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Abstract — Composite sandwich panels are often used in
aerospace industry for their high bending stiffness to weight
ratio and vibration damping properties. All structural,
vibrational, environmental, and economic aspects are
considered during the design process. This article presents a
multidisciplinary method for simulation guided design of
mechanical structures, mainly focusing on vibro-acoustic
performance of sandwich floor slabs used in aircrafts. Vibration
behaviour of the floor slab strongly depends on the geometry,
material properties, and boundary conditions. Python
programming language is used to fully parameterize the
structure, to automate multiphysics analyses and to develop a
user interface. It allows to combine computer-aided design
scripting, finite element software scripting packages, numerical
calculus and postprocessing features. Numerical simulation is
performed to estimate natural frequencies of the complex
geometry of the floor slab. Harmonic analysis is performed to
determine the forced vibration response. Acoustic radiated
power is deduced from the velocity continuity of the elastic
surface and the acoustic particles on the surface. The
elementary radiators method is used to calculate the acoustic
radiated power of complex geometry. The multidisciplinary and
parameterized approach allows to determine the main design
parameters to guide the design engineers.

Keywords — vibration analysis; sandwich panel; radiated power;
numerical analysis

. INTRODUCTION

Sandwich composite panels are layered structures made of
two external thin layers known as skins, and a thick internal layer
referred to as the core. The skins and core are bonded together
using adhesive layers (Fig. 1). These structures are widely used
in the transportation industry due to their high bending stiffness
to weight ratio [1], which allows for significant weight reduction
while maintaining structural performance. However, reducing
the weight can also lead to increased vibrations, which can have

negative impacts on human health [2], system integrity or fatigue
damage [3]. To mitigate these effects, vibration-damping core
materials such as foam are being increasingly used to reduce the
vibrations [4]. Moreover, certain polymer foams can be
manufactured from recycled materials, making them a more
environmentally friendly alternative to the traditional metals
[5]. In that context, the design of sandwich structures must take
into account the coupled complex relationships between
structural, vibration, acoustic, and environmental aspects.
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Figure 1. Sandwich panel section.

Unlike thin composites, sandwich panels require the
consideration of shear deformation due to their unique structural
configuration. Reissner-Mindlin, i.e., a first-order shear
deformation plate theory, is commonly used to analytically
describe the deformation of these structures [1], [6]. A
comprehensive review of theories applied to bending, buckling,
and free vibration of sandwich beams was presented by Sayyad
et al. [7], who highlighted the finite element method (FEM) as
the most widely used approach in structural analysis. Sandwich
panels can be categorized into different groups including [1],
[8]: corrugate, honeycomb, cellular or balsa cores. The
mechanical properties can be highly non-homogeneous
depending on the specific core group. To predict the panel
properties and failure, numerical simulations are often employed
[3]. For instance, Xie et al. [9] investigated the flexural
properties of foam-filled lattice composite sandwich panels,
while Wau et al. [10] studied lightweight sandwich panels with
the focus on  corrugated-pyramidal truss core using the
analytical models and finite element simulations.



Fahy [6] identified two primary areas of study for
vibroacoustic performance of sandwich panels. Firstly, sound
transmission loss refers to the panel’s ability to reduce noise.
Proenca et al. [11] developed a numerical model of a building
floor and confirmed that FEM can provide accurate results for
sound transmission at low frequencies. However, their study
revealed that the investigated lightweight panel did not meet the
acoustic requirements set in the building codes. Secondly, the
radiation problems investigate the acoustic power radiated by
vibrating elastic surfaces. Analytical solutions for acoustic
radiated power exist for simple geometries, materials, and
boundary conditions [6]. For example, Zaman et al. [12]
investigated the acoustic radiation power for simply supported
homogeneous plate. For a complex geometry, Fahy [6]
presented the elementary radiator method to estimate the
acoustic radiated power from surface velocity. FEM is widely
used to study structures with complex geometries and
inhomogeneous materials. Shishir et al. [13] studied a polymer
pin-reinforced foam core sandwich. They investigated the
impact of pin diameter and density on free vibration response
through experimental and numerical methods. FEM was used
[4] and [14] to calculate the panel surface velocity, which is then
used to apply the elementary radiator method to calculate the
acoustic radiated power. Reddy et al. [4] showed the possibility
of reducing sound power level by increasing the inherent
material damping of the core. They compared the acoustic
characteristics of sandwich panels with fiber reinforced polymer
core and aluminum skins.

Environmental considerations have become increasingly
important in design and the development of sustainable
materials. Oliveira et al. [15] provided a comprehensive review
of green sandwich structures, presenting eco-friendly solutions
for skin, core, and adhesive materials. In a related study, Oliveira
et al. [16] investigated the use of upcycled bottle caps as core
material in sandwich panels, combined with sustainable
components. Their research demonstrated the potential of
ecological alternatives for skin and adhesive by comparing the
traditional aluminium and epoxy polymer with the recycled
PET-bottle foil skin and a castor oil bio-polyurethane. Sergi et
al. [8] explored the use of agglomerated cork as core material,
which offers good damping properties similar to those of
polymer foam. Recently, fully recycled PET closed-cell foams
have become available [5], providing a more environmentally
friendly alternative than the traditional polymers used to produce
core foams such as polyurethane (PUR), polystyrene (PS), and
polyvinylchloride (PVC) [8]. These developments highlight the
growing trend towards sustainable materials and structures in the
field of composite sandwich panels.

Current literature indicates that sandwich panels are active
research subject in structural, vibration, acoustic and
environmental fields. Numerical simulation is a widely used tool
to predict sandwich structure properties and behaviour. This
study presents a multidisciplinary approach to simulation-
guided design of aircraft floor slabs, leveraging the capabilities
of Python and commercial finite element software, to improve
the efficiency of the mechanical design process. By coupling
these tools, multiple scenarios can be analyzed and compared
across different aspects, enabling the identification of the most
influential design parameters and guiding the designer in the

preliminary design phase. The focus of this article is on the
vibroacoustic aspect, with a particular emphasis on a floor slab
featuring either an aluminium honeycomb or polyethylene
terephthalate (PET) foam core material. The numerical approach
employed in this study aims at providing a comprehensive
understanding of the design parameters impacting the
vibroacoustic performance of the floor slab, ultimately
informing the design process and contributing to the
development of more efficient and effective aircraft floor slab
structures.

Il. METHODOLOGY

A. Multidisciplinary method for simulation guided design

A good preliminary design can significantly reduce time and
costs in the structural design process. By considering all major
aspects of design (structural, vibration, environmental, cost, etc.)
from the start, exchanges between different departments and
unexpected surprises during a project can be minimized. With
this goal in mind, a multidisciplinary method for simulation
guided design has been developed for aircraft floor slabs.

Python language-based micros are more and more integrated
into commercial software packages. Computer-aided design
(CAD) software allows to automate the design tasks using
Python. Additionally, finite element software allows for
automated model creation using Python. New packages facilitate
model automation and analysis without interaction with the
software user interface. Models can be fully parametrized, and a
custom user interface can be developed to retrieve the design
parameters. This approach enables the seamless integration of
powerful Python packages for post-processing, adding personal
code of calculus, generating reports, using databases and more.
Fig. 2 illustrates the organization and developed methodology in
this study, which consists of two main modules. The first module
is designed for creating and simulating new scenarios. The
second module is dedicated to post-processing and comparison
of different scenarios.

The design process begins with a user interface that allows
retrieving the design parameters such as material, geometry,
connections, pads as well as scenario characteristics including
load and frequency range of interest. Then, CAD scripting is
used to create the geometry based on the user-provided data.
Finite element software is used to define the finite element
model by importing material and geometry. Pads and bolt
connections between the support beams and floor slab are
created. Various structural, modal, harmonic, transient analyses
are run, and load and boundary conditions are automatically
applied. Then, analyses are carried out and all data of the
scenario necessary for post-processing are saved including
stress, displacement, velocity, acceleration. Specifically, results
of harmonic analysis are used for vibroacoustic calculations.
Mesh and the velocity response of the floor slab are used in a
custom code to perform further calculations.

The concept of object-oriented programming is used to
create a database of scenarios, where each scenario is
represented as an object with its characteristics such as
maximum stress, failure criteria, natural frequencies, mode
shapes, displacement, velocity and acceleration response. By



associating environmental and economic information with the
materials used in each scenario, the method can do carbon
impact and cost comparison for different designs. Hence, the
method can be used for sensitivity analysis as well as for
comparing completely different scenarios. The post-processing
module allows the design engineers to easily plot the comparison
graphics and see the impact of design parameters on multiple
aspects simultaneously. These facilitate the decision-making
process as designers can quickly identify the most critical factors
affecting their design. The main goal of this method is to save
time in the design process. It is essential to note that
vibroacoustic performance of each scenario is solely based on
numerical simulations, and the results should be considered
relative from one to another.
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Figure 2. Overall developed approach.

B. Studied structure

The structure under investigation is the floor slab of an aircraft
simulator, which consists of a sandwich panel made of two
aluminium skins and a foam or honeycomb core material. The
floor slab length to thickness ratio is 65. The core to skin
thickness ratio is 28. The slab is supported by aluminium beams
as shown in Fig. 3. The presence of cutouts in the slab for fixing
additional structures introduces a complex geometry to the
structure. Beams and floor slab are attached together through
bolt connections. Isolation pads are also positioned between
them. When the pads are in place, a gap exists between the floor
and the beams, whereas in their absence, the floor is in direct
contact with the beams. The support beams are fixed to a rigid
platform, as indicated by the red regions in Fig. 3. When the
rigid platform is excited to simulate a specific flight scenario,
the resulting loads are transmitted to the vibration prone beams
and floor slab. Properties of various materials that comprise the
structure are summarized in Table 1.

Floor slab

Support beam

Fixed support

Figure 3. Structure and model description.

TABLE 1. MATERIAL PROPERTIES

Aluminum Aluminum PET
Properties facesheets honeycomb foam
[17] [18]. [19] [20]
E, (MPa) 70300 0.4 32
E, (MPa) 70300 0.4 32
E, (MPa) 70300 1438 32
Gy (MPa) - 0.2 14
G, (MPa) - 380 14
Gy, (MPa) - 170 14
Uy 0.33 0.99 -
Uy, 0.33 0.0001 -
Uy, 0.33 0.0001 -
Density (kg/m%) 2680 58 75

C. Numerical model

Finite element analyses (FEA) of the floor slab are carried
out using the commercial finite element solver. Aluminum
support beams and the sandwich panel are modelled using 4-
node quadrilateral shell elements with six degrees of freedom at
each node. Bolt connections are modelled using 2-node elements
with six degrees of freedom at each node and multipoint
constraint (MPC) equations. Finally, pads are modelled using
spring-damper elements which are defined by a longitudinal
stiffness of 465 kN /m and a damping of 1070 N.s/m. If pads
are not considered, no separation contact is defined between the
floor and beams. In that case, bolt connections are modelled as a
joint with MPC equations.



Aluminum support beams are fixed at their extremities,
assuming an infinitely rigid structure around the floor slab. As
the pads are modelled as unidirectional elements, only the
vibrations in the vertical direction (Z) of the floor slab are
simulated. Transversal vibration is also responsible for noise
radiation. Vertical acceleration is introduced as base excitation
at the boundary condition location. Additional structures are
assumed to be perfectly rigid and represented by distributed
mass and coupling equations on the support beams. Masses are
applied to represent the additional features respectively for
region one and two (Fig. 3).

Longitudinal stiffness and damping for the pads are based on
their preload. As no experimental study has been carried out on
the floor structure, a constant damping value is assumed over the
entire frequency range of interest (0-1000 Hz). The value is fixed
considering a typical damping of mechanical structure of 2% and
an additional damping depending on the core material. Finally,
the constant damping ratio for harmonic analysis is 4% for the
PET foam floor slab and 2.2% for the honeycomb floor slab.

D. Vibroacoustic calculations

The vibroacoustic analysis mentioned in the methodology
(Fig. 2) is presented below. A free vibration analysis is carried
out to predict the natural frequencies of the structure. The
eigenvalue problem (1) is solved to determine the natural
frequencies and the corresponding mode shapes.

K — wpM)p, =0 (1)

where K is the stiffness matrix, M is the mass matrix, w,, is the
circular natural frequency, and ¢,, is the mode shape vector.
Harmonic analysis is carried out to determine vibration
amplitude and normal velocity response over the floor slab.
Equation (2) is solved using the modal superposition method.

MU + CU + KU = F(t) 2

where C is the damping matrix, U, U and U are the acceleration,
velocity, and displacement response, respectively, while F(t)
represents the excitation. By knowing the velocity response U
over the floor slab, the Rayleigh integral [6] is used to calculate
the complex pressure at distance r and a time t as given in
equation (3).

; >, —jkR
oy _JPPO e fvn(rs)e g 3
p(r,t) T e s—R as (3)

where p, is the air domain density, w is the circular frequency
of the forced excitation, 75 is the centre position of the plate’s
elementary surface dS, wv, is the normal velocity, k is the
acoustic wave number and R the distance defined as |7 — 75|.
Under the assumption of baffled panel, the elementary radiator
method [6] is implemented in the Python code. The mesh
generated by the finite element software is used to discretize the
floor slab geometry into N elements (radiators) and the
harmonic analysis is used to predict the normal velocity of each
element. Therefore, Rayleigh integral is applied to each element.
Complex velocity amplitude of the entire floor slab can be
written in vector as given in equation (4), where v,; is the

complex normal velocity of element i. Complex sound pressure
amplitude acting on each element can also be represented as a
vector in (5).

{ve} = [vel Vep v 1jeN]T (4)

{pe} = [pel peZ "'peN]T (5)

Assuming small dimensions of the element compared to
structural and acoustic wavelength, the total radiated acoustic
power can be estimated [6] as the summation of the powers
radiated by each element P,; (6). Then, if the mesh is structured
and the area A, of each element is almost constant, the total
radiated power is expressed in (7), where { }¥ is the conjugate
transpose operator.

1 *
P = EAeRe{veipei} (6)

1 A,
P(@) = ) SARe(vipa) = £ Re((we}!p}) (@)

From (3), sound pressure acting on element i is p,; =
(jwpoAce T*Rii /2nR;)v,; . Introducing the impedance
matrix [Z] between the velocity {v,} and pressure {p.} [6], the
radiated power can be rewritten as (8). Knowing that impedance
matrix is symmetric, radiated power can be expressed as (9) with
a radiation resistance matrix [R] (10).

P(@) = 22 Re{{v.}"[Z]{v.}} (8)
P(@) = {v.} [RI{v.}) ©)
kR12 kRin
in(kR .
e I

P,; from (6) can also be interpreted as the local acoustic intensity
and can be expressed from the radiation resistance matrix as
(12).

Pei(w) = v ([R1{ve}); 1)

I1l.  RESULTS AND DISCUSSIONS

A. Vibration results

Free vibration analysis is performed to retrieve the vibration
mode shapes and natural frequencies according to (1). Fig. 4
shows the two modes with the highest participation factor in
vertical direction (Z) for the configuration with PET foam as
core material and isolation pads. Natural frequencies of these
modes are primarily governed by the masses of the additional



structures. They are not sensitive to core material or the presence
or absence of isolation pads. Heavy added structures induce
bending vibrations on the support beams. Since floor slab and
beams are coupled through bolted connections, vibration is
transmitted near the cutout region in Fig. 4.

(a) — Mode 1: 56 Hz (b) — Mode 8: 120 Hz

Figure 4. Floor slab free vibration.

B. Acoustic radiated power

The structure depicted in Fig. 3 is subjected to harmonic
acceleration amplitude of 0.25g at the fixed supports location.
The radiated sound power calculated using equation (9) is shown
in Fig. 5 for two different core materials with and without
isolation pads. At very low frequencies, the first two most
prominent peaks are attributed to the vibration of the additional
structures. Fig. 6.a illustrates the acoustic intensity calculated
using equation (11), at 56 Hz, which corresponds to the first
resonance led by the added structure 1 (Fig. 3). The position of
the support beams and cutout location have an impact on
vibration and sound radiated power. It is essential to control the
vibration in this frequency range to prevent damage to the
system's integrity and fatigue failure.

100 1

804

60 1

Radiated sound power [dB]

40
—— PET Foam core, with pads

---- PET Foam core, without pads
—— Honeycomb core, with pads
--- Honeycomb core, without pads

204

[ 100 200 300 400 500 600 700 800 900 1000
Frequency [Hz]

Figure 5. Radiated sound power for different scenarios.

However, for auditory perception and noise issues, radiated
sound power at higher frequencies must be compared. For
frequencies greater than 500 Hz, Fig.5 shows that radiated
sound power increases for configuration with honeycomb core
material and without isolation pads. At higher frequencies,
isolation pads are used to dissipate energy from vibrations whose
wavelength is shorter than the distance between bolts. Fig. 5 also
demonstrates that the PET foam core reduces radiated sound
power without isolation pads. This is due to the increase in
inherent damping of the floor slab. Therefore, the core material
of sandwich structure must be carefully selected. Floor slab with
PET foam core has same performance as honeycomb core with
isolation pads, saving money and installation time. Furthermore,

PET foam core has a lower environmental impact compared to
the metal honeycomb [5]. The multidisciplinary method enables
the comparison of such different aspects simultaneously,
guiding the design of the mechanical structure and providing a
comprehensive approach to structural optimization.

Fig. 6.b illustrates the floor region at the origin of the sound
radiation peak at 278 Hz when pads and honeycomb core
material are considered. This peak is due to a lack of fixtures,
deliberately removed for this study in this corner. In contrast,
Fig. 5 shows that the use of PET foam core suppresses this peak.
The developed vibroacoustic approach enables the identification
of critical zones in the structure, allowing the prevention of noise
issues.

Fig. 5 shows that sound radiation power increases between
200 Hz and 400 Hz for design without isolation pads and with
PET foam core material. This is due to bending vibration of the
floor slab between the support beams. Fig. 6.c presents acoustic
intensity at 334 Hz where bending regions are clearly visible.
With the removal of isolation pads, those peaks appear whatever
the choice of material for the floor. However, PET foam core
decreases stiffness of the slab and shifts those peaks to lower
frequencies. The ability to control the frequency range of those
peaks is important as the perception of noise will vary
significantly. Human beings are more sensitive to and bothered
by high-frequency radiation.
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Figure 6. Acoustic intensity over the floor slab. (a) PET foam core with pads.
(b) Honeycomb core with pads. (c) PET foam core without pads.



IV. CONCLUSION

A multidisciplinary method for simulation guided design has
been developed using Python programming language. CAD
scripting is used to automate the geometric design. Packages of
commercial finite element software offer the possibility to
automate model in Python code without interacting with the user
interface. FEM is used to get vibration performance and verify
structural requirements. The elementary radiator method is
implemented to calculate the radiated sound power of a floor
slab from a forced response of the structure. With a full
parametrization of the structure, the approach is used to compare
various scenarios on different aspects (structural, vibroacoustic,
and environmental). Design parameters can be the material, the
geometry or the technology choices as discussed for isolation
pads. The method allows quick sensitivity analysis of parameters
as well as the modification of multiple parameters at once. The
simulation-aided design does not yield exact results, but
guidance based on the relative behavior of different scenarios
definitely reduces the physical design iterations and improves
the efficiency of the overall design process. Another advantage
of the developed design frame is that it is entirely based on
Python, and thus it can be easily combined with optimization
algorithms to improve the design. Once the finite element model
and analyses automated behind a user-friendly interface, the
design tool can be used by non-experts in simulation.

The developed general simulation-driven mechanical design
approach is implemented on floor slab of an aircraft simulator
using vibroacoustic simulations. It is shown that the first modes
of vibration are related directly to the mass of the additional
structures. Based on forced vibration response, results show that
radiated sound power at higher frequencies can be reduced by
choosing core material with high inherent damping for the
sandwich floor slab. The results also demonstrate that many
geometric parameters affect vibroacoustic performance:
locations of cutout, beam supports, bolts and isolation pads.

ACKNOWLEDGMENT

Project is supported and funded by CAE Inc. and Mitacs
(project number 1T39252).

REFERENCES

[1] Zenkert, D. (1995). An introduction to sandwich structures.

[2] Mellert, V., Baumann, I., Freese, N., & Weber, R. (2008). Impact of
sound and vibration on health, travel comfort and performance of flight
attendants and pilots. Aerospace Science and Technology, 12(1), 18-25.

[3] Lesiuk, G., Duda, S., Correia, J. A., & De Jesus, A. M. Fatigue and
Fracture of Materials and Structures.

[4] Reddy, R. K. K., Arunkumar, M. P., Bhagat, V., & Reddy, M. S. (2021).
Vibro-acoustic characteristics of viscoelastic sandwich panel: effect of
inherent damping. International Journal of Dynamics and Control, 9,33-
43.

[5] Mandegarian, S., & Hojjati, M. (2024). Manufacturing and performance
of sandwich composite panels with recycled PET foam core made by
continuous roll forming. Manufacturing Letters, 40, 89-92.

[6] Fahy, F. J. (2007). Sound and structural vibration: radiation,
transmission and response. Elsevier.

[7] Sayyad, A. S., & Ghugal, Y. M. (2017). Bending, buckling and free
vibration of laminated composite and sandwich beams: A critical review
of literature. Composite Structures, 171, 486-504.

[8] Sergi, C., Tirill, J., Sarasini, F., Pozuelo, E. B., Saez, S. S., & Burgstaller,
C. (2019). The Potential of Agglomerated Cork for Sandwich Structures:
A Systematic Investigation of Physical. Thermal, and Mechanical
Properties.

[9] Xie, H., Shen, C., Fang, H., Han, J., & Cai, W. (2022). Flexural property
evaluation of web reinforced GFRP-PET foam sandwich panel:
Experimental study and numerical simulation. Composites Part B:
Engineering, 234, 109725.

[10] Q. G. Y. W. X. M. D. M. L. V. A. &. X. J. Wu, Mechanical properties
and failure mechanisms of sandwich panels with ultra-lightweight three-
dimensional hierarchical lattice cores. International Journal of Solids
and Structures, 132, 171-187, 2018.

[11] Proenca, M., e Sousa, A. N., Garrido, M., & Correia, J. R. (2020).
Acoustic performance of composite sandwich panels for building floors:
Experimental tests and numerical-analytical simulation. Journal of
Building Engineering, 32, 101751.

[12] Zaman, I., Rozlan, S. A. M., Yusoff, A., Madlan, M. A., & Chan, S. W.
(2017). Theoretical modelling of sound radiation from plate. In IOP
Conference Series: Materials Science and Engineering (Vol. 165, No. 1,
p. 012023). IOP Publishing.

[13] Shishir, M. A. R., Zhang, Z., Cai, D. A., Wang, X., & Xu, Q. (2023).
Free vibration analysis of polymer pin-reinforced foam core sandwich
composite panels. Journal of Reinforced Plastics and Composites, 42(3-
4), 163-176.

[14] Petrone, G., D’Alessandro, V., Franco, F., & De Rosa, S. (2014).
Numerical and experimental investigations on the acoustic power
radiated by aluminium foam sandwich panels. Composite Structures,
118, 170-177.

[15] Oliveira, P. R., May, M., Panzera, T. H., & Hiermaier, S. (2022). Bio-
based/green sandwich structures: A review. Thin-Walled Structures,
177, 109426.

[16] Oliveira, P. R., May, M., Panzera, T. H., Scarpa, F., & Hiermaier, S.
(2020). Improved sustainable sandwich panels based on bottle caps core.
Composites Part B: Engineering, 199, 108165.

[17] Matweb. Aluminum 5052-H32. Matweb. https://www.matweb.com/.

[18] A Kumar, N Muthu, and R Ganesh Narayanan. Equivalent orthotropic
properties of periodic honeycomb structure : strain-energy approach and
homogenization. International Journal of Mechanics and Materials in
Design, 19(1) :137163, 2023.

[19] Plascore. Aluminum Honeycomb. Plascore. https://www.plascore.com

[20] GURIT®. Structural core materials. GURIT®. https://www.gurit.com



