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Abstract: Poor acoustics is a common problem in many 
small closed rooms such as offices or dining rooms. Sound 
absorbing panels used as wall or ceiling coverings can be a 
remedy. In the present paper, the sound absorption prop-
erties of a composite made of two plywood skins bonded 
to an inner honeycomb core of plywood cells, designed by 
the authors in a previous study, were improved by drilling 
the surfaces. The holes communicate with the void cells of 
the core, activating the Helmholtz resonance effect. The 
acoustic behavior of small specimens and final-size sam-
ples are described, which were also tested in a reverbera-
tion chamber and in a real dining room. The developed 
lightweight composite plywood achieved αmax 0.90 values 
(maximal sound absorption coefficients) around 400 Hz, 
i.e. in the low frequency range, resulting in being well 
suited for various acoustic improvements.

Keywords: composite plywood, Helmholtz resonators, 
honeycomb core, lightweight panels, perforated panels, 
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Introduction
Small, closed offices and dining rooms are often affected 
by poor acoustics, particularly when very crowded 
( Kuttruff 2009). The human voice reflected by the surfaces 
of these environments generates high levels of noise and 
reduces the speech intelligibility. The negative effects are 
obvious such as high stress and low productivity (Yost 
2014). Sound-absorbing materials may improve this situ-
ation, among which sound-absorbing perforated panels 
installed as walls and ceiling covering play an impor-
tant role in absorbing the incident sound. Usually, the 
acoustic materials cover wide surfaces, but they can also 

be installed with minor extensions in specific positions, 
for instance, in the corners of a room (Cox and D’Antonio 
2004). To be effective, they should absorb sound around 
the frequencies emitted by the human voice, i.e. in the 
low frequency range and in particular between 125 Hz and 
1000  Hz (Tang and Chan 1996). The aesthetics of these 
materials is also relevant as their installation influences 
the room’s appearance.

The present paper reports the development and testing 
of an innovative sound-absorbing composite plywood 
(CP), that is a lightweight sandwich panel made of two 
plywood skins bonded to an inner honeycomb core con-
stituted by plywood cells. Despite its light weight, it has 
interesting mechanical properties in terms of the strength/
weight ratio, which is important in the transport sector 
(Negro et  al. 2011). The present paper describes the CP 
behavior and its optimization for acoustic improvement.

Wood and wood-based panels absorb a limited 
amount of sound within the low frequency range (Bucur 
2006; Smardzewski et  al. 2014, 2015). This is the reason 
why the present research focuses on perforation of the 
panels aiming at conferring sound absorption properties 
on them through the Helmholtz resonance effect (Everest 
and Pohlmann 2009). A Helmholtz resonator is a system 
made of two communicating volumes: the smaller one is 
called the “neck”, while the larger one is the “cavity”. As 
for the CP, the surface holes represent the necks, while 
the honeycomb cells are the cavities. When hit by sound 
waves, the air in the neck acts like a mass that presses the 
air in the cavity, which performs like a “spring”. The oscil-
lation of such mass-spring system is able to absorb high 
amounts of sound energy corresponding to the specific 
“resonance frequency”. Thus perforation of lightweight 
CP activates its void cells in the honeycomb core, making 
them behave like cavities in the acoustic sense.

The sound absorption properties of Helmholtz resona-
tors are mainly determined by the geometry of the system 
(Everest and Pohlmann 2009). Poplar (Populus spp.) wood 
was chosen for CP preparation because the elements pro-
duced from poplar are light and easy to install, and the 
light color is suitable for several types of finishing and 
surface printing. Moreover, poplar is one of the main 
wood species used for plywood and therefore it is easily 
available (Castro and Zanuttini 2008). The experimental 
design aimed at determining the best drilling patterns and 
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testing the sound absorption properties both on small and 
large-scale samples according to standardized methods 
and also in end-use application.

Materials and methods
Panels production: The CP preparation was described by Negro 
et  al. (2011) as illustrated in Figure 1. Three-layered poplar ply-
wood panels were hot-pressed in a wavy press (a); the resulting 
wavy panels (b) were turned around 180° over their length axis and 
overlaid in order to form a honeycomb block (c); the block was cut 
perpendicular to its height (d) to obtain honeycomb sheets of the 
desired thickness (e); these were laid between two poplar plywood 
panels and the resulting CP (f) was hot bonded by means of the 

same commercial urea-formaldehyde (UF) resin used for bonding 
the plywood panels. This is suitable for panels intended for interior 
environments, it has a dry residue of 63 ± 1%, a molar ratio urea/
formaldehyde of 1:1.2 and a mixture made of 100 parts of UF resin, 
eight of wheat flour, and eight of hardener solution (25% of NH4Cl). 
The CP was designed to reach a final thickness of 38 mm, resulting 
from an upper skin in poplar plywood of 9 mm, a honeycomb core 
of 25  mm and a rear skin of 4  mm. The cells of the core that are 
formed by two sinusoidal plywood waves bonded along a transver-
sal symmetry axis are 45 mm wide and 95 mm long. The thickness 
of the upper skin was calculated to obtain the desired volumes of 
the holes drilled through it, while the back skin is thinner to fur-
ther reduce the overall weight. The composite, with a density of 
185 kg m3, falls within the category of lightweight panels ( Thömen 
2008). From this  material 26  samples in end-use sizes were pre-
pared: 600 × 600 mm (no. 16 CP panels), 1200 mm × 600 mm (no. 8), 
1200  mm × 1200  mm (no.  2). These dimensions were selected as 

Figure 1: Outline of the production process of the composite plywood (a–f) and scheme of its perforation with holes of 3 mm and drilling 
percentage of 1.41 (g).
The holes constitute the necks of the Helmholtz resonators and communicate with the honeycomb cells, which represent the cavities.
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the size of 600 × 600 mm is a modulus commonly used for panels 
intended for ceilings and wall coverings.

Acoustic testing: The sound absorption of small specimens 
was tested in the impedance tube, and that of large samples in a 
reverberation chamber and in a regular dining room. The acoustic 
testing followed the design of Negro et al. (2016) with some modi-
fications. Firstly, the sound absorption coefficient α (ranging from 
0, when all incident sound is reflected, to 1, in case of complete 
absorption) was determined through the impedance tube method 
according to EN ISO 10534-2 on small specimens cut from CP. Vari-
ous drilling patterns were tested in order to find the best solution 
concerning both the sound absorption performance and the work-
ing times required to drill the composites in end-use sizes with a 
CNC machine. Holes diameter was set to 3 or 5 mm, while drilling 
percentages varied from 0.32 to 5.67; three specimens for each drill-
ing pattern were tested.

On the basis of the impedance tube test results, CP pan-
els in end-use sizes were drilled with a CNC machine (Figure 1g). 
Half of the composites produced for each size were realized with 
a hole diameter (∅) 3 mm and a half with hole ∅ 5 mm; drilling 
percentage was always set to 1.41. Sound absorption properties 
of perforated CP at 8% of moisture content (MC), a typical value 
for wood-based panels used in indoor heated environments, were 
determined according to EN ISO 354 in a reverberation chamber 
arranged with 10.4 m2 of CP.

Finally, CP panels at 8% of MC were installed on the walls in 
a dining room of a small medium enterprise, a typology of a closed 
space often affected by poor acoustics (Kang 2002). The method was 
selected according to EN ISO 3382, while tests and results analysis 
were performed according to EN ISO 354. CP panels were installed 
in the dining room with a uniform distribution for a total samples 
surface of 14.4 m2. Beside α, the following acoustic parameters were 
determined:

 – RT60 (reverberation time), which is the time needed for sound to 
decrease by 60 dB;

 – C50 (clarity), which is the logarithmic ratio of the early to late 
arriving sound energy in the impulse response; it assesses the 
quality of speech transfer to the listeners;

 – D50 (definition), which is the energy ratio of early sound to total 
sound; it indicates how limpid and intelligible is the perceived 
speech;

 – TS (center time), which is the time of the energetic center of grav-
ity of the squared impulse response; it is correlated to the above-
mentioned parameters but it is free from a specific integration 
limit.

Results and discussion

Tests with the impedance tube

The peak values of the sound absorption coefficients 
(αmax) determined for small scale specimens by means 
of the impedance tube method are presented in Table 1 
together with the data of holes diameters (∅) and 

drilling percentages (drilling %), such as the corre-
sponding frequencies. The αmax data ranged from 0.51 
to 0.90 at frequencies from 188 Hz to 779 Hz, i.e. within 
the frequency range of the human voice. Patterns with 
holes ∅ of 3 and 5 mm and 1.41 drilling % were selected 
as the most interesting combinations considering both 
αmax (Figure 2) and working times required to drill the CP 
in end-use size.

In detail, the CP with an appropriate surface drilling 
is able to absorb high amount of sound energy within fre-
quencies ranging from 350 Hz to 500 Hz, where it achieves 
αmax values of 0.95 at 426 (holes 3 mm ∅) and αmax values 
of 0.90 at 418 Hz (holes 5 mm ∅). The curves of αmax could 
be further enlarged, despite a decrease in αmax value, by 
filling the honeycomb cells with a sound absorbing mate-
rial such as a thermoplastic foam (Arenas and Crocker 
2010). This is feasible during the production process: for 
instance synthetic foams can be sprayed into the honey-
comb block inside which they subsequently expand and 
solidify.

It is worth to note that the fundamental equation for 
the resonance frequency fres of an ideal Helmholtz resona-
tor, commonly reported in standard textbooks on acous-
tical theory (e.g. Blackstock 2008; Webster and Davies 
2010), is:

 
res 

2
p

c p

scf
V lπ

=
 

(1)

where c is the speed of sound, sp is the cross sectional 
area of the hole, Vc is the volume of the cavity and lp is the 
length of the neck. According to Eq. 1, the absorption peak 
of CP can be shifted by varying the thickness of the hon-
eycomb core, which corresponds to Vc, with higher thick-
nesses returning lower frequencies of resonance. Based 
on this, CP can be created with acoustic behavior centered 
on different and complementary frequencies, by simply 
varying the thickness of the honeycomb core.

Table 1: Sound absorption peak values and relative frequencies 
determined through the impedance tube.

Holes 
diam. (mm) 

Drilling 
(%) 

Sound abs. 
max. (α) 

Frequency 
(Hz)

3   0.32  0.80  188
3   1.41  0.95  426
3   5.67  0.62  779
5   0.32  0.89  156
5   1.41  0.90  418
5   5.67  0.51  727
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Acoustic tests in the final products

Figure 2 shows the sound absorption properties of the 
developed CP with 1.41% drilling, which were deter-
mined in a reverberation chamber and in a dining room, 
respectively. The performance declared in the technical 
data sheets of two drilled panels produced by an Italian 
manufacturer and which are available on the market 
is also reported. These are made of 16  mm thick MDF 
panels, perforated with holes of 3  mm diameter and 
drilling percentages of 0.6 and 1.1, respectively; their 
properties refer to an installation with a rear cavity of 
thickness 200  mm partially filled with a 30  mm thick 
polyester mat.

The αmax values in reverberation chamber are 
0.67 at 315  Hz and 0.66 at 400  Hz, while those meas-
ured in the dining room are 0.91 at 400 Hz; from their 
comparison the shape of the αmax curves recorded in 
the  reverberation chamber appears to be cut off. Due 
to the testing  protocol, the sound absorption in the 
 reverberation chamber has been measured in a one-
third octave and the values are only recorded in corre-
spondence of band centers, while the values in between 
are not recorded. Taking into consideration the αmax 
curve determined and the results found both in imped-
ance tube and in dining room, the real peak in reverber-
ation chamber can be estimated to ca. αmax = 0.85–0.90 
at 380 Hz.

a

0

0.2

0.4

0.6

0.8

1

64 11
6

16
8

22
0

27
2

32
4

37
6

42
8

48
0

53
2

58
4

63
6

68
8

74
0

79
2

84
4

89
6

94
8

10
00

10
52

11
04

11
56

12
08

12
60

13
12

13
64

14
16

14
68

15
20

15
72S

ou
nd

 a
bs

or
pt

io
n 

co
ef

f. 
(α

)

Frequency (Hz)

1.41%, holes 3 mm
1.41%, holes 5 mm

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

α

Hz

WBC - Dining room

WBC - Rev. room

Comm. 1

Comm. 2

b

0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50

T
im

e 
(s

)

Frequency (Hz)

T60 room
T60 WBCs

c

Figure 2: Acoustic behaviour of the developed CP.
Sound absorption coefficient α measured in the impedance tube for specimens with drilling percentage of 1.41 and holes with diameters of 
3 and 5 mm (a). Sound absorption coefficient of the CP determined in reverberation chamber (EN ISO 354) and in a dining room, and absorp-
tion curves, declared by producers, of two established commercial panels (Comm. 1 and Comm. 2) available on the market (b). RT60 meas-
ured in the dining room with and without panels (c).
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As already mentioned, a substantial broadening of 
the absorption curves of Helmholtz resonators, despite 
a decrease in αmax value, can be reached by foam filling 
the core (Ginn 1978; Everest and Pohlmann 2009; Arenas 
and Crocker 2010). This would broaden the acoustic 
behavior, as for other commercial products. Anyway, the 
selective peak achieved by a non-filled core can repre-
sent an added value for some applications, for instance in 
recording studios, where the acoustic designs are aimed 
at correcting specific frequencies. It is remarkable, that 
the irregularities due to the production of end-size com-
posites, such as the presence of some holes on the honey-
comb walls instead of the void cells, did not significantly 

modify the acoustic performance. Results on small-scale 
specimens and on real sized CP panels in a reverberation 
chamber and a dining room showed an appreciable cor-
respondence. As for the reverberation time (RT60), Figure 2 
reports the values calculated for the dining room with and 
without panels.

A t-test was performed for comparing RT60 measured 
in the dining room with and without the presence of the 
panels. Significant differences for P < 0.01 were found at 
125, 250, 315, 400, 500, 630, 800 1000, 1250, 1600, 2000, 
3150 and 4000 Hz. In particular, an RT60 decrease of about 
40% at 315 Hz and 400 Hz, where it was 1.31 s and 1.48 s, 
respectively; both of these values are lower than 1.5  s, 

31.5 63 125 250 500 1000 2000 4000

C50 without WBCs –5.60 –6.55 –5.97 –3.97 –4.17 –3.15 –3.02 –1.66

C50 with WBCs –5.12 –7.22 –3.67 –2.21 –1.72 –2.17 –1.77 –0.68
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Figure 3: C50 (top), D50 (centre) and Ts (bottom) measured in the dining room arranged with and without panels.
*Significant difference at the 0.05 level; **significant difference at the 0.01 level.
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estimated as being the threshold for optimum RT60 in 
rooms intended for speech (Kuttruff 2009). Clarity (C50), 
definition (D50) and center time (Ts) for the room arranged 
with and without panels are reported in Figure 3.

The values measured in the dining room with and 
without panels were compared using a t-test. For Ts, sig-
nificant differences for P < 0.05 or P < 0.01  were found 
at 125, 250, 500 and 1000 Hz. For C50 and D50 significant 
differences for P < 0.01 were found at 500 Hz. All of the 
results presented implicate an improvement of the con-
sidered parameters that were always higher than the just 
noticeable difference levels set by the EN ISO 3382–1. In 
general, these variations improved the overall clarity 
of sound and are particularly relevant from 250  Hz to 
1000  Hz that constitutes a fundamental region of the 
human voice spectrum.

A complete acoustic recovery of the environment, 
which was not the aim of the present work, would require 
a specific design and the installation of a higher amount 
of panels: this would certainly result in even better values 
for RT60, C50, D50, and Ts.

Conclusions
The tested composite plywood revealed αmax values 
around 0.90 at 400  Hz. The results in the reverberation 
chamber and in a common dining room indicated that 
effect of the irregularities of the end-size composites was 
negligible. Testing in the reverberation chamber justified 
the hope that the panels have a chance to enter the market 
with further developed products. The parameters related 
to the clarity of sound (C50, D50, Ts) were also significantly 
improved. Poplar plywood seems to be well suited for real-
izing acoustic products, which are also optically appeal-
ing. The developed composite plywood lowers the overall 
sound level and is able to correct specific frequencies, and 
thus it is well suited for acoustic improvement of small 
closed spaces.
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