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The acoustic behavior of 3D printed micro-lattices is investigated to assess the impact of defects induced
by the Fused Deposition Modeling technique on the parameters of the equivalent fluid medium. It is
shown that the manufacturing process leads to three types of non-trivial defects: elliptical filament sec-
tion, filament section shrinkage and filament surface rugosity. Not considering these defects may lead to
acoustic predictions errors such as an underestimation of around 0.1 of the rigid backing absorption coef-

ficient. Inverse characterization of seven homogeneous samples allows to fit the acoustic prediction
model considering this kind of defects.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Additive manufacturing has proved to be a versatile and
promising tool to produce sound absorbing materials. Helmholtz
resonators [1], straight [2], inclined [3] and coiled tubes [1], sonic
crystals [4], micro perforated panels [5] and porous treatments
such as micro-lattices [6-8] are among some interesting applica-
tions. For all these acoustic materials, simple analytical models
can be used to describe, analyze and optimize the geometry.
Numerical or analytical models[9,10] showed that the acoustic
parameters of the porous material strongly depend on several geo-
metric parameters of the micro-structure and can be strongly
affected by the manufacturing, such as change in the filaments
shape of micro-lattice [11], presence of sinusoidal rugosity in
micro slits [12], and surface irregularities in packed micro tubes
[13]. Therefore, the impact of additive manufacturing imprecision
on acoustic parameters could be very important and needs to be
well described. Usually discrepancies between models and experi-
mental results are attributed to the additive manufacturing inaccu-
racy or its inability to reproduce an idealized geometry [14,15].

In this work a combined numerical and experimental approach
is used to describe the differences between a 3D printed micro-
lattice and its idealized representation in terms of the geometry
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and the acoustic response. The 3D printed micro-lattices can be
acoustically described by the Johnson-Champoux-Allard-Lafarge
(JCAL) model [16] which accounts for the thermal and viscous
losses in the effective bulk modulus and density, respectively. They
are expressed in terms of air parameters and six parameters
depending on the micro-structure of the porous medium. These
JCAL parameters can be obtained by applying inverse characteriza-
tion techniques from the measurements of the scattering coeffi-
cients of a layer of porous material. In particular, the method
proposed by Niskanen et al. [17] can be used. This method is based
on a statistical inversion using Bayes’ formula and does not require
any previous knowledge on the sample except its thickness. More-
over, in the particular case where a Representative Elementary Vol-
ume (REV) having a subwavelength scale dimension can be
defined, these JCAL parameters can be also numerically computed
using the Multi-Scale Asymptotic Method (MAM) [9]. In the case of
periodic porous medium such as micro-lattices, the REV is the con-
stitutive unit cell (an elementary periodic volume). Through these
two techniques, the effects of the manufacturing defects on the
acoustic response of the 3D printed material are analyzed. The
methodology presented in this work can be extended to other 3D
printed porous materials of different micro-structure or manufac-
turing process.

The article is organized as follows. First the micro-lattice fabri-
cation is presented. The additive manufacturing procedure, used to
create the micro-structure that governs the material acoustic
behavior is detailed. Then, corresponding expected and actual
micro-lattices are analyzed. The discrepancies are identified in
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terms of micro-geometry differences. In the second part, the acous-
tic simulation and experimental characterization procedures are
explained. Finally, the acoustic impact of the additive manufactur-
ing defects is analyzed. The procedure that must be applied in
order to obtain an accurate acoustic prediction model is presented.

2. Identification of the manufacturing defects

In this section, the manufacturing process and the expected
resulting micro-lattices are described. Then, the manufacturing
induced defects are analyzed on the basis of geometrical
observations.

2.1. Additive manufacturing procedure

The Fused Deposition Modeling (FDM) Pro2 printer supplied by
RAISE3D is used to produce 30 mm thick cylindrical samples with a
diameter of 30 mm. The extruded material is polylactic acid (PLA).
The diameter of the nozzle is D, = 400 pm. The revolution axis of
the sample is placed vertically. The nozzle temperature is set to
200 °C; its displacement speed is 60 mm.s~' and the extrusion
multiplier is 0.9. The slicing software Simplify3D is used to generate
the files providing the instructions to the printer.

The samples are printed in orthogonal direct configuration: any
given micro-layer is made of parallel rods; the next micro-layer of
parallel rods is orthogonal to the previous layer. This configuration
is also known as “woodpile” or “interwoven perpendicular
arrangement”. The printer nozzle extrudes a layer of rods in the
horizontal plane, then the build plate shifts vertically and allows
the next orthogonal layer to be printed. The build plate displace-
ment is set to 300 pm. This way, two consecutive orthogonal layers
are separated by 300 pum and two consecutive parallel layers are
separated by 600 pm. Since the filament diameter D is close to
D,, the contact between two layers is substantial as it can be seen
in the idealized geometry shown in Fig. 1.

The in-plane spacing between the filaments, i.e. the lattice con-
stant of the micro-lattice, a, can also vary. A normalized lattice
parameter is defined as A=a/D (A > 1). Samples are homoge-
neous if A is kept constant trough the sample’s thickness, or multi-
layered if A varies within the thickness. An intuitive representation
of the micro-lattice would be a superposition of perfectly cylindri-
cal parallel rods, alternating in orthogonal in-plane directions, with
a 300 pm spacing between layers (Fig. 1). In this case, the rods
diameter would be equal to the nozzle diameter: D = D,,.

The Simplify3D slicing software does not allow to directly con-
trol the lattice constant a. The manufacturing variable that regu-
lates the lattice constant is the “infill factor” (IF). It is inversely
proportional to the spacing between two adjacent filaments and
can only take integer percent values. The relation between the infill
factor, IF, and normalized lattice parameter, A, is simply obtained
from the printer’s instruction files and verified experimentally

IF(%) = 100/A. (1)

a) b)

a
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Fig. 1. Idealized geometry. a) Top view. b) Cross section.

Fig. 2. Pictures of homogeneous sample.

Two pictures of a representative homogeneous sample are pre-
sented in Fig. 2. To the naked eye, the printed geometry is consis-
tent with the idealized one. The filaments seem to be well aligned
and no macroscopic defect can be seen. It is worth noting that a
800 pum thick solid layer surrounds the porous micro-lattice to pro-
vide consistency during the acoustic measurements.

2.2. Idealized representative elementary volume

From the idealized geometry (see Fig. 1), an indivisible periodic
pattern, called “unit cell”, can be extracted. The idealized unit cell
is represented in Fig. 3. In the homogenization theory [9], the unit
cell plays the role of the “Representative Elementary Volume”
(REV) because the porous medium is structured in a regular pat-
tern. More details are given below on how this theory is used to
predict a porous material’s acoustic behavior.

2.3. Manufacturing geometry inherent defects

The printed samples were analyzed by means of both optical
microscope and scanning electron microscope (SEM) in order to
identify the different possible manufacturing geometrical defects.
The optical microscope has a 64 x zoom and is equipped with a dig-
ital camera for the acquisition of images. The SEM produces 2D
images of the sample’s surface (i.e., the depth of surface irregular-
ities cannot be assessed). The accuracy of SEM enables distinguish-
ing details smaller than 1 pm. Samples were not coated since their
conductivity was high enough to obtain high-quality images. Three
types of defects were identified.

2.3.1. Filament elliptical section

Fig. 4 shows an image obtained from the optical microscope of a
manually sliced sample. The image reveals two important observa-
tions. First, the filament section is not perfectly circular but rather
elliptical with an horizontal major axis. The flattening of the micro-
rods depends on the printing parameters. In our case, the minor
axis represents in average 92% of the major axis; this leads to
filament width equal to the nozzle diameter in the horizontal

" / K

600 um

X y
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Fig. 3. Idealized Representative Elementary Volume. a) Solid phase b) Fluide phase.
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Fig. 4. Microscopic image of a micro-lattice cross section. Dimensions in
micrometers.

direction (400 pm) and 92% of the nozzle diameter (368 pm) in the
vertical direction. This defect does not depend on the lattice con-
stant. The second important observation is that the spacing
between two consecutive orthogonal layers is respected and is
equal to 300 pm.

2.3.2. Filament section shrinkage

Due to the extrusion process, the filaments are subjected to sec-
tion shrinkage. The filament is extruded by the printer then pulled
by the nozzle before touching a rod from the previous layer. The
shrinkage between two junctions is clearly visible as shown in
Fig. 5: the section of the filaments decreases between two consec-
utive junctions in the direction of the material deposition. Fig. 5
shows that the widths D1 and D1’ are smaller than D2 and D2’,
respectively. Empirical relations are derived to describe the mini-
mum filament width (MFW) and the distance between the MFW
position and the filament’s junction with the previous orthogonal
layer (MFWP). MFW and MFWP are given in micrometers, as a
function of the filament step A and nozzle diameter D, in
micrometers

287D,A + 1.414 x 10°
D.A + 3391 ’
MFWP = D,,(0.84 — 1),

MFW =

Ac[2:11], (2)
Ae[1.511]. 3)

In Fig. 5, D1 is a measurement of the MFW at the MFWP. These rela-
tions are used in Section IV-A to account for this manufacturing
defect in the simulations. They are derived based on the microscope
measurement of 10 samples with A varying between 1.5 and 11. The
measurement of MFW is only satisfactory when A is higher than 2.
Below value of lattice constant, the shrinkage is too small to be cor-
rectly measured.

2.3.3. Filament micro-grooves

The bright lines appearing on the microscopic images of micro-
lattices (see Fig. 5) draw attention to nano-scale defects. The
surface of the rods is not perfectly smooth. Fig. 6 shows the
image of a SEM analysis revealing impurities scattered all over
the filament surface. Moreover, many micro-grooves are clearly
identifiable. These grooves are aligned with the filament direction.

Fig. 5. Microscopic images of two micro-lattices having different lattice constant,
top view. ED arrows indicate the extrusion direction. Dimensions in micrometers.

100pm JEOL
X 230 1.00kV LEI M

WD 24.7mm

Fig. 6. SEM image of the micro-lattice, plane vue. The circle indicates an impurity
and the arrow indicates a micro-groove.

Their width ranges between 5 and 20 pm. However, their exact dis-
tribution and depth could not be assessed from the SEM images. A
cross-sectional view would not reveal more details of these
grooves. In fact, slicing the sample always has the detrimental
effect of damaging the cross-section surface of the filament. A sim-
ple explanation for the grooves origin would be that the printer
nozzle’s inner surface is not smooth. As a consequence, this defect
might be specific to the printer nozzle and its state of wear.

FDM 3D printer nozzles are mainly made of brass, stainless and
hardened steel or special materials such as ruby. The resistance to
abrasion can differ from one material to another. Thus, the type
and wear speed of a nozzle depend on both its constitutive mate-
rial and the nature of the extruded material (PLA, Nylon...). The
manufacturing technique of a nozzle also depends on the manufac-
turer. Among others, the shape of the hole of a brand-new nozzle
depends on the drilling technique and on the type of post-
drilling coating applied. Fig. 7 presents microscopic images of
two new nozzles made by the same manufacturer. They are made
of brass. In addition, the nozzle with a 200 pum diameter hole (Fig. 7
(c) and (d)) is plated with a nickel composite. The hole of the
200 pm nozzle is closer to a circle and has less imperfections than
the other nozzle. This comparison does not benchmark manufac-
turers, materials or nozzle diameter but illustrates that using dif-
ferent nozzles certainly changes the nature of the defects of 3D
printed micro-lattices.

S

5

Fig. 7. Microscopic images of FDM 3D printer nozzles. a) and b) New, 400 pm
diameter nozzle made from brass. c¢) and d) New, 200 pm diameter nozzle made
from a 360 brass base material and plated with TwinClad XT coating. Red dashed
circles are shown as reference. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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3. Acoustic simulation and experimental characterization
3.1. Modeling procedure

In order to assess the impact of each defect separately, a mod-
eling procedure is implemented. It considers the acoustic wave
propagation in homogeneous and multilayer porous media as a
function of microscopic parameters computed by a numerical
method.

3.1.1. Acoustic model for porous media

The energy of acoustic waves penetrating a porous medium is
dissipated mainly through the interaction of the wave between
the frame and the pore saturating fluid (in our case air) resulting
in viscous and thermal losses. If the skeleton is sufficiently dense
and rigid, it can be decoupled from the air. Then, the porous med-
ium can be considered as an equivalent fluid characterized by its
complex and frequency dependent effective bulk modulus K,
and density p,,. The properties of the equivalent fluid depend on
the micro-structure of the porous medium and govern its acoustic
behavior [18]. There are three options to predict the properties of a
porous medium'’s equivalent fluid. The first one consists in using
empirical laws correlating a few parameters [18]. However, these
laws only apply to small ranges of materials, similar to each other.
The second option can be applied if the porous medium is made of
aligned, non-crossing cylindrical micro-rods [4]. For this precise
case, an analytical solution has been derived for porosity larger
than 0.7, from a semi-phenomenological approach [18]. This kind
of model is not limited to a few applications, but it requires more
parameters than empirical or analytical laws. This is the case for
the JCAL model [16] that provides the expression of the density
and bulk modulus of the porous material as follows

Peg(®) = %a(w), (4)
p_ 1\ -1
Kalo) =200 (3= 225) s

where o is the angular frequency, p, the density of the saturating
fluid, i.e., the air medium, P, the static pressure, y the specific heat
ratio, ¢ the porous material porosity, o(w) its dynamic tortuosity,
and o'(w) its thermal tortuosity. The two latter are defined as

B iv ¢ iw (20,4, 2
oc(w)focoo—aq—o 7( d’/\)’ (6)
SR io /2q,\?
o) =10 51457 (2% )

where v = 11/p, is the kinematic viscosity of the saturating fluid, 1
its dynamic viscosity, v' = v/Pr, Pr the Prandtl number, o, the por-
ous material geometrical tortuosity, A its viscous characteristic
length, A’ its thermal characteristic length, g, its visco-static perme-
ability and q; its thermo-static permeability.

Once the equivalent fluid parameters are known, the acoustic
behavior of the considered porous medium can be predicted. The
equivalent fluid wave number k., and characteristic impedance
Z,q take the forms

— o, |Pea
keq =w I(eq7 (8)
Z‘?q =/ pquf?Q' 9)

The acoustic behavior of a porous medium is then described by its
six JCAL parameters: ¢, 0., A, A’,q, and .

3.1.2. Transfer Matrix Method

The Transfer Matrix Method (TMM) is a well-known method
used to predict the acoustic behavior of a monolayer or multilayer
sound absorber [18]. In section V, absorption coefficients of mono-
layer and multilayer sound absorbers are predicted by the TMM.
The transfer matrix of a porous layer is expressed in terms of its
thickness, equivalent fluid wave number and characteristic impe-
dance. The total transfer matrix of a multilayer is the product of
the layers’ matrices and leads to the surface impedance Z; of the
multilayer. The sound absorption coefficient .4 of a monolayer or
a multilayer can be calculated by

Zs — 7y
ZS -‘rZ[)

2

A=1- : (10)

where Z, is the acoustic impedance of the air. As stated above, the
porous samples are framed by a thin solid circular wall. Its effect is
considered by correcting the surface impedance by the ratio
Ssample/Sporous [18]. In Eq. (10), Z; must be replaced by Z;. defined as

7, — z,Ssamle. (11)

porous

The radiation effect of the solid wall is negligible.

3.1.3. Porous media: Multi-scale Asymptotic Method

In this work MAM [9] is used to numerically evaluate the JCAL
parameters of a porous material made from the idealized REV. This
method solves fundamental equations in the REV’s fluid domain
and then computes the JCAL parameters. The MAM can be imple-
mented in a Finite Element Method (FEM) code from which the
JCAL parameters are computed for any open-cell provided that
the scales separation [10] is respected. It is a well suited method
for the numerical evaluation of micro-geometry defects because
the defects can be controlled and considered separately or
simultaneously.

The MAM is implemented in the commercial FEM software
Comsol Multiphysics. Three problems, Eqs. (12)-(14) are solved in
order to retrieve the six JCAL parameters defining the porous med-
ium’s equivalent fluid when the pressure wave travels in the z
direction (Fig. 3). The thermal problem equation, taking the limit
in w — 0, reads

div(grad(¢°)) = -1,
0° =0 on Ty, (12)
0° Q — periodic,

where 6° plays the role of the temperature field, T'; is the fluid solid

interface and Q the REV. The visco-inertial problem, taking the limit
inw —0,is

div(grad(k®)) =2 — 1,

K2

2o

k=0 on Iy, (13)
<52>Q :Oa

K2andz’Q — periodic,

where (-),, is the REV averaging. The visco-inertial problem, taking
the limit in w — oo, becomes

iwpg 00 _ 9
n kz - oz 1

ok _
oz

kX -n=0on I, (14)
(&)e=0,

k> and &° Q — periodic,



J. Boulvert et al./Applied Acoustics 164 (2020) 107244 5

where n is the solid surface outer normal vector. In Egs. (13) and
(14) k, plays the role of the z component of the velocity field and
&, of its associated pressure.

The JCAL parameters are obtained by integrating the solution
fields of these equations, over the fluid domain Q or fluid-solid
interface I';. They are expressed as

f doy B s 1

d’ j a0 Qoo = ¢< - H> )
K-k doy oy
A =257 A= f“' :
f I kX dry f dry,”’

fg 0doy
= kY., ¢, =
o (k2)a, o ‘fgfdgf

3.2. Acoustic experimental characterization

The acoustic impact of the geometry defects can be assessed
numerically by means of the MAM. As a complement to this
numerical approach, the samples are also characterized by using
experimental acoustic techniques.

3.2.1. Acoustic direct characterization

The acoustic scattering parameters of the samples are measured
using a 30 mm diameter impedance tube following the
ASTME1050 and ISO 10534-2 standards. The two-microphones
technique with hard backing configuration is used for the absorp-
tion coefficient measurement. The data required for the inverse
characterizations (see below) are obtained using the four-
microphones technique with an anechoic termination. The mea-
surements are made between 500 Hz and 6000 Hz.

Homogeneous samples are tested in both direct and reverse ori-
entations to make sure they are symmetric and thus, most likely
homogeneous. Each sample is measured three times in both orien-
tations. For each measurement, the sample is removed and
installed again in the tube. The absorption curves are always super-
imposed, regardless of the measurement orientation.

3.2.2. Acoustic inverse characterization

While the MAM can be used to compute the JCAL parameters
from a REV description, the measured reflection and transmission
coefficients of an homogeneous porous layer can also be used to
recover its JCAL parameters. Diverse methods have been discussed
in the literature; in the present work, the inverse method proposed
by Niskanen et al. [17] is used. To perform the procedure, a sample
is tested in a four-microphones impedance tube to measure the
reflection coefficient on both sides along with the transmission
coefficient. During the inversion, the JCAL parameters are bounded
to realistic values (eg. ¢ € [0;1]) and forced to respect the natural
physical conditions A < A" and g, < q. In some cases, the reflec-
tion and transmission coefficients are strongly correlated to a sub-
set of JCAL parameters while the other parameters have a small
impact. Therefore, precise inverse characterization of the JCAL
parameters is complicated. Adjusting parameters bounds to
account for their prior knowledge, obtained from the numerical
model, limits the field of inverse characterization research and
leads to more accurate values. This way, the retrieved JCAL param-
eters follow realistic trends, as a function of filament spacing.

4. Effect of manufacturing defects on the JCAL parameters:
numerical evaluation

Three types of defects inherent to additive manufacturing been
identified. It is suspected that their impact on the acoustic

response depends on the spacing of the rods. In this section, their
impact is numerically studied for the range of A € [1.2;25].

4.1. Elliptical section and section shrinkage

The impact of the elliptical section and shrinkage of the fila-
ments are analyzed in this section by modifying the idealized
REV. The micro-lattice composed of 400 pm perfectly cylindrical
rods is taken as a reference. The considered elliptical section has
a 368 um vertical minor axis and a 400 pm horizontal major axis.
The geometry of the shrinkage is described by Egs. (2) and (3).
Fig. 8(a) shows the meshed REV used in these calculations. An
example of the visco-static MAM field is given in Fig. 8(b) and (c)
for the case of perfectly cylindrical and elliptical rods, respectively.
This field is used to compute the viscous permeability q,.

The section shrinkage is negligible when A is lower than 2 and is
then not accounted for in the unit cell. The impacts of the defects
are summarized in Table 1 with the following main findings:

o the elliptical filament section significantly increases the poros-
ity ¢ and permeabilities q, and q; when the filaments are very
close to each other, and slightly increases the thermal length A’.

0
Incident wave direction

~

Fig. 8. 3D micro-lattice MAM visco-static simulation with A = 1.2. a) Unit cell. b)
Velocity field component in incident wave direction, with cylindrical rods. c)
Velocity field component in incident wave direction, with elliptical rods. The
vertical minor axis is equal to 92% of the horizontal major axis.

Table 1

JCAL parameters relative difference (%) with respect to perfectly cylindrical rods. Data
obtained from FEM numerical simulations. A positive value indicates that the
corresponding defect increases the considered JCAL parameter, and vice versa.

Defect A ¢ Oloe A A do 9
1.2 15 2 0 5 19 22

Elliptic 10 1 0 0 4 3 1
25 0 0 0 4 2 0

Shrinkage 10 1 0 1 9 4 5
25 1 1 0 12 2 2

Elliptic 1.2 15 2 0 5 19 21
and 10 2 0 1 13 5 6
Shrinkage 25 1 0 0 17 2 3
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Fig. 8(b) and (c) show that the volume occupied by the fila-
ments is slightly smaller when their section is elliptical. More-
over, looking at the color map, the velocity field component in
incident wave direction surrounding the cylindrical rods seems
higher than the one surrounding the elliptical rods. Both obser-
vations are coherent with the fact that the porosity and viscous
permeability are higher when considering elliptical filaments;
the filament section shrinkage increases the thermal length A’
when the filaments are far from each other and therefore the
shrinkage is strong (see Eq. (2));

the combination of both defects results in a significant increase
of the porosity ¢ and permeabilities q, and gq; when the fila-
ments are very close to each other. Moreover, an increase of
the thermal length A’ is achieved when the filament spacing
is large.

4.2. Micro grooves

In order to study the effect of the presence of the micro grooves
on the acoustic parameters, a simple 2D model is developed. The
grooves are not implemented in a 3D model because of exception-
ally long computation time related to the necessary fine mesh size
of the grooves. The REV for the 2D case is shown in Fig. 9(a). In real-
ity, the distribution of grooves seems random and their depth
could not be measured precisely. Here, we consider rods of diam-
eter D equally spaced by a distance D x A in which periodic grooves
are added to the rods surface (see Fig. 9(b) and (c)). As many arbi-
trary choices and simplifications are made, the aim of this simula-
tion is to assess the general physical trend. Note that fillets at the
corners of the grooves are required to respect MAM surfaces con-
ditions, and thus avoid any singularity in the resolution of the
high-frequency limit of the visco-inertial problem, Eq. (14).

Fig. 9 shows the dimensions of the geometry, the converged
mesh and the visco-inertial MAM velocity field. The latter is used
to compute the viscous length A. On the one hand, the porosity
¢, tortuosity o, viscous q, and thermal g, permeabilities are not
affected by the grooves, or very little when A is close to 1.2. Then,
their relative variations are 5%, 1%, 4% and 4% respectively. On the

Incident wave
direction 6

DA
R20 b) y )
‘ v
3
5 )
m |
o~
)
S )
£

Fig. 9. Grooved filament 2D MAM simulation. a) Unit cell and visco-inertial,
 — oo, MAM velocity field. b) Grooves geometry and mesh. c) Visco-inertial,
 — oo, MAM velocity field detail. All dimensions are in microns.

other hand, the characteristic lengths A and A" are impacted by the
grooves. A is reduced by 16% while A’ is reduced by 26%. These
variations are constant except when A is close to 1.2. The variation
of A" was expected as it is defined by the ratio of the fluid volume
over the fluid-skeleton surface [18]. Thus, the presence of grooves
leads to the variation of the fluid-skeleton surface without chang-
ing the fluid volume, except when the rods are very close to each
other and the porosity is affected by the grooves. The JCAL param-
eters variations with respect to the idealized REV are summarized
in Table 2.

5. Effect of Manufacturing defects on the JCAL parameters:
experimental evaluation

The defects inherent to additive manufacturing have been
numerically studied. In this section, their impact is experimentally
studied for the range of A € [1.4;6.7], along with that of potentially
non identified defects.

5.1. Experimentally corrected model

Seven homogeneous samples are used to obtain the experimen-
tally corrected model describing the variation of the JCAL parame-
ters with respect to the infill factor, IF, and thus to the normalized
lattice parameter A. The printer nozzle diameter is D, = 400 pum. IF
takes the values {15, 22, 30, 40, 50, 60, 70}% (i.e., A € [1.43;6.67]).
Homogeneous samples with either significantly larger or smaller
values for A have a low absorption coefficient which complicates
their inverse characterization. Such samples are of low practical
interest for noise control applications.

For each sample, an inverse characterization is performed in
order to retrieve the JCAL parameters from experiments. The JCAL
parameter bounds are set around the FEM values of the unit cell
with elliptical rods section and no shrinkage. The grooves should
significantly reduce the characteristic lengths while the filaments
shrinkage should affect porosity, thermal length and permeabili-
ties. During the inverse characterization process, the characteristic
lengths can vary between 1.1 and 1/3 times the unit cell values.
The porosity ¢ and tortuosity ., could vary between £0.1 of the
unit cell value, and permeabilities q, and q; are ranged between
3 and 1/3 time the values of the unit cell.

Inverse characterization of the homogeneous samples leads to
the JCAL parameters corresponding to certain infill factors. To
obtain a complete parametric model linking the JCAL parameters
to the infill factor, piece-wise cubic interpolations (Matlab, cubicin-
terp) of the data was processed for the seven homogeneous sam-
ples. Simple analytic expressions of the variation of the JCAL
parameters with respect to the infill factor could not be derived
without important loss of accuracy.

Fig. 10 presents the parametric model of the JCAL parameters
with respect to the infill factor. The values obtained during inverse
characterization and the interpolated curves defining the experi-
mentally corrected JCAL parameters model are shown along with
the values for the idealized REV and the authorized research scope.

Table 2

JCAL parameters relative difference (%) of grooved rods with respect to perfectly
circular rods. Data obtained from 2D numerical simulations. A positive value indicates
that the corresponding defect increases the considered JCAL parameter, and vice
versa.

Defect A b oo A A qo qp
1.2 5 1 -14 -24 4 4

Grooves 10 0 0 -16 —26 0 0
25 0 0 -16 —26 0 0
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- - - Inverse characterization bounds
+ Inverse characterization
09F < — Idealized REV
~ — Corrected model

60 70

Viscous Length (m)
Thermal Length (m)

Viscous Permeability (n?)

Thermal Permeability (m®)

20 60 70 20

60 70

30 40 50 30 40 50
Infill Factor (%) Infill Factor (%)

Fig. 10. JCAL parametric model with respect to the infill factor, considering
idealized REV (blue line), from inverse characterization of homogeneous samples
(red line). The green dashed lines indicates the authorized research scope during
inverse characterization. The black markers spot the inverse characterization
values. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

The trends of the experimental JCAL parameters with respect to
the infill factor are similar to those considering idealized REV. In
details, it can be noted that:

e The values of the porosity obtained experimentally are higher
than those obtained numerically using the idealized REV. The
difference is more marked when the infill factor is high, i.e.,
the lattice constant is low. It is 27% higher for IF = 70%. This
effect was already observed during the numerical study.

The tortuosity is fairly well predicted numerically considering
the idealized REV, which is in accordance with the simulations
of the defects. The biggest shift is observed for IF = 40% where
the experimentally retrieved tortuosity is only 0.06 higher than
that of the idealized REV. Such difference of tortuosity has only
a small impact on the acoustic response of a porous material.
e The experimental characteristic lengths are lower than those
obtained numerically considering the idealized REV. The vis-
cous length is on average 30% lower experimentally and the
shift is almost constant. A near constant down-shift was numer-
ically predicted and is due to the presence of grooves on the fil-
aments surface.

The experimental thermal length is close to the one obtained
numerical considering idealized REV for medium and high infill
factors, i.e.,, medium and low lattice constants. Moreover, for
IF = 15%, the experimental one is 40% lower. The simulations
of the defects suggest that the down-shifting of the thermal
length caused by the presence of grooves on the filaments sur-
face may be partially compensated by elliptical and shrinked fil-
ament section for high lattice constant; which is not the case
however.

The permeabilities were predicted to be higher in presence of
defects, especially for low lattice constant. This forecast is
experimentally confirmed. For IF = 70% the experimental vis-
cous permeability is 15% higher than the one numerically pre-
dicted considering an idealized REV and the thermal
permeability is 3 times higher. However, for high lattice con-

stant, the trend is inverted. For IF = 15% both experimental per-
meabilities are 45% lower. It is worth noting that any
permeability higher than ~2-10% m? will give overlaid
absorption curves, providing all other JCAL parameters are kept
constant. Thus, the permeabilities obtained from inverse char-
acterization of the high lattice constant samples (IF < 30%)
should be viewed with caution.

For illustration, the JCAL parameters of two homogeneous samples
used for the inversion process (IF = 50%, i.e., A =2 and IF = 30%,
i.e.,, A=3.33) are summarized in Table 3 considering the values
from idealized micro-structure simulation, and in Table 4 consider-
ing values from inverse characterization. The absorption coeffi-
cients of these samples are presented in Fig. 11. As described in
Ref. [14], the measured absorption coefficient is up to 0.1 higher
than the coefficient simulated considering idealized micro-
structure. Both curves follow the same trend. Still, the disparity
between measured and simulated absorption coefficients is not
the unique consequence of acoustic measurement imprecision. It
is evidenced that the measured acoustic absorption coefficients
of homogeneous samples do not match the simulations with ideal-
ized micro-structure, and it is clear that the printed geometry dif-
fers from the idealized simulated one, which causes important
acoustic discrepancies.

Finally, the inverse characterization gives very satisfactory
results for three reasons. First, the JCAL parameters retrieved from
inverse characterization follow realistic monotonic trends (Fig. 10).
Second, the shifting of the JCAL parameters due to the presence of

Table 3
JCAL parameters of homogeneous samples, numerically computed considering the
idealized REV. D = 400 pum.

A ¢ Ooo  A(um) A (um)  gy(10°° m?) g (10°° m?)
2 051 128 217 252 2.89 4.05
333 071 116 447 515 20.0 23.7
Table 4

JCAL parameters of homogeneous samples, from inverse characterization.
D, =400 pm.

IF(%) ¢ %o A(pm)  A'(um) gy (10°m?)  g,(10°m?)
50 056 129 145 216 245 5.02
30 072 118 358 393 10.3 15.7

Sample 1: Measurement
©  Sample 1: Idealized REV
0.8F Sample 1: Inverse characterization
<= 0.
g Sample 1: Corrected model
'S
=
o 0.61
o
S
=
S
B 0.4
=]
@
"2 = = = Sample 2: Measurement
0.2 ol A Sample 2: Idealized REV 1
PN = = = Sample 2: Inverse characterization
ay = = = Sample 2: Corrected model
0 . .

1000 2000 3000 4000 5000 6000
Frequency (Hz)

Fig. 11. Hard backed absorption coefficient measured (black lines), simulated
considering the idealized geometry (markers), obtained from inverse charcateriza-
tion (green lines) and from the corrected model (red) of two homogeneous samples.
Sample 1: IF = 50%, i.e., A = 2. Sample 2: IF = 30%, i.e., A = 3.33. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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defects is oriented in the same direction numerically and experi-
mentally. Third, the obtained absorption curves are almost per-
fectly overlaid to the measurement curves, when considering the
JCAL parameters either from inverse characterization or from the
corrected parametric model (Fig. 11).

5.2. Validation

To validate the corrected predictive model, one bi-layers
(IF =[60,30)%, ie., A=][1.67,3.33]), one three-layers (IF=
[44,55,33]1%, ie., A=[2.27,1.82,3.03]) and one six-layers
(IF = [15,25,35,45,55,65|%, i.e., A=[6.67,4.00,2.86,2.22,1.82,
1.54]) samples were printed and simulated by the TMM. It should
be noted that some of the considered multilayers IF do not belong
to the set of homogeneous samples IF used for the inverse
characterization.

Each sample was printed in one step. Fig. 12 presents the
absorption coefficient measured and predicted on both sides of

a) 1
- 0.8F
=
2
2
B 0.6f
3
=
2
‘é 0.4f
=] %
S “"A’ A ®o00000°
< 0.2 ‘afA —— Measurement, front = = Measurement, back
2A o Idealized REV, front A Idealized REV, back
—— Corrected model, front = = Corrected model, back
0 L L L L A
1000 2000 3000 4000 5000 6000
Frequency (Hz)
b) 4 ‘ ; ; : ;
IF (%)
= 0.8F H>[44 .33
§
5 0.6} 2'2.. o
bl N
= s
2
£.04 ]
2
S
<

0.2

1000 2000 3000 4000 5000 6000
Frequency (Hz)

Absorption coefficient

1000 2000 3000 4000 5000 6000
Frequency (Hz)

Fig. 12. Hard backed absorption coefficient of 30 mm thick multilayers,
D, = 400 pm, samples, measured (black lines) and simulated without considering
the defects (blue marks) and simulated by the experimentally corrected model (red
lines) on both sides. a) IF=[60,30]% b) IF=[44,55,33]%. «¢)
IF = [15,25,35,45,55,65]%. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Sample parameters

3D Printing

analysis unit cell
Simulated

JCAL parameters

Experimentally

Acoustic H Inverse Measured . corrected
Characterization Characterization JCAL parameters JCAL parameters
l model

Measured absorption

A t . .
Simulated absorption 47

Fig. 13. Routine diagram. Following the black lines leads to experimentally
corrected JCAL parameters variation with respect to the considered sample
parameter. Green lines indicate how to confirm the accuracy of the corrected
model. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

the multilayer samples. The bi-layer sample is composed of two
15 mm thick layers, the three-layers sample is composed of three
10 mm thick layers and the six-layers sample is composed of six
5 mm thick layers. It can be observed that the model considering
idealized REV do not fit well the measured absorption coefficients
while the experimentally corrected model, (Fig. 10), is in very good
agreement with the experimental values.

5.3. Accurate JCAL parametric model routine

The approach to account for the impact of the geometry defects
is summarized in Fig. 13. It can be applied to other porous materi-
als and to other manufacturing techniques. It consists in simulating
the JCAL parameters of the unit cell using the MAM. Experimental
geometric and acoustic measurements, including inverse charac-
terization of homogeneous samples, provide the parametric model.
Defects that can be simply and accurately described, such as ellip-
tical section or filament section shrinkage, can be accounted for in
the definition of the unit cell, while complicated or random defects
such as grooves are considered by tuning the equivalent fluid para-
metric model. Prior knowledge of the parameters scopes simplifies
the experimental retrieval of realistic JCAL parameters values.

TMM with the corrected model is applied to multilayered sam-
ples and compared to experimental results in order to validate the
routine.

6. Conclusion

In this work, the discrepancies between an idealized micro-
lattice and its actual geometry have been discussed. Considering
a simple model enables a rough prediction of the acoustic behavior.
However, neglecting the micro-geometric defects such as elliptical
section, section shrinkage or micro-grooves reduces the accuracy
of the model. The effect of each defect has been detailed in terms
of JCAL parameters. Some of them depend on the filament spacing,
especially when the spacing is very small. An experimental fitting
routine based on prior knowledge of the parameters scopes can
easily be performed to best fit with the experimental values of
the sound absorption measurements. The very good experimental
agreement with the corrected model pave the way to optimally
graded porous material [19].

This work focused on FDM 3D printed micro-lattices. Yet,
micro-geometric defects are not exclusive to this kind of porous
material or this additive manufacturing technique in particular.
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The routine leading to an accurate model can be applied to other
porous materials made by other 3D printing processes such as
stereolithography or selective laser melting.

Moreover, micro-geometric defects are most probably device-
dependent. In other words, two synchronized printers of the same
model, might not manufacture samples having the same acoustic
parameters. In a similar fashion, the micro-geometric defects
might be dependent on device wear.
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