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Abstract. Perforated metamaterials are developed for innovative sound control within this research. This study investi-
gates the effects of varying infill patterns (50 % and 100 %) of perforation on conductive TPU (Thermoplastic Polyure-
thane) and PLA (Polylactic Acid) circular samples (30 mm diameter, with 3 mm wall thickness), which were produced
via FDM (Fused Deposition Modelling) 3D printing and tested using an impedance tube setup. The acoustic perfor-
mance of 3D-printed perforated metamaterials made from bio-composite materials (ProtoPasta Conductive PLA) and
synthetic conductive materials (Nylforce and Ninjatek) is explored, emphasising the potential for reducing the envi-
ronmental impact through the use of bio-composites. Acoustic testing covered a frequency range of 160 Hz to 5 kHz,
with adjustable back cavity depths of 8.5 mm, 23.5 mm, and 43.5 mm to assess a wide range of frequency absorption
capabilities. The results indicate that thicker samples (50 mm) with 100 % infill show superior absorption, particularly
at mid-to-high frequencies (2000-5000 Hz), while lower infill densities reduce absorption efficiency. Statistical analysis
confirmed that conductive TPU showed slightly higher mean absorption than conductive PLA, particularly in denser
configurations, but the difference was not statistically significant (p > 0.05). Additionally, back cavity depth signifi-
cantly influenced performance, with deeper cavities enhancing low-frequency absorption. Perforation density and infill
geometry played a crucial role in absorption tuning. The comparative analysis underscores the feasibility of sustain-
able, multifunctional noise control solutions. The findings suggest that perforated metamaterials can be optimised for
broad-spectrum and low-frequency noise mitigation, making them suitable for electromagnetic shielding applications.

Keywords: bio-composite materials, frequency, impedance tube, perforated metamaterials, sound absorption coefhi-
cient, synthetic materials.

1. Introduction Karamanlioglu et al. (2017) demonstrate that PLA

Due to environmental pollution and CO, emissions, it offers sustainability benefits through its renewable feed-

is important to reduce the negative impact of non-bio-
degradable materials and promote sustainable alterna-
tives, such as PLA-based foams, which offer comparable
mechanical properties to traditional materials such as
polystyrene foam, polyurethane foam, fiberglass, miner-
al wool, and PVC, while effective in soundproofing and
insulation, contributes to environmental pollution due
to their non-biodegradability and harmful production
processes while significantly increasing overall environ-
mental impact (Rotini et al., 2024).

stock and reduced environmental impact compared to
conventional plastics; however, its end-of-life treatment
requires optimised recycling and composting infrastruc-
ture.

Sound pollution, especially low-frequency noise, is
a significant issue in urban, transportation, and indus-
trial areas, causing health problems like hearing loss
and cardiovascular diseases (Alves et al., 2020; Jacyna
etal., 2017; Wang & Frishman, 2025). Traditional sound
control methods, such as dense metals and concrete, are
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effective but heavy, unsustainable, and unsuitable for
low-frequency noise (Wahid et al., 2024). This has led
to a rise in sustainable, efficient solutions for noise con-
trol (Dusek et al., 2024; Monkova et al., 2022). Sound
absorption, particularly low-frequency sounds, is cru-
cial for addressing noise in transportation and industrial
settings (Wahid et al., 2024). Perforated metamaterials,
with their unique microstructures, offer improved sound
absorption, especially at low frequencies (Ma et al., 2021;
Wahid et al., 2024). Del Rey et al. (2015) showed that
perforated barriers with 4 mm and 6 mm holes achieved
a high absorption coeflicient (0.9 at 900 Hz). Light-
weight lattice structures, like gyroid or honeycomb pat-
terns, improve fuel efficiency in aerospace by replacing
dense materials while maintaining strength (Kim et al.,
2021; Li et al., 2024; Xu et al., 2024). These structures
can be adapted to specific frequencies with advanced ad-
ditive manufacturing, supporting sustainable projects in
both industries.

Research has shown that 3D-printed perforated met-
amaterials can efficiently control sound absorption and
performance (Mudhar et al., 2022). Studies focus on the
importance of material composition, perforation den-
sity, and structural panel design in optimising acoustic
properties. Materials like PLA and bio-composites offer
sustainable options without compromising performance
(Al Unaizan, 2023; Monkova et al., 2022). However, the
full impact of material types, infill density, and back cav-
ity depths on acoustic properties remains underexplored
(Al Unaizan, 2023; Monkova et al., 2022).

Metamaterials, with engineered microstructures and
unique properties, have shown significant potential in
the automotive and aerospace industries. In aerospace,
they are utilised in structural components such as wing
panels and fuselages, enhancing performance and fuel
efficiency (Mohankumar et al., 2024; Saravana Jothi &
Hunt, 2022; Sato et al., 2025). These materials combine
acoustic and mechanical properties to control low-fre-
quency sound and vibrations, using membrane and sili-
cone rubber compounds to create low-frequency band-
gaps. This makes them ideal for mitigating noise below
500 Hz and reducing vibrations in vehicle interiors and
aircraft structures (Chen et al., 2021; Chen, 2015).

Synthetic conductive materials, such as metal 3D
printed MPP systems (e.g., steel), have been explored
for acoustic performance in civil indoor environments.
PLA, derived from renewable resources like corn starch
or sugarcane, is a biodegradable alternative to tradi-
tional plastics, offering an eco-friendlier option com-
pared to petroleum-based plastics (Rotini, 2024). PLA
foams have similar mechanical properties to polysty-
rene foams, but with a reduced environmental impact,
although their ecological footprint depends on factors
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such as raw material sourcing and agricultural practices.
Corn-based PLA, while popular for its biodegradabil-
ity, has varying environmental impacts based on these
factors (Rotini et al., 2024). PLA has a shorter lifespan
(5-10 years) than synthetic plastics, which can persist
for decades to centuries (Gonzalez-Lopez et al., 2019;
Vinod et al., 2020).

PLA’s biodegradability and natural sound absorption
properties make it suitable for acoustic applications, es-
pecially in reducing low-frequency noise (Tian & Zhang,
2020). Conductive PLA composites, reinforced with car-
bon-based fillers such as graphene and CNTs, enhance
electrical conductivity, EMI shielding, and acoustic per-
formance. PLA/CNT composites improve EMI shield-
ing and thermal conductivity (Liu et al., 2024), while
PLA/rGO composites increase conductivity and mechani-
cal properties for sound-dampening (Gomez et al., 2020).

This research aims to evaluate the acoustic efficiency
and sound absorption coeflicient of 3D-printed conduc-
tive PLA bio-composites reinforced with carbon-based
fillers and compare them with synthetic TPU compos-
ites, to optimise acoustic applications while balancing
sustainability and material efficiency.

2. Materials and methods

The acoustic properties of 3D-printed conductive PLA
and TPU samples with varying infill densities (50 % and
100 %) and thicknesses (15 mm, 30 mm, and 50 mm)
were tested using an impedance tube setup. A cup 6.5
mm was used to adjust the air gap for precise control
over the total thickness and cavity depth during testing
(Figure 1).

3D-printed materials
Conductive PLA
50 mm
50% infill 6.5 mm

30 mm

100% infill 6.5 mm

. o
Conductive TPU
50 mm
50% infill . 6.>mm
30 mm
100% infill . 6.5 mm
15 mm

Figure 1. Perforated metamaterial samples



M. U. Sikandar, O. Khrystoslavenko, D. Eidukynas, T. Janusevicius

Printed with controlled porosity and material distri-
bution, the samples feature two-part modular compo-
nents with a perforated front panel (1 mm perforations)
and adjustable back cavities. The sound absorption coef-
ficient is highly dependent on perforation diameter and
porosity, as these factors influence airflow resistance,
resonance behaviour, and energy dissipation mecha-
nisms. In our study, we selected a 1 mm perforation
diameter, which was the cleanest achievable using FDM
3D printing on a Prusa MK3 with a 0.4 mm nozzle.
Smaller perforations (<1 mm) were unreliable due to
extrusion inconsistencies, while larger perforations (>1
mm) reduced viscous and thermal losses, thereby low-
ering absorption efficiency. The 1 mm perforation pro-
vided an optimal balance between structural integrity,
printability, and acoustic performance for noise barriers
and soundproofing applications. Acoustic testing from
500 Hz to 5 kHz and below 200 Hz will evaluate per-
formance.

3. Experimental setup/methodology

An impedance tube was used to analyse the acoustic
properties of 3D printed samples, as shown in Figure 2.
The impedance tube was calibrated before measure-
ments to consider the incompatibility of the microphone
phases. Ambient temperature, atmospheric pressure, and
relative humidity were measured (Figure 2).
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Figure 2. Scheme setup of AED1000 type-3 impedance tube
microphone where S - the spacing between measurement
microphones 2 and 3, S, the distance between microphones
1 and 2 in the figure, which depends on the lower limiting
frequency f} of the tube, 1 is the length of the impedance tube,
x, is the distance between the sound source and the first
microphone (microphone 1), x2 is the distance between the
sound source and the second microphone (microphone 2),
p is acoustic pressure measured by the microphones in the
impedance tube setup

The configuration setup for the impedance tube is
presented in Equations (1)-(4).

_R(f) )

Hy, = W’ Hy; = m’ (1)

where H,, and H,; are the acoustic transfer functions
between the two microphone locations 1 and 2. Here,
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P, (f), P,(f), and P; (f) denote the pressure measurements
at microphones 1, 2, and 3, respectively, at a given fre-
quency f. For the frequency range 160-1000 Hz, the in-
cident and reflected wave transfer functions are given
by:

By

Hi (160-1000 ) = 7= = e~ Tko(xia*3); (2)
0
H = PZ—R— —jko (x12+%23) (3)
R (160-1000 Hz) = D e .
IR

For the 1000-5000 Hz range, the transfer functions
become:

Py ik
Hi (1000-5000 Hz) = . =e’ 0(x“); (4)
21
P ik
HR (1000-5000 Hz) = oo=e jko(x23) (5)
2R

The reflection coefficient R is calculated as follows:

H,-H
Re I 1(1000-5000 Hz ) _ eszo("1+x23+xss); ©)
HR(100075000HZ) —Hy,
H,-H
R - I~ *41(160-1000 Hz) _ ezjko(xﬁ"za*xss)’ @)
H

R(160-1000Hz) — Hy,

2m
where k, is the wave number k;, = —f, where c is the

speed of sound, j is the imaginary number in the com-
plex number, x;, - distance between microphone 1
and 2, mm, x,; — distance between microphone 2 and
3, mm and x;4 is distance between microphone 3 and
the sample holder, mm. The reflection coefficient R is
derived from the difference between the incident and
reflected wave transfer functions. The sound absorption
coeflicient was calculated as follows:

a=1-|R]". (8)

4. Results and discussion

The analysis of the acoustic absorption performance of
conductive TPU and conductive PLA samples across dif-
ferent thicknesses and infill densities reveals significant
trends in sound attenuation. The samples function like
a simple perforated panel, combining Helmholtz reso-
nance, viscous losses, and material-dependent damping.
The differences between PLA and TPU arise due to ma-
terial viscoelasticity — PLA is rigid and relies more on
resonance, while TPU is flexible, increasing energy dis-
sipation. This leads to higher absorption peaks in TPU,
especially at mid-to-high frequencies. The significant
variation in peak values is due to material properties,
microstructural porosity, and back cavity effects, with
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TPU showing superior broadband absorption. Thicker
samples (50 mm) consistently perform better in sound
absorption across all frequencies compared to thinner
samples (15 mm, 30 mm). Thinner samples show poor
absorption at low frequencies (<1000 Hz), while thicker
samples perform better due to increased material vol-
ume. At mid-to-high frequencies (2000-5000 Hz), both
30 mm and 50 mm samples reach peak absorption,
showing effective resonance.

Infill density plays a crucial role in absorption per-
formance, with 100 % infill samples generally achieving
higher absorption than 50 % infill. Specifically, conduc-
tive TPU with 100 % infill reaches a peak absorption
coefficient above 0.8 between 2000-4000 Hz, while
50 % infill TPU stays below 0.6. Similarly, conductive
PLA samples with denser infill configurations show bet-
ter acoustic attenuation but with lower peak absorption
values than TPU. Lower infill percentages reduce the
material’s ability to dissipate sound energy, decreasing
absorption efficiency.

While conductive TPU outperforms PLA at mid-to-
high frequencies (2000-5000 Hz), conductive PLA of-
fers more balanced absorption across a wider frequency
range, making it more suitable for broadband acoustic
applications. At low frequencies (<1600 Hz), conductive
PLA slightly outperforms TPU, but TPU shows sharper
absorption peaks in specific frequency bands.

The best-performing configurations are conductive
PLA 50 mm 100 % for low frequencies and conductive
TPU 50mm 100 % for mid-to-high frequencies. These
findings suggest that material choice should depend on
the target frequency range and required sound-damp-
ening properties. Additionally, the dual-functionality of
samples is based on the intrinsic conductivity of Proto-
Pasta Conductive PLA (~15 Q-cm resistivity) and Nin-
jaTek Conductive TPU (~10 Q-cm resistivity), both con-
taining carbon-based fillers known for EMI shielding.
While this study focused on acoustic absorption, prior
research shows carbon-filled polymers achieve 10-40 dB
EMI shielding, depending on thickness and filler distri-
bution (Thomassin et al., 2013).

A statistical comparison between conductive TPU
and conductive PLA was conducted to evaluate the sig-
nificance of absorption performance differences across
various sample configurations (Figures 3 and 4).

Figures 3 and 4 show that TPU (30 mm, 100 % infill)
had a mean absorption coefficient of 0.398 (SD = 0.285),
while PLA (30 mm, 100 % infill) had 0.294 (SD = 0.168).
However, the t-test (p = 0.314) showed no significant
difference at the 95 % confidence level. For 15 mm 50 %
infill, TPU had 0.236 (SD = 0.189) and PLA had 0.348
(SD = 0.252), with a t-statistic of 1.173 and a p-value of
0.256, indicating no significant difference. For 50 mm

55

50 % infill, TPU had 0.354 (SD = 0.136) and PLA had
0.381 (SD = 0.172), with a t-statistic of -0.418 and a p-
value of 0.680, reinforcing that the differences are not
statistically significant.
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Figure 3. Conductive PLA sound absorption coefficient

Despite TPU’s higher variability, both materials have
comparable practical application effectiveness. TPU’s
higher mean absorption in denser configurations sug-
gests better performance in high-frequency applications.
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Figure 4. Conductive TPU sound absorption coeflicient

A comparison of 50 % and 100 % infill densities in
TPU reveals that 100 % infill shows 44.1 % greater ab-
sorption (mean = 0.387) than 50 % infill (mean = 0.268),
but the difference is not statistically significant (p =
0.086). While 100 % infill TPU absorbs more sound,
particularly at mid-to-high frequencies (1000-5000 Hz),
this comes with higher material usage. The 50 % infill
offers a balance between material efficiency and acoustic
performance, making it a practical choice in applications
where cost and sustainability are concerns.

For PLA, 50 % infill provides better absorption
(mean = 0.338) compared to 100% infill (mean = 0.254),
a 25 % improvement, though the difference is not statis-
tically significant (p = 0.175). The superior performance
of 50 % infill in PLA is due to its increased porosity,
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allowing for greater sound dissipation through viscoelas-
tic damping. In contrast, the denser 100 % infill struc-
ture reflects more sound, reducing absorption efliciency.
These findings suggest that 50 % infill is the more sus-
tainable and cost-effective choice, particularly for PLA-
based acoustic metamaterials.

The different behaviours of conductive PLA and
TPU are due to their material properties. Being rigid
and brittle, PLA reflects sound more, while TPU’s flex-
ibility allows for better energy dissipation. TPU benefits
from 100% infill for better absorption, but with higher
variability. Conversely, PLA performs better with 50 %
infill due to increased porosity and energy dissipation,
showing the need for infill optimisation based on mate-
rial properties.

5. Conclusion

In conclusion, this study demonstrates the dual function-
ality of conductive TPU and conductive PLA composites
for acoustic absorption and electromagnetic interference
(EMI) shielding. The results reveal that thicker samples
(50 mm) show significantly better sound absorption,
particularly at mid-to-high frequencies, with conductive
TPU achieving peak absorption in the 2000-5000 Hz
range, while conductive PLA offers a more balanced ab-
sorption response across the entire frequency spectrum.
Higher infill densities (100 %) significantly increase
sound absorption, with samples showing an improve-
ment in the sound absorption coefficient, especially at
higher densities.

Conductive TPU and PLA, with their respective
characteristics, are suitable for a wide range of applica-
tions in industries such as robotics, aerospace, automo-
tive, and innovative infrastructure, where both noise
reduction and EMI shielding are crucial.
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PERFORUOTU METAMATERIJU AKUSTINES
SAVYBES: BIOKOMPOZITINIU IR SINTETINIU
LAIDZIY MEDZIAGY LYGINAMOJI ANALIZE

M. U. SIKANDAR,
O. KHRYSTOSLAVENKO, D. EIDUKYNAS,
T. JANUSEVICIUS

Santrauka. Tyrimo metu buvo tirtos perforuotos metame-
dziagos, sukurtos inovatyviam garso valdymui. Nagrinétas
skirtingy uzpildymo modeliy (50% ir 100%) perforacijos po-
veikis laidziuose TPU (termoplastinio poliuretano) ir PLA
(polipieno rugsties) méginiuose (30 mm skersmens, 3 mm
sienelés storio), pagamintuose naudojant FDM (Fused Deposi-
tion Modeling) technologija ir 3D spausdinima. Buvo tiriamos
3D spausdinty perforuoty metamedziagy, pagaminty i§ bio-
loginiy kompozity (ProtoPasta Conductive PLA) ir sintetiniy
laidZziy medziagy (Nylforce ir Ninjatek), akustinés charakteris-
tikos, pabréziant galimybe sumazinti aplinkos ir psichologinj
poveikj naudojant biologinius kompozitus. Akustiniai bandy-
mai apémé dazniy diapazona nuo 160 Hz iki 5 kHz, kei¢iant
uzpakalinés ertmeés gylj (8,5 mm, 23,5 mm ir 43,5 mm), sie-
kiant jvertinti garso sugerties galimybiy spektra. Rezultatai
parodé, kad storesni (50 mm) méginiai su 100 % uzpildu pa-
sizymi geresne sugertimi, ypa¢ vidutiniams ir aukstiems daz-
niams (2000-5000 Hz). Mazesnis uzpildymo tankis sumazino
sugerties efektyvuma. Statistiné analizé patvirtino, kad laidus
TPU vidutiniskai sugeria Siek tiek geriau nei laidus PLA, ypac
tankesnése konfigiiracijose, taciau skirtumas nebuvo statis-
tiskai reik§mingas (p > 0,05). Be to, uzpakalinés ertmés gylis
reik$mingai paveike veikimg, o gilesnés ertmés pagerino Zemo
daznio sugertj. Perforacijos tankis ir uzpildymo geometrija
suvaidino lemiamg vaidmenj reguliuojant absorbcijg. Lygina-
moji analizé pagrindzia tvariy, daugiafunkciy triuk$mo kon-
trolés sprendimy nauda. Tyrimo i$vados rodo, kad perforuo-
tos metamedziagos gali buti optimizuotos tiek plataus dazniy
spektro, tiek zemo daznio triuk$mui mazinti, todél jas galima
naudoti elektromagnetiniam ekranavimui.

Reik$miniai ZodzZiai: biokompozitinés medziagos, daznis, im-
pedanso vamzdis, perforuotos metamaterijos, garso sugerties
koeficientas, sintetinés medziagos.
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