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Abstract
The purpose of this work is to present and investigate the concept of adaptive sound absorbers, that is,
periodic porous media with modifiable micro-geometry, so that their ability of sound absorption or insulation
can be changed in various frequency ranges. To demonstrate this concept, a simple periodic porous micro-
geometry with small bearing balls inside pores is proposed. By a simple positioning of the periodic porous
sample the gravity force is used for the small balls to close some of the windows linking the pores, changing
in that way the flow path inside pores, which entails significant modifications of the relevant parameters of
permeability and tortuosity. Also the viscous characteristic length is changed, while the porosity as well as
the thermal characteristic length remain unchanged. Nevertheless, such significant changes of some crucial
transport parameters strongly affect the overall acoustic wave propagation in the porous medium. All this is
studied using an advanced dual-scale modelling as well as experimental testing of 3D-printed specimens.

1 Introduction

Porous materials are widely recognized as effective acoustic insulators. They owe their acoustic damping
properties to a specific internal structure and to the presence of voids (pores) in particular. Geometry of voids
and their spatial distribution are considered to be one of the main determinants of the acoustic performance
of porous materials. Such a correspondence between the internal constitution and the acoustic characteris-
tics opens up the possibility of designing structure with a required acoustic behaviour. This observation in
conjunction with the idea of controlling micro-flow paths inside porous medium led to the concept of an
adaptive sound absorber demonstrated in this work. Since with the advent and development of the additive
manufacturing technologies the issue of fabricating porous materials with a definite microstructure became
technically feasible, a simple demonstrator could be fabricated to illustrate potential behind the idea of the
aforementioned adaptive absorber.

In principle, the proposed adaptive demonstrator is 3D-printed, however, during fabrication, some large
pores of its open-cell periodic microstructure are used to trap steel bearing balls which would play the role of
adaptive valves controlling the character of airflow on the micro-scale inside the interconnected voids (and
between the large pores, in particular). From the macroscopic perspective, the flow in porous media depends
on the so-called transport parameters, which are also strongly related to the propagation and absorption of
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acoustic waves. The steel balls can change their position inside pores thanks to the gravity or inertial forces,
and modify – in that way – the flow and relevant transport parameters, and as a consequence – the sound
absorption of porous medium. Thus, loading the 3D-printed pores with the steel balls was found to be a
simple yet effective way to furnish the porous material with a rudimentary adaptation mechanism.

This kind of adaptive sound absorbers can be used, for example, in acoustic treatments of engines in aircraft
or vehicles. Usually, the engine noise and its predominant frequencies are related to the speed and accel-
eration: typically, a higher frequency noise is produced during the acceleration and at higher speeds. The
character of noise at various speed and acceleration conditions can be precisely determined during acousti-
cal testing of engines by applying signal analyses to the measured data. In an adaptive sound insulator the
acceleration forces may be used to switch the valve balls into the position which adapts the sound absorb-
ing/insulating properties of material to better comply with the expected noise conditions. For the investigated
demonstrator, the gravity is used for this purpose.

In this work, the adaptive sound absorbing porous material as well as its non-adaptive preceding version are
modelled according to the so-called equivalent-fluid approach for porous media with rigid frame [1], and
using an advanced model with 8 transport parameters related to the micro-geometry of solid and 5 additional
parameters of visco-thermal pore-fluid. The latter are some well-known parameters of air, while the trans-
port parameters are calculated for the designed materials from their periodic microstructure. Currently, this
approach is well established and has been successfully applied for various sound absorbing media, namely:
granular materials [2–4], open-cell aluminium foams [5, 6], perforated closed-cell metallic foams [7], ce-
ramic foams with spherical pores [8], polymeric foams [9–13], double-porosity foams [14], syntactic hybrid
foams (i.e., open cell polyurethane foams with embedded hollow microbeads) [15], 3D-printed foams [16],
and fibrous materials [17–20]. For the proposed demonstrator of adaptive porous material, the transport
parameters must be computed for for each case related to a particular adaptation position.

When the microstructre-based parameters of materials are found, the wave propagation in the investigated
porous media (or rather, in the homogenised effective fluids equivalent to them) can be determined on the
macro-scale level using the Helmholtz equation of time-harmonic acoustics. Relevant macroscopic finite
element solutions and also some analytical predictions allow to evaluate the sound absorption for a few
configurations, in particular, for the designed adaptive porous absorber in two extreme adaptation states.

The investigation scheme presented above is realised in the paper as follows. The designed periodic micro-
geometry of the adaptive sound absorbing porous material is described in Section 2.1, whereas the manufac-
turing of adaptive demonstrator and other necessary samples is explained in Section 2.2. Section 3 presents
the results of all microstructure-based calculations, while the macroscopic analyses are discussed in Sec-
tion 4, where the final modelling results – in the form of acoustic absorption curves – are presented and
confronted with the corresponding measurements of the adaptive demonstrator as well as other samples.

2 Design and manufacturing of an adaptive sound absorber

2.1 Design of periodic micro-geometry

Figure 1 shows the proposed periodic micro-geometry of an adaptive sound absorbing material. Notice that
the fluid domain of pores is depicted here, instead of the solid skeleton. The periodic porosity of such an
adaptive sound absorber can be represented by a single periodic cell visualised in Figure 1. The porous cell
is cubic and its micro-geometry of voids contains:

• a single large pore in the cell centre,

• 8 one-eights of small pores in the cell corners,

• 6 wide cylindrical channels (2 vertical and 4 horizontal ones) to link the large pore with its counterparts
in the neighbouring cells,
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(a) (b) (c)

Figure 1: The geometry of porosity: (a) a fragment of periodic fluid domain (i.e., voids filled with air) with
a single representative cubic cell distinguished in blue; (b) the designed (original) geometry of voids in a
single cell, and (c) the transparent “actual” (updated) geometry of voids in the periodic cubic cell with a
sphere (steel ball) inside the main pore

Void type Diameters [mm]
(designed) (“actual”)

large pore 4.6 4.4
small pore 2.0 1.8

wide channel 1.6 1.4
narrow channel 1.0 0.8

Table 1: Diameters of pores and channels in the porous periodic cube of size 5 mm

• 8 oblique narrow cylindrical channels linking the large central pore with the small corner ones.

The porous cubic cell is obviously scalable. The budget 3D-printing technology used for this research per-
mitted for fabrication of samples with rather large cells of 5mm in size. Table 1 shows the diameter values
for pores and channels in the cell of such a size. Two slightly different values are listed for each diameter:

1. the designed original value from the CAD model used for 3D-printing, see Figure 1(b),

2. the “actual” value valid for the updated model used for numerical calculations, see Figure 1(c) where
a 2.5mm steel ball inside the large pore is also visualised.

In the “actual” configuration, the steel ball centre is set 1mm below the centre of large pore, which means
that a narrow slit is left between the ball and the edge of the wide channel below. This thin regular aperture
simulates the effect of tiny openings which exist in the contact between the smooth steel ball and the rough
3D-printed edge of the channel. As a matter of fact, because of the roughness, the channel can be blocked
by the steel ball but not fully sealed.

2.2 Manufacturing of the adaptive sound-absorbing demonstrator

The sound-absorbing demonstrator was manufactured using a 3D-printing technology and steel bearing balls.
The FlashForge Creator Pro 3D Printer was used to fabricate all samples and also other useful elements,
see Figure 2, namely: a special tray device for precise placement of steel balls in a regular 6 × 6 array, see
Figure 2(b), and a square-to-circular-shape threaded adapter to replace a part of the impedance tube, see Fig-
ure 2(d). Many 3D-printing tests had been conducted before fabricating the final sound-absorbing samples.
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Figure 2: Porous samples and their manufacturing: (a) porous cylinder (with empty pores), (b) an original
technique for the placement of steel balls into the large pores (during 3D-printing), (c) porous cuboid (with
steel balls hidden inside large pores), (d) the porous cuboid sample inside the 3D-printed threaded adapter
being a replacement for a part of the impedance tube

These tests allowed to choose a proper material and many important 3D-printing parameters (e.g., temper-
atures) suitable for the designed micro-geometry. It was found that the actual sizes (diameters) of voids in
3D-printed probationary specimens were smaller (roughly by 0.2mm) than the corresponding original de-
sign values in the CAD model presented in Figure 1(b). Therefore, a corrected CAD micro-geometry was
generated as shown in Figure 1(c), with the “actual” values of all diameters, see Table 1; this CAD model
served in all numerical calculations.

Three final complete samples were 3D-printed based on the same porous micro-geometry: a cylinder with
diameter 29mm and height 60mm – see Figure 2(a), and two cuboids with a 38mm × 38mm square base,
and 65mm in height – see Figure 2(c). These samples differ in two main features: the macroscopic shape,
and the presence (or absence) of steel bearing balls inside the large pores.

The CAD geometry for the cylindrical sample was generated as a 6 × 6 × 12 array of the cubic periodic
cells shown in Figure 1, each cell 5mm in size, and so the porous cylinder was virtually cut out from the
30mm×30mm×60mm porous cuboid. The cylinder diameter of 29mm was chosen so that the 3D-printed
sample could be tightly fitted into the smooth metal impedance tube. The cylindrical shape means that all
lateral cubic cells of the sample are to some extent not complete, i.e., cut (in fact, some of them are nearly
gone), see Figure 2(a), and it is impossible to fit a full 2.5mm steel ball in most of these partially 3D-printed
cells. Therefore, the cylindrical sample was manufactured without steel balls.

The cuboid samples were 3D-printed as a 6× 6× 12 array of the 5mm cubic periodic cells surrounded with
additional solid walls: 4mm thick on lateral faces, and 5mm thick at the bottom, while the top face was left
open, see Figure 2(c). Therefore, the cuboid specimen is, in fact, composed of the 30mm× 30mm× 60mm
porous cuboid 3D-printed together with (and inside) the solid square tube closed at one end with a thick
termination wall; now, the cuboid sample sizes can be explained as follows: the base edge-lengths equal
38mm = 6 × 5mm (cell size) + 2 × 4mm (wall), while the height is 65mm = 12 × 5mm (cell size) +
5mm (bottom). One of the cuboid samples was simply 3D-printed – with all empty pores, the other was
manufactured so that each of its large pores contains a 2.5mm steel ball. To this end, 12 pausing commands
had been added to the 3D-printer code to pause the 3D-printing process successively at the specified heights
when the large pores of the current layer are still wide open (unfinished) so that a 2.5mm ball may be easily
dropped into each of them, and then, stay below the currently 3D-printed surface. The special tray device,
which was designed and 3D-printed for the purpose, see Figure 1(b), allowed for quick taking and precise
placement of 6 × 6 = 36 steel balls into the array of (not yet completed) large pores. Finally, a square-
to-circular-shape adapter was designed and 3D-printed, see Figure 2(d). The cylindrical part of the adapter
has a well-fitted inner thread which permits to link it tightly with the set-up of impedance tube. The square
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part matches the cuboid samples so that each of them can be very well fitted inside the adapter. In that way,
the adapter with a cuboid sample inside forms a replacement for one end of the metal impedance tube. Of
course, in this case, the plane waves propagating in the original metal impedance tube pass into the slightly
larger cuboid porous absorber, where the propagation becomes a little bit more complex, that is, it is no
longer ideally planar, and this effect must be taken into account during modelling.

3 Calculations of transport parameters from microstructure

Both sound-absorbing porous media, which were designed and fabricated as discussed above, that is, the one
with empty pores and the adaptive one with valve balls inside large pores, can be modelled as homogenised
equivalent fluids which means that the Helmholtz equation of time-harmonic acoustics is used to describe the
acoustic wave propagation in such media. Their effective properties (i.e., the frequency-dependent complex-
valued density, bulk modulus, and speed of sound) are computed from the Johnson-Champoux-Allard-Pride-
Lafarge (JCAPL) model [1, 21–25] for rigid-frame sound-absorbing porous media. This model requires 8
transport parameters (listed in Table 2), which can be calculated from porous microstructure [2–4,6,17]. The
porosity and thermal length are found directly from the micro-geometry, whereas the remaining parameters
require solution of three static problems: (1) the Stokes flow, (2) the Laplace problem, and (3) the Poisson
problem. The first problem describes a steady, viscous, incompressible flow through pores and channels of
the periodic representative cell, with no-slip boundary conditions on solid surfaces. The Laplace problem
simulates the electric conduction of a porous material with dielectric skeleton and conductive pore-fluid,
whereas the Poisson problem simulates the thermal transport in the fluid inside pores with isothermal bound-
ary conditions on solid surfaces. For all problems, the appropriate periodic boundary conditions are applied
on fluid boundaries lying on the faces of the cubic representative cell. Their solutions serve to determine the
relevant transport parameters using formulas involving averaging over the fluid domain.

The transport parameters were calculated for the updated (“actual”) micro-geometry of periodic cell with and
without the valve ball, see Table 2. When the valve balls are present the material properties can be adapted,
because the balls can be used to block some channels and, in that way, change the material (viscous) perme-
ability and tortuosity, as well as the viscous characteristic length and static viscous tortuosity. This approach
is very effective when the main transport direction is parallel to the blocked channels, since the flow is then
directed through auxiliary channels which are oblique and narrow. Therefore, two cases were considered for
the adaptive material with valve balls: (1) the horizontal direction, and (2) the vertical direction – referring
to the direction of the pressure gradient driving the viscous flow, or the unit external electric field for the
re-scaled conduction problem (i.e., the Laplace problem), assuming that the position of valve balls is at the
bottom of large pores. Figure 3 compares the character of viscous flows for both cases, and also for the ma-
terial without balls. In this latter case, however, adequately the same results are obtained for the horizontal
directions, since the cell without ball has full cubic symmetry.

Transport parameter Unit Without
valve balls

Horizontal
direction

Vertical
direction

(open) porosity % 44.92 38.38 38.38
viscous permeability 10−9 m2 13.56 11.69 2.172
thermal permeability 10−9 m2 128.9 48.98 48.98

(inertial) tortuosity – 1.981 1.856 2.483
static viscous tortuosity – 3.255 3.092 5.289
static thermal tortuosity – 1.607 1.649 1.649
viscous charact. length mm 0.627 0.575 0.231
thermal charact. length mm 1.227 0.863 0.863

Table 2: Transport parameters for the “actual” micro-geometry
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(a) [m2] (b) [m2] (c) [m2]

Figure 3: Viscous flow through the periodic cell: (a) with empty pores, and (b,c) with a sphere (valve ball)
inside the main pore, at the bottom of it; the pressure gradient driving the flow is in the horizontal (b) or
vertical (a,c) direction

The results presented in Table 2 confirm that the thermal parameters are non-directional (therefore, the same
for both direction cases), as obviously is the porosity. For the horizontal direction case, that is, when the
channel blocked by the valve ball is perpendicular to the main transport direction, the inertial tortusity and
all viscous parameters tend to be quite similar to the corresponding values obtained for the material without
valve balls (with differences in the range from 5% to 14%). For the vertical direction case, the viscous and
inertial tortuosities are significantly larger, while the viscous permeability and characteristic length are much
smaller than their counterparts computed for any of the two other cases.

4 Macroscopic analyses and experimental testing of the adaptive
sound absorber

Nine macroscopic analyses of sound propagation were carried out for the porous media discussed in the
previous Sections, that is, for the material without balls and for the adaptive material with valve balls in two
different positions with respect to the direction of wave propagation. Therefore, one may speak here, in fact,
about three porous media characterised by different sets of transport parameters (see Table 2), since from
that perspective the adaptive material is treated as two different porous media. Consequently, three analyses
were carried out for each of the three sets of transport parameters from Table 2, namely:

1. a one-dimensional analytical analysis of plane waves propagating in air and penetrating into a porous
medium at normal incidence to its surface (see, for example, [26] for complete analytical formulas for
single- and double-layer configurations),

2. a three-dimensional numerical analysis of a quarter of porous cylinder with an adjacent layer of air,
see Figure 4(a) for the corresponding finite-element mesh,

3. a three-dimensional numerical analysis of a quarter of porous cuboid with an adjacent quarter of cylin-
der of air, see the corresponding finite-element mesh in Figure 4(b).

The adjacent air domain is added in these models only to ensure the plane waves at the top surface (i.e., at
some distance above the porous cuboid), where the surface acoustic impedance is to be computed in order
to determine sound absorption. The height of air domain is 20mm, which equals to one-third of the height
of porous domains which is 60mm (that is, twelve 3D-printed periodic porous layers). The diameter of
cylinders is 29mm and the full width of cuboid is 30mm (which means 15mm for the quarter of cuboid).
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(a)

← air

← porous cylinder
(a meshed quarter)

(b)

← air

← porous cuboid
(a meshed quarter)

Figure 4: Finite-element meshes to model (a) cylindrical and (b) cuboid samples – only quarters of both
macro-geometries are presented and meshed (taking advantage of symmetries)

The wave propagation in the porous domains and in air were modelled using the Helmholtz equation (for the
porous media using also the JCAPL model). In the case of three-dimensional analyses the quarters of the
porous and air domains could be modelled with finite elements because of symmetry, see Figure 4. The sym-
metry is realised by applying the sound-hard boundary conditions on the lateral surfaces of symmetry. On all
other lateral surfaces and also on the bottom surfaces of porous domains in both macroscopic configurations
presented in Figure 4, the sound-hard boundary conditions are also applied to simulate the rigid wall termi-
nations. In the case of the porous cuboid this condition is also applied on the ‘external’ part of the top surface
(the ‘internal’ part forms the interface with the cylindrical air domain). In reality, the rigid wall terminations
are metal walls of the cylindrical impedance tube and its closing piston – in the case of the porous cylinder;
or they are also 3D-printed as inherent parts of the cuboid samples or as the square-to-circular-shape adapter
– in the case of the porous cuboid.

On the top surfaces of the cylindrical air domains in both macroscopic configurations shown in Figure 4, the
pressure boundary condition is applied to simulate the plane acoustic wave propagating into these systems.
In the case of the purely cylindrical system, i.e., the one with porous cylinder as in Figure 4(a), the wave
propagation is planar everywhere and the problem and all results are in fact unidimensional, that is, they are
constant on all quarter-circle cross-sections and their variations along the cylinder height should be the same
as the corresponding results obtained analytically. In fact, the main purpose of this numerical analysis was
to check the applied finite element modelling. The one-dimensional problem and the corresponding three-
dimensional cylindrical configuration simulate the plane wave propagation in the impedance tube with the
cylindrical porous sample (or, in a vast porous layer of the same thickness as the cylinder height) and their
solutions are practically the same as confirmed by the results presented further in Figures 5–8.

In the configuration with porous cuboid, see Figure 4(b), the wave propagation is more complex and to some
point three-dimensional (especially, close to the interface between the air and porous medium), although the
waves are still planar in the air domain away from the porous cuboid and they become planar again inside
the porous cuboid away from its top surface. This configuration serves to model the case where the plane
acoustic waves propagate in the cylindrical metal impedance tube and pass into the 3D-printed thick-walled
internally-porous cuboid absorber which terminates the tube.

When any of the harmonic wave propagation problems is solved, the surface acoustic impedance is computed
on the top surface of air domain, where the waves are plane – as they are in reality, in the impedance
tube (at least at some distance from the surface of porous cuboid absorber) and in particular at the two
microphones measuring the acoustic pressure at two specified positions inside the tube, in accordance with
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the Two-Microphone Transfer Function Method [27]. The frequency-dependent complex-valued surface
acoustic impedance together with the known characteristic impedance of air allow to determine the real-
valued acoustic absorption coefficient in the considered frequency range [1, 27]. The wave propagation in
the air domain is lossless, so the sound absorption computed in that way for the meshed configurations
depicted in Figure 4 comes only from the porous absorbers.

Figure 5 presents the sound absorption results for the porous material without valve balls. In that case,
the cylindrical sample could be manufactured, so the predictions can be compared with the corresponding
measurements obtained not only for the porous cuboid, but also for the porous cylinder. The analytical
result and numerical calculations for the cylinder are similar with the experimental curve for the cylindrical
sample when comparing the peaks in absorption, however, there is some underestimation at frequencies
between the peaks, where the acoustic absorption is low, anyway. The same is observed when comparing the
numerical predictions for porous cuboid with the corresponding experimental curve, although in that case
the discrepancies are even larger, especially at frequencies exceeding 3.5 kHz.

The results obtained for the adaptive material with valve balls are shown in Figures 6–8 for the two extreme
cases, that is, when:

1. the valve balls block the channels perpendicular to the direction of wave propagation which means
that the impedance tube with adaptive porous sample is set in the horizontal position;

2. the valve balls block the channels parallel to the direction of wave propagation which means that the
impedance tube with adaptive porous sample is set in the vertical position.

Figure 6 presents the acoustic absorption of waves propagating in the horizontal directions in the adaptive
material – with respect to the vertical gravity force. Generally speaking, the character of absorption curves in
that case is quite similar to the absorption presented in Figure 5 for the material without valve balls, although
the porosity and other transport parameters are rather different. As expected, the numerical predictions for
the adaptive porous cuboid are closer to the measurements (possible only for the cuboid sample) than other
calculations: in particular, a small relative shift of absorption peaks to slightly lower frequencies is well
predicted. Nevertheless, the overall discrepancy of the experimental result from the numerical prediction
tends to be larger than differences between two different numerical calculations.

The numerical predictions shown in Figure 7 for the adaptive porous cuboid in vertical position are quite
correct under 3 kHz, but with large discrepancies at higher frequencies, especially over 4.5 kHz. However,
the overall character and low-frequency absorption peaks are well predicted in general. Now, by comparing
the corresponding absorption curves obtained for the two adaptive material states plotted in Figure 6 and
in Figure 7, respectively, it can be observed that the absorption of sound waves propagating in the vertical
direction in the adaptive porous material, (i.e., in the direction of gravity force, see Figure 7), is completely
different than in the case of the horizontal propagation (i.e., across the direction of gravity force, see Fig-
ure 6). In order to better see that difference, all numerical and experimental results obtained for the cuboid
adaptive sample are re-plotted together in Figure 8. It is clear that the overall absorption tends to be generally
better for the vertical position, however, there are wideband frequency ranges where the horizontal position
ensures the best absorption (for example, in the frequency range from 2.7 kHz to 3.3 kHz a local minimum
in absorption of the adaptive porous material in the vertical position can be changed to a local maximum of
the horizontal position). More precise and quantitative observations can be stated as follows:

• after changing the absorber from the horizontal to vertical position, the three absorption peaks are
dramatically shifted in frequency from about 1 kHz, 2.9 kHz, and 4.4 kHz to lower values of about
0.7 kHz, 2.2 kHz, and 3.8 kHz, respectively;

• in the vertical position the lowest-frequency absorption peak reaches 1.0, the next peak is 0.95, and
higher frequency peaks are about 0.9, while in the horizontal position the lowest-frequency peak is
about 0.85 and the maximal absorption value of 1.0 is gained by the third peak (of the highest fre-
quency in the considered frequency range).
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Figure 5: Predictions for the updated micro-geometry without steel balls (cylindrical and cuboid absorbers)
and the corresponding experimental results
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Figure 6: Predictions for the cylindrical and cuboid absorbers in the horizontal position, with steel balls (and
the “actual” micro-geometry), and the corresponding experimental result for the cuboid sample
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Figure 7: Predictions for the cylindrical and cuboid absorbers in the vertical position, with steel balls (and
the “actual” micro-geometry), and the corresponding experimental result for the cuboid sample

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Cuboid adaptive sample

Frequency [Hz]

A
co

us
tic

ab
so

rp
tio

n
co

ef
fic

ie
nt

(a) numerical – horizontal position
(b) numerical – vertical position
(c) experiment – horizontal position
(d) experiment – vertical position

Figure 8: Predictions and experimental results for the cuboid sample of the adaptive absorber
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5 Final remarks

The experimental investigations presented in this work demonstrated the feasibility and potential of the pro-
posed concept of adaptive sound absorbing materials. The applied advanced, dual-scale modelling proved
suitable, making possible the complex design process and allowing for correct (though not extremely pre-
cise) predictions. Moreover, it seems that poor quality of 3D-printing (a low-resolution budget 3D-printer
was used) is responsible for most of the discrepancies between the measurements and predictions. These
discrepancies should diminish or become quite negligible after using a fabrication technique or device of
better quality. Moreover, larger discrepancies appeared at higher frequencies which can usually be neglected
in most of the practical applications targeted here.

Nonetheless, new designs of adaptive sound absorbers should be developed and fabricated using techniques
and/or instruments and devices of much better quality. Even further developments of the proposed concept
should consider a semi-active approach, for example, using small switchable membranes (instead of valve
balls positioned by the gravity), which should also lead to the investigation of some additional effects related
to quick persistent membrane movements to and fro between the ‘open’ and ‘closed’ positions.
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