the definition
of the modes in which it is possible to break down the overall beha-
viour of the structure into its linear components, and of the natural fre-
quencies against which the structure reacts by entering into resonance.

Despite the link between deformations and eigenvectors, the latter
only represent the general shape of the deformed structure, not the
actual values of deformation. During the modal analysis, in fact, it is
necessary to use a criterion for the normalization of the vector before
solving the system.

Thus, modal results (e.g. deformations and elastic deformation
energy) are to be considered in relative terms: the amplitude of modal
displacements from the eigenvector normalization criterion used. Nor-
malization introduces an arbitrary scale factor on the whole deformed
modal shape.

Two normalization criteria are commonly adopted: 1) with respect
to the mass of the system or 2) to impose the maximum amplitude
equal to the unit. In Ansys Workbench, for instance, the default

Table 1
Sandwich layout.

Layer Material Thickness Orientation

1 BD 0.30 mm 0°/90°
2 UD 0.15 mm 0°
3 UD 0.15 mm 0°
4 PVC 4.00 mm –

5 UD 0.15 mm 0°
6 UD 0.15 mm 0°
7 BD 0.30 mm 0°/90°

Table 2
Characteristics and properties of materials used for the composite sandwich panel.

Property Unit T1000 T800 PVC

Type – Unidirectional Twill Foam
Density Kg/m3 1490 1420 100
Young’s Modulus 1 MPa 121000, 8600, 8600 61340, 61340, 6900 125
Poisson’s Ratio2 – 0.27, 0.40, 0.27 0.04, 0.30, 0.30 0.40
Shear Modulus2 MPa 4700, 3100, 4700 19500, 2700, 2700 44

1 (X, Y, Z).
2 (XY, YZ, XZ) directions.



criterion is a normalizationwith respect to themassmatrixwhichmakes
it also complex to compare different geometries in terms of absolute val-
ues of deformations and energies. With the scope, it should be consid-
ered the Modal Assurance Criterion (MAC), an indicator which gives
the degree of consistency between two modal vectors and thus permits
to comparemode shapes obtainedwith differentmethods [53]. Instead,
it remains possible to compare the different solutions in terms of mode
shape and eigenvalues, as done in the present case.

3.5. Discretisation model

The numerical modal analyses were performed using Ansys Work-
bench Ver. 19 software and SHELL181 elements. This two‐dimensional
(shell) element, characterized by 4 nodes and 6 degrees of freedom
(DoF) in each node, was preferred due to its fitness in the case of large
rotations or large deformations, but also considering others’ positive
experiences in modelling composite laminates and sandwiches (as in
[54,55]).

In addition, with the scope to take in consideration the stratifica-
tion the so‐called layered shell method was applied. It consists in a dis-
cretization, common in the structural analysis of composite laminates,
based on shell FEs (SHELL181 in the case) along the surface and Inte-
gration Points (IPs) through the thickness. This method overcomes the
need to operate with solid (3D) elements with significant savings in
terms of computing effort and an accuracy often adequate to the needs
[56,57].

In dynamic analyzes it is customary to refer to the discretization
techniques already proven valid for structural analyzes. Consequently,
in addition to the selection of the layered shell method, it was also cho-
sen to limit the IPs to one per each layer.

However, rather than limiting the IPs to 7, equal to the number of
sandwich layers, it was decided to adopt another arrangement, already
used in structural analyzes by a layered shell method [56]. On such
occasions, the problem often arises of finding a way to investigate
what happened in terms of out‐of‐plane phenomena (e.g. delamina-
tion) and a possible way is to consider the various layers joined by a
thin layer of pure resin. This assumption intends to take into account
the fact that during the autoclave cure, adjacent layers of prepreg
solidify together, merging each other in terms of resins, without how-
ever making possible a physical cross between the fibers.

It follows that the discretization in the thickness was carried out
through 13 IPs, since an addition of 6 IPs in relation to the interlami-
nar zones. Fig. 3 shows the presence of these IPs through the 5.2 mm
sandwich thickness, both in the laminates and in the resin interfaces.
The same figure also shows the location of FEs and nodes on surfaces.
According to some preliminary tests done for the model calibration,
although this finesse in terms of material modeling has a minor effect

(<2%), still leads to results more in line with reality, slightly raising
the natural frequencies.

4. Results and discussion

4.1. Model validation

A first simulation was performed with the scope to validate the
numerical model by experiment. A test specimen was manufactured
planarly coupling, side by side, three quadrangular grids (Fig. 2b).
During the modal test, the structure was raised and suspended using
an elastic wire and two anchoring points placed symmetrically. The
dynamic response to the induced stresses was detected through
accelerometers by measuring natural frequencies up to 125 Hz (includ-
ing the first 6 modes for rigid body movements). Mechanical vibration
and shock tests were performed in accordance with ISO 7626‐5:2019
and, specifically, with Part 2 and Part 5 [58,59]. Additional details
on the testing procedure are also available in [52].

The comparison would have to repeat a modal test under free‐free
conditions: no constraints or forces. However, with the aim of improv-
ing the accuracy of the numerical model, it was decided to take into
account all the identified conditions that could have influenced the
results. In particular, as regards the validation phase, the effect of grav-
ity was introduced in the study. For the purpose, the modal analysis
was anticipated by a static analysis that allowed to demonstrate a neg-
ligible deformation caused by the gravity force, lower than 0.02%
(more pronounced effects emerged in next simulations. Both aspects,
free‐free condition and gravity effects on modal analysis, will be
explored in the discussion of results).

The numerical modal analysis was limited to the evaluation of the
first 20 eigenvalues where the first 7 were compared with the system
natural frequencies as detected from experiments. Fig. 4 permits an
initial visual evaluation of results showing, side by side, the equiva-
lence between mode shapes. No difference seems to emerge with sim-
ulations able to correctly reconstruct the deformation trend. Table 3
permits a numerical assessment providing results in terms of natural
frequencies. It is immediately evident the great accuracy of the model
with rather negligible errors (apart in one case, the 6th frequencies).
Furthermore, the accuracy in predicting the first frequency, which is
usually the most interesting since the connection with the minimum
level of energy resonances start to emerge from, is very high. Finally,
a minor but quite common underestimation of natural frequencies
seems also evident which suggests a refining in model discretization
can be even possible.

Above the 7th at 124.69 Hz, unfortunately, no measure was avail-
able since the detection was limited to approx. 125 Hz. Experimental
information should be of special interest in this range considering an

Fig. 3. Through-the-thickness IPs for a 7-layers laminate with extra IPs at interface.



anomalous closeness between some natural frequencies: the 8th at
126.69, very closed to 7th or 9th and 10th at, respectively, 142.32,
142.48 Hz. An analysis, based on frequencies so close each other,
could represent a valid test bench to new hypotheses and model
refining.

4.2. About the validation

4.2.1. Free-Free modal analysis
The characteristic equation of a structure allows a solution even

without introducing constraints into the system. Natural frequencies
also exist, in fact, for a body that is suspended in the air, without
restrictions (namely, a free‐free system). When performing a modal
calculation in these conditions, 6 eigenvectors with very low fre-
quency, close to 0 Hz, emerge. These eigenvectors represent the forms
of rigid body movements, that is, the roto‐translation oscillations that
the system performs in space. After these, at higher values, frequencies
emerge that represent the elastic modes. In addition, many of the
experiments are usually traced to this free‐free situation, as in the case
described here, where the structure under test was hung on an elastic
support by means of two contact points. However, in order to achieve
the greatest accuracy, the numerical model also took into account this
difference between free‐free and real testing conditions, however min-
imal. In particular, the system was analyzed considering the con-
straints actually used (elastic supports) through a first static analysis
that affects the results of the modal analysis by providing as input a
system with matrix deformed by the load and constraint conditions.
Thus, thanks to what is defined as 'pre‐stressed modal analysis', it
was possible to eliminate a possible source of bias (i.e. constraints).

4.2.2. Gravity
Even the effects of gravity and dead weights shall be considered.

The static deflection, in fact, modifies the stiffness of the structure,
causing a difference in the dynamic properties if compared to the nom-
inal ones [60]. In [61], for instance, a modal analysis was performed
on a prestressed shell structure. After applied a pressure load on the
surface, the results showed that preloading did not affect mode shapes
but impacted on the natural frequencies. Some studies considered
preloading conditions during dynamic analyses as [62] that applied
the dead weight of the chassis to a truck frame or [63] that a gait fre-
quency structure with a gravitational load was examined. These evi-
dences led to the inclusion of gravity force among the effects to be
monitored.

Operationally, the effect of self‐weight on the modal response of
the structure can be taken into account in two alternative ways: a)
in the pre‐stress analysis by applying a load vector that represents
the gravity force for intensity and direction; b) in the modal analysis
by activating the standard earth gravity command. In both cases, the
materials densities must be defined among the properties. In the speci-
fic case, both procedures were used verifying a full correspondence in
the numerical outputs.

4.3. Model application

The same numerical model and approach were used on the solar
roof as a whole. Structural modules, based on quadridirectional grids,
were merged to rebuild the real 3D geometry of the roof. Design and
manufacturing aspects (e.g. edges, shrinkages, partitions) were also
considered. The final sandwich structure is shown in Fig. 5 where it

Fig. 4. Results for modal analysis: a) experiment and b) simulation.



is also evident the subdivision in front and rear parts. Table 3 reports
the overall dimensions of these composite structures.

In Fig. 5, the material layout is also reported. Nothing was changed
respect to the previous case.

Thus, material model remained the same. However, a difference
emerges regarding constraints.

As first, grids are not in free‐free conditions but positioned on a
rigid frame (i.e. the vehicle safety cage and main structures that can
be assumed for the present investigation as a fixed basement). In addi-
tion, two hinges on the left side permitting the roof rotation around
the y‐axis and six joints on the opposite side fixing it were considered.
This combination of constraints allows, with the vehicle parked, to
unhook and rotate the solar roof in the direction of the sun thus

Fig. 4 (continued)

Table 3
Comparing the results from modal analysis in terms of natural frequencies.

Mode Natural Frequency (Hz) Error (%)

Measure Simulation

I 16.7 16.69 −0.06
II 20.1 20.21 0.55
III 42.6 42.47 −0.31
IV 46.5 45.19 −2.82
V 68.6 70.16 2.27
VI 101.8 92.43 −9.20%
VII 125.8 124.69 −0.88%

average −1.49%



optimizing the efficiency of the photovoltaic panel in capturing energy
during competition.

The situation can be conventionally represented and simplified as a
simple support on the entire edge, two roller and six fixed supports in
specific zones (as shown in Fig. 5).

These constrains were included in the modal analysis passing by
the pre‐stressed analysis.

Furthermore, unlike the system used for validation, in this case the
composite structure supports the solar cells which affect the dynamic
behaviour both in terms of weight and stiffness.

The photovoltaic cells, in monocrystalline silicon, E60 bin Me1 by
SunPower®, were directly laminated on the sandwich panels (by Sol-
bian®). A 1.5 mm layout was used consisting of two layers of thermo-
plastic polyolefin (TPO) as encapsulating films, one layer in Ethylene
tetrafluoroethylene (ETFE) as protecting front‐sheet and one layer in
Polyethylene terephthalate (PET) as back‐sheet.

The new condition of mass and stiffness was considered involving
the mechanical properties of missing materials (Table 4) and applying
in accordance with the layered shell model. Specifically, the CAD
model was changed in the way to provide new design elements. Each
of these elements exactly represents a photovoltaic modulus in terms
of dimensions shape and positioning on the roof. Then, they are char-
acterized by layout and material properties, before implementing the
modal analysis.

Material properties derive from [64–73]. In the case of variability,
an average value was chosen (e.g. 158.5 GPa for Young's Modulus of
monocrystalline silicon that ranges between 130 and 187 GPa).

4.4. Modal analysis

Three different numerical analysis were performed, one per each of
the following systems:

a. quadrangular grids in free‐free conditions (namely ‘free‐free’)
b. quadrangular grids with constrains (‘constrained’)
c. quadrangular grids and solar cells with constrains and weight

(‘pre‐loaded’)

Replicating the study under conditions of growing complexity
allowed to investigate the effects on the roof modal behaviour of each
aspect of interest. In particular, while the 1st and 2nd investigations
could be performed by a modal analysis, respectively free or con-
strained, in the 3rd case it was necessary to carry out a pre‐stress anal-
ysis. Results are reported in Table 5 in terms of eigenvalues and
discussed in the following sections.

4.4.1. Free-Free system
The modal analysis started considering, as said, two quadrangular

sandwich grids representing the rear and front portions of the roof.
The influence of the solar panel, with its mass and stiffness, was not
included at this stage. Grids were analyzed in free‐free conditions.
i.e. without external forces or constrains. Neglecting rigid body
motions (first six natural frequencies), the earliest three frequencies
were detected at 10.0, 15.9 and 19.0 Hz for the rear section and
12.4, 21.3 and 27.5 Hz for the front section with mode shapes and dis-
placements shown in Fig. 6. The initial 12 eigenvalues from the
numerical solution are reported in Table 5. Although at an initial phase
of evaluation, the higher criticality of the rear section (i.e. lower eigen-
values) is already evident. It intrinsically occurs even in the presence
of lower sizes (about −30%) and maybe depends on the specific
shape, like a flat plate. without the three‐dimensional frame that pre-
serves the front section from instabilities

4.4.2. Constrained system
The modal analysis, then, was performed on the same system, but

including external constrains. The two quadrangular sandwich, grids

Fig. 5. Vehicle roof with details on main structures, materials, layers, loads and constraints.

Table 4
Overall geometrical dimensions for roof sections.

Section Dimensions [m] Surface [m2] Weight [Kg]

Front 1.681 × 2.344 × 0.116 2.433 5.02
Rear 1.540 × 2.077 × 0.510 1.801 3.72
Total 1.610 × 2.210 × 0.313 4.244 8.74



representing the rear and front portions of the roof, and without con-
sidering the effect of the solar panel, were investigated. The presence
of physical (fixed, roller and simple) constrains was added. Specifi-
cally, in accordance with Fig. 5, the rear and front panels were consid-
ered as simply supported by a frame able to prevent vertical
transactions and to permit rotations. In addition, each panel was con-
strained by one roller and three fixed supports (located in precise seg-
ments on opposite edges). Since structures completely constrained, no
rigid body motion was present and the earliest three frequencies were
detected at 9.2, 14.3 and 19.5 Hz for rear section and 13.3, 24.4 and
28.9 Hz for front section with modal shapes as displayed in Fig. 7.
The related list of eigenvalues is reported in Table 5.

The effect on the dynamic response on the application of different
constraints was also deepened by replicating the modal analysis for
each constrain, independently. In short, it was possible to observe that
simply supports slightly modifies free‐body frequencies. This constrain
acts by fixing only 1 on 6 degrees of freedom of rigid body so that
the first 5 eigenvalues had to be neglected. Comparing not‐trivial
eigenvalues, differences were minimal, both in terms of frequencies
and mode shapes.

On the contrary, the addition of further constraints significantly
changed the behaviour of the structure increasing its stiffness. This
is evident from the new eigenvalues, as shown in Table 6, limited to

the rear section. In particular, the table compares the lowest eigenval-
ues considering different constrain configurations: free‐free, simply
support (respect to the vertical axis) and a combination of constrains
as described. A further condition was also considered in the assess-
ment (named as ‘fully constrained’ in the table). It was obtained setting
the simply support constrain along the edge able to fix movements (but
not rotations) along the three directions. This condition can represent
a design limit in term of stiffness of the constraints, when, as is already
foreseen, the coupling between the panel and the roof frame are made
by means of gaskets.

4.4.3. Pre-loaded system
Since the stress state of a structure under constant static loads, as

gravity, may affect its natural frequencies, a linear static analysis
was performed considering both sandwich and cells own weight.
Thanks to this pre‐analysis it was also possible to take into account
the solar cells stiffness. A stress stiffness matrix was calculated from
this structural analysis and the origin vibration equation was modified
including the stress stiffness matrix. The structural analysis kept saved
the constrains as previously defined. The related list of eigenvalues is
reported in Table 5.

It can be observed how the weight addition for of a well‐
constrained structure (front part) leads to a general stiffening with a

Table 5
Characteristics and properties of materials used for the photovoltaic panel.

Property Unit Silicon TPO ETFE PET

Density kg/m3 2327 850–1820 [66] 1800 [68] 1410 [70]
Young’s Modulus MPa 130–187 000[64] 986–2100 [66] 1500 [69] 1700 [70]
Poisson’s Ratio – 0.20–0.28 [64] 0.49 [67] 0.43–0.45 [69] 0.37–0.44 [71]
Shear Modulus MPa 51–79 000 [65] 10–175 [67] 27.9–50 [72]

Fig. 6. Earliest mode shapes and displacements for rear and front sections of the sandwich structures (without solar cells) in free-free conditions.

Fig. 7. Earliest mode shapes and displacements for rear and front sections of the sandwich structures (without solar cells) in constrained conditions.



progressive raising of the frequencies to the strengthening of the con-
straint conditions (from 12.4 Hz of the free‐free system, through
13.3 Hz for constrained up to 19.5 Hz for preloaded in the case of first
eigenvalue). It does not happen the same when the structure is not cor-
rectly constrained (as the rear part) where, on the contrary, an
increase in the conditions of constraint slightly reduces the natural fre-
quencies (from 10.0, passing by 9.2 to 8.7 Hz).

Finally, the effect of the presence of the solar cells on the sandwich
in terms of structure dynamics was also deepened by replicating the
modal analysis for different modelling conditions (Fig. 8). For
instance. it was investigated what occurred when mass and stiffness

of solar cells were considered as uniformly distributed on the compos-
ite structure instead of located in specific sections of the roof (as in the
real case) finding rather marginal differences. This relevant outcome
made it possible to simplify the roof modeling by changes in the com-
posite layout and without including additional CAD elements (visible
in Fig. 5).

4.5. Resonances

One of the main scopes of the modal analysis, in brief, is to avoid
the risk that natural frequencies of a structure are too close to the

Table 6
List of lowest natural frequencies (eigenvalues), in Hz, from the numerical solution.

Rear Section Front Section

Eigenvalue Free-Free Constrained PreLoaded Free-Free Constrained PreLoaded

1 10.0 9.2 8.7 12.4 13.3 19.5
2 15.9 14.3 13.5 21.3 24.4 25.2
3 19.0 19.5 18.7 27.5 28.9 31.1
4 24.8 26.7 25.4 32.7 31.9 43.5
5 32.8 32.3 31.5 42.3 46.8 44.9
6 34.1 35.3 34.8 46.3 49.3 48.2
7 43.4 47.2 46.2 48.0 55.2 54.7
8 57.1 51.2 50.6 56.6 57.3 60.0
9 57.7 54.9 53.9 61.2 64.0.3 62.4
10 60.9 57.5 57.1 63.9 71.2 71.9
11 61.1 63.6 63.1 68.8 75.9 73.4
12 73.8 67.1 66.8 74.4 77.4 77.8

Fig. 8. Earliest mode shapes for rear and front sections of the roof, including presence of solar cells, in loaded (by gravity) and constrained conditions.

Fig. 9. Comparing resonance frequencies respect to the three different systems under investigation for a) rear and b) front sections.



expected frequencies of external forces since this physical situation
could cause resonance phenomena.

No investigation on the topic, specifically focused on solar vehicles,
exists while they are almost different in terms of vibrations respect to
traditional endothermic vehicles to permit a direct use of available
results. However, several studies refer the dynamic response of Electric
Vehicles (EVs) which can be taken as a valid point of reference. In
[74], for instance, the vibration to which are exposed three commer-
cial EVs during a 100,000 miles life were analyzed, determining EVs
are subjected to a resonant peak, related to the dynamics of the pow-
ertrain, generally between 7 and 20 Hz, with measured peaks around
11 and 13 Hz. [75] investigated three EVs with different design config-
urations (in‐wheel motor, direct drive, electric motor with reduction
and differential gears), distinguishing common resonant peaks slightly
under 10 Hz for longitudinal road excitations and slightly above 10 Hz
for vertical road excitations. Similar values are also reported in [76].

Another potential source for initiating resonance effects is related
to aerodynamic aspects and, in particular, the pressure of micro‐
turbulences on surfaces. These phenomena, investigated on other
types of vehicles, are more difficult to be generalized starting from lit-
erature data because they are highly dependent on the geometries, sur-
face qualities and speeds involved.

Given all this, Fig. 9 summarizes the earliest frequencies as
detected by simulations for rear and front sections respect to the three
different physical models under investigation. Frequencies below
20 Hz are those to be taken into greater consideration given the
greater risk of initiating resonance phenomena.

4.6. Within the numbers

Some of the results already anticipated can be lastly confirmed and
new ones added:

- as it was to be expected, the application of constraints causes a gen-
eral improvement in the structure stiffness with a consequent
increase in the natural frequencies; this increase is however offset
by the fact that the structures' own weights are applied;

- it follows that, in the specific case under investigations, the struc-
tures, under constrains and weights, behave in a way not dissimilar
to a free‐free condition in terms of eigenvalues;

- nevertheless, the addition of constraint conditions strongly changes
the mode shapes creating new situations in terms of criticality;

- the rear is the most critical between the two sections, despite its
lower weight, with a natural frequency (~10 Hz) lower than to
the typical values of resonance of EVs (~11–13 Hz)

- this situation can be explained by an under‐constraint conditions
which make the behaviour of the constrained structure rather sim-
ilar to that one characterizing the free‐free structure with an (al-
most) overlapping between the eigenvalues (<10% of differences).

- as design solution, it is certainly necessary to provide additional
constraints (e.g. gaskets) moving toward the case of ‘full‐
constrained’ along the full edge where displacements (but not rota-
tions) are forbitten and eigenvalues increased to ~ 55 Hz;

- these precautions are useful but not strictly necessary for the front
part which exhibits higher own frequencies (~30 Hz).

4.7. Participation factors and Effective masses

As said, the value of displacements from modal analysis has not a
real physical sense. The same happens for stresses and strains. Never-
theless, to better analyze the results, additional aspects as Participation
Factors and Effective Masses (by its factors) should be also considered.

The Participation Factor (PF) measures the amount of mass moving
in each direction for each mode. A high value in a direction indicates
that the mode will be excited by forces in that direction.

The Effective Mass (EM) provides, similarly, a measure of the
energy related to each resonant mode since it represents the amount
of system mass participating in the mode. The total amount of EM
respect to each mode should be equal total mass of structure.

Therefore, it can be imagined that a mode characterized by larger
PF and/or EM can represent a significant contributor to the overall
response of the system

As an example of factors’ usability, Table 7 and Table 8 respectively
report PF (adimensional) and EM (in kg). These values, available as a
direct reading from the code output, are here limited to the rear sec-
tion and to the first 8 resonances (up to ~ 50 Hz) (Table 9).

It can be seen, e. g., that the 4th frequency, at 25.4 Hz, probably
represents the most critical one: there is an evident structure participa-
tion, both in terms of energy (EM) and in mass (PF), 10 times higher
respect to other resonances. Adding, the phenomenon seems to involve
two directional (Y and Z) and one rotational (RX) axes. Similarly, the
5th and 7th frequencies (at 31.5 and 46.2 Hz) are to be kept under
observation, especially as regards to the Z‐axis direction and the X‐
axis rotation (RX).

Table 7
Natural frequencies (eigenvalues) of the rear section for different constrains (in Hz).

Eigenvalue Free-Free Simply Constrained Fully Constrained

1 10.0 9.9 9.2 54.9
2 15.9 11.5 14.3 59.1
3 19.0 18.9 19.5 78.1
4 24.8 23.2 26.7 87.7
5 32.8 32.7 32.3 92.8

Table 8
Participation Factor (PF) of the rear section.

Frequency Direction Rotation

N. Hz X Y Z RX RY RZ

1 8.7 1.11E−03 1.14E−03 7.39E−03 5.88E + 04 4.28E + 04 −5.38E + 04
2 13.5 2.86E−03 −7.65E−06 −2.64E−03 −1.65E + 04 −1.00E + 04 −5.62E + 04
3 18.7 −8.37E−04 −3.98E−03 −9.90E−03 −2.42E + 04 −9.61E + 04 5.22E + 04
4 25.4 −2.88E−03 −1.11E−02 −3.64E−02 −1.35E + 02 −4.32E + 04 1.22E + 04
5 31.5 4.12E−03 4.42E−03 1.63E−02 6.25E + 04 −6.55E + 04 −1.23E + 04
6 34.8 1.61E−03 −2.18E−03 2.20E−03 1.58E + 04 −3.84E + 04 −5.09E + 04
7 46.2 1.85E−03 −6.94E−03 −1.81E−02 −6.05E + 04 −3.76E + 04 −5.76E + 04
8 50.6 −4.38E−03 −1.58E−03 −7.89E−03 −2.88E + 04 2.26E + 04 1.28E + 04



About more general considerations, it is possible to observe, e.g.,
how the most critical issues are present with respect to the Z‐axis
direction (as was to be expected), both in terms of energies and
masses. Between them, EM is probably the most critical factor, espe-
cially respect to rotations. In this regard, it is also interesting to note
the presence of a rather high value for EM (3.46E + 03) at the 1st fre-
quency (8.7 Hz) with respect to the X‐axis rotation (RX) which could
make necessary to intervene despite all the other values indicating
negligible PF and EM in the first 3 frequencies (<25 Hz).

Once the most critical conditions were identified through these fac-
tors, both in terms of frequencies and directions and conditions (i.e.
energy or mass), it became easier to investigate the phenomena. For
instance, Fig. 10 reports the 4th frequency (25.4 Hz) which had

Fig. 10. Displacement respect to the 4th frequency (25.4 Hz).

Fig. 11. Three steps in the sandwich panel manufacturing: a) positioning of the first segments necessary to build the grid; b) first orthogonal grid; c) superposition
of the two orthogonal grids.

Table 9
Effective Mass (EM) of the rear section (in kg).

Frequency Direction Rotation

N. Hz X Y Z RX RY RZ

1 8.7 1.23E−06 1.29E−06 5.46E−05 3.46E + 03 1.83E + 05 2.89E + 05
2 13.5 8.15E−06 5.85E−11 6.95E−06 2.72E + 05 1.01E + 05 3.16E + 05
3 18.7 7.00E−07 1.58E−05 9.79E−05 5.85E + 05 9.24E + 05 2.72E + 05
4 25.4 8.27E−06 1.23E−04 1.33E−03 1.82E + 04 1.87E + 05 1.50E + 05
5 31.5 1.70E−05 1.95E−05 2.65E−04 3.91E + 03 4.29E + 05 1.51E + 05
6 34.8 2.61E−06 4.74E−06 4.85E−06 2.49E + 05 1.48E + 05 2.59E + 05
7 46.2 3.41E−06 4.81E−05 3.29E−04 3.66E + 03 1.41E + 05 3.32E + 05
8 50.6 1.92E−05 2.51E−06 6.23E−05 8.30E + 05 5.12E + 05 1.63E + 05

Fig. 12. Final stages of construction of the solar roof: a) the composite sandwich structure is positioned on the vehicle frame; b) the roof is completed with solar
panels.



appeared worthy of further study especially respect to Y and Z direc-
tion and RX rotation. The image makes clear, e.g., the need to fix
the rear corner of the panel differently.

4.8. Manufacturing

Ultimately, it was possible to move on to the phase of solar roof
construction. In particular, in Fig. 11 three steps related to the sand-
wich panel manufacturing are shown while Fig. 12 exhibits the entire
sandwich panel on the vehicle frame, before and after installing the
photovoltaic cells.

4.9. Overall investigation at a glace

This investigation, in brief, followed these subsequent steps:

1. the modal analysis was chosen as domain and finite elements as
tool;

2. a quadrangular grid was designed and used as base element;
3. three quadrangular grids, side by side, were designed and used

as basis for model validation;
4. materials properties were applied also considering the compos-

ite layout;
5. nominal thicknesses were reduced taking in count the effect of

treatments;
6. two‐dimentional (shell) elements were employed for spatial

discretisation;
7. layered shell method was adopted, including integration points

throught the thickness;
8. model validation was successfully performed thanks to a

dynamic experiment;
9. modes and frequencies were used as base for this comparison;
10. pre‐stress analysis permitted to include the gravity force;
11. validated model was applied for investigating the entire roof

behaviour (in two parts);
12. pre‐stress analysis permitted to include real constrains, together

with the gravity force;
13. the presence of solar cells, laminated on flexible supports, was

also considered;
14. natural frequencies were compared with values from literature;
15. the roof was manufactured and installed on the vehicle.

5. Conclusions

The present study describes a redesign intervention of a photo-
voltaic roof for solar racing vehicles where the indispensable lightness
and rigidity must however be balanced with an adequate dynamic
behaviour. The dynamic behaviour of the new design solution, based
on grid elements instead of perforated plates, was investigated by a
modal analysis which took into account all the peculiarities of the sys-
tem such as: a large three‐dimensional profile, a complex double grid
conformation, the presence of a sandwich structure, the anisotropy of
composite materials, the specific constraint conditions, the presence of
additional elements (i.e., the solar cells) acting as rigid reinforcement,
the influence of gravity force. The numerical discretization was based
on a single layer of shell elements throughout the geometry and inte-
gration points throughout the thickness (i.e. ‘layered shell’ method).
Further integration points allowed to better consider the transitions
between the layers. Thanks to such methodological enhancements,
the model accuracy, evaluated by a comparison between experimental
measures and numerical predictions, was very precise (mean
error < 1.5%). Later, it was applied to the vehicle design with the
scope to investigate the dynamic behaviour of the solar roof under
loads and constrains as in reality. The analysis supported the design

structure detecting the lowest modal frequencies and comparing them
with expected ones with the scope to reduce the risk of resonances.
Finally, the roof was manufactured by hand‐up process and autoclave
technology and installed on the vehicle.
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