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Abstract

Multilayer panels consisting of a load carrying structure, a porous material for thermal and acoustic insulation
and an interior trim panel is a very common type of design for vehicles. Weight as well as total build height
are usually limiting constraints on the design. The idea of using an anisotropic porous material instead
of an isotropic one to improve the sound transmission loss without adding a lot of weight or thickness is
explored in the paper. By using a state space formulation of the transfer matrix method transmission loss it
is possible to include anisotropic material properties in the calculation. The anisotropic material is modelled
by a combination of a simplified analytical model for the acoustic losses and inverse estimation of the 21
independent elastic constants of the Hooke’s tensor. The porous material, which has typical dimensions
possible to 3D print, is based on a Kelvin cell micro model that has a controlled degree of anisotropy.

1 Introduction

Estimating Sound Transmission Loss (STL) of multi-layer panels using Transfer Matrix Method (TMM) is a
standard method for noise and vibration control. The most widely used method, which also is referenced as
the Thompson Haskell method has the disadvantage of becoming unstable for certain types of problems and
frequency ranges [1]. A more stable transfer matrix method based on a state space formulation was proposed
by Dazel et al. [1] and was implemented by Parra Martinez [2] for multi-layer panels including porous
materials. It was demonstrated that this method, unlike the classical Thomson-Haskell method [3, 4], also
can include layers with anisotropic properties. In Parra Martinez analysis [2], a multilayer panel consisting
of an anisotopic porous material between two thin flat metal plates was carried out. The anisotropic data of
the foam in Ref. [5] was obtained using experimental characterizations in combination of inverse methods for
both acoustic and stiffness properties of a slightly anisotropic melamine foam. It is possible to find several
good examples of characterizations of transverse isotropic porous materials like fiber materials. Huber and
Gibson pointed out the importance of including anisotropic properties with regard to mechanical properties
of cellular materials [6]. Among recent work based on micro geometry approaches of anisotropic porous
materials can Jonkers et al. [7] who studied anisotropic food stuffs, and Cavalieri et al.[8] focussing on
absorption of anisotropic and graded porous materials be mentioned. One example of an anisotropic porous
material that is not transverse isotropic is the analysis by Luu et al. [9] of a fibre material including the out of
plane distribution of fibers. For the stiffness properties finite element calculations in combination with inverse
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characterizations have proven to work well as demonstrated by Mao et al. [10, 11], e.g., for anisotropic foams
including effects such as auxetic behaviour and compression-shear coupling. For the acoustic properties of
the porous material the numerical analysis with thermo-viscous fluid is computationally very demanding, but
experimental setups for a complete anisotropic acoustic experimental characterization are few [5, 9] . Due
to the development of 3D printing technology, the analysis of anisotropic materials is no longer restricted
to the traditional fiber materials or chemically foamed materials. The new techniques offer possibilities
of designing a material with defined properties, and thereby a practical option to investigate anisotropic
porous materials. This need is the motivation for the present work, where a fast analytical method only
requiring a few micro parameters to estimate the acoustic properties is developed and used together with the
inverse characterisation method for anisotropic material stiffness properties. The intended use of the method
is to use it in an early phase in order to assess a number of possible designs in order to select the most
promising candidates for later manufacturing and detailed characterization. Examples of approaches for
detailed characterization of isotropic materials can for instance be found in [12]. The goal with the proposed
method is to select the designs best tuned to the specific conditions with regard to excitation frequencies
and physical limitations such as total weight or build height, including options of using anisotropic porous
materials in the multilayer design.

The paper is organised as follows. In Section 2, the governing equations for the porous material are stated.
The methods for estimating both acoustic and mechanical stiffness properties are presented in Section 3, and
validated in Section 4. Then, applications in tuning the sound transmission loss of panels with anisotropic
foam are introduced in Section 5 and some interesting results are presented in Section 6. Some remarks for
future considerations are discussed in Section 7. Finally, some conclusions are provided in Section 8.

2 Governing equations for the micro modelled foam

The governing equations for the porous material are first stated in a classical Biot formulation, expressed in
{u®, ut} formulation in terms of solid displacements «® and total displacements u*, developed according to
Dazel et al. [13]. The governing equations will then be

Vé® = —w?peu® — w?Ful (1)
—Vp = —w?Fu’ — wQﬁequt 2)
ul = (1 - ¢)u® + pu’ (3)

T is the tensor corresponding to the scalar expression of 7p., used for isotropic materials. The fluid and
solid part are described by the constitutive equations

p=—K,Vul 4)

&° = Ce®, (5)

where 6 is the in vacuo stress tensor for the material, C is the Hooke’s tensor and €® is the strain tensor.
K4 in equation 4 is dynamic equivalent bulk modulus.

If the governing equations are instead expressed including the dynamic drag impedance Z following Seme-
niuk’s derivation for fibre materials [14], for a foam material where strut length is explicitly included, these
expressions will be

V(e®) = (1= ¢)psii® + Z(a® —if) ©)

—¢Vpl = ¢psit) ++Z(af —@°) (7)

The dynamic drag impedance Z is a quantity relating the of the dynamic frequency dependent viscous drag
force to the relative velocity between fluid and solid [14, 15],

Fp = Z(u* —a'). ®)
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where F'p is the force the solid skeleton exerts on the fluid. Due to symmetry it also relates the viscous
forces exerted by the fluid on the solid.

Re-writing equations 7 and 6 with collecting the terms proportional to u® and u?, the expressions corre-
sponding to peg, Peqgy and ps can be identified as

2 .
po=(-opd+ Wy 12 ©
- (1—9) iZ
vl iz
b =5~ an

As can be seen from equations 9, 10 and 11, the necessary input based on the micro formulation is limited to
porosity, fluid and solid density, and dynamic drag impedance. These in turn depend only on the parameters
for the simplified micro geometry, cell height, strut thickness and twist angle in addition to material proper-
ties, see Section 3. The constitutive equation for the fluid in the micro model is replaced by the expression
for a rigid frame material p = — K., Vu® with K., = K /¢ that only depends on micro geometry and the
properties of air for a rigid frame porous material. This allows for designs including anisotropic micro ge-
ometries to be investigated with limited computational resources. The underlying assumption in this model
is that the foam is periodic and the bulk material is fully described by the equivalent properties of the unit
cell.

3 Micro model for an anisotropic foam

Rather than characterizing the material as a Biot material using common models e.g. the Johnson-Champoux-
Allard model (JCA) where parameters must be characterized either from measurements of a physical sample
or from computationally demanding numerical models, the acoustics properties are estimated from a sim-
plified micro geometry based on a Kelvin cell (KC). The analytical estimation of the acoustic properties is
based on a few micro geometry parameters: cell height, strut thickness and twist angle together with ma-
terial properties. The twist angle controls the degree of anisotropy. The output from the analytical method
is the porosity and the dynamic drag impedance. The dynamic drag impedance Z for the micro structure
is a dynamic and frequency dependent estimate related to, but not equal to, the static flow resistivity for a
sample. There is not a one to one correspondence between the two models of estimating the viscous losses.
The static flow resistivity is quasi-static constant while the dynamic drag impedance is frequency dependent.
For an anisotropic material Z will be a 3 x 3 tensor that may include off-diagonal terms.

3.1 Micro geometry and controlled anisotropy

An isometric KC arrangement exhibiting cubic material symmetry is chosen as the reference micro-structure,
named as REF, see Figure 1a. The cell has 6 square and 8 hexagonal faces, arranged in a body-centered
cubic lattice. A cellular array built from the KC in this original, isometric, form, has an equivalent linear
elastic isotropic Hooke’s tensor, characterised by a Young’s modulus and a Poisson’s ratio [10, 11, 16, 17, 18].

The geometrical modifications applied to the reference geometry are in the form of rigid body rotations of
the square faces of REF, and keeping these square undeformed during the rotation, Figure 1. Topologically,
the cell is not modified and all vertices remain connected through the same struts (with altered lengths) as in
the reference geometry. Thus, the modified cells still form a 3D cellular array as seen in Figure 1c. There are
many different ways to apply such rotations as detailed in [11], however in the present contribution only in-
plane twisting rotations of the square faces of the KC are considered, as given in Figures 1b—1c. To facilitate
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Figure 1: (a) Reference isometric single KC (REF’), in unit cell Cartesian coordinate system xyz, and local
square faces coordinate systems z¢Z with subscripts identifying to which of the square faces it refers; (b) A
single auxetic cell generated by twisting local square faces (red color) of the reference KC anti-symmetrically
alone Z-axis, named as cell NTw1Az; and (c) 2 X 2 modified KC array, in global Cartesian coordinate system
XYZ.

the discussion, each square face is indicated by its outgoing normal and orientation (positive or negative),
see Figure 1, and denoted as x_, x4+, y—, Y+, 2—, 2+.

The twisting of the KC square faces will potentially break the cubic symmetry of REF'. If the twist a pair
of faces with a same angle in the same direction e.g. twisting upper and lower square surfaces normal to
the Z-axis, the geometry is called symmetrical, and if one of the surfaces are opposite sign to the other the
geometry is referred to as anti-symmetric, as shown in Figure 1b. From stiffness point of view the anti-
symmetric geometry will have a Hooke’s tensor that is close to a transverse isotropic behaviour, while the
symmetric geometry will be anisotropic. The focus in this work is on the anti-symmetric geometry twisted
only around the vertical Z-axis denoted NTw1Az as shown in Figure 1b.

The anti-symmetric twisted KC exhibits chiral symmetry to each middle-plane that parallel to each pair of
twisted faces, as shown in Figure 1b with the chiral symmetry to Z-plane of the single lattice. When a load
is applied to the chiral structure, the non-central force or non-affine deformation induce auxetic behavior, as
the predicted anisotropic equivalent Hooke’s matrix in [11], where the elastic constant of the Hooke’s tensor
are controlled by the twisting angles and faces.

3.2 Porosity

As the properties per unit volume of the micro model are required for sound transmission loss calculation
and the twisting breaks the symmetry of the single cell, the 2 x 2 x 2 super-cell, Figure Ic, is selected instead
of the single cell to calculate the micro geometry properties. The total strut volume filling the cube with
dimensions 2L, x 2L, x 2L, corresponds to a total strut volume of 16 unit cells. Therefore the porosity is
estimated as ¢ = 1 — (16Vj ce1)/(8LyLyL). Vi cenr denotes the volume of struts in one unit cell with 24
struts including the joints.

Since the porosity will be included in all calculated properties given per unit volume the accuracy of the strut
volume will directly affect the accuracy of all other estimated properties. For foams with a high porosity of
more than 99% the overlap at joints and between struts can be neglected without causing substantial errors.
However, for structures with lower porosity such as the foams considered here with typical dimensions of
3D printed foams it is essential to estimate the total strut volume as accurately as possible.

Figure 2 shows, from each strut ¢ with angles 6;; and ;> to the adjoining struts, the volume of the spherical
joints is removed as well as the overlap between the adjoining struts. The total strut volume in one unit cell
including the volume of the 12 full spherical joints is

drrd & a3 3 Arrd 1 04)2  052)2
Vieett = 12—+ 2l — : : - (s : 12
el 3 +;m (4tan(0i1/2)+4tan(9i2/2)) 3 Gt T (12
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Figure 2: Model for calculating the porosity. a) Unit cell with 24 struts including joints, where only a
volume corresponding to 12 full joints belong to the unit cell. b) Overlap between two struts that is removed
is marked in darker shade c) Part of a half strut included in porosity calculation.

where the angle 6, is the angle to the adjoining strut in one end and 65 is the angle to the adjoining strut in
another end of strut i.

3.3 Acoustic losses

The method for how to estimate the dynamic drag impedance for an isometric Kelvin cell was presented by
Lundberg et al. in [19] and the derivation of the expressions can be found in Semeniuk [14]. In this paper, the
methods are extended to anisotropic cellular structures for estimation of the dynamic drag impedance. With
the objective of finding a fast and simple way of estimating the dynamic drag impedance several assumptions
have been made. The struts are assumed to be rigid and to have circular cross section. The air is assumed
to be viscous and in-compressible under the condition that the micro unit cell is much smaller than both
the sample size and the wavelength of air. The fundamental assumption that makes it possible to calculate
an anisotropic micro geometry with less computational effort is that the interaction between the struts is
neglected. At the very lowest quasi-static frequencies, interaction of the viscous loss regions on the surface
of neighbouring struts could influence the results for dense materials [14, 20, 12, 21]. That may lead to
an underestimation of the dynamic drag impedance at lower frequencies. This simplification is considered
acceptable as this analytical approach is not primarily developed for detailed investigations, but rather for
exploring a design space including many different designs. It does however, unlike the classical JCA model,
allow for analyzing anisotropic porous materials, and is in addition to that a fast way to estimate the acoustic
losses that is not computationally demanding. Thus the dynamic drag impedance for anisotropic cell derived
from Refs. [19, 14] is

Zn Zi2 23 1—p & Zri 0 0
Zeel = |Z12 Zoa  Zoz | = % ZRi 0 Zr 0 |RYL. (13)
Z13 223 ZZ33 S =1 0 0 ZTi
e g H{ (kgri) H{ (kgr)
Zri = 27r/ rikgudez = QWTilikﬁﬂfT (14)
0 Hy™ (kgri) Hy™ (kgri)
AH® (kgr)
Zpi = imr2lipsw(1 — 1 AP 15
T 1Ty pfw( kﬁr1H0(2)(kﬁrz)) ( )

R; is the rotation matrix to rotate the strut from the local coordinate system aligned with the strut to the
global coordinate system. Zr; represents the losses from a transverse flow across strut i, and Z7; the losses
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from a flow longitudinally along the length of struti. kg = \/—(iwpys/jiy is the shear wave number for the
viscous fluid.

3.3.1 Dynamic drag impedance for the anisotropic micro modelled foam

The foam in the example is the micro-geometry denoted NTw1Az, Figures 1b—Ic, of different anti-symmetric
twisting angles, e.g., with 30°, 46°, and 60°. Figures 1b—Ilc. The resulting dynamic drag impedance esti-
mated at 20 Hz is given in Table 1.

Table 1: Components of the dynamic drag impedance for the NTw1Az case with varying degree of twist. All
unit cells have cell height 3mm and strut diameter 0.5mm.

Model twist angle Z11 Z99 733 Z19 713 793 porosity
— ° Ns/m* Ns/m* Ns/m* Ns/m* Ns/m* Ns/m? -
NTwlAZ 0 333 333 333 0 0 0 0.7025
NTwl1AZ 30 371 353 392 0 -16 0 0.6869
NTwlAZ 46 414 394 448 0 -18 0 0.6693
NTwl1AZ 60 459 441 503 0 -20 0 0.6514

For the anisotropic foam the three diagonal values will in general all be different, and the dynamic drag
impedance tensor will have off-diagonal components. The magnitudes of both diagonal components and off
diagonal components increase with increasing anisotropy. The degree of anisotropy is related to the twist
angle.

3.4 Anisotropic elastic properties

For all the simulation results of the the equivalent Hooke’s tensor discussed in the present work, the inverse
estimation for an 30 x 30 x 30 cellular array has been performed. The details of the inverse estimation
process, e.g. convergence behaviour, number of iterations, residual errors, etc. will not be discussed in the
present work and the reader is directed to [10, 11] for background information. In the present investigation,
the focus is on the equivalent homogeneous linear elastic static properties of the cellular material. For this
purpose, using the engineering order of the stress-strain components, the constitutive equation is in the form
of the generalised Hooke’s law given by

o =Ce (16a)
T

o ={011,022,033,012,013, 023} (16b)

e = {11,622, €33, 2612, 2613, 2623} (16¢)

where C is the Hooke’s matrix associated with the stiffness form of Hooke’s law, o is the stress vector, €
is the strain vector and indices 1, 2 and 3 respectively denote the X, Y and Z axis of the global reference
Cartesian coordinate system. In the general case of a fully anisotropic elastic material, 21 independent elastic
constants are required in the Hooke’s matrix. Following [10, 11, 22], the elastic moduli are normalised with
respect to C’%EF , such that C’ij =Cy;/ C’%EF :

Cn (?12 (?13 (?14 C:'15 C:'16
Coz Caz Cay Cas Cog
Cs3 Czq C35 Cye
Ci Cis Cue

sym Cs5 Cse
Coe |

C = Ccirr (17)
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where C’%EF = 13.8 MPa is the C33 of the REF structure, and the respective equivalent Young’s modulus

EREF — 7,06 MPa, as given in [10, 11].

4 Validation of panel with isotropic material

The modified code was validated by first comparing a characterized Biot material used state space transfer
matrix method compared to the traditional transfer matrix method as implemented in the commercial soft-
ware Maine3A from Université du Maine. Identical results were found when the same input from normal
incidence is used. The data of the selected porous foam is given in Table 2. The panel on the incident side
was 0.7 mm steel and on the other side 1.2 mm aluminium. The thickness of the foam was 30 mm. The
stiffness of the isotropic foam was estimated in the same way for all cases: Young’s modulus of 0.14 MPa,
Poisson’s ratio of 0.3 and foam structural loss factor of 0.1. Normal incidence is used for the validation case.

Table 2: Isotropic material for validation. Identical stiffness data was used in both cases. Note: for the micro
material the dynamic drag impedance was estimated at 20 Hz.

Material p1 Ds 00 10) A AN o Ro he
unit kg/m? kg/m3 Ns/m* - pgm  pm - pm  mm
Maine3A foam 25 N/A 15000 098 100 250 1.05 N/A N/A
Micro material ~ 24.9 1574 15516 0.984 101 214 N/A 3.8 0.21

80 ¢
60 |
oM’
2,
I:' 40t
201 = =]Maine3A Biot| -
+==aa TMM Biot
= TMM micro
D 1 1 1 1
0 500 1000 1500 2000 2500
Frequency [Hz]

Figure 3: Transmission loss calculated with Maine3A, state-space TMM code with Biot formulation and
state space TMM code with micro formulation

A micro geometry that would give the porosity and dynamic drag impedance close to the characterized foam
was estimated. After that it was verified that the viscous and thermal characteristic lengths would be roughly
of the right order of magnitude. Since the JCA parameters are interdependent not all parameters can be exact,
in particular if a foam with nonzero pore size dispersion is approximated with a periodic micro structure [23].
The viscous characteristic length was approximated with twice the pore size and the thermal characteristic
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length was estimated by the pore volume divided by the wetted surface of the unit cell. L denotes the strut
length.

A = 2(h. — 2Ry) (18)
;L. 8V2L3
A= 2¢247r2R0L (19)

The Biot calculation of transmission loss agrees completely between the state space TMM Biot formulation
and Maine3A Biot implementation. The micro formulation agrees very well with them both up to about 1000
Hz. The discrepancy at higher frequencies is due to the equivalent mass of the foam being slightly less mass
than the actual foam. The equivalent bulk modulus in the micro model gives the stiffness of the air in the in
addition to the structural stiffness. The equivalent bulk modulus for the micro material is somewhat higher
than in the Biot calculations. Possible explanations for the mass difference include that the assumed isotropic
micro-structure is not a perfect match for the actual micro-structure, and that with the assumed properties the
porosity is probably on the high side (0.984). The solid density is not given explicitly in the reference case in
Maine3A, but it is set to 1574 kg/m?, which is a typical value for Melamine foam. The micro model acoustic
bulk modulus is assumed to be a constant material property modified only by the porosity and the thermal
factor x [20], not a frequency dependent quantity as in the JCA model of the Biot material. Therefore there
is not a one to one correspondence between the two different bulk modulus values at higher frequencies.

5 Sound transmission loss for a panel including anisotropic foam

In order to calculate the sound transmission loss of the composite panel including ansiotropic foam a state
space formulation of the transfer matrix method based on the {u*u'} formulation is used. The code devel-
oped by Parra Martinez et al. following [2] and [24] has been extended to include the acoustic properties
of micro modelled foams using the expressions presented in the previous section. In the extended code
the micro geometry based equations 9 ,10 and 11 have been implemented directly using the dynamic drag
impedance Z estimated from micro geometry parameters.

To investigate if anisotropic foams can bring added value to the sound transmission loss of typical enclosure
design consisting of 1 mm perforated polymer panel, 30 mm foam and a 0.8 mm steel is analyzed. The
model is shown in Figure 4.

I
' 16mm
16mmI

30 mm Kelvin cell foam

Tk

1 mm perforated panel AN
0.8 mm steel O

Figure 4: Example used for calculating transmission loss with anisotropic foam including a perforated poly-
mer panel, 30 mm anisotropic foam and 0.8 mm steel.

The foam is modelled with several different degrees of anisotropy, but always with the same cell height and
strut thickness. The porosity will vary due to that the twisted cells will be denser than the isotropic cell.
The isotropic foam is modelled including the calculated stiffness from inverse estimation [11] . In addition,
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the anisotropic case is compared to a case using the closest isotropic stiffness using minimum log-Euclidean
distance according to Norris [25] as an approximation of the anisotropic stiffness.

Table 3: Material properties

symbol foam perforated panel unit
fluid density Pf 1.2044 1.2044 kg/m>
solid density s 1600 1250 kg/m3
fluid dynamic viscosity [y 1.8140 x10~®  1.8140 x10™°  kg/ms
fluid bulk modulus Ky 101325 101325 Pa
fluid thermal conductivity K 0.02577 0.02577 W/m K
solid thermal conductivity Ks 0.16 0.16 W/m K
fluid specific heat Cpy 1005 1005 Jkg K
solid specific heat Chps 1600 1600 J/kg K
fluid expansion coefficient i 3.43 x 1073 -
solid Young’s modulus E; 563x 109 563x 106 Pa
solid Poisson’s ratio v 0.3 0.3 —
open cell porosity 0] 0.65-0.70 0.00276 —

The densities, porosities and Hooke’s tensor component C33 across the panel thickness is given in tables 4
and 5. For the case of 60° of twist, the TL is compared to the isotropic case, and an isotropic case with the
isotropic stiffness replaced by the closest isotropic stiffness. As can be seen in Figure 6, the closest isotropic
model fails to capture the essential behaviour of the anisotropic design, even if the density of the foam is
adjusted to the same as that of the twisted foam. In Table 3 the material properties for the foam and the
perforated panel are given. The steel is modelled as an isotropic solid with density 7800 kg/m?® Young’s
modulus 2 x 10! Pa, Poisson’s ratio of 0.3 and a structural loss factor = 0.01.

Table 4: Test cases for transmission loss including foam stiffness. The dynamic drag impedance for the
corresponding cases is given in Table 1.

Case micro model twist porosity (33  foam density
[°] —  [MPa]  [kg/m?]
ISO KCISO 0 0.70 13.8 476
TL30 NTwlAz 30 0.69 8.38 501
TL46 NTwlAz 46 0.67 5.73 529
TL60 NTwlAz 60 0.65 4.11 558
ISO approx. of TL60 closest iso 0 0.70 6.45 476
Heavy ISO approx. of TL60  closest iso 0 0.70 6.45 558

Table 5: Hooke’s tensor components for isotropic, anisotropic cases and the closest isotropic tensor to the

case with 60° twist. C’ij = C;j/CEFE where CEFF is 13.8 MPa.

model twist Cag = Cs3/CEFF [C11,C)  [Cia, Ch3, Cog) [Cus, Css, Ceg)
ISO 0° 1.0 [1, 1, 1] [0.63, 0.63, 0.63] [0.18, 0.18, 0.18]
NTwlAz 30° 0.61 0.71,0.71]  [0.28,0.32,032] [0.18,0.16, 0.16]
NTwiAz 46° 0.42 0.63,0.63] [0.13,0.20,020] [0.17,0.15,0.15]
NTwlAz 60° 0.30 [0.60,0.60] [0.45,0.13,0.13]  [0.17,0.14, 0.14]
Closest 1SO t0 60°  0° 0.44 [0.44,044] [0.13,0.13,0.13]  [0.16,0.16, 0.16]
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6 Resulis

The resulting transmission loss for the anisotropic foams with twist angles 0° (isotropic), 30°, 46° and 60° is
shown in Figure 5. The effect of the reduced stiffness from Table 5 of lowering the frequency of maximum
transmission loss is clearly seen.

60

PPPAITYe) 5
30 deg ~ A
100 |= =46 deg
- 60 deg
G I I i
0 500 1000 1500 2000
Frequency [Hz]

Figure 5: Calculated transmission loss for increasing degree of twist.

The curves shown in Figure 6 demonstrates that the anisotropic micro foams are less stiff than the isotropic
micro foam as can be seen in Mao et. al. [11]. The fundamental resonance occurs at increasingly lower
frequencies the more twisted the micro geometry is. In Table 4 the value of the Hooke’s tensor in the
thickness direction is given for comparison and the stiffness is decreasing from 13.8 MPa for the isotropic
Kelvin cell model down to 30% of the isotropic value, or 4.59 MPa for the NTw1AZ cell which has 60° of
twist angle. At the same time the in plane stiffness C; and Csy are 60% of the isotropic reference value.
The in plane stiffness is thus twice as high as the out of plane stiffness. This high degree of anisotropy cannot
be captured by an isotropic model.

The shift of the peak in transmission loss to lower frequencies could in addition to the lowered stiffness also
be caused by the increase of foam weight as the more anisotropic foams have lower porosity. To investigate
this influence the cases of closest isotropic stiffness is compared to the anisotropic case with 60° twist. The
foam input data is given in Table 4. The case named ’heavy closest iso’ refers to a foam with stiffness
corresponding to the closest isotropic stiffness to the NTw1AZ case with 60° twist and having the same
surface mass as the anisotropic foam with a 60° twist. In Figure 6 it can be observed that although the heavy
closest isotropic case does give a small shift to lower frequencies, it still cannot full model the behaviour of
the anisotropic design.

7 Discussion

A study of transmission loss of a sandwich type design with a layer of anisotropic foam based on a Kelvin cell
micro-geometry has been presented. It it shown how the stiffness of the foam will vary related to the amount
of twist applied to the fundamental isotropic Kelvin Cell micro geometry. Since the stiffness is directly
related to the degree of anisotropy and the amount of twist applied, the frequency characteristics of the
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Figure 6: Comparison of calculated TL for isotropic, fully anisotropic with 60° twisted micro cells and
closest isotropic stiffness. The heavy closest isotropic foam has the same mass as the fully anisotropic foam
with 60° twist and the closest isotropic stiffness.

narrow-band transmission loss can be tuned. In particular it is possible to shift the frequency of maximum
transmission loss to lower frequencies by including this type of anisotropic foam. This can provide an
opportunity to have higher transmission loss at the frequencies where it has best effect, i.e. at frequencies
where the source excitations are expected to be high.

To fully capture the frequency dependence it seems necessary to model the foam as anisotropic, as is shown
in Figure 6. Even when the closest isotropic stiffness is used to approximate the anisotropic foam, and the
weight is increased to match the anisotropic design, the prediction of the narrowband transmission loss loses
accuracy.

Since the more twisted porous designs have a lower porosity than the isotropic porous material the anisotropic
layer will increase in surface weight. The corresponding surface weight increase of the total multi-layer
design is 3.4%, 7.3% and 11.8% for cases with 30°, 46° and 60° of twist respectively. The indication is that
by exploiting the characteristics of anisotropic porous materials transmission loss improvements in particular
at lower frequencies are possible for sandwich type designs. The improvements are obtained with the same
build height and a very moderate weight increase. An important benefit with the anisotropic porous material
is the possibility to tune the fundamental resonances and frequency of maximum transmission loss without
having to change the build height or thicknesses of load carrying structures, which often are subject to design
constraints.

8 Conclusion

By using an anisotropic open porous material in a multi-layer panel, there is a possibility of tuning sound
transmission loss at lower frequencies without adding thickness and by adding limited surface weight. The
frequency of maximum transmission loss is shifted to lower frequencies due to the lower stiffness of the
anisotropic porous material compared to the isotropic porous material. However, these vibro-acoustic prop-
erties cannot be fully captured unless the material is modelled as anisotropic. Even if the closest isotropic
stiffness is used instead of the anisotropic stiffness and the mass of the micro-modelled Kelvin cell foam
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layer is the same as in the anisotropic model, the approximate isotropic model cannot fully estimate the
transmission loss behaviour as a function of frequency. The stiffness properties of the model need to be
estimated using inverse estimation of finite element calculations, but the acoustic properties can be assessed
with much less computational effort using an analytical approach based on the basic micro geometry of the
open cell foam.
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