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Abstract
In the aerospace sector, cellular structures are widely used as cores of sandwich panels mainly because of
their high stiffness-to-weight ratio. However, a small mass associated with a high stiffness usually leads to
acoustic discomfort. Obtaining structures that provide both mechanical efficiency and good vibroacoustic
performances is the reason why vibroacoustic constraints are being integrated in their design process. In
this work, flax fibers in a polyethylene matrix are adopted as walls for a honeycomb core, replacing the
metallic and polymeric materials historically used for this purpose. Viscoelastic inserts consisting of MWNT-
reinforced resin are embedded within the core with the main goal of increasing the sandwich panel’s shear
transition frequency, which is the frequency at which the core’s shear becomes important over the whole
panels bending inducing bad vibroacoustic performances. A design procedure of the inserts is defined, taking
into account both the added mass and the improvements aimed in terms of vibroacoustic performances.

1 Introduction

Sandwich panels have been widely used in industrial applications during the last decades. Their extraordi-
narly high stiffness-to-mass ratio given from the low-density core and the thin skin layers on its sides makes
them attractive in a variety of fields such as in the aerospace industry, where weight-saving and mechanical
performances are of primary importance. However, sandwich panels’ great mechanical properties are often
in conflict with their vibroacoustics performances: many researchers have been focusing their attention on
sandwich panels sound insulation, as usually better acoustic performances correspond to a lower stiffness-to-
mass ratio. In particular, sandwich panels’ first transition frequency is an important vibroacoustic indicator
for this kind of structures [1], as it provides information about their macro behaviour. Generally speaking,
a transition frequency is the frequency at which the panel switches its current behaviour to another one.
Referring to figure 1, showing a typical dispersion curve for sandwich panels, Fahy and Gardonio defined
three main regions of vibroacoustic behaviour of these structures [1]. On the left, the area corresponding to
f < ft1 is dominated by the panel’s bending: this zone is controlled by the total section bending stiffness and
the whole panel acts as homogeneous. In the middle region (ft1 < f < ft2) the vibroacoustic behaviour is
controlled by the core’s shear stiffness, while the last zone (f > ft2) is dominated by the individual skin-face
bending stiffness.

ft1 is the first (or shear) transition frequency and defines the frequency at which the core’s shear becomes
important with respect to the whole panel’s bending. It has been shown that usually a higher shear transition
frequency reflects an improvement in the sound transmission loss through the panel at the mid frequencies
[2], and this is why it is becoming of great interest [3] [4].

In this work, the focus is on the improvement of sandwich panels vibroacoustics performances by shifting
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Figure 1: Typical dispersion curves of a sandwich panel [1]

the first transition frequency towards the high-frequency range, in which acoustic transparency can be con-
trolled more easily, for instance by adding poroelastic inserts. This is done by working on the materials and
manufacturing techniques of a square-cell honeycomb core equipped with reinforced viscoelastic inserts.
The material adopted for the walls is a prepreg of unidirectional flax fibres (UD180-C003) of 180 g/m2

from Lineo, Belgium and Linear Low Density PolyEthylene (LLDPE) with a density of 0.91 g/m2. The
viscoelastic inserts consist of an epoxy resin reinforced with Carbon Nanotubes. They are deposited at the
junctions between perpendicular walls and are specifically designed with the aim of increasing ft1 (from
now on referred to simply as ft) while keeping the percentage of added mass as small as possible at the same
time. The position of the inserts is strategic also from another point of view, as not only it increases the
core’s toughness, but these are also the zones where the most of strain energy dissipation happens and the
phenomenon is therefore enhanced by the introduction of the inserts precisely in these zones. As it will be
better explained in section 4.3, Carbon Nanotube fillers are considered as an option to reinforce the resin and
meet our goals.

2 Unit cell’s effective mechanical characteristics

The software adopted for the numerical simulations is ANSYS R© MECHANICAL APDL. Finite Element
models were developed for the unit cell both in the base configuration - from now on indicating the standard
honeycomb with no inserts - and the insert configuration. The geometric characteristics of the unit cell are
shown in figure 2. Tables 1 and 2 show the epoxy resin and flax prepreg’s materials properties respectively.
The flax/PE mechanical properties derive from experimental tests carried out in [5], while the epoxy resin’s
characteristics are those of the pristine system - i.e. with no Carbon Nanotubes filler.

After a convergence study, a mesh with element size equal to 0.25 mm was chosen. The elements are
SOLID185 (structural solid with eight three-degrees-of-freedom nodes) for both the insert and the honey-
comb walls, with the difference that for the latter layered elements were adopted in order to model the
orthotropic layered walls (lamination sequence of the unidirectional plies: 90o/0o/0o/90o, where the fiber
orientation is defined with respect to the z-axis of the model, figure 2).

2.1 Base configuration

Thanks to the symmetry of the unit cell with respect to the three orthogonal planes of the reference system
shown in figure 2, only one octave unit cell was modeled.
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Einsert 2.8 GPa
νinsert 0.3
ρinsert 1.15 g/cm3

Table 1: Mechanical properties of the epoxy resin adopted for the inserts - Araldite R© LY 3585 / Aradur R©

3475 epoxy system

E11 9.50 GPa ASTM D 3039
E22 1.30 GPa ASTM D 3039
E33 1.30 GPa ASTM D 3039
G12 0.55 GPa ASTM D 4255
G13 0.55 GPa ASTM D 4255
G23 0.40 GPa ASTM D 4255
ν12 0.40 ASTM D 3039
ν13 0.40 ASTM D 3039
ν23 0.60 ASTM D 3039
ρ 1.025 g/cm3

Table 2: Mechanical properties of the flax/PE composite adopted for the honeycomb’s walls [5]

In-plane and out-of-plane virtual tensile and shear tests were simulated to evaluate the effective mechanical
properties of the system. Figure 3 shows the boundary conditions applied for the in-plane tensile and shear
tests. Analogous displacement fields were imposed in the out-of-plane direction.

The virtual tests were performed according to the procedure described in [6]. The outputs of the tensile
test numerical simulation are the reaction Rx at x = 0 and the displacements v at y = L. Therefore, the
expansion ratio and the effective elastic modulus are calculated as follows:

χ =
vLx

∆xLy
=

v

∆x
(1)

E∗x = E∗y =
σx
εx

=
Rx

Ax

1

∆x/Lx
=

Rx

L ∗ h/2
L− t/2

∆x
(2)

Regarding the shear test, in principle there are several possibilities to simulate it - figure 4. However, only
biaxial loading tests guarantee a deformation field which is as close as possible to pure shear. In this case, the
outputs from the numerical simulations are the reactions Rx and Ry - sum of nodal forces along x at x = 0
and along y at y = 0 respectively. From these values it is possible to calculate the effective out-of-plane
shear modulus:

G∗xy =
τxy
γxy

=
σx − σy

2(εx − εy)
=

Rx
Ax
− Ry

Ay

2(∆x
L −

∆y
L )

(3)

Performing the test in the out-of-plane direction, the remaining effective properties were evaluated and it was
numerically verified that G∗zy = G∗yz = G∗xz = G∗zx. Table 3 summarizes the results.

2.2 Insert configuration

At the manufacturing level, the resin deposition is done from the top of the honeycomb by means of a
modified 3D printer. Therefore, the most realistic shape to assume for the insert’s profile is an hyperbole -
figure 5. Due to the anisotropic nature of the insert along the z direction, in this case one-quarter unit cell
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Figure 2: Geometry characteristics of one octave unit cell

(a) In-plane tensile test (b) In-plane shear test

Figure 3: Boundary conditions applied to simulate virtual in-plane tensile and shear tests

was modeled. The FE models in case of ATOP = ABASE = 1 mm and in the particular configuration of
cylindrical profile (ABASE = 0) are shown in figure 6 .

The shear modulus was evaluated following the same procedure as for the base configuration, but in this case
a parametric study was performed in function of the geometric properties of the insert, figure 7 .

The shear modulus clearly increases as the insert’s characteristic dimensions do. However, as the goal of this
work is shifting the shear transition frequency of the sandwich panel towards higher values, it is fundamental
to set some limits on the added mass given by the insert. In fact, not only one of the main advantages of
sandwich panels is their reduced weight which should be preserved, but also the transition frequency depends
on the shear stiffness as well as on the mass of the honeycomb - and therefore on the added mass given by
the deposited resin.

3 Added mass design space

The percentage of added mass will be from now on indicated as madd and was analytically evaluated as a
function of the insert’s geometric variables ATOP and ABASE . The resulting surface is shown in figure 8a,
together with the constant-value surface corresponding to an arbitrary limit value of 20% added mass.

The intersection of the two surfaces generates the design space in figure 8b: to have a percentage of added
mass smaller than 20%, the design point should be chosen within the yellow area. Finally, figure 8c shows
the percentage mass in function of ATOP in the particular case of cylindrical insert.

To have an idea of where it is better to choose the design point within this area, probabilistic design anal-
yses were performed to establish which one between ABASE and ATOP has the biggest influence on the
shear characteristics of the unit cell. The analyses were carried out by means of the Probabilistic Design
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Figure 4: Shear test fixtures [6]

Tensile tests Shear tests
E∗x 0.433 GPa

G∗xy 0.187 GPa
χ∗xy −0.157

E∗z 1.30 GPa
G∗zy 0.450 GPa

χ∗zy −0.454

Table 3: Effective mechanical properties of the base configuration honeycomb unit cell

System module within ANSYS R© MECHANICAL APDL. The random input (RI) variables of the problem
are ABASE and ATOP , for which Gaussian distributions with mean values µ = 1mm and standard devi-
ations σ = 0.2mm were assumed, while the output parameter is the effective out-of-plane shear modulus
of the unit cell. The analysis was performed by means of Monte Carlo simulations with Latin Hypercube
sampling. The probabilistic sensitivities of the output parameter G∗ZY show that, having set the significance
level to 2.5%, only ATOP is significant to the shear stiffness of the unit cell. For the sake of completeness,
also the sensitivities of the effective in-plane shear modulus were evaluated. Here, both RI variables are
significant, butATOP has a bigger impact (in terms of absolute values, the sensitivity toATOP is 0.96, while
to ABASE it is about 0.52). Therefore, for a certain value of added mass it is better to have a higher value
of ATOP rather than ABASE , which means having the resin as uniformly distributed through the thickness
as possible at the manufacturing level. Going back to figure 8b, the design point should be chosen in the
left area to benefit the most of the insert’s mass. For example, with ATOP = 1mm and ABASE = 0mm
- cylindrical insert, added mass of 18.5% - G∗ZY is 0.642GPa, corresponding to an increase in the shear
modulus value of about 43% with respect to the base configuration.

4 Shear transition frequency design space

While in the previous section the design area of the insert’s geometry was defined in function of an arbitrary
maximum value of percentage of added mass, from the shear transition frequency standpoint the relative
importance between the added mass and the increase in the shear stiffness has to be considered. Therefore,
in this section a new design space will be defined in terms of the material to adopt for the insert, according
to the transition frequency requirements.
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Figure 5: Hyperbolic insert’s characteristic dimensions

(a) ATOP = ABASE = 1 mm (b) ATOP = 1 mm, ABASE = 0 mm

Figure 6: Insert configuration - FE model of one-quarter unit cell in case of hyperbolic and cylindrical
profiles

4.1 Guillaumie’s formulation

Guillaumie’s work [7] provides an exact analytical expression for the transition frequency, derived using the
inverse infinite mechanical impedance of the sandwich panel.

The global bending and shear impedances can be respectively written as:

(ZD
∞)−1 =

1

8
√
DρP

; (4)

(ZS
∞)−1 =

ω

4S
, (5)

which are the inverse infinite mechanical impedances below and above the shear transition frequency. There-
fore, equating (4) and (5) it is possible to find the exact formulation for the first transition frequency,

ft =
S

4π

√
1

ρPD
(6)

where,

S = G∗ZY hcore

(
1 +

hskin
hcore

)2

(7)
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(a) Effective tensile modulus (b) Effective shear modulus

Figure 7: Insert configuration - Effective out-of-plane mechanical properties of the unit cell

is the equivalent shear modulus of the sandwich panel, G∗ZY is the effective out-of-plane shear modulus of
the core, hskin and hcore are the thicknesses of the face-sheets and the core respectively, and ρP the mass per
unit area [8];

D ≈
(
h2
core

2
hskin + hcoreh

2
skin +

2

3
h3
skin

)
Eskin

1− ν2
skin

(8)

is the equivalent isotropic behaviour bending stiffness of the sandwich panel. For standard sandwich panels,
the bending stiffness is mainly given by the skins contribution and it can be calculated approximately with
the expression as above. However, in the present case it was necessary to verify that this assumption was still
valid, given the increase in the core’s effective out-of-plane Young Modulus due to the inserts. The bending
matrix of a sandwich panel with isotropic skins and orthotropic core can be written as:

D =



D11 D12 D16

D21 D22 D26

D61 D62 D66




where the coefficients can be written in their exact formulations as:

D11 =

(
h2
c

2
hs + hch

2
s +

2

3
h3
s

)
Es

1− ν2
s

+
h3
c

12

Ec
x

(1− νcxyνcyx)
, (9)

D22 =

(
h2
c

2
hs + hch

2
s +

2

3
h3
s

)
Es

1− ν2
s

+
h3
c

12

Ec
y

(1− νcxyνcyx)
, (10)

D12 =

(
h2
c

2
hs + hch

2
s +

2

3
h3
s

)
νsEs

1− ν2
s

+
h3
c

12

νcxyE
c
x

(1− νcxyνcyx)
, (11)

D66 =

(
h2
c

2
hs + hch

2
s +

2

3
h3
s

)
Gs +

h3
c

12
Gc

xy. (12)

in which the subscript s indicates the mechanical properties of the isotropic skins, and c the effective me-
chanical properties of the honeycomb core’s unit cell. For all the coefficients, the increment with respect to
the base configuration’s value was evaluated as:

∆Dij =
Dij, ins −Dij, bas

Dij, bas
∗ 100.
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(a) Added mass vs insert’s dimensions. (b) Design space for a maximum added
mass of 20%

(c) Cylindrical insert

Figure 8: Added mass design space.

Considering isotropic alluminium skins - Es = 68.9GPa, ν = 0.33 - with a thickness ts = 1mm and
cylindrical inserts:

∆D [%] =




0.174 0.0012 0
0.0012 0.174 0

0 0 0.263




The increments are very small and can be neglected.

4.2 Effect of the insert on ft

From equation (6), it is immediate to see that the transition frequency depends on both the effective out-of-
plane shear modulus and the mass per unit area of the sandwich panel, ρP . Therefore,

f̄t =
ft

ft, base
=

1 + ∆S
Sbas√

1 + ∆ms
ms, bas

. (13)

In equation (13), ∆S/Sbas = ∆G∗zy/G
∗
zy, bas is evaluated from the results of numerical simulations of out-

of-plane shear tests on the honeycomb’s unit cell and ∆ms changes as the insert’s area does.

Figure 9 shows f̄t in function of the insert’s thickness and stiffness for a cylindrical insert (ABASE = 0).

It is immediate to observe that:
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Figure 9: Transition frequency ratio in function of the insert’s dimension and stiffness.

1. in the selected ranges of values, the transition frequency in presence of the inserts is always higher
than the one given by the base configuration - f̄t > 1;

2. for small values of Young Modulus of the resin, as the insert’s thickness increases the transition fre-
quency becomes smaller, and this is due to the fact that

√
∆ms has a bigger impact on f̄t than the

shear stiffness term.

Therefore, once selected a resin with a sufficiently high stiffness, the shear transiton frequency is higher
than the one in the base configuration and the bigger the insert’s dimensions the better performances at the
vibroacoustic level.

4.3 Analytic prediction of the insert’s material effective properties

A solution to obtain the second type of behaviour just described is reinforcing the resin with Carbon Nan-
otube (CNT) inclusions. For random orientation of the CNTs, the effective Young’s Modulus of the compos-
ite material Einsert can be expressed according to [9] as:

Einsert

Eresin
=

3

8

[
1 + ζηLVNT

1− ηLVNT

]
+

5

8

[
1 + 2ηTVNT

1− ηTVNT

]
(14)

and the so-called reinforcement dEinsert/dVNT - in the assumption of small VNT and Einsert >> Eresin -
as [10]:

dEinsert

dVNT
≈ 3

8
EresinηL(ζ + 1) +

15

8
Eresin (15)

where:

ηL =
Eeff/Eresin − 1

Eeff/Eresin + ζ
, (16)

ηT =
Eeff/Eresin − 1

Eeff/Eresin + 2
, (17)

ζ =
2L

D
. (18)
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In the previous formulations, L andD are the length and outer diameter of the nanotubes respectively, Eresin

is the matrix Young’s Modulus and VNT is the filler volume fraction, which can be expressed in function of
the weight fraction wNT through the CNTs and matrix densities, as:

VNT =

[
ρr
wNT

− ρr + 1

]−1

;

ρr =
ρNT

ρresin
.

Finally, Eeff is the Young’s Modulus of an equivalent effective fibre, which can be expressed according to
[11] as:

Eeff =
4t

D
ENT , (19)

being t and ENT respectively the wall’s thickness and the Young’s Modulus of the nanotubes .

4.4 Single-Walled Nanotubes

In case of Single-Walled Nanotubes (SWNTs), the wall’s thickness was assumed to be 0.34nm, the outer di-
ameter 1nm, the inner diameterD−2t, the CNT length 10µm and the Young’s Modulus 1TPa. According
to [11], the nanotube density can be calculated as:

ρNT =
ρg(D2 −D2

i )

D2

being ρg the density of fully dense graphite, 2.25 g/cm3.

With these assumptions, the Young’s Modulus of the material composite and the reinforcement were calcu-
lated in function of the nanotubes volume fraction and the stiffness of the matrix - figures 10a and 10b, YC
is the effective Young Modulus of the insert, so far indicated as Einsert.

4.5 Multi-Walled Nanotubes

In case of Multi-Walled Nanotubes (MWNTs), the outer layer thickness was still assumed to be 0.34nm and
the length 10µm, but this time an outer diameter of 15nm and an inner one of 5nm were assigned, and
therefore a value of ρNT /ρresin of 1.74. The effective Young’s Modulus and reinforcement of the composite
material are shown in figures 10c and 10d.

Comparing the graphs, it is possible to notice how, in case of adoption of MWNTs, a higher filler volume
fraction is needed to have a consistent increase in the Young Modulus of the composite material. In fact, its
elastic properties are very sensitive to the nanotube diameter, since the larger the outer diameter is (i.e. the
more layers it is made of) the lower the effective modulus is - [11], [12].

5 Design procedure

Putting together the content of the previous sections, a whole design procedure for the insert was developed.
In fact, according to the requirements in terms of added mass and transition frequency it is possible to design
the insert in terms of both geometry and material (i.e. resin and CNTs content).

Step zero is the assumption of a certain material for the insert. All the curves and surfaces are plotted
assuming a certain initial value for the density of the insert’s material, while its Young Modulus intervenes
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(a) (b)

(c) (d)

Figure 10: Effective Young Modulus and Reinforcement of the composite material - SWNTs and MWNTs

as a parameter only in the curves of Einsert in function of the filler volume fraction. Once an initial value of
ρresin has been assumed, the following steps can be carried out.

1. First of all, choosing a design point in the space of the added mass in function of the geometric
parameters, ATOP and ABASE. For example, a cylindrical insert - ABASE = 0 mm and ATOP = 1.0 mm
with an added mass of madd = 18.5% (minsert = 0.0542 gr, mwalls = 0.292 gr ) - figure 8b;

2. Secondly, establishing the increment in terms of transition frequency that is expected. For example,
f̄t = 1.4 - 40% increment. In this case, with the geometry been set in the previous step, the Young’s
Modulus of the insert material should be ∼ 3 GPa - figure 9;

3. Last step consists in evaluating different possible combinations of VNT and Eresin that give such value
of Einsert. In this case, very different solutions can be found in case of single-walled and multi-walled
nanotubes - figure 10.

Once the material has been defined in terms of matrix stiffness and filler volume fraction, the composite
material’s density needs be calculated again and all the curves have to be updated in function of the new
density value. Therefore, the procedure should be iterated till convergence considering updated curves.

However, while the insert’s density effect on the added mass surface is definitely not negligible, it is not
a significant variable to the shear stiffness of the panel, as PDS simulations with the insert’s density as RI
variable showed. Moreover, the transition frequency curves come from numerical parametric simulations so
the computational and time costs would be very high if they had to be updated at each iteration. Therefore,
they are kept constant even considering different values of ρinsert.
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Conclusions

In this paper, a procedure for the design of CNT-reinforced viscoelastic inserts for sandwich panels has been
developed. Beyond the increase in the panel’s toughness and strain energy dissipation due to the strategic
location of the depositions at the walls junctions, the inserts provide improved vibroacoustics performances
in terms of increase in the panel’s characteristic shear transition frequency. However, not all configurations
are convenient to adopt, as the increase of the core’s shear stiffness is opposed by the augmented mass.
Therefore, in order to have an increment in the transition frequency that also increases with the insert’s
dimension, there is a minimum value of Young’s Modulus that the resin needs to have and this is one of the
reasons why Carbon Nanotubes are adopted as a filler. The final design procedure takes into account the
limits in terms of added mass, increment in the transition frequency and minimum value of the composite
material Young’s Modulus to define the inserts in terms of both geometry and material.
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