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This article presents a comprehensive acoustic study of paper-based building products: cellulose wool,
paperboard, corrugated cardboard, and honeycomb panels. The material configurations included the intact
form as well as the various modifications, i.e., density variation, multiple-layered staking, perforation or acoustic
metamaterial setup. Tests covered acoustic absorption and insulation properties, with the last examined under
excitation of both a plane wave and a diffused field. Additionally, the cellulose wool is provided with the
characteristic impedance and propagation wavenumber results; and the paperboard was tested for its dynamic
elastic and damping properties. The paper-based products, giving their weight, prove to be a convincing
replacement for conventional materials by both absorptive and insulation performance. The maximum acquired
sound reduction index, for exceptionally lightweight (2.2 kg/m2

) paper double-wall metamaterial structure,
reached 26 dB.
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Acronyms

C, Ctr – sound reduction index correction factors,
C1 – coefficient for 1st beam mode,
E – Young’s modulus,
H – spacing between the double walls,
Hb – beam height in the vibration direction,
HR – height of the Helmholtz resonator,
K – bulk modulus of air,

Keff – effective bulk modulus,
SR – cross section surface of the Helmholtz resonator neck,
SRI – sound reduction index,
TL – transmission loss,
X1,2 – angle related normalized wall impedance,
X1,2 – normalized wall impedance,
VR – cavity volume of the Helmholtz resonator,

Z – angle related effective impedance,
Zeff – effective impedance,
c – speed of sound in air,
d1 – absorbent layer thickness,
dR – diameter of the Helmholtz resonator neck,
fω – frequency, pulsation of wave,

f01,2 – resonance frequency of double wall with the Helmholtz
resonators system,

fDW – resonance frequency of a double wall,
fR – resonance frequency of the Helmholtz resonator,
∆f – half-power bandwidth,
k – wavenumber,
k′ – complex propagation wavenumber,

keff – effective wavenumber,
l – beam length,

lR – length of the Helmholtz resonator neck,
m′′1,2 – surface masses of double walls,
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z1 – rigid back absorbent surface impedance,
zc – complex characteristic impedance,
α – sound absorption coefficient,
ζR – the Helmholtz resonator damping ratio,
η – damping loss factor,

θ, ψ – incident angle of acoustic wave,
θeff – angle of refraction,
τ – transmission coefficient,

φR – volumetric fill ratio of Helmholtz resonators,
ρ – volumetric density,

ρeff – effective density.

1. Introduction

Building industry is widely known as one of the
most environmentally hazardous. It is responsible for
40 %–50 % of world greenhouse gas emissions (Abd
Rashid, Yusoff, 2015), 24 % material extraction
from the lithosphere (Zabalza Bribián et al., 2011)
and 40 % of global energy consumption (Wang et al.,
2023). Therefore, the research concerning building in-
dustry in the last decades emphasised new materials
that minimise the environmental impact. On the other
hand, more and more architectural structures and in-
fill (such as interior partitions) are built for the limited
period of time. After their life span, they should be re-
cycled, upcycled or utilised in a way that reduces the
environmental impact.

In the search of environmentally friendly and bio-
based building materials, paper among materials such
as wood, clay, adobe bricks, hempcrete, recycled plas-
tics and glass, certified timber seems promising and
fulfilling the building code requirements.

Paper is a material of natural origin, of which the
main building component is cellulose, the most com-
mon natural polymer in the world. Its resources are
considered inexhaustible (Klemm et al., 2005). Pa-
per as a material formed by the network of cellulose
fibres, which create a hydrogen bonds between each
other, may be given different forms and characteristics.
For building application, whether it is a structural ele-
ment or partition, the following paper-based products
are mostly often implemented (Latka, 2017a; Diarte,
Shaffer, 2021):

– paper tubes as linear and structural elements.
Those products were vastly examined by Japanese
architect Shigeru Ban, who implemented them
in both temporary and permanent structures
(Miyake et al., 2009);

– cardboard profiles (U - and L-shapes), similarly
like paper tubes are suitable as structural rod el-
ements (Latka, 2017b);

– corrugated cardboard, the most popular product
used in packaging, which can serve as planar ele-
ments, i.e., wall, floor and roof panels. This prod-
uct, due to its internal structure had the best me-
chanical properties along the corrugation (Wolf
et al., 2021);

– honeycomb panels composed of two liners and
a honeycomb core between them have a suitable
structure for planar elements loaded perpendicu-
larly to their surface (Cripps, 2004);

– paper board, best for use as an element that rein-
forces the properties of a building envelope or its
finish;

– cellulose wool, and industrialised material pro-
viding thermal insulation to buildings, commonly
used as a replacement for polystyrene and mineral
wool.

As linear elements (paper tubes and cardboard pro-
files) are used as structural elements, their most sig-
nificant feature is their mechanical properties, includ-
ing bending and compression resistance. On the other
hand, planar elements, that serve as partitions (ex-
ternal and internal) are subjected to loads, but also
should have sufficient thermal and sound insulation.

The most critical properties of paper based prod-
ucts are their resistance to water and moisture, and
incombustibility. However, there is a vast research
conducted on those aspects of paper-based structures
(Knaack et al., 2023). One of the least explored issues
in the use of paper products in building structures is
their acoustic properties. This is due to the focus of
researchers on properties related to strength, fire and
moisture effects and thermal insulation.

When comparing paper-based building partitions
with traditional solutions, such as timber frame wall,
it can be clearly seen that with similar thermal prop-
erties, products made of paper have a lower environ-
mental impact (Jasiołek et al., 2023).

Paper can be therefore applied in both interior and
exterior partitions. However, next to their structural,
thermal and ecological properties, the sound insulation
is one of the key features.

1.1. Acoustic characterisation of building materials

The fundamental acoustic attribute of regular
building partitions is its potential impact on decreasing
the noise imissions – either from external or internal
sources. A complementary architectural design must
fulfil the insulation requirements using components
with known acoustic properties. The general building
components used in partitions are not only sound in-
sulators but also sound-absorbing materials applied as
fillers of the structure. Each of these groups could
be described by different parameters with correspond-
ing measurement methods. Unfortunately, sustainable
projects based on paper-based products are exacting
because of inaccessibility to such data (Łątka et al.,
2022). Only sound-absorbing cellulose wool, as a mate-
rial with growing use in both acoustic and thermal in-
sulation, is sufficiently well-researched (Arenas et al.,
2014). Hitherto published works on paper-based prod-
ucts included sound absorption and insulation tests of
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corrugated cardboard (Asdrubali et al., 2015; Kang
et al., 2021; Latka, 2017a), honeycomb panels (Sec-
chi et al., 2016), paperboard (Neri et al., 2021), and
wastepaper (Ricciardi et al., 2014). Mentioned re-
search, while valuable, could have a limited application
in acoustic projects, either because the paper-based
materials are a part of a bigger component, or the
test is performed with a small sample impedance tube
method.

This publication presents the acoustic parameters
for cellulose wool and paper-based products: paper-
board, corrugated cardboard, and honeycomb pan-
els (unperforated and perforated). The conducted re-
search employs three methods. First – the impedance
tube transfer matrix method for the sound absorp-
tion coefficient α, transmission loss (TL), the complex
characteristic impedance zc, and complex propagation
wavenumber k, when possible. Second – the reverber-
ation room method for the laboratory-tested weighted
sound reduction index (SRI). Additionally, the beam
resonance test was performed for paperboard exclu-
sively to obtain its dynamic mechanical properties:
Young’s modulus E and the damping loss factor η.

a) b)

c)

External
liner

Flute
Internal
liner

d)

Core Liner

Fig. 1. Materials under test with their structure denotations:
a) cellulose wool; b) paperboards; c) corrugated cardboards; d) honeycomb panels.

Table 1. Tested corrugated cardboard types and parameters.

Corrugated cardboard
Thickness

[mm]
Type Grammage

[g/m2]
Flute paper

[g/m2]
External liner paper

[g/m2]
Internal liner paper

[g/m2]
6.1 Double wall BC 573 Wellenstoff 95 Testliner 110 Testliner 100
2.9 Double wall EE 555 Wellenstoff 95 Testliner 110 Testliner 100
4.0 Double wall EB 556 Wellenstoff 95 Testliner 110 Testliner 100
1.6 Single wall E 338 Wellenstoff 95 Testliner 110 –
2.7 Single wall B 342 Wellenstoff 95 Testliner 110 –

2. Materials

The presented study examines the products (Fig. 1):
– cellulose wool made from recycled paper, with den-

sity varying from 30 kg/m3 to 90 kg/m3;
– recycled paperboard with the grammage of 2000 g/m2

and thickness of 3 mm;
– corrugated cardboard, types: BC, EE, EB, E, and B,

as given in Table 1. The carboard was measured in
the configuration of a single plate or multiple plates:
a) five plates glued with polyvinyl acetate (PVA)

adhesive (tested types are: EE, EB, and BC);
b) five plates stacked without any adhesive (tested

types are: EE, BC, EE, and BC alternately).
– honeycomb plates with the different cells size, thick-
nesses and grammage, as listed in Table 2. The spe-
cific honeycomb geometry allows for enhancement of
the absorption or insulation capabilities simply by
perforating of the liner. Effectively, each cell trans-
forms to the Helmholtz resonator with a resonance
frequency dependent on the cell size, liner thickness
and perforation diameter. Subsection 2.1 describes
the concept of such a modification.
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Table 2. Tested honeycomb panel types and parameters.

Honeycomb panels

Symbol Thickness
[mm]

Cell size
[mm]

Grammage
[g/m2]

Core paper
[g/m2]

Liner paper
[g/m2]

H50C22 50 22 1024 Testliner 120 Testliner 120
H50C14 50 14 1620 WB fluting 140 Testliner 120
H25C22 25 22 632 Testliner 120 Testliner 120
H25C14 25 14 930 WB fluting 140 Testliner 120
H10C10 10 10 590 WB fluting 140 Testliner 120

H50C22 KRAFT 50 22 1515 Testliber 140 Kraftliber 300
H25C22 KRAFT 25 22 1057 Testliber 140 Kraftliber 300

2.1. Honeycomb panels perforation

The honeycomb perforation creates the grid of
Helmholtz resonators resulting in an exceedingly high
absorption coefficient for the resonant frequency. Thus,
the perforated honeycomb panels may be used as
a filler for the existing structure to increase its sound
insulation. May the double panel be the structure un-
der examination in this case.

The resonance frequency fR of the single Helmholtz
resonator with a round neck is given by Langfeldt
et al. (2020):

fR =
c0
2π

¿
ÁÁÀ SR

(lR + πdR
4
)VR

, (1)

where c0 is the speed of sound in air, SR, lR, dR, and
VR are the resonator dimensions: cross-section surface,
length, diameter of the neck, and volume of the cavity,
respectively.
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Fig. 2. Detailed scheme of the Helmholtz resonator in double wall (a) and schematic representation of a double wall
with perforated or not perforated honeycomb cardboard insertion (b).

The mass-air-mass resonance frequency of air-filled
double wall is (Langfeldt et al., 2020):

fDW =
1

2π

√
K

H
( 1

m′′
1
+ 1

m′′
2
), (2)

where K is the bulk modulus of air and H is the spac-
ing between the walls with surface masses of m′′

1,2.
Landfeldt et al. (2020) proved that the resonance

system of a double wall with the insertion of Helmholtz
resonators has two resonance frequencies f01 and f02,
both different from but simultaneously dependent on
fR and fDW:

f2
01,2 =

1 + f2
R

f2
DW

±
√
(1 − f2

R

f2
DW

)
2

+ 4φR
f2
R

f2
DW

2 (1 − φR)
f2

DW (3)

with φR being the volumetric fill ratio of Helmholtz
resonators, in this case φR = HR/H, where HR is
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Table 3. Resonances frequencies of honeycomb panel perforation.

Honeycomb panel
symbol Assessed case

Neck
diameter dR

[mm]

Helmholtz resonance
frequency fR

[Hz]

Filling
ratio φR

Double wall
resonance

frequency fDW

[Hz]

Resonance frequency
f0 (Eq. (3))

f01

[Hz]
f02

[Hz]
H50C22 Single panel 3.5 730 – – – –
H25C22 Single panel 5 1260 – – – –

H50C22 KRAFT Double wall 1.8 316 0.725 346 247 725
H25C22 KRAFT Double wall 1.6 416 0.625 474 325 1158

the height of the Helmholtz resonator cell (Fig. 2a).
When fR and fDW are equal, Eq. (3) simplifies to:

f2
0 =

1 ±
√
φR

1 − φR
f2
DW .

A significant transmission loss (TL) increase can be ac-
quired in the bandwidth lying between given frequen-
cies. The amplitude of this TL growth and its band-
width depend on fR, fDW and φR. In case of the plane
wave at an incidence angle θ, the TL is represented by:

TL = −10 log τ

= −10 log ∣ 2Z sin (keffH cos θeff)
X1X2 sin2 (keffH cos θeff) +Z2

∣
2

, (4)

where the effective wavenumber keff = 2πf
√
ρeff/Keff ,

effective density ρeff ≈ ρair(2+φR)/2(1−φR), the angle
of refraction θeff = arcsin (sin θ

√
Keff/ρeff/c0).

The angle related effective impedance is:

Z = Zeff sec θeff/Zair sec θ,

with the effective impedance Zeff =
√
Keffρeff .

X1,2 =X1,2 cos θ + 1 −Z cot (keffH cos θeff),

where X1,2 = iωm′′
1,2/Zair are the normalized wall

impedances. The factor Keff is the effective bulk mod-
ulus of the Helmholtz resonator in closed volume as it
is in the the case under examination. For the damped
(ζR – resonator damping ratio) and air-filled system,
the ratio Keff to the air bulk modulus K is equal to:

Keff

K
= 1

1 − φR +
φR

1 + 2iζR
ω
ωR
− ω2

ω2
R

, (5)

which means, that for certain frequencies f = ω/2π
above the Helmholtz resonance frequency fR = ωR/2π,
the Keff could be lower below 0. This attribute – the
negative bulk modulus (or the negative density, or
both) is used in the acoustic metamaterial design,
among other things, to increase sound insulation.

The diffused-field transmission coefficient could be
then integrated over the incident angles from 0 to the
maximum angle of θl:

τ =

θl

∫
0

τ cos θ sin θ dθ

θl

∫
0

cos θ sin θ dθ

. (6)

The executed tests covered two issues: the sound
absorption of a single perforated or non-perforated
honeycomb panel and the sound reduction index of
a double wall with the insertion of a perforated or non-
perforated honeycomb panel, as in Fig. 2b. To match
the Helmholtz resonance slightly below the double wall
resonance, light honeycomb panels also form the cov-
ers. The dense honeycomb grid (H10C10 from Table 1)
was chosen for this purpose, providing a small mass
combined with high stiffness; and inhomogeneities,
which do not influence the structure’s vibration prop-
erties significantly. Table 3 lists all assessed structures
along with their key parameters.

The analytically obtained results may differ in the
practical applications. The cardboard production pro-
cess does not guarantee the formation of equal cell vol-
umes, which has two consequences: the change in width
and position of the resonance (especially the width due
to the resonance blur) and the technical difficulties in
maintaining a constant opening position in relation to
the cell. Both consequences do not exclude the honey-
comb from potential utilization.

3. Methods

This paper employs three measurement methods:
– impedance tube two-loaded transfer function

method (based on ASTM E2611-19 (2019)) for
sound absorption coefficient α, transmission loss
TL, characteristic impedance zc, and propagation
wavenumber k;

– laboratory measurements of sound insulation
in a reverberation chamber (based on Interna-
tional Organization for Standardization (2000))
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Table 4. Tested materials and used measurement methods with assessed parameters.

No. Material
Sample
thickness
[mm]

Impedance tube
measurement

Reverb. chamber
measurement

Beam resonance
measurement

α TL zc k′ SRI (or RI,M,W) E η

1. Cellulose wool made
from recycled paper

[kg/m3]

Density 30 200 + + + + – – –
Density 40 200 + + + + – – –
Density 50 200 + + + + – – –
Density 60 200 + + + + – – –
Density 70 200 + + + + – – –
Density 80 200 + + + + – – –
Density 90 200 + + + + – – –

2. Paperboard – grammage 2000 g/m2 3.0 + – – – + + +

3. Corrugated cardboard

Type BC 6.1 – – – – + – –
Type EE 2.9 – – – – + – –
Type EB 4.0 – – – – + – –
Type E 1.6 – – – – + – –
Type B 2.7 – – – – + – –

4. Corrugated cardboard
– five PVA glued layers

Type BC 30.5 – – – – + – –
Type EE 14.5 – – – – + – –
Type EB 20 – – – – + – –

5. Corrugated cardboard
– five stacked layers

Type BC 30.5 – – – – + – –
Type EE 14.5 – – – – + – –
Type BC/EE 24.1 – – – – + – –

6. Honeycomb panel

H50C22 50 – – – – + – –
H50C14 50 – – – – + – –
H25C22 25 – – – – + – –
H25C14 25 – – – – + – –
H10C10 10 – – – – + – –
H50C22 KRAFT 50 + + – – + – –
H25C22 KRAFT 25 + + – – + – –

7. Perforated
honeycomb panel∗

H50C22 KRAFT 50 + + – – – – –
H25C22 KRAFT 25 + + – – – – –

8. Double wall with plain
and perforated honeycomb panel∗

H50C22 90 – – – – + – –
H25C22 60 – – – – + – –

∗ The perforation details are provided in Table 3.

for weighted modified intensity sound reduction
index (RI,M,W);

– measurement of vibration-damping properties
with the beam resonance method (based on
ASTM E756-05 (2005)) for dynamic Young’s mod-
ulus E and the dynamic damping loss factor η.

Table 4 contains all tested materials assigned to
the measurements performed upon them, along with
assessed parameters.

3.1. Impedance tube two-loaded transfer
function method

Two-loaded transfer function measurement was
performed in an impedance tube system. The circu-
lar cross-section tube with an internal diameter of
101.7 mm was excited with the white noise. The tube
parameter constrains the upper limit of the mea-
sured frequency range to 1600 Hz, thereby the re-
sults are provided for 1/3 octave bands in the range

50 Hz–1600 Hz. The digital audio pressure time pro-
cessing determined the transfer function between the
four individual microphones and created a transfer ma-
trix. The Hanning window function was used to ana-
lyse the 10 s signal, resulting in a frequency resolution
equal to 1 Hz. The used equipment were: power am-
plifier Atoll AM100SE, voltage output/input modules:
NI 9260/NI 9234, and microphones G.R.A.S 46BD.

Three different specimens of each material were
precisely trimmed to a diameter of 101.7 mm with
a laser cutter, when possible. This operation allowed
mounting them freely in the tube and consequently
avoiding the emergence of membrane resonances in the
range of the tested frequencies. Cellulose wool has been
immobilized by two steel grids not affecting the acous-
tic field (Fig. 3a). Any leaks between the pipe and the
plates were sealed with butyl.

The ASTM E2611-19 (2019) refers to the normal
incidence sound transmission loss measurement, how-
ever it also outlines procedures for measuring other
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a)

b)

Fig. 3. a) Cellulose wool mounting; b) production directions
of paperboard: machine direction (MD); cross-machine di-
rection (CD); thickness direction (ZD) (Niskanen, 2011).

material properties, employing the transfer matrix
method. As a result, the relationship for determining
the hard-backed absorption coefficient is provided as:

α = 1 − ∣R∣2 = 1 − ∣T11 − ρ0c0T21

T11 + ρ0c0T21
∣
2

, (7)

where R – the hard backed reflection coefficient, ρ0,
c0 – density and sound speed in air, Tii – measured
transfer matrix elements (see ASTM E2611-19 (2019)
for details).

Correspondingly, the complex propagation wave-
number k′ and the complex characteristic impedance
zc are given by

k′ = 1

d
− cos−1 T11 (8)

and

z =
√

T12

T21
, (9)

where d is the thickness of a sample.

3.2. Laboratory measurements of sound insulation
in a reverberation chamber

The subsequent reverberation chamber measure-
ment delivered the resulting weighted modified in-
tensity sound reduction index RI,M,W along with
the correction factors C and Ctr. The measurement
consisted in clamping a sample with dimensions of

1162 mm× 865 mm in the window of the reverberation
transmitting chamber with a volume of 67 m3 and non-
parallel walls. The joint between the clamping frame
and the sample was sealed with butyl and a layer of
EPDM rubber. The chamber was excited by a reference
sound source Norsonic 276 positioned to create a dif-
fuse sound field, whose average sound pressure level
was then measured by a sound level meter SV 22 at
locations representative of the sound energy impacting
the sample. The sound intensity probe measured the
signal outside the chamber with a sweeping method.
The Gras 40GK 1/2′′ microphones being part of the
sound intensity probe were located at a 100 mm dis-
tance from the sample surface. The used probe micro-
phone separator was 50 mm.

The measurements were unfortunately confined to
1/3 octave bands in the range of 100 Hz–1600 Hz. The
lower limit was a result of resonances occurring within
the reverberation chamber, leading to its misalign-
ment with the low-frequency range. The upper limit
aligns with the range of the utilized probe separa-
tor. Consequently, the SRI values for frequencies be-
tween 1600 Hz and 3150 Hz are absent from the fol-
lowing graphs, though they have been factored into
the weighted SRI and spectrum adaptation terms. This
decision was taken for three main reasons: first, the ob-
served values followed the trend established by the
previous frequency bands and adhered to pertinent
physical laws (e.g., mass law). Second, the PI index
condition was satisfied for all results. Finally, even
significant fluctuations in these three bands’ values
(by ±3 dB) did not induce changes in the calculated
parameters exceeding 1 dB. Nonetheless, it should be
noted that the concerned parameters are only approx-
imated.

3.3. Beam resonance method for vibration-damping
properties

The dynamic mechanic properties are essential to
perform numerous computer acoustic analyses, i.e.,
widely used the finite element analyses (FEA). Paper-
board, as a non-linear material, has vastly different
values for dynamic properties than static ones. What
is more, due to the production process, paperboard is
an orthogonal material with machine direction (MD)
properties incomparable to the cross-machine direction
(CD) (Fig. 3b). Thus, the tests apply to both MD
and CD directions and for several vibration frequency
points between 30 Hz and 160 Hz.

The beam resonance method measures the fre-
quency and the quality factor of cantilever beam res-
onance. In this examination, the used method is com-
pletely non-contact, meaning the beam vibration ve-
locity was obtained with a Polytec PSV-400 laser vi-
brometer, while the beam itself was excited by a Brüel
& Kjær MM002 magnetic transducer with chirp signal.
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The transducer affected a metal plate with a negligible
mass, attached to the beam by synthetic wax.

This configuration makes it possible to determine
the dynamic Young modulus E, for the resonance fre-
quency of the 1st mode f , as in (ASTM E756-05
(2005)):

E = (12ρl4f2)
(H2

bC
2
1)

, (10)

and the damping loss factor as:

η = ∆f

f
, (11)

where ρ – volumetric density, l – beam length, Hb –
beam height in the vibration direction, C1 – coeffi-
cient for the mode 1 of the clamped-free beam, equal
0.55959, ∆f – half-power bandwidth.

4. Results and discussion

This section presents the results divided by the ma-
terial groups, as in Table 4, of the methods described
in Sec. 3:

1. Cellulose wool made from recycled paper,
2. Paperboard,

3.–5. Corrugated cardboard – single plates and multi-
ple layers,

6.–8. Honeycomb panel – single plates and structures
with and without perforation.

4.1. Cellulose wool

Cellulose wool is a loose material widely used in
building insulation as an alternative to mineral wool or
fibreglass. The wool under examination is a commercial
product used for this purpose, i.e. it contains flame re-
tardant and anti-moisture additives. Wool, as a fibrous
material, has been tested for a wide range of acoustic
properties. Apart from the sound absorption and trans-
mission loss, the characteristic impedance zc, and the
propagation wavenumber k′ are also the subject of this
study.

Figure 4 shows the first two parameters’ results
for several wool densities. For the lowest density of
30 kg/m3 and material thickness equal to 20 cm, the
sound absorption coefficient reaches 1, by a frequency
of 250 Hz. For the mentioned thickness, the sound ab-
sorption worsens above the density of 50 kg/m3. The
cellulose wool has similar absorption properties to con-
ventional materials, which similarity is particularly vis-
ible in comparison to fibreglass in Fig. 5. Simultane-
ously, recycled materials such as cellulose wool have
a significantly lower environmental impact. For in-
stance – cellulose fibre has over 2.5 times smaller pri-
mary energy demand, over 1.5 smaller water demand,
and a similar Global Warming Potential to rock wool
with the same mass (Zabalza Bribián et al., 2011).
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Fig. 4. Results of the sound absorption coefficient (a) and
transmission loss (b) of different densities recycled cellu-
lose wool. Horizontal lines mark standard error of mea-

surements.
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Fig. 5. Sound absorption coefficient comparison of the same
density and thickness recycled cellulose wool (blue) and fi-
breglass (black) (30 km/m3). The results for cellulose wool

were calculated with the data available in Table 5.

Table 5 presents the values of the characteristic
impedance z and propagation factor k′. The data is
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tabular, thanks to which it can be managed with ease.
The possible applications are, among others, acoustic
computer modelling of the equivalent fluid model or
estimating the dimension dependent acoustic parame-
ters. In this manner, the sound absorption coefficient
α for the thinner, 10 cm cellulose wool layer, visible in
Fig. 4. was calculated with (Cox, D’Antonio, 2016):

α = 1 −
RRRRRRRRRRR

z1
ρ0c0

cosψ − 1
z1
ρ0c0

cosψ + 1

RRRRRRRRRRR

2

, (12)

where z1 – rigid back absorbent surface impedance,
z1 = jzc cot (kd1), d1 – layer thickness, ρ0c0 – air acous-
tic impedance, ψ – incidence angle of the wave.

4.2. Paperboard

The single sheet of paperboard with a grammage
of 2000 g/m2 and a thickness of 3 mm has SRI equal
to 13 dB and sound absorption not exceeding 0.05 over
the whole frequency range (Fig. 6).

The dynamic Young Modulus is approximately
2.3 GPa for the machine direction and 1.1 GPa for the
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Fig. 6. Results of 2000 g/m2 paperboard acoustic proper-
ties: a) sound absorption coefficient with standard error
marked with horizontal lines; b) sound reduction index.

cross-machine direction and decreases slightly with fre-
quency (Fig. 7). The disproportion between the direc-
tions is also visible in the repeatability of the results
– the CD measurements are stable, which cannot be
claimed in the second case, especially for lower frequen-
cies. Both observations are easily explainable by the
papermaking process: the pressure forces fibres to align
parallelly to the machine direction, leading to higher
elasticity and greater density unevenness. The litera-
ture provides higher values for static Young’s Modulus
– 5.4 GPa for MD, 1.9 GPa for CD (Niskanen, 2011)
or 2 GPa–20 GPa for MD, 0.5 GPa–10 GPa for CD
(Schönwälder, Rots, 2008). Unfortunately, a direct
comparison is impossible, as there is no data about the
paperboard dimensions or density, which may greatly
impact the values. Damping properties are less corre-
lated to frequency, e.g., for CD, the Pearson correla-
tion coefficient is −0.67 (while for Young’s Modulus, it
reaches −0.98). The ratio is also direction-independent,
i.e., the mean value equals 0.034 for MD and 0.036
for CD.

The acquired values suggest that in an accurate
dynamic model of the paperboard, Young’s Modulus
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Fig. 7. Results of dynamic Young’s Modulus (a) and damp-
ing ratio (b) of paperboard with grammage of 2000 g/m2.
Horizontal lines mark standard error of measurements.
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values should relate to the frequency, while damping
can be represented by a single value.

4.3. Corrugated cardboard

A single wall corrugated cardboard panel have
a SRI of 7 dB (for type B) and 9 dB (for type E).
Despite the comparable surface mass, the second type
reaches a noticeably larger value, most likely due to
its more compact structure. This difference disappears
when introducing the additional wall – the EE, EB,
and BC plates have SRI equal to 11 dB, 12 dB, and
12 dB, respectively (Fig. 8).
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Fig. 8. Results of the sound reduction index of corrugated
cardboard: a) the single plate with 3 layers (dashed lines)
or 5 layers (solid lines); b) composition of 5 plates stacked
without an adhesive (dotted lines) or glued with PVA (solid

lines).

The multiple layered samples were arranged with
flutes oriented parallel to each other. The stacked pan-
els (Fig. 8) had no adhesive on any part of the surface.
The amount of PVA adhesive used in the second case
was 150 g/m2, which had an imperceptible effect on
the total weight after drying. The SRI in each case
is remarkably similar and ranges from 19 dB to 22 dB
(see Table 6). As with the double-wall panel, the flute

type has negligible impact on the results, even if the
most compact EE layers are arranged alternately with
thick BC layers. The only distinction between the re-
sults lies above the 1000 Hz, where the SRI of stacked
panels decreases rapidly.

The overall insulation property of a 5-layered struc-
ture is relatively high, especially when compared to
a very low surface mass of the whole structure, which
is about 2.8 kg/m2. The resulting SRI could match the
properties of heavier walls, for example, a double 3 mm
beaverboard panel with a filling of 30 mm Styrofoam
and SRI equal to 21 dB has more than twice the sur-
face mass of 6 kg/m2 (Łątka et al., 2022).

4.4. Honeycomb panels

The SRI of honeycomb panels is consistent with
the law of mass and similar for almost all cases (Ta-
ble 6). Heavier Kraftliber sheets have a weighted in-
dex higher by 2 dB than the corresponding panels of
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Fig. 9. Sound reduction index of honeycomb panels: a) com-
parison of different single panel types. Dotted lines: dense
structures with cell size of 10 mm and 14 mm, dashed lines:
lightweight structures with cell size of 22 mm, solid li-
nes: Kraftliber structures with cell size of 22 mm; b) the
influence of perforations on the double wall insulation. Dot-
ted lines: perforated honeycomb insertion, solid lines: un-

perforated honeycomb insertion.
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Table 6. Tested materials and used measurement methods with assessed parameters.

No. Material Thickness
[mm]

Surface
mass

[kg/m2]

Weighted
SRI∗

[dB]

Spectrum
adaption
terms
[dB]

Average sound
absorption
coefficient∗∗

C∗ Ctr
∗

1. Cellulose wool made
from recycled paper [kg/m3]

Density 30 200 6.0 – – – 0.93
Density 40 200 8.0 – – – 0.91
Density 50 200 10.0 – – – 0.84
Density 60 200 12.0 – – – 0.76
Density 70 200 14.0 – – – 0.69
Density 80 200 16.0 – – – 0.61
Density 90 200 18.0 – – – 0.52

2. Paperboard 3.0 2.0 13 −1 −3 0.03

3. Corrugated cardboard

Type BC 6.1 0.5 12 −1 −3 –
Type EE 2.9 0.6 11 0 −2 –
Type EB 4.0 0.6 12 −1 −3 –
Type E 1.6 0.3 9 −1 −2 –
Type B 2.7 0.3 7 0 −2 –

4. Corrugated cardboard
– five PVA glued layers

Type BC 30.5 2.7 20 −1 −1 –
Type EE 14.5 2.8 21 −1 −3 –
Type EB 20 2.8 22 −1 −3 –

5. Corrugated cardboard
– five stacked layers

Type BC 30.5 2.7 21 −1 −2 –
Type EE 14.5 2.8 19 0 −1 –
Type BC/EE 24.1 2.8 20 −1 −2 –

6. Honeycomb panel

H50C22 50 1.0 13 −1 −3 –
H50C14 50 1.6 15 0 −3 –
H25C22 25 0.6 11 0 −1 –
H25C14 25 0.9 13 0 −2 –
H10C10 10 0.6 14 −1 −2 –
H50C22 KRAFT 50 1.5 15 0 −2 0.14
H25C22 KRAFT 25 1.1 13 0 −2 0.19

7. Perforated
honeycomb panel

H50C22 KRAFT 50 1.5 – – – 0.59
H25C22 KRAFT 25 1.1 – – – 0.44

8. Double wall with intact
and perforated honeycomb panel

H50C22 Intact 90 2.2 20 0 −2 –
H25C22 Intact 40 1.8 19 0 −2 –
H50C22 Perforated 90 2.2 26 −2 −5 –
H25C22 Perforated 40 1.8 23 −1 −3 –

∗ Weighted sound reduction index and spectrum adaptation terms are approximated. See Subsec. 3.2 for explanation.
∗∗ For 1/3 octave bands 200 Hz÷1600 Hz.

the same geometry (15 dB versus 13 dB for a thickness
of 50 mm and 13 dB versus 11 dB for a thickness of
25 mm). The exact rule applies to the core mass in-
crease. By reducing the cell size, the surface gains
an additional 1/3 of its mass and 2 dB in insulation.
The panel with the finest structure (H10C10) breaks
this dependency with the SRI equal to 14 dB. This
value is close to the performance of almost three times
heavier panels (H50C22 with Kraftliber and H50C14).
The frequency-dependent increase of SRI is more rapid
for the H10C10 panel, thus it reaches an exception-
ally high value for frequencies above 500 Hz (Fig. 9).
This increase may correlate to the resonances arising
in a denser structure.

As described in Subsec. 2.1, the honeycomb per-
foration efficiently improves its acoustic parameters.

The average sound absorption coefficient in the 1/3 octave
band for a single panel (Fig. 10a), reaches the values:

– 0.98 for the H50C22 KRAFT sample. The calcu-
lated frequency of 730 Hz fits the reported band
of 800 Hz;

– 0.90 for the H25C22 KRAFT sample. In this case,
the frequency of 1260 Hz also corresponds to the
observed 1250 Hz.

The perforation induced a slight reduction in trans-
mission loss, equalling 2 dB–3 dB in the whole fre-
quency band (Fig. 10b).

Figure 9b displays the improvement in the sound
reduction index of the honeycomb double wall with the
perforated insertion over the intact one (as proposed in
Fig. 2b). In the case of panel H25C22, the rapid insu-
lation increase is observable from the 400 Hz frequency
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band and results in an overall 4 dB gain in full-band
weighted SRI (from 19 dB to 23 dB Table 6). The im-
provement of H50C22 insertion is even more substan-
tial. The growth is visible from the 315 Hz frequency
band and causes a weighted SRI shift from 20 dB to
26 dB. Unfortunately, since the gain is achieved only
in part of the whole frequency range, both Spectrum
Adaption Terms (C and Ctr) deteriorate by 1 dB–3 dB.

The SRI increase is compared to the analytical re-
sult in Fig. 11. The calculations were performed with
the following assumptions:

– the insertion moves with the cover panel (its
weight is calculated to the cover wall);

– the distance between the double walls is reduced
by insertion panel thickness in an intact case,

– the Helmholtz resonator damping ratio is 0.2;
– the probe was affected by the diffused field, with

waves incident at the angle range from 0○ to 80○.
The analytical model aligns very well with the ex-

periment result, proving that the perforated honey-
comb panel can be successfully represented by the pro-
posed analytical model.
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Fig. 10. The results of the sound absorption coefficient (a)
and transmission loss (b) of single plate honeycomb panel,
with (dotted lines) or without (solid lines) perforation.
Horizontal lines mark standard error of measurements.
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Fig. 11. Gain in sound reduction coefficient due to perfo-
rating the honeycomb insertion plate. Solid line – experi-
mental results, dotted line – analytical results calculated

with Eq. (4).

4.5. Summarised results

Table 6 recapitulates the main results from the per-
formed tests. The sound insulation and sound absorp-
tion parameters are compared along with the surface
mass and thickness of the sample.

5. Conclusions

This work is a comprehensive study of paper and
paper-based products’ acoustic parameters, including
the absorption, insulation, and dynamic mechanical
properties.

Paper and paper-based products prove to be
promising substitutes for conventional construction
materials, especially concerning the wide manufacture
selection on the market. The primary findings are in-
dividual for every material type:

– cellulose wool is widely used as a thermal and
acoustic insulator by the time mentioned. Its
sound absorption coefficient reaches values simi-
lar to fibreglass;

– the dynamic mechanical properties of paperboard
depend on the machine manufacture direction and
frequency. The SRI of the plate with a surface
mass of 2 kg/m2 equals 13 dB;

– the SRI of multiple layered corrugated cardboard
may approach relatively high values. Five layered
(10 walls) structure has an SRI of 19 dB–22 dB
while maintaining a low surface mass – below
3 kg/m2. The insulation does not differ signifi-
cantly on the wall type but can be improved, in
high frequencies, by gluing the layers;

– Honeycomb panels’ structure gives a possibility
for easy acoustic parameters enhancement. Per-
foration produces a grid of Helmholtz resonators,
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which triggers an increase in the sound absorp-
tion coefficient. When placed in a double-panel,
the construction becomes Acoustic Metamaterial
with a negative bulk modulus, which results in
SRI shift up to 6 dB. Such structures have insula-
tion comparable to that of over three times heav-
ier, single 12.5 mm plasterboard (27 dB (Łątka
et al., 2022)).
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