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Noise and lighting are significant factors that have an impact on
our health, environment, production quality, etc. The purpose of
this paper is to investigate sound and light absorption properties
of 3D-printed polyethylene terephthalate glycol (PETG) material
specimens that were manufactured with two types of holes,
namely with circular and square-shaped holes. In addition, the
holes were printed with different dimensions, depths, shapes,
and surface spacings. Different factors influencing the material’s
ability to absorb sound and light were evaluated in this paper. It
was found in this study that the type of holes, their spacing and
depth have a big influence on sound and light absorption
properties of the investigated samples compared to the smooth
PETG material.
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1 INTRODUCTION

The interaction between man and environment is continuous
and in many cases hostile. Humans introduce many elements
into the environment that either pollute it or alter its conditions
with consequent negative effects on human health [Boffetta
2003], psyche, work safety, manufacturing productivity and
quality [Lundstrom 2002, Sawacha 1999, Dawal 2006], etc.
There are numerous factors influencing our environment. These
include air, water, oil and plastic pollution, noise, lighting,
mechanical vibration, temperature conditions, humidity,
ionizing radiation, electromagnetic waves [Parsons 2020,
Realyvasquez-Vargas 2020, Richard 2021, Strambersky 2021,
Shuyushbayeva 2022], etc. Therefore, it is necessary to take

various measures to improve human comfort in practice [Yan
2022].

As mentioned above, noise and light are important
environmental factors affecting human comfort in many areas of
our lives, such as work, transportation, school and living spaces,
etc. Noise is phenomenon that affects everybody and is
generally defined as an unwanted sound or set of sounds
[Muzet 2007]. It is necessary to eliminate undesirable noise by
appropriate measures in practice. Similarly, it is necessary to
create light comfort for humans. Visible light is a very important
factor for the existence of life on Earth. Lighting conditions
should be sufficient for performing the relevant activity. On the
other hand, unwanted glare should be eliminated. The visible
light is electromagnetic radiation with wavelengths in the range
from 380 to 780 nm and photon energies from 1.6 to 3.2 eV,
which can be perceived by a human eye [Gudkov 2017].

The objective of this paper is to investigate the sound and light
absorption properties of 3D-printed PETG material samples,
which were produced with different numbers, shapes, and sizes
of surface holes. This paper discusses various factors that affect
sound and noise propagation when using the investigated 3D-
printed material structures. In practice, these 3D-printed
materials can be used as suspended ceilings or lightweight walls
in order to improve people’s well-being in their various activities,
such as in lecture rooms, cinemas and libraries. Based on this
study, new types of 3D printed materials can be developed and
optimized to improve lighting and acoustic conditions in
different environments.

2 SOUND AND LIGHT ABSORPTION PROPERTIES OF
MATERIALS

2.1 Sound absorption properties of materials

As acoustic waves propagate from a sound source to a material’s

surface, the incident acoustic energy is either reflected or

absorbed by the material [Fediuk 2021]. Sound absorption

properties of materials are expressed by the sound absorption

coefficient a[—] as follows:

a=1-R="a (1)
Ep Ep

Where:

Er — reflected acoustic energy [J],

E;—incident acoustic energy [J],

Ea — absorbed acoustic energy [J].

In general, better sound insulation properties of materials are

obtained at higher values of the sound absorption coefficient « .

Its value is affected by many factors, namely by material type, its

thickness, structure, density, surface shape, excitation frequency

and incidence angle of acoustic wave [Li 2022, Samsudin 2016].

2.2 Light absorption properties of materials

In the case of non-transparent solid materials, the incident

luminous flux can either be reflected or absorbed when light

propagates to a material surface [Makino 2010]. Light

absorption properties of materials are characterized by the

absorptance A [—] as follows [Sliney 2007]:

A=24 @
Dy

Where:

@, — absorbed luminous flux [Im],

@, — incident luminous flux [Im].

A better ability to absorb light is generally obtained at higher

values of the absorptance A. In the case of non-transparent

materials, the absorptance is influenced mainly by surface color,
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light wavelength, light incidence angle, surface roughness and
shape [Brodersen 2007, Samsudin 2016].

3 MATERIALS
3.1 Materials

Specimens for the experimental measurements were produced
from an PETG (polyethylene terephthalate glycol) material
(Smart Materials 3D, Alcala la Real, Spain), which is one of the
commonly used materials in 3D printing technique. It is a tough
material, suitable for objects subjected to mechanical stress,
hard, flexible, and resistant [Guerrero 2022]. The material for
3D printing was prepared in the form of a long filament with a
diameter of 1.75 mm wound on a spool and was used to produce
samples in order to evaluate their sound and light absorption
properties.

3.2 Samples production

The investigated samples were designed using SolidWorks 2015
CAD software. Subsequently, they were printed using Creality
CR-5 PRO printer (Shenzhen Creality 3D Technology Co., Ltd.,
Shenzhen, China) based on the FDM (Fused Deposition
modelling) technique. The printing process was carried out at a
temperature of approximately 235 °C and a printing speed of
50 mm/s.

All samples for the evaluation of sound absorption properties
were made in the shape of a cylinder with a diameter of
d =29 mm and a thickness of t =4 mm. They were produced with
two types of holes, namely with circular and square holes (see
Figures 1 and 2). Furthermore, the holes were produced with
different characteristic sizes d or a (i.e., 1.5 and 3 mm), depths h
(i.e., 1.5 and 3 mm), spacings p (i.e., 6 and 12 mm) and shapes.
Various hole shapes of the investigated 3D-printed specimens
are shown in Figure 3.

Figure 1. Specimen dimensions with circular holes for experimental
measurements of sound absorption properties.
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Figure 2. Specimen dimensions with square holes for experimental
measurements of sound absorption properties.
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Figure 3. Investigated hole shapes (their cuts): A—cylinder/square prism,
B - truncated cone/truncated square pyramid, C — cone/square pyramid.
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In the case of the evaluation of light properties absorption
properties, square plates with a thickness of t =4 mm and a side
of 225 mm were produced using 3D printing technology.
Similarly, as in the case of the sound absorption properties, the
plates were fitted with the same types (i.e., circular and square)
of holes on their surface, as is shown in Figures 4 and 5. The
characteristic parameters (i.e., d, a, h and p) and shapes of the
holes were also the same (see Figures 1-3) as in the case sound
absorption measurements of the investigated 3D-printed
samples.
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Figure 4. Specimen dimensions with circular holes for experimental
measurements of light absorption properties.
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Figure 5. Specimen dimensions with square holes for experimental
measurements of light absorption properties.

4 MEASUREMENT METHODOLOGY
4.1 Sound absorption coefficient

Frequency dependencies of the sound absorption coefficient of
the studied 3D-printed PETG materials were measured by means
of a two-microphone acoustic impedance tube (BK 4206) in
combination with a signal PULSE multi-analyzer (BK 3560-B-030)
and a power amplifier (BK 2706) in the frequency range of 200—
6400 Hz (Briiel & Kjeer, Neerum, Denmark), as is shown in
Figure 6. In this case, acoustic waves (AW) are incident
perpendicularly from the sound source (S) on the tested material
specimen (M). All experiments were carried out at the ambient
temperature of 20 °C.
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Figure 6. Schematic diagram of the experimental equipment for
measuring frequency dependencies of the sound absorption coefficient

Experimental measurements of the sound absorption coefficient
were performed by the transfer function method [ISO 10534-2
1998] that is based on the partial standing wave principle. In this
case, the normal incidence sound absorption coefficient « is
expressed as follows [Han 2003]:

a=1—-|r?=1-nr>—1? (3)
Where:

r — normal incidence reflection factor [-],

r- — real component of the factor r [—],

ri— imaginary component of the factor r [—].
The normal incidence reflection factor is defined by the
equation:

H{,—H i

— M2 I_eZIcOxll (4)
Hgp—Hjp

Where:

Hi2 — complex acoustic transfer function [—],

H, — transfer function of incident wave [—],

Hg — transfer function of reflection wave [—],

ko — wave number [m1],

x1 — distance (see Figure 6) between the tested material sample
and the microphone M1 [m],

i —imaginary unit.

The above-mentioned transfer functions are expressed by the
equations:

eko‘Xz i+r,e—k0-x2i

— P2 _

H12 - D1 T ekoX1ipp.e—kox1i (5)
H = e Ko (x1=x2)i (6)
HR = ekO'(xl_xz)i (7)
Where:

p1— complex acoustic pressure measured by the microphone M;
[Pa],

p2 — complex acoustic pressure measured by the microphone M,
[Pa],

x, — distance (see Figure 6) between the tested material sample
and the microphone M; [m].

4.2 Light absorptance

Light absorption properties, (i.e., the absorptance A) of the
studied 3D-printed PETG specimens were investigated according
to [CSN EN ISO 360001-1 2006] standard based on the

reflectance R[-], which was determined based on the
illumination ratio:

o
R = ; (8)
Where:

E, — reflected illuminance from the tested material sample [Ix],

E;—incident illuminance on the material sample under test [Ix].
The above-mentioned illuminances were measured using the
digital illuminometer Voltcraft MS-1300 (Voltcraft, Hirschau,
Germany) under diffuse daylight (i.e., without artificial lighting
sources). Experimental measurements of both illuminances for
each sample surface were performed twenty times. The light
absorptance A was subsequently determined from the formula:

A=1-R (9)

Finally, average values and standard deviations of the
absorptance were evaluated for each of the 3D-printed samples
examined.

5 RESULTS AND DISCUSSION
5.1 Sound absorption properties

Different factors that have an influence on sound absorption
properties of the investigated 3D-printed samples are evaluated
in the following subchapters.

5.1.1 Effect of hole type

As stated above, the tested specimens with two types of holes,
namely with the circular (C) and square (S) hole cross-sections,
were manufactured using 3D printing technology. The effect of
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the hole type (in this case in the shape of the cylinder or square
prism shapes) on sound absorption behavior of the tested
samples is shown in Figures 7 and 8.

Figure 7 shows the frequency dependencies of the sound
absorption coefficient of the specimens, which were made with
a minimum number of circular holes (i.e., p = 12 mm) and
minimum hole dimensions (i.e., a =d = h=1.5 mm). In addition,
the frequency dependencies of the sound absorption coefficient
of these samples are compared with the full (F) 3D-printed PETG
specimen (i.e., without surface holes). It is evident that the
sample containing square holes showed a better ability to
attenuate noise over a substantial part of the frequency range
(i.e., from 1.5 to 4.5 kHz). It is caused by a higher surface of holes
in the shape of the square prism (see Figure 3, A-type holes)
compared to the cylinder shapes, which leads to higher internal
friction during the propagation of acoustic waves inside the
square holes. On the contrary, the sample containing circular
holes exhibited better sound absorption properties at higher
excitation frequencies (i.e., from 5 to 6 kHz) compared to the
sample manufactured with square holes. Sound damping
properties of both samples were practically the same at low
excitation frequencies (i.e., at f < 1.5 kHz). It was also found that
the full smooth sample is generally characterized by worse
sound absorption properties compared the samples
manufactured with both types of holes. Therefore, shape
material surfaces generally lead to a higher dissipation of
acoustic energy into heat during the propagation of incident
acoustic waves on the material surfaces under investigation.
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Figure 7. Effect of the hole type on the frequency dependencies of the

sound absorption coefficient for specimens with holes of the following
parameters:a=15mm,d=1.5mm,h=15mm, p=12 mm.

The frequency dependencies of the sound absorption coefficient
of the samples, which were made with a maximum number of
circular holes (i.e., p = 6 mm) and maximum hole dimensions
(i.e., a =d =h =3 mm), are compared with sound absorption
properties of the full (F) sample in Figure 8. Again, the samples
produced with both types of holes exhibited better sound
damping properties over a substantial part of the measured
frequency range. Similarly, as in the previous case (see Figure 7),
sound absorption properties of the tested samples are not
affected by the hole type at low excitation frequencies (i.e., at
f< 1.5 kHz). The sample containing circular holes again showed
better sound absorption properties at higher excitation
frequencies (i.e., at f > 3.5 kHz). In the middle frequency band
(i.e., from 1.5 to 3.5 kHz), the hole type on the sample ability to
damp sound is not entirely clear. It is strongly influenced by the
excitation frequency (see Figure 8).

Based on experimental measurements, it can be concluded that
the hole type has a significant effect on sound absorption
properties of the tested 3D-printed specimens only at higher
excitation frequencies, mainly in the frequency range from 1.5
to 4.5 kHz. At low excitation frequencies, the effect of the hole
type on sound absorption was negligible.

0 1000 2000 3000 4000 5000 6000
f [Hz]

7000

Figure 8. Effect of the hole type on the frequency dependencies of the
sound absorption coefficient for specimens with holes of the following
parameters:a=3 mm,d=3 mm,h=3mm, p=6 mm.

5.1.2 Effect of hole size

As is shown in Figures 9 and 10, the hole sizes (i.e., the cross-
section size of circular or square holes) has a significant effect on
sound absorption performance of the tested 3D-printed
specimens. It is evident that a higher sound damping ability was
found for specimens containing holes of larger dimensions that
are characterized by higher internal friction during the
propagation of acoustic waves inside these holes. This was due
to the larger internal surfaces of the holes, which is subsequently
accompanied by greater friction and thus also the
transformation of the incident acoustic energy into heat.
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Figure 9. Effect of the hole size on the frequency dependencies of the
sound absorption coefficient for specimens with circular holes of the
following parameters: h = 1.5 mm, p =6 mm.
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Figure 10. Effect of the hole size on the frequency dependencies of the

sound absorption coefficient for specimens with square holes of the
following parameters: h=3 mm, p =12 mm.

5.1.3 Effect of hole spacing

The effect of the spacing between holes is shown in Figure 11. In
this case, the investigated samples were made with square holes
of side length @ = 1.5 mm and depth h = 3 mm. It is obvious that
a smaller spacing between the square holes led to a better ability
to damp incident acoustic waves over a substantial part of the
frequency range. Therefore, a higher number of holes on the
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sample surface results in lower sound reflection from the
material surface, which is accompanied by a higher dissipation
of incident acoustic energy into heat.
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Figure 11. Effect of the hole spacing on the frequency dependencies of
the sound absorption coefficient for specimens with square holes of the
following parameters: a = 1.5 mm, h=3 mm.

5.1.4 Effect of hole depth

The influence of the hole depth for specimens manufactured
with circular holes of diameter d=1.5mm and spacing
p =12 mm is demonstrated in Figure 12. It is evident that sound
absorption properties of the tested samples increased with
increasing the hole depth in a substantial part of the measured
frequency range. This is due to the fact that a higher hole depth
corresponds to higher inner surfaces of the holes. It is
accompanied by higher internal friction during the propagation
of acoustic waves inside the holes and, consequently, by a higher
dissipation of incident acoustic energy into heat.
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Figure 12. Effect of the hole depth on the frequency dependencies of the
sound absorption coefficient for specimens with circular holes of the
following parameters: d = 1.5 mm, p =12 mm.

5.1.5 Effect of hole shape

In previous cases (see Figures 7-12), the frequency dependencies
of the sound absorption coefficient are shown for A-type holes,
i.e., in the shape of a cylinder and a square prism. In addition
(see Figure 3), 3D-printed specimens were also produced with
chamfered holes in the shape of truncated cone/truncated
square pyramid (i.e., B-type holes) and cone/square pyramid
(i.e., C-type holes). Examples of the effect of the hole shape on
sound absorption of the investigated PETG samples with circular
and square holes with the given parameters (i.e., dimensions d
or a, p and h) are shown in Figures 13 and 14. It is evident that
the hole shape has a significant influence on sound absorption
properties, mainly at higher excitation frequencies (i.e., at
f>1.5kHz). At low excitation frequencies (i.e., at f< 1.5 kHz),
the effect of the hole type on sound absorption was negligible.
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Figure 13. Effect of the hole shape on the frequency dependencies of the
sound absorption coefficient for specimens with circular holes of the
following parameters: d =3 mm, p=6 mm, h=1.5mm.
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Figure 14. Effect of the hole shape on the frequency dependencies of the
sound absorption coefficient for specimens with square holes of the
following parameters: a =3 mm, p=12 mm, h=1.5 mm.

5.1.6 Effect of excitation frequency

As shown above in Figures 7-14, sound absorption properties of
the studied 3D-printed PETG specimens containing square or
circular holes are strongly influenced by the excitation frequency
f. It is obvious that a relatively low sound absorption ability was
found at low excitation frequencies, namely at f<1kHz.
Contrarily, in some cases, the highest sound absorption
properties (i.e., amax = 0.6) were obtained in the frequency range
from 3.3 to 3.8 kHz. It can also be seen from Figures 7-14 that
the sound absorption peaks are observed at certain excitation
frequencies depending on the sample type. In this case, acoustic
energy is reduced due to air compressibility and air movement
in the holes that creates friction with the walls of holes. As a
result, the acoustic energy is converted into heat and
subsequently dissipated.

5.2 Light absorption properties

Various factors affecting the light absorptance A of the
investigated 3D-printed samples are summarized and compared
with the full 3D-printed PETG specimen (F) in Tables 1 and 2.

It is obvious, similar to the sound absorption behaviour, that the
lowest light absorption properties (or the minimum absorptance
Anmin=0.505) were found for the smooth PETG material specimen
(i.e., without surface holes). On the contrary, the maximum
absorptance Apmgx = 0.552 was for the 3D-printed PETG sample
that was made with a maximum number of square holes (i.e., p
= 6 mm) and maximum hole dimensions (i.e., a = h = 3 mm).
Therefore, the specimens containing holes are characterized by
a higher ability to absorb light compared to the full 3D-printed
PETG specimen (F). It is caused by multiple light reflections as
light propagated inside the holes and accompanied by a higher
transformation of the incident light energy into heat. As in the
case of sound absorption properties, the light absorptance (see
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Tables 1 and 2) generally increased with increasing the number
of surface holes (i.e., p = 6 mm) and their dimensions (i.e.,
a =d = h =3 mm). Other factors, such as the shape (i.e., square
or circular) and type (i.e., type A, B or C) of holes, were negligible
in terms of light absorption.

d h A
shape type | ot | fony | grom) ]
6 1.5 0.535+0.013
15 3.0 0.540+0.017
12 1.5 0.524 +0.009
A 3.0 0.527 +0.012
6 1.5 0.547 £ 0.025
30 3.0 0.549 + 0.016
12 1.5 0.534+0.011
3.0 0.536 £ 0.018
6 1.5 0.541 +0.023
B 30 3.0 0.547 £ 0.019
12 1.5 0.536 £ 0.020
3.0 0.540+0.015
6 1.5 0.541 +0.017
c 30 3.0 0.543 +0.012
1 1.5 0.536 £ 0.015
3.0 0.539+0.018
F - - - 0.505 +0.019

Table 1. Measured values of the light absorptance A of the 3D-printed
specimens with circular holes.

a p h A
shapetype | 1] | fmm] | [mm] ]
6 1.5 0.540+0.017
15 3.0 0.542 £ 0.013
12 1.5 0.532+0.012
A 3.0 0.537+£0.019
6 1.5 0.545 +0.020
30 3.0 0.552 +0.024
12 1.5 0.538 £ 0.018
3.0 0.540 +0.023
6 1.5 0.541 +£0.016
B 30 3.0 0.550+0.027
12 1.5 0.532+0.018
3.0 0.540+0.017
6 1.5 0.536 £ 0.026
c 30 3.0 0.544 +0.017
12 1.5 0.530+0.025
3.0 0.533+0.021
F - - - 0.505 +0.019

Table 2. Measured values of the light absorptance A of the 3D-printed
specimens with square holes.

6 CONCLUSIONS

The aim of this paper was to investigate the influence of the
geometry and surface distribution of holes on sound and light
absorption properties of 3D-printed PETG materials. It can be
concluded that the geometry and number of surface holes on
the investigated material samples has a significant influence on
their sound and light absorption. It was found in this study that
better sound and light absorption properties were generally
found for 3D-printed PETG specimens containing a higher
number of surface holes with larger dimensions. In these cases,
the sound or light propagation through the holes was

characterized by a higher internal friction of sound or light waves
in these material structures. It was subsequently accompanied
by a higher dissipation of the acoustic or light energy into heat
compared to the smooth specimen, which was manufactured
without surface holes.

3D printing is a developing and perspective technology that finds
application in many areas of our lives. It allows the production of
lightweight materials of various shapes and structures compared
to conventional manufacturing technologies, which leads to
time, material, and energy savings. For these reasons, it is also
possible to develop advanced 3D-printed lightweight material
structures to absorb unwanted noise and light in practice, which
can lead to improved human comfort. For example, during
presentations in lecture halls and rooms, film projections in
cinemas, etc. Furthermore, new developed 3D-printed materials
can also have an aesthetic function in closed rooms.
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