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Abstract. This study investigates the influence of hole shape on the sound absorption performance of perforated plas-
tic panels. Circular, square, diamond, and teardrop curve shapes were selected for this study. A series of experimental 
measurements were conducted using the standard impedance tube transfer function method. The acoustic behaviour 
of each configuration was analysed in the 50–5000 Hz frequency range. The results indicate that the shape of the per-
foration holes significantly affects the absorption characteristics, particularly in the high-frequency range. Panels with 
optimised geometries demonstrated enhanced sound absorption, suggesting that the shape of the perforation hole can 
improve the acoustic efficiency of lightweight plastic materials. The thickness of all panels and the hole size were kept 
constant to 20,0 and 3,0 mm, respectively. For all perforation hole shapes, results showed that the sound absorption 
peak was achieved at 4000 Hz. The highest peak sound absorption was 0.85 when measured on a panel with holes of 
the shape of square. The aim of this study was to find the correlation between sound absorption and the shape of the 
perforation hole.
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1. Introduction

Noise pollution is a complex public health, environ-
mental quality, and economic productivity problem. 
Its control demands multiple solutions involving scien-
tists, government, and innovations (Aliyev et al., 2025; 
Del Pozo et al., 2024; Eren et al., 2024; Swinburn et al., 
2015). Sound absorbing materials  – ranging from tra-
ditional fibrous and porous types composites (S. Dong 
et  al., 2024; Mohammadi et  al., 2025), acoustic meta-
materials (Groby et al., 2021; Naimušin & Januševičius, 
2023) and perforated (Khosravani & Reinicke, 2021; Xie 
& Lyu, 2014) or micro perforated (Herrin et  al., 2011; 
Tang & Cheng, 2025) panels often used for mitigation 
of noise pollution. The integration of environmentally 
friendly materials with advanced design and manufac-
turing techniques could align noise control with broader 
sustainability goals. 

Sustainable materials for sound absorption applica-
tions often include natural fibres such as jute, coconut 
coir, bamboo, sheep wool, and biobased composites 
with Polylactic acid (PLA) or epoxy with natural fibres 
(Khosravani & Reinicke, 2021; Mohammadi et al., 2025; 
Tang & Cheng, 2025). These materials often show attrac-
tive non-acoustic parameters such as thickness, density, 

porosity, which can be optimised through material com-
position optimisation. Emerging technologies such as 
machine learning-based design are improving durabil-
ity, moisture resistance, and broadband acoustic perfor-
mance, especially at low frequencies, while reducing en-
vironmental impact compared to conventional synthetic 
absorbers.

Resonant acoustic sound absorbers include Helm-
holtz resonators, micro-perforated panels, membrane-
based absorbers, and advanced acoustic metamaterials. 
Hybrid and multi-layer designs achieve broadband low-
frequency absorption in compact, subwavelength thick-
nesses by exploiting coupled resonances and advanced 
optimisation strategies. Peak sound absorption coeffi-
cients often exceed 0.9 in tuned frequency range, with 
bandwidths ranging from 100  Hz to several kHz, and 
thicknesses as low as 1/50 of the wavelength (Cai & Xin, 
2025; Zhao et al., 2025). 

The sound absorption of perforated panels (PP) de-
pends on the geometric optimisation of the material. 
The shape of the perforation holes is one of the most 
important factors in optimising sound absorption for 
different frequency ranges. Designs that are in market 
often favour circular holes because of the simplicity of 
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the manufacturing. The other shapes of holes have dif-
ferent acoustic benefits (Su et  al., 2021). For example, 
square and triangular hole shapes increase airflow re-
sistivity compared to circle-shaped holes. The increase 
in sound absorption effectiveness is approximately 11–
12% (Dorra et  al., 2021). Elliptical-shaped holes make 
perforated panels more universal for applications. The 
incident angle does not affect sound absorption of the 
perforated panel (Bocanegra et al., 2024). Slotted holes 
extend the bandwidth of sound absorption, especially 
when thin panels are used with a high perforation ratio 
(Jiang et al., 2024). Panels with tapered holes and porous 
backing increase sound absorption in low mid frequen-
cies (Patil et al., 2024). 

Few studies have shown that increasing the angle of 
the perforation hole can enhance sound absorption. For 
example, a study on perforated plastic or wood panels 
with tilted holes (15° to 45°) showed that the sound ab-
sorption coefficient (SAC) and transmission loss (TL) 
increased with the angle of the perforation pore (As-
trauskas et  al., 2024). Furthermore, studies show that 
tilt angle allows to shift resonant frequency of the sound 
absorption (Dong et al., 2020). This suggests that tilting 
the perforations can improve the acoustic performance 
of the PP.

This paper aims to investigate the influence of dif-
ferent hole shapes on SAC. In this paper, we investigate 
circular, square, diamond, and teardrop curve shapes. 
This study essentially incorporates all the studies men-
tioned into one. Different shapes of perforation holes 
are combined with the tilt angle to achieve the optimal 
performance of the existing perforation; therefore, some 
different shapes were analysed in this study. Compared 
to other studies, the perforation hole tilt angle was in-
creased to 60° to potentially improve sound absorption.

The paper is organised as follows: in section 2 Ma-
terials and methods presented; in section 3 The main 
results; In section 4 discussion of the result; In section 5 
the results were concluded.

2. Materials and methods

To produce perforated panels the 3D printing technology 
was used, because such panels need precision to be pro-
duced for laboratory scale testing. To ensure equal condi-
tions, some parameters of the panels were kept constant: 
thickness (20 mm), hole diameter (3 mm), the distance 
between holes (9  mm  – centre to centre of the hole). 
The perforation matrix is constant in all dimensions. The 
controlled parameters in this study were the shape of the 
hole and the tilt angle. The shapes selected for this study 
were circular (Figure 1a), square (Figure 1b), diamond 
(Figure 1c), and teardrop curve (Figure 1d) shapes. 

The tilt angles in comparison to sound incidence an-
gle were 15°; 30°; 45°; 60°. The tilting angle allows to in-
crease the tortuosity values of perforated hole; therefore, 
it leads to higher sound absorption values.

Figure 1. Drawing of the panels with different perforated 
hole shapes: (a) – circle; (b) – square; (c) – diamond; (d) – 

teardrop

To obtain the sound absorption coefficient (α) of 
PP, the ISO 10534-2 standard method was used. Such a 
method was chosen due to the requirements for sample 
size compared with methods which can be performed 
in reverberant rooms. The two impedance tubes used in 
the study were manufactured by Gesellschaft für Akus-
tikforschung Dresden GmbH, AcoustiTube product. The 
three-microphone technique was implemented to obtain 
less noisy data. Two tubes allowed to measure SAC in 
the wider frequency range. For lower frequency range 
(50–2000  Hz) measurements, a 100  mm inner diam-
eter tube was used, while for higher frequency range 
(150–5000 Hz) a 30 mm inner diameter tube. The ex-
perimental setup with a 30 mm inner diameter tube is 
shown in Figure 2. The total measured frequency range 
was 50–5000  Hz. The white noise signal was used in 
this study because it contains equal energy across the 
frequency range, allowing simultaneous measurement 
of the acoustic properties of materials without perform-
ing multiple single-frequency tests. This approach sig-
nificantly reduces measurement time while maintaining 
accuracy.

Figure 2. The impedance tube configuration for sound 
absorption measurements

The transfer function 13H  between microphone posi-
tions is calculated as the pressure ratio between pressures 
measured by both microphones (Eq. (1)). The transfer 
function for incident wave IH  and transfer function for 
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reflected wave RH  calculated according to (Eq. (2)–(5)) 
(International Organization for Standardization, 2001)
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where: R is the reflection coefficient of the sample, k0 is 
the wave number in air. 

Finally, the sound absorption coefficient (α) is calcu-
lated using the following expression:

21 .Rα = − 	 (8)

For engineering applications, sound spectra are of-
ten presented as one-third octave frequency bands rather 
than narrow bands. This frequency representation is re-
lated to the perception of sound by the human ear and 
allows compression of the amount of information. In this 
paper, the results are presented in 1/3 octave to show 
relevant information while focussing on the application 
possibilities of the panels. 

To summarise results the decision was made to in-
troduce averaged sound absorption coefficient which is 
calculated according to a Eq. (8):

,n
avg n

∑α
α = 	 (9)

where: avgα  – averaged sound absorption coefficient; 
nα  – sound absorption coefficient in nth 1/3 octave 

band; n – number of octave bands (50–5000 Hz; n = 21).
The PP was 3D printed and the print accuracy is 

0.01  mm. Knowing that to save resources, only one 
sample was printed for each configuration. The possible 
variations in terms of sound absorption are negligible. 
Therefore, operator uncertainty is only a variable that 
influences the measurement accuracy. The uncertainty 

of the operator was calculated as standard deviation of 
15 independent measurements of the same operator and 
is presented in Table 1.

Table 1. The operator uncertainty of the measurement

Frequency, Hz Uncertainty, σ

50 0.005
63 0.002
80 0.001

100 0.004
125 0.006
160 0.007
200 0.005
250 0.004
315 0.002
400 0.002
500 0.004
630 0.006
800 0.009

1000 0.009
1250 0.009
1600 0.023
2000 0.014
2500 0.010
3150 0.010
4000 0.007
5000 0.014

To ensure accurate SAC data, 100  averages were 
made for each measurement. In total, 8 separate samples 
were tested to obtain the SAC data.

3. Results

In this section results of sound absorption of perforated 
panels are presented. 

Figure 3. Frequency dependent sound absorption coefficient 
of circular perforated panel
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Figure 3 shows the frequency-dependent sound ab-
sorption coefficient (α) of a circular shape perforated 
panel of different perforation hole tilting  angles: 15°, 
30°, 45° and 60°. 

In all designs, this  value of the sound absorption 
coefficient is low (α < 0.05) for low frequencies below 
500 Hz, which means that low frequency absorption is 
relatively weak regardless of the angle of the perforation 
hole. In frequencies higher than 1000 Hz, sound absorp-
tion starts to vary between configurations.

Between 1000  and 2500  Hz the absorption curves 
increase similarly for all angles, but at 45° the value of 
α increases more distinct manner compared to other 
configurations. In frequency range 2500–3000 Hz sound 
absorption values were higher than 0.4, being higher 
compared with other angle configurations. 

At 3000 to 5000  Hz, there is a considerable devia-
tion of the values of the sound absorption coefficients. 
Resonant absorption is observed at this frequency, with 
a sharp peak reaching α  ≈ 0.73 for  the 15° tilt. The 
smoother transition is seen with a tilt of 30° for which 
α  ≈ 0.52 is achieved. The  45° angle keeps moderate 
sound absorption, but at lower frequency 2500 Hz. The 
opposite is true in the  case of a 60° tilt, which has a 
lower efficiency in terms of high frequency with its α ≈ 
0.35 in the upper frequency range.

The results  show that circular perforation hole tilt 
angle has a significant effect on the acoustic behaviour 
of the panel. Moderate tilting (30–45°) increases mid-
frequency absorption, and shallow tilt angles  (15°) can 
lead to high‑frequency peak. 

Figure 4. Frequency dependent sound absorption coefficient 
of square perforated panel

In Figure  4 presented the frequency-dependent 
sound absorption coefficient (α) of a perforated panel 
of different perforation hole tilting  angles: 15°, 30°, 45° 
and 60°. The difference in sound absorption of panels 
with different perforation hole tilting angles is negligible 
in frequency range below 630 Hz.

A more distinct difference in sound absorption values 
is found in the 1 kHz to 2 kHz range. The highest values 

in this frequency range were found when measured pan-
els with 60° tilt angle, reaching α ≈ 0.5 at around 2000 Hz, 
outperforming the other tilt angles. The 45° angle sound 
absorption increases similarly, though with a slightly lower 
value. Meanwhile, the 15° and 30° configurations show 
slower growth in absorption in this region. 

In frequencies higher than 2000 Hz, the tilting angle 
effect is more noticeable. The 15° tilt angle panel exhibits 
a sharp rise, reaching its maximum absorption (0.83) at 
4000 Hz, representing the strongest peak across all con-
figurations. The 30° angle also shows a pronounced peak 
around the same frequency, but with a slightly lower am-
plitude (α  ≈ 0.65). The 45° and 60° angles reach their 
peaks in a lower frequency range and values compared 
to the 30° and 15° cases.

Figure 5. Frequency dependent sound absorption coefficient 
of diamond shaped holes perforated panel

Figure 5 presents the measured sound absorption co-
efficient (α) of a diamond‑shaped perforated panel for 
four perforation hole tilt angles. At low frequency range 
(below 800  Hz), similarly to other configurations, low 
absorption without any significant differences.

Between 500 and 2000 Hz, the absorption coefficient 
begins to increase gradually for all tilt angles. Within 
this range, steeper tilting (45° and 60°) produces slightly 
higher absorption levels compared to the shallower 15° 
and 30° orientations. Such results show that sound ab-
sorption in medium to high frequency range is better 
achieved with steeper perforation hole angles.

More pronounced differences among the tested 
configurations occur above 2000  Hz. The 30° tilt an-
gle exhibits a strong increase in absorption, reaching 
approximately α  ≈ 0.65  at 4000  Hz. An even larger 
high‑frequency peak was found for the 15° tilt angle, 
which peaks at about α ≈ 0.84 at 4000 Hz. This repre-
sents the highest absorption level among all investigated 
angles. The 45° and 60° orientations show more moder-
ate peak values, on the order of α ≈ 0.35 – 0.60, indicat-
ing reduced high‑frequency coupling compared to the 
shallower orientations.
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This behaviour suggests that shallower tilting en-
hances the formation of high‑frequency resonances as-
sociated with the effective cavity–neck system created by 
diamond – shaped openings.

Figure 6. Frequency dependent sound absorption coefficient 
of teardrop curve shaped holes perforated panel

Figure 6 presents the measured sound absorption co-
efficient (α) of a perforated panel shaped by a teardrop 
curve. At low frequencies, all configurations showed low 
sound absorption values.

As the frequency increases toward the mid‑frequency 
region (400–2000 Hz), the absorption coefficients begin 
to differ more noticeably between tilt angles. The 60° 
tilt angle results show the highest absorption in this fre-
quency range, reaching α ≈ 0.20 at frequency of 800 Hz. 
The 15° and 30° angles maintain comparatively lower 
absorption values in this frequency range.

The most prominent differences between tilt angles 
appear in the high‑frequency region (2000–5000  Hz). 
The 15° and 30° tilt angles demonstrate the best overall 
performance, showing a pronounced peak of approxi-
mately α  ≈ 0.83  at 4000  Hz. The 45° angle reaches a 
moderate maximum of about α ≈ 0.66 at 3150 Hz, while 
the 60° orientation, despite its superior mid‑frequency 
performance, displays a relatively reduced peak α  ≈ 
0.65  at 400  Hz. These results indicate that shallow tilt 
angles (15°–30°) promote stronger resonance formation 
in teardrop curve‑shaped hole, whereas steep angles tend 
to suppress high‑frequency resonance due to increased 
flow resistance and reduced effective coupling with the 
acoustic field. 

To summarise the results, the heatmap graph is pre-
sented in Figure 7. Across all geometries, the results indi-
cate that both shape and tilt angle significantly influence 
αavg. Circular holes consistently yield the lowest values 
(0.104–0.158), with a 60° pronounced decrease at a tilt 
angle. Diamond-shaped holes showed comparatively 
higher values at lower tilt angles, reaching a maximum of 
0.186 at 15°, and decreased to 0.133 at 60°. The teardrop-
shaped hole-perforated panel showed relatively stable 

values (0.145–0.186) and a slight increase at 60°. Square 
holes showed the highest values (0.171–0.191), reaching 
their peak at 45°.

Figure 7. Heatmap graph of sound absorption coefficient 
average 

A common trend is observed in most geometries: 45° 
tilt angles generally correspond to the highest αavg​ val-
ues. At 60°, however, all shaped holes showed a reduced 
average sound absorption coefficient, indicating that ex-
cessively high tilt angles may not allow the sound wave 
to enter a sample but rather be reflected.

Overall, the averaged results demonstrate a clear in-
teraction between geometric features and angular ori-
entation. Square and diamond shapes tend to promote 
higher αavg​ values, particularly at moderate tilt angles, 
while circular geometries consistently produce the lowest 
averaged sound absorption coefficients.

4. Discussion

For applications targeting upper mid to high frequencies 
(≈1–4 kHz) – e.g., speech clarity – teardrop curve and 
square shapes could be preferred. To extend absorption 
toward lower frequencies, the geometric shape alone is 
insufficient; adding a backing air cavity, increasing thick-
ness, or re-tuning the perforation parameters (open area, 
spacing) would be required.

According to previous studies, the angle of the perfo-
ration hole increases the tortuosity of perforated panel. 
Compared to other studies the results do not correlate 
the same way as in other studies. The main reason is that 
other studies used a smaller diameter perforation hole; 
therefore, it was closer to microperforated panel; thus, 
higher acoustic pressure is within the perforated hole. 

The different shapes of the perforation holes con-
tribute to differences in acoustic impedances, as well as 
sound absorption itself (Ning et al., 2016). Such results 
were also shown in this study. Due to changes in the 
shape of the perforation hole it was possible to get slight-
ly different sound absorption results.

The main limitation of this study was that not all full 
perforated holes fit within the sample area. Some holes 
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are cut in half due to the circular cross section of the 
sample, as shown in Figure 1. This limitation could lead 
to slightly lower values of sound absorption coefficient, 
because of the reduced open area than projected. In the 
future this limitation will be addressed using an infinite 
size sample using empirical model (Delany  – Bazley). 
This limitation will also be eliminated when bigger scale 
samples will be produced in future research. 

To enhance the sound absorption, porous backing or 
airgap could be introduced behind the PP. Future studies 
will include environmentally friendly sound-absorbing 
material backing and airgap optimisation.

5. Conclusions

The overall tendency shows that the tilting angle allows 
one to control frequency range for more efficient sound 
absorption. The results show that higher tilt angles (45° 
and 60°) allowed higher sound absorption in the fre-
quency range from 500–2000  Hz. The lower tilt angle 
showed higher peak absorption in the higher frequency 
range. 

Teardrop curve and square shape perforated panels 
showed the highest peak absorption α ≈ 0.83 and 0.84 
respectively in frequency range above 2000  Hz. Dia-
mond shape perforated panels showed stable, smooth 
growth with peak sound absorption reaching up to 0.84 
but did not increase mid-frequency sound absorption 
with higher tilt angles. The circle shape perforation hole 
panels showed lowest peak sound absorption of all con-
figurations. The peak sound absorption was somewhat 
effective only with 15° tilting angle and reached 0.73, 
other configurations of circular shape perforated panels 
showed maximum peak of 0.50. 

The geometry and tilt angle of the perforated panel 
strongly influence the averaged sound absorption coef-
ficient αavg​. The square and teardrop-shaped perforated 
panel generally showed the highest values, reaching 
0.191 and 0.186 respectively at the 45° tilt angle. Circu-
lar holes consistently yield the lowest values at all angles 
(0.104–0.135). The perforated panels without taking into 
account the hole shape showed a peak of αavg at 45 ° and 
a reduction at 60°, indicating that high tilt angles may 
not allow the sound wave to enter a sample but rather 
be reflected. 
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