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Abstract

Plastic pollution represents a significant challenge for the building industry, where syn-
thetic foils are extensively used as acoustic absorbers or vapour barriers but persist in
the environment for decades, causing risks to ecosystems and human health. In addition,
conventional construction materials such as concrete and glass often provide poor acoustic
performance, leading to a growing reliance on synthetic acoustic absorbers. In this study,
we propose alginate—a biopolymer derived from brown seaweed—as an alternative sus-
tainable material for indoor acoustic conditioning. Thin, bendable, and transparent alginate
foils were fabricated and characterized in the impedance tube to assess their sound absorp-
tion properties. Results reveal that alginate foils achieve acoustic absorption coefficients
comparable to conventional synthetic-based absorbers, while offering biodegradability and
a renewable origin. Their physical properties further support potential integration into in-
door architectural design, where flexible and transparent properties are desirable. Overall,
the findings highlight alginate’s potential as an environmentally friendly replacement for
synthetic acoustic foils, supporting the goals of acoustic sustainability and the associated
long-term impacts of plastic pollution in the built environment.

Keywords: indoor acoustics; alginate foils; bio-polymers; acoustic sustainability; sustainable
materials; micro-perforation

1. Introduction
Plastic foils are widely used in construction as vapour barriers and acoustic absorbers,

yet their reliance on synthetic polymers contributes to long-term environmental pollution.
Over 90% of plastic waste in the building sector persists for more than 35 years, posing
risks to ecosystems and human health [1]. Simultaneously, contemporary architectural
designs frequently employ hard, reflective materials such as glass and concrete, resulting
in poor acoustic conditions that can adversely affect occupants. While transparent sound
absorbers (SAs), e.g., micro-perforated foil absorbers (MPAs) and membrane absorbers
(MAs), offer a solution that preserves aesthetic integrity, they are typically petroleum-
based and environmentally unsustainable. These challenges highlight a pressing need for
materials that deliver effective acoustic performance while minimizing ecological impact.
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To address this need, the study investigates bio-based materials that combine environ-
mental sustainability with effective acoustic performance and architectural compatibility.
Alginate—a biodegradable, non-toxic polymer derived from brown seaweed—emerges as
a particularly promising candidate due to its ability to form transparent, lightweight foils
and its straightforward, low-energy processing.

In this context, the research focuses on developing sustainable alginate-based SAs as an
alternative to petroleum-based absorbers, with particular attention to acoustic sustainabil-
ity. Acoustic sustainability refers to the development of acoustic solutions that minimize
material use, allow reversible installation, and avoid permanent interventions—an im-
portant consideration in heritage-protected environments. The aim is to highlight how
novel, lightweight, and non-invasive materials can support long-term, adaptable acoustic
improvements without compromising architectural integrity.

The following research objectives have been defined:

1. Develop Eco-Friendly Alginate-Based Foils:

• Create bio-based foils using alginate, a natural polysaccharide, as the
main component.

• Ensure that the developed foils are bendable, transparent, stable, and man-
ufactured through an environmentally sustainable process using low-energy
drying methods.

2. Enhance Stability and Durability of Alginate Foils:

• Investigate and incorporate additives such as glycerin and calcium ions to en-
hance mechanical stability and water resistance.

• Evaluate tensile strength suitable for practical architectural applications.

3. Testing Acoustic Performance and Evaluation:

• Conduct acoustic testing and simulations to assess the absorption characteristics
of alginate foils.

• Benchmark performance against traditional plastic acoustic absorbers to evaluate
feasibility for indoor architectural use.

2. State of the Art
This section provides an overview of architectural SAs, the materials that are used,

and the potential of alginate-based foils as a bio-based alternative. It first distinguishes
between porous/fibrous and foil/membrane absorbers, highlighting the limitations of
natural materials for transparent, thin-film applications. The environmental impact and
functional dominance of synthetic SAs are then discussed. Finally, the section introduces
alginate foils, emphasizing their film-forming, elastic, and visually translucent properties,
and motivating their evaluation as a sustainable substitute for petroleum-based SAs.

2.1. Sound Absorbers in Architecture

Architectural SAs can largely be divided into porous/fibrous materials and foil/membrane
absorbers. Natural and bio-based porous absorbers—such as cork, hemp, kenaf, flax, wool, or
recycled textiles—have been extensively studied and successfully applied due to their renewable
origin and good low- to mid-frequency performance [2–5]. However, these materials are
typically opaque, thick, and mechanically rigid, which limits their use in applications that
require visual openness, transparency, or minimal material thickness.

In contrast, foil and membrane absorbers form a separate category: micro-perforated
foil absorbers (MPAs) consist of thin foils with sub-millimeter micro-perforations, en-
abling efficient mid- to high-frequency absorption through viscous losses inside the
perforations [6–9]. With membrane absorbers (MAs), sound absorption arises from the
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resonant vibration of the membrane, with the enclosed air volume acting as an acoustic
spring. These systems are particularly effective for narrow-band or tuned low-frequency
absorption [10,11]. MPAs and MAs are valued for their visual transparency, small thickness,
and unobtrusive integration into architectural elements such as glass partitions, façades,
and heritage interiors. Notable installations include the Parliament of the Federal Republic
of Germany in Bonn, where transparent or translucent MPAs enhance room acoustics while
maintaining visual openness [12]. Because porous natural materials cannot provide these
functional properties, they are not direct comparators for transparent, foil-based absorbers.

2.2. Environmental Impact of Synthetic Sound Absorber

SAs are produced almost exclusively from petroleum-based plastics such as polyurethane
(PUR), polyethylene (PE), and polycarbonate (PC) [13,14]. These materials offer high opti-
cal clarity, elasticity, processability, and mechanical stability—properties critical for micro-
perforation and structural integration.

However, plastic foils used in construction contribute to long-term environmental
burdens. Their low recycling rates and long service life classify them as “locked-in waste,”
meaning they remain in buildings for decades before contributing to landfill or microplastic
pollution [1]. As high-volume users of polymeric materials, the construction and architec-
tural acoustics sectors face increasing pressure to move toward bio-based or biodegradable
foil materials capable of replicating the design functionality of synthetic MPAs [15].

This growing demand highlights the need for alternative materials that retain the
functional characteristics of plastic MPAs and MAs—particularly thin-film formability and
potential transparency—while reducing environmental impact.

2.3. Properties and Applications of Alginate

Alginate, a naturally occurring polysaccharide extracted from brown seaweed, is
a promising candidate for bio-based film applications. Through ionic crosslinking with
calcium ions (Ca2+), alginate forms flexible, transparent, and mechanically stable films
under mild processing conditions [16,17]. Unlike other biopolymers such as starch or
agar-agar [18,19], which often produce brittle or opaque films, alginate can form bendable,
homogeneous, and visually translucent foils suitable for low-energy processing.

While alginate is widely known for its use in biomedical [20–22], food [23–25], and
environmental applications [26–29], several recent studies have explored its acoustic absorp-
tion potential in hydrogel or alginate composites [30–32]. However, research on alginate-
based films suitable for micro-perforation—particularly films combining elasticity with
optical clarity—remains limited. Previous studies seldom address the properties necessary
for architectural integration, including thin-film behavior and visual transparency.

In this context, alginate foils represent a potentially novel bio-based alternative to
MPA and MA design principles. The present study, therefore, investigates the feasibility of
alginate foils with a thickness in the sub-millimetre range as SAs, focusing on design strate-
gies informed by material properties, as well as their mechanical and acoustic performance.
Although the optical properties of the films are not the central analytical focus of this study,
their translucency and film-forming ability underpin their suitability for replacing synthetic
SA materials.

3. Methodology
This section outlines the methodology employed for the study of MAs and MPAs,

including their acoustic principles, geometrical specifications, and the selection and for-
mulation of materials. It further describes three experiments in which alginate foils were
fabricated for subsequent acoustic measurements.
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3.1. Fundamental Acoustic Principles of Membrane Absorbers

MAs are mass–spring systems. The vibrating mass is a flexible membrane, and the
spring is the enclosed air cavity behind the membrane. The air gap can also be filled with a
porous absorbent. A basic design of an MA is shown in Figure 1. Acoustic waves that meet
the surface of a membrane cause it to oscillate at a frequency determined by its mass and
the stiffness of the air spring of the cavity.

Figure 1. Schematic representation of an MA. The arrow indicates the possible membrane deflection.

The volume in the cavity can be filled with damping material, e.g., fiberglass or other
porous materials. The damping will have the following effects. First, the bandwidth of
the resonator will be wider. Second, the dissipation of energy in the cavity will be more
effective. A simple construction is formed by a cavity with a covering sheet.

The surface impedance W of the resonant system is given as [10]:

W = r + j
[
ωm′ − ρ0c0 cot(kD)

]
[Ns/m3] (1)

In our mass–spring system, the acoustic mass and resistance due to the membrane
come into play. The losses resulting in a resistance term (r), a mass term (ωm′), and a
spring term (−ρ0c0 cot (kD)) occur. In the equation, k = 2 π

λ is the wavenumber in air, D
is the cavity depth, m′ [kg/m2] is the acoustic mass per unit area of the panel, ρ0 is the
density of air, ω is the angular frequency, and c0 is the speed of sound in air. We consider
a case without porous absorbent material and with a cavity size much smaller than the
acoustic wavelength.

We use the assumption kD ≤ 1, which simplifies the term to cot (kD) −→ 1
kD . This

leads to the spring behavior. The difference in its argument comes from the medium
itself. We now consider a lossless medium and use jk instead of the complex propagation
constant Γ.

Systems resonate when the imaginary part of the impedance is 0, so to obtain the
resonant frequency, we set the imaginary part of Equation (1) to 0. The resonance frequency
f is given by:

f =
c0

2π

√
ρ0

m′D
(2)

By using the constants c0 = 343 m
s and ρ0 = 1.204 kg

m3 , with the cavity depth D in cm

and mass per unit of area m′ in kg
m2 , this can be further simplified to by [10]:

f ≈ 600√
m′D

(3)

In ref. [33], we find the same approximation with d in mm:

f ≈ 1900√
m′D

(4)
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3.2. Fundamental Acoustic Principles of Micro-Perforated Foil Absorbers

The basic concept of an MPA involves a thin panel with perforations, both sized in
the sub-millimetre range. These perforations are designed to match the size of the acoustic
boundary layer, ensuring efficient energy dissipation. The key parameters influencing the
performance of an MPA include the panel thickness t, the diameter of the perforations d,
the spacing between the perforations b, and the depth of the air gap behind the panel D,
according to the theory of Maa [6,8] (Figure 2).

Figure 2. Sketch of the relevant MPA geometry parameters [8].

The performance is determined by its acoustic impedance, which can be described by
the viscous losses within the holes Zhole, the resonances in the air gap ZD, and edge effects
Zedge. As sound waves enter the micro-holes, viscous friction causes energy dissipation.
This impedance can be modeled as:

Zhole = jωρ0t

(
1 − 2

x
√
−j

J1(x
√
−j)

J0(x
√
−j)

)−1

[Ns/m3] (5)

where ω = 2π f is the angular frequency [rad/s], ρ0 is the ambient air density [kg/m³],
t is the panel thickness [m], J0 and J1 are Bessel functions of the first kind of orders 0
and 1, respectively, and x is a dimensionless parameter related to the hole geometry and
frequency [34]. The air gap behind the MPA contributes to its overall impedance. The gap
acts as a spring, with its impedance given by:

ZD = −jZ0 cot(kD) (6)

where k is the wave number and Z0 is the characteristic impedance of air. Corrections for
the impedance at the edges of the perforations account for additional mass and resistance:

Zedge =
√

2ηωρ0 + j0.85ωρ0d (7)

where η is the dynamic viscosity of air. The total acoustic impedance of the MPA is a
combination of these components:

ZMPA =
Z1

ϵ
+ ZD (8)

where Z1 = Zhole + Zedge and ϵ is the perforation ratio. The normalized impedance ZMPA
can be expressed as:

ZMPA = r′ + j
(

ωm′′ − cot (kD)

)
(9)
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The resulting absorption coefficient (α) of the MPA is determined by:

α = 1 − |R|2 =
4 · Re(ZMPA) · cos ψ

(1 + Re(ZMPA) · cos ψ)2 + (Im(ZMPA) · cos ψ)2 (10)

where R is the reflection coefficient, and ψ is the angle of incidence of the sound wave.
A system with multiple layers n, different geometrical parameters for each layer

[ti, di, ϵi] that are separated by n air gaps with variable or constant depth [Di], can be
estimated by the approach of solving the equivalent electrical circuit (Figure 3). For
simplicity, we rewrite the impedance of the individual perforated panels as Z1 to Zi, the
impedance used for modeling the air gap WD to WDi.

Figure 3. Equivalent electrical circuit analogy of an MPA with two layers in front of a rigid wall.

For a system with two layers (n = 2), the starting point yields to the impedance of the
MPA closest to the rigid wall.

Wserial1 = Z2 + WD2
(11)

Then, the impedance Wserial1 will be in parallel with the impedance WD1
resulting

from the previous air gap D1. It can be written as:

Wparallel1 =
WD1

Wserial1
WD1

+ Wserial1
(12)

By adding the impedance of panel 1 Z1 to Wparallel1 we obtain the total impedance
WMPA:

WMPA = Wserial2 = Z1 + Wparallel1 (13)

In order to obtain the most promising set of samples, we conducted a parameter study
varying the spacing, hole size, and perforation shape.

3.3. Impedance Tube Setup

To evaluate the acoustic performance, the absorption coefficient for normal sound
incidence was measured in the impedance tube (see Figure 4 for the measurement setup).
Architectural sound fields are typically random incidence (diffuse) and include edge or
installation effects not captured here. Nevertheless, normal incidence measurements pro-
vide a reliable basis for comparing material behavior and identifying trends in absorption
performance under controlled conditions.

The impedance tube is a long, narrow tube with speakers at both ends and four micro-
phones positioned along its length to measure the sound pressure at multiple points. This
4-microphone configuration allows accurate estimation of complex transfer functions and
surface impedance at the sample plane. The recorded sound pressure signals were then
used to determine the material’s absorption coefficient. The acoustic measurements were
performed based on EN ISO 10534-2 [35]. While this method provides a comprehensive
and accurate characterization of the material’s acoustic properties, it represents a simpli-
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fied laboratory setup and does not fully reflect diffuse or oblique incidence conditions
encountered in real-world architectural environments.

The tube used in this study has an inner diameter of d = 10 cm. This results in a
valid frequency range of 85 Hz to 1991 Hz, ensuring plane-wave propagation and avoiding
higher-order modes.

(a) (b) (c)

Figure 4. (a) Impedance tube equipped with four microphones indicated by red markings. (b) Sample
preparation within a customized acrylic glass frame. (c) Sample installed in the mounting device.

A 10-cm-diameter circular sample is prepared for the impedance tube. The holder
(Figure 4b) consists of two rigid acrylic rings, laser-cut for precision and reproducibility,
with three screws clamping the sample film. This design minimizes interference from
the support structure, ensuring accurate acoustic measurements, and is well suited for
transmission and reflection tests in the impedance tube. Previous studies have shown
that configurations with multiple MPA layers improve absorption across a wide frequency
range [36]. For instance, by adding a second absorber at a certain distance from the first
one, the absorption for lower frequencies can be improved.

3.4. Materials

The materials used in this study include:

• Sodium Alginate (SA): Sodium alginate is a naturally occurring polysaccharide used to
form hydrogels. Laboratory-grade alginate (SAL: molecular weight 300,000–350,000 g/mol,
viscosity 350–550 mPa·s for a 1% solution at 20 °C, pH 5.5–8.0, loss on drying ≤15%)
was supplied by Carl Roth GmbH + Co. KG (Karlsruhe, Germany) Standard culinary-
grade alginate (SAM), commonly used in molecular gastronomy, was supplied by
Würzteufel GmbH (Empfingen, Germany). Both alginates were dissolved in distilled
water to prepare solutions for foil formation.

• Distilled Water (H2O): Distilled water (CAS No. 7732-18-5, molecular weight
18.02 g/mol, boiling point 100 °C) was used as the solvent for preparing alginate
solutions. Its neutral pH and absence of ions ensure uniform dissolution of sodium
alginate. Tap water was avoided to prevent unintended cross-linking or altered gelling
due to the presence of calcium, magnesium ions, or variable pH.

• Glycerin (Glycerol ≥ 99.5%) (Gl): Glycerin (CAS No. 56-81-5, molecular weight
92.09 g/mol, boiling point 182 °C/20 mmHg, purity ≥ 99.5%) was used as a plasti-
cizer to enhance the flexible properties of the alginate foils. It is a colorless, odorless,
and viscous liquid of high purity, supplied by Carl Roth GmbH + Co. KG (Karl-
sruhe, Germany).

• Calcium Chloride Di-hydrate (≥99%, p.a., ACS) (CaCl2): Calcium chloride dihy-
drate (CAS No. 10035-04-8, molecular weight 147.02 g/mol, density 1.85 g/cm3,
purity ≥ 99%, p.a., ACS) was supplied by Carl Roth GmbH + Co. KG (Karlsruhe,
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Germany), DE. It was used as a cross-linking agent for sodium alginate due to its high
purity and compliance with analytical and ACS standards, ensuring reproducible
gelation behavior.

• Calcium Carbonate (≥98.5%, Ph. Eur., USP, granulated) (CaCO3): Calcium carbon-
ate (CAS No. 471-34-1, molecular weight 100.09 g/mol, density 2.93 g/cm3, pu-
rity ≥ 98.5%, Ph. Eur., USP, granulated) was used as a cross-linking agent and to
generate controlled perforations in the alginate foils. It was supplied by Carl Roth
GmbH + Co. KG (Karlsruhe, Germany), ensuring high purity and consistency in the
formation process.

• Hydrochloric Acid (HCl): Commonly used for pH adjustment during the formula-
tion process. In combination with calcium carbonate (CaCO3), HCl lowers the pH,
promoting the gradual release of carbon dioxide (CO2) and calcium ions (Ca2+ ions)
necessary for bubble creation and controlled gelation. It is a strong, corrosive acid
with a pH around 1.

3.5. Material Formulation Process

The formulation of alginate foils follows the numerical step-by-step procedure outlined
below (Figure 5):

Figure 5. Formulation process of alginate foil.

1. Solution Preparation: SAL or SAM powder is dissolved in H2O to create a homoge-
neous sodium alginate solution (AL). The alginate concentration is adjusted to achieve
a viscosity suitable for pouring.

2. Additive Integration: Gl and CaCl2/CaCO3 are added to the alginate solution. Differ-
ent concentrations of CaCl2/CaCO3 were tested to achieve an optimal crosslinking
degree that balances stability without compromising the film’s transparency.

3. Casting: The viscous mixture was poured into various molds. Higher fill levels
resulted in thicker films due to the greater amount of solid chemicals remaining after
water evaporation.

4. First Drying: The casted molds are dried under controlled temperature to produce
solid, bendable films. The drying process is carefully optimized: slower drying rates
help prevent cracking and ensure consistent film quality.

5. External Cross-link: For Experiments 1 and 3, the films have been immersed in a cal-
cium chloride (CaCl2) bath, which strengthens the film surface by adding additional
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Ca2+ ions. This external crosslinking forms a dense outer layer that significantly im-
proves water resistance and mechanical stability by limiting swelling and dissolution.

6. pH Adjustment: For Experiment 2 with CaCO3, HCl is used to adjust the pH, enabling
optimal conditions for cross-linking. The gradual release of Ca2+ ions from the slowly
soluble CaCO3 in the acidified environment ensures controlled, homogeneous internal
gelation within the alginate matrix.

7. Second Drying: After the CaCl2 or HCl solution, the foils were set aside and dried at
room temperature for 24 h.

8. Further Processing: The final foil was then perforated using an Epilog Fusion
M2 laser cutter (Epilog Laser, Golden, CO, USA) and prepared for subsequent
acoustic measurements.

A total of three experiments (E1–E3) were conducted to develop thin alginate-based
foils with tunable material properties. The experimental program included variations in
material composition, cross-linking strategies, and fabrication scale. For each experiment,
the number of specimens, the investigated parameters, and the measured properties are
summarized in Table 1. In this study, the term ‘sample’ refers to a specific alginate formu-
lation (material variant), whereas ‘specimen’ denotes an individual film produced from
that formulation and used for acoustic or mechanical testing. Multiple specimens were
prepared for each sample to ensure reproducibility.

• Experiment 1 (E1) investigated the influence of different CaCl2 concentrations on
internal ionic cross-linking and film formation [37,38], using sodium alginate powder
(SAL) commonly used in the medical field.

• Experiment 2 (E2) examined pore formation through a CaCO3–HCl reaction coupled
with external cross-linking.

• Experiment 3 (E3) focused on upscaling the process from using low-cost sodium algi-
nate (SAM) in a workshop environment and included external CaCl2 cross-linking to
achieve water resistance.

Table 1. Experimental plan for alginate-based foils (E1–E3).

Experiment Number of
Samples

Variables/
Additives

Measured
Properties Method Qualitative

Observations

E1 5 SAL, CaCl2,
H2O

Acoustic
absorption
coefficient

Impedance
tube

Bendable,
dissolvable,
transparent

E2 3
SAL, Gl,

CaCO3, HCl,
H2O;

Acoustic
absorption
coefficient

Optical
microscopy,
impedance

tube

Closed air
bubbles,
water-

resistant

E3 2 SAM, Gl,
CaCl2, H2O;

Acoustic
absorption
coefficient,

tensile
strength;

Tensile
testing

machine,
impedance

tube

Water-
resistant,
flexible,

transparent

Each experiment is described in detail below, outlining the methods and results.

3.5.1. Experiment 1 (E1)

A total of five samples were prepared—with each sample resulting in three speci-
mens—using identical mixing and drying procedures, with the only variation being a
stepwise increase of 0.036% CaCl2 in each subsequent sample [39–42]. Specimens from
sample E1_CaCl2_1 were used exclusively for acoustic measurements, as this formulation
exhibited the best foil-forming performance, as documented in this section.
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The alginate solution (AL) was prepared by dissolving 2 g (2 wt%) of SAL in 93 g
H2O and stirring to complete dissolution. For stirring, the laboratory mixer was used at a
speed starting from 5 rpm and continuously increasing to 150 rpm. After 15 min of stirring,
a viscous yellow solution was produced. For the CaCl2 solution, the desired amount of
CaCl2 was mixed together with the corresponding amount of H2O separately (Table 2).
The speed of mixing was reduced from 150 rpm to 30 rpm and the CaCl2 solution was
slowly dropped to the AL. The crosslink occured immediately, recognizable through the
gelatinization of the AL [43]. In order to provide a thorough mixing, the residues on the
stirrer were removed carefully with a spatula. The stirring speed was increased to 200 rpm
and maintained for at least 20 min, ensuring that all CaCl2 lumps were fully dissolved. The
sample mixture was then poured into three round Petri dishes, each 10 cm in diameter and
1.5 cm in height. The dishes were placed in a laboratory cabinet with a built-in exhaust
blower at at 50% relative humidity and left to dry for 24 h.

Table 2. Composition of samples with different CaCl2 contents. All samples were prepared so that
the total mass of each formulation equaled 100 g.

Sample SAL [wt%] H2O 1

[wt%]
CaCl2
[wt%]

H2O 2

[wt%]
Number of
Specimens

E1_CaCl2_1 2 93 0.036 4.964 3
E1_CaCl2_2 2 93 0.072 4.928 3
E1_CaCl2_3 2 93 0.108 4.892 3
E1_CaCl2_4 2 93 0.144 4.856 3
E1_CaCl2_5 2 93 0.18 4.82 3

1 Water used for dissolving sodium alginate during preparation of the alginate solution (AL). 2 Water used to
prepare the CaCl2 solution. Calculated as: H2O2 = 100 wt% − (SAL + H2O1 + CaCl2), so that the total mass of
each sample equals 100 g.

After drying, sample E1_CaCl2_1 formed a foil approximately 0.16 mm thick. The film
exhibited qualitatively assessed properties of being clear, transparent, and bendable, yet
noticeably brittle. It replicated the geometry of the Petri dish with high fidelity, including
fine surface details such as the engraved brand name, as shown in Figure 6a,c.

(a) (b) (c) (d)

Figure 6. Excavating process alginate foil from petri dish—sample E1_CaCl2_1: (a) the invisible
alginate foil adheres to the Petri dish, with the red marking indicating its engraved brand name,
(b) the foil is gently peeled off, demonstrating flexible properties during detachment, (c) the removed
foil shows a detailed replication of the engraved brand name, capturing fine surface details, (d) the
bending behavior highlights the foil’s mechanical stability.

Four additional specimens were produced with progressively increasing CaCl2 con-
centrations, which caused the resulting films to become increasingly brittle and less flexible.
Among all formulations, the variant containing 0.036 wt% CaCl2 provided the best balance
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between film-forming ability and mechanical flexibility. These findings indicate that a
CaCl2 concentration of 0.036 wt% achieves effective cross-linking with 2 wt% sodium algi-
nate, and that a gentle drying process further supports the formation of a clear, bendable,
foil-like material.

To evaluate the film’s solubility in water and examine whether the material could
reform into a continuous foil after rewetting, an additional test was performed. The
dried alginate films were first removed from their moulds, then placed back into the Petri
dishes, where 20 g of H2O was added. Upon contact with water, the films dissolved
immediately. This rapid dissolution is attributed to the low degree of ionic cross-linking
within the material: water molecules penetrate the polymer network, disrupt the weak
ionic interactions between alginate chains and Ca2+ ions, and thereby break the cross-links,
allowing the polymer chains to disperse into solution [44].

After another 24 h of drying, the alginate solution reformed into a thinner film due
to partial dissolution. Alginate is soluble in water to a certain extent, particularly if the
cross-linking is weak or incomplete (e.g., insufficient calcium ions in calcium alginate gels).
Water can dissolve parts of the alginate film, reducing its thickness as some material diffuses
into the surrounding water. In E3, an external crosslinking approach was tested to achieve
water resistance. E1 focused on finding the ideal CaCl2 concentration in the formulation to
optimize the cross-linking density and thereby improve the stability of the films.

3.5.2. Experiment 2 (E2)

This experiment focuses on additives that induce chemical reactions to create bubbles,
resulting in the desired perforation of the sample, used exclusively for exploratory acoustic
measurements discussed in a later section.

SA solution (2 wt%) was prepared by dissolving the SAL powder in a Gl–H2O liquid
and stirring it for 15–20 min until all particles dissolved. The desired amount of CaCO3 was
added, mixed again, and poured into customized Petri dishes 11 cm in diameter and 0.5 cm
in height. The filled dishes were then dried at 60 °C for 24 h using a drying oven. The Petri
dishes were designed to match the size of the impedance tube used for measuring sound
absorption. Two additional samples with varying amounts of CaCO3 were also prepared
(Table 3).

Table 3. Composition of samples with varying CaCO3 content, where each CaCO3 concentration was
paired with a corresponding HCl concentration optimized to maintain proper reaction conditions.

Sample SAL
[wt%]

H2O
[wt%]

Gl
[wt%]

CaCO3
[wt%]

HCl
[M] Number of Specimens

E2_CaCO3_1 2 88 10 0.36 0.072 3
E2_CaCO3_2 2 88 10 0.72 0.144 3
E2_CaCO3_3 2 88 10 1.14 0.288 3

Figure 7 shows two samples prior to the HCl bath, representing the lowest and highest
CaCO3 content, respectively. After drying, the films were immersed in a hydrochloric
acid (HCl) bath for 24 h to induce two simultaneous chemical reactions with the release
of CO2 and Ca2+ ions. This process creates bubbles within the film while simultaneously
promoting cross-linking. The results demonstrate that both the uniformity of bubble
distribution and the quantity of CO2 released correlate with the concentration of CaCO3

present in the mixture.
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(a) (b)

Figure 7. Alginate glycerin films with different amounts of bubbles, (a) with 0.36% of CaCO3, (b) with
1.14% of CaCO3.

Figure 8 presents optical microscope images of alginate films after HCl treatment,
highlighting the influence of CaCO3 content on pore formation. Image (a) depicts the
sample with the lowest CaCO3 concentration, characterized by sparse and relatively small
gas bubbles resulting from limited CO2 generation. Image (b) shows the sample with the
highest CaCO3 content, displaying a denser and more interconnected network due to more
vigorous gas evolution.

(a) (b)

Figure 8. Alginate film under an electron microscope, where closed pores are visible, (a) sample after
24 h in HCl bath, (b) triple enlarged view.

These observations demonstrate the effect of CaCO3 concentration on the morphology
and pore development within the alginate matrix. All air bubbles remain enclosed within
the foil. From an acoustic perspective, this does not result in the desired outcome, namely a
foil with open porosity. After drying, the foil became water-resistant due to the cross-linking
process that occurred when the foil was placed in the HCl bath.

3.5.3. Experiment 3 (E3)

The first two experiments were conducted under controlled laboratory conditions
using highly sensitive sodium alginate powder (SAL). In contrast, E3 focuses on low-cost
sodium alginate powder (SAM), upscaling the formula from E1 and balancing the Gl
content after acknowledging the high flexibility of E2 sample results. From E1, we retained
the amount of CaCl2 in the alginate solution. Additionally, we continued to use the CO2

bath (0.5 M CaCl2, in Table 4) for final cross-linking to ensure water resistance.
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Two sample mixtures with identical formulation properties were produced, with three
to five specimens accordingly (Table 4). Specimens from sample E3_GlCaCl2_1 were used
exclusively for acoustic measurements, while E3_GlCaCl2_2 were used exclusively for
tensile testing, as documented subsequently in this paper.

Table 4. Composition for alginate foil in E3.

Sample SAM
[wt%]

H2O 1

[wt%]
Gl

[wt%]
CaCl2
[wt%]

H2O 2

[wt%]
CaCl2

[M] Number of Specimens

E3_GlCaCl2_1 2 88 5 0.36 4.96 0.5 3
E3_GlCaCl2_2 2 88 5 0.36 4.96 0.5 5

1 Water used for dissolving sodium alginate during preparation of the alginate solution (AL). 2 Water used for
preparing the CaCl2 solution, following the procedure used for E1.

AL was prepared by dissolving SAM in a mixture of H2O and Gl, followed by con-
tinuous stirring for 15–20 min until fully dissolved. In parallel, the desired amount of
CaCl2 was dissolved in an H2O–Gl solution. This CaCl2 solution was then combined with
the AL. The resulting sample mixtures were cast into three round Petri dishes (sample
E3_GlCaCl2_1) and one rectangular mold (sample E3_GlCaCl2_2). The specimens were
placed for drying at 35 °C in a laboratory drying oven for 24 h.

On the following day, the solidified foils were immersed in a highly concentrated
CaCl2 solution (0.5 M) to achieve external ionic cross-linking of the alginate matrix. After
cross-linking, the films were removed from the solution and air-dried under ambient
conditions for another 24 h. After the external cross-link and final drying process, the
alginate film presented a transparent and uniform surface with bendable characteristics,
as shown in Figure 9a,b. The rectangular film measured 24.5 × 23 cm, with a thickness
ranging from 0.25 to 0.98 mm, while the circular films had a diameter of 11.5 cm.

(a) (b)

Figure 9. Alginate–glycerin foil samples exhibiting high optical transparency and pronounced
flexibility: (a) E3_GlCaCl2_1 excavated from round petri dish suitable for an acoustic measurement
setup, and (b) E3_GlCaCl2_2 upscaled rectangle shape foil for tensile testing.

4. Results and Discussion
To assess the feasibility of using alginate for sound absorption, we characterized

selected prototypes by measuring their sound absorption and, for a separate subset of sam-
ples, their mechanical properties (strength and elongation). Each experiment is documented
in detail in the respective sections of the manuscript.
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4.1. Analysis of Design Parameters

To provide insights into the effect of MPA, we present a comparative analysis of key
design parameters through Table 5 and Figure 10. In order to obtain broad band absorption,
the perforation diameter has to be reduced to obtain sufficient acoustic resistance and low
reactance. The maximum perforation ratio is 20%, confirming the basic assumptions of
Maa’s theory [15]. By decreasing the perforation diameter to d ≤ 100 µm, we broaden the
absorption bandwidth significantly.

Figure 10 shows the absorption coefficient for those cases. We notice the highest
absorption value α ≥ 0.4 for the frequency range 400 Hz to 3 kHz for case 1. In accordance
with Maa’s theory, an air gap between the microperforated film and the rigid backing
is required to enable resonance and effective energy dissipation. Based on our previous
parameter study, the cavity depth was set to D = 5 cm.
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Figure 10. Absorption coefficients calculated with parameters from Table 5.

Table 5. Parameter sweep for a single-layer MPA (D = 5 cm).

Case d [µm] b [µm] ϵ [%] f0 [Hz] αmax

1 30 60 20 1676 0.99
2 60 160 11 1615 0.91
3 80 220 10 1615 0.74
4 100 500 3.14 1435 0.97
5 200 2000 0.79 953 0.98

4.2. Acoustic Measurements for E1

For the subsequent acoustic measurements for E1, three measurable specimens (n = 3)
from sample E1_CaCl2_1 (Table 2) were used due to their appropriate durability. As con-
trolled perforation using chemical reactions was unsuccessful, a laser cutter was employed
to create small holes in the solid alginate films.

The laser cutter offered sufficient control to create the desired perforations after careful
adjustments were made to the speed and power of the laser to optimize the results for
each sample. These adjustments included using lower power, very slow speed, and higher
frequency. Precise laser focus was ensured using auto-focus features, and the air assist
feature was utilized. Although alginate films are not highly flammable, the excessive heat
of the laser cutter can cause damage or slight burning to the material.

According to the theory of micro-perforated films, Figure 11 presents (a) the clear
foil sample, which (b) was perforated using a laser cutter (c) and put into the frame for
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further measurements in the impedance tube. The perforation pattern follows a favorable
calculation of the design parameters for desired broadband absorption. As a drawback
of the laser cutter perforation technique, the film is not completely transparent anymore,
caused by the burned edges.

(a) (b) (c)

Figure 11. When the foil is perforated by using a laser cutter, the holes are burned into the material
causing a brown discolouration, (a) clear film, (b) perforation applied, (c) sample in frame.

Figure 12 shows the measured absorption coefficient for one sample perforated with
the laser cutter and includes a commercially available reference MPA film measured under
identical impedance tube conditions. The design parameters for the perforation pattern
as well as the reference film are b = 2 mm, d = 0.2 mm. Although the sample shows MPA
characteristics, the measured results for the alginate sample differ significantly from the
measured reference MPA film. We notice a broad absorption behavior, but with a lower
peak found at f1 = 1260 Hz and α = 0.49.
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Figure 12. Measured normal-incidence absorption coefficient of one E1 laser-perforated alginate
sample and a commercial reference MPA film, calculated curve for E1 using b = 2 mm, d = 0.32 mm,
t = 160µm, and D = 5 cm.

This can be attributed to variations in hole size d during laser perforation. The effective
hole size seems to be above the desired 0.2 mm. One can observe that an assumed effective
hole size of d = 0.32 mm fits the measured result more accurately. As a result of this
increased hole size, the viscous losses in the perforations decrease, which lowers the
absorption amplitude. In addition, the increased hole size reduces the acoustic mass of the
perforations, which can shift the resonance towards higher frequencies compared to the
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theoretical design. Ensuring a perfectly flat film surface during cutting and precise laser
focus adjustment are crucial factors to improve perforation accuracy.

Figure 13 summarizes the E1 acoustic measurements (n = 3). The mean curve is shown
together with a min–max envelope to indicate variability. Despite identical manufacturing
conditions, the resulting foil thickness varies between specimens, with mean thickness
values in the range t = 100µm to 160µm, which contributes to the observed spread.
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Figure 13. Normal-incidence absorption coefficient of the E1 specimens (n = 3). The black line
represents the specimen-averaged mean, while the pink shaded area indicates the min–max range
across specimens, reflecting specimen-to-specimen variability.

4.3. Acoustic Observations for E2

Specimens from sample E2_CaCO3_1 (Table 3) were used for measurements. Due to
limited mechanical stability, only a single specimen was suitable for acoustic measurement;
therefore, the E2 results are presented as preliminary, exploratory observations and are
not intended as statistically representative material characterization. Figure 14 shows the
measured absorption coefficient. We notice three narrow peaks occurring at f1 = 561 Hz,
f2 = 943 Hz, and f3 = 1122 Hz. The sample film shows characteristics of an MA. The mea-
sured resonance frequencies are compared to calculated values. The resonance frequency f
is given by:

f =
c0

2π

√
ρ0

m′D
(14)

By using the constants c0 = 343 m
s and ρ0 = 1.204 kg

m3 , with the gap depth D in cm and

mass per unit of area m′ in kg
m2 , this can be further simplified.

Using Equation (3) the theoretical model provides a basis for interpreting the exper-
imentally observed peaks. The calculated resonance frequency f1 = 565 Hz lies slightly
above the measured f1 = 561 Hz. The third peak, measured at f3 = 1122 Hz, appears at
twice the fundamental frequency. For the peak f2 = 943 Hz, we repeat the thought experi-
ment of the previous measurement and assume Helmholtz behavior due to air bubbles. We
use the peak at f2 = 943 Hz to calculate the perforation ratio ϵ = 1.72 %.

Uneven air bubbles prevent the determination of the perforation ratio, though the
result may be reasonable. Also, the corresponding thickness inhomogeneities could lead to
the peak on f2. The sample does not show MPA behavior as the pores in the film do not
appear to be open. The acoustic measurement revealed limited performance of the sample;
therefore, further measurements were not pursued. As a result, no statistical evaluation was
conducted. Quantitative and repeatable acoustic characterization in this study is therefore
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based on the E1 and E3 routes, which provided mechanically stable specimens suitable for
repeated measurements.
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Figure 14. Absorption curve E2, t = 164 µm, D = 5 cm.

4.4. Acoustic Measurements for E3

For the acoustic measurements for E3, three specimens (n = 3) from sample
E3_GlCaCl2_1 (Table 4) were investigated using non-perforated alginate foils. Figure 15
shows a representative E3 film measured with a digital thickness gauge (a), all three
specimens prepared in the acrylic rings for the acoustic measurement setup (b), and one
specimen in the impedance tube. All three specimens were measured with an air cavity
depth of D = 52 mm. To evaluate mounting sensitivity and repeatability, each specimen
was measured repeatedly after rotating the sample by 0◦ and ±30◦.

(a) (b) (c)

Figure 15. Non-perforated alginate film from E3_GlCaCl2_1: (a) Measuring the thickness No. 2; (b) all
three specimens clamped and prepared for measurements; (c) specimen in the impedance tube.

Figures 16 and 17 summarize all measurements. The resulting curves consistently
exhibit membrane absorber characteristics (narrow-band resonant absorption) rather than
MPA behavior, which is expected since the films are continuous and not micro-perforated.
The observed spread between curves can be attributed to specimen-to-specimen vari-
ability despite identical manufacturing conditions, in particular thickness variations
(mean thickness t = 100–145µm) and local inhomogeneities, as well as mounting and
rotation sensitivity.
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Figure 16. Measured normal-incidence absorption coefficients for three non-perforated E3_GlCaCl2
specimens with a 52 mm air cavity. The different colors correspond to specimens Nr2, Nr4, and Nr6,
while solid, dashed, and dotted lines represent repeated measurements at 0◦, +30◦, and −30◦ sample
rotation, respectively.
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Figure 17. Normal-incidence absorption coefficient of three independent non-perforated E3 specimens
(n = 3) with a 52 mm air cavity. The black line represents the specimen-averaged mean absorption
coefficient, while the pink shaded area indicates the min–max range across specimens. Each specimen
curve was obtained by averaging repeated measurements at 0◦ and ±30◦ sample rotation.

From an application perspective, this membrane-type behavior is a valuable result: thin,
bio-based foils combined with a rear air cavity can act as tuned resonant absorbers, enabling
targeted absorption with low construction depth. This is particularly relevant for integration
behind architectural linings or panels in retrofit situations where space is limited.

4.5. Double-Layer Acoustic Observations

In addition to single-layer measurements, a preliminary proof-of-concept double-layer
configuration was investigated to explore the potential of stacked alginate MPAs to broaden
and enhance absorption. The absorption coefficient of a double-layer configuration was
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measured and then compared to the estimated absorption coefficient according to the
theory. Due to their build quality, two specimens from sample E1_CaCl2_1 (Table 2) were
combined to investigate double-layer behavior.

Self-fabricated rings were developed to serve as structural frames and are connected by
four evenly spaced threaded rods, which maintain parallel alignment and a fixed spacing
between the rings. The distance between the two layers could be adjusted variably, under
light tension and in a well-defined position. Figure 18 shows the frame with two layers of
the alginate film. A distance D1 = 6 cm separates the two layers of alginate. The back layer
(from E1) is assumed to be close to a rigid wall (b) with D2 = 1 cm. D2 was a simulated air
gap, implemented with the measurement software CATS8.

(a) (b)

Figure 18. (a) Double-layer setup with perforated alginate samples (b) side-view, distance D variable.

Figure 19 shows the measured absorption coefficient α for alginate films from E1.
The configuration exhibits the desired MPA characteristics with α ≥ 0.4 from 800 to
1408 Hz. The measured absorption is compared to a simulated double-layer configuration.
Compared to the simulation, the absorption peak is slightly reduced, and α decreases
faster above 1400 Hz, likely due to measurement setup effects, frame connections, or slight
inaccuracies in the perforation pattern affecting the interaction of b and d. The acoustic
measurement showed that the absorption coefficient at frequencies above f = 1400 Hz did
not meet the expected performance. On this basis, no further experiments were undertaken.
Since the resulting dataset comprised only a single measurement, statistical evaluation was
not possible and was therefore omitted. In the frequency range between f = 800 Hz and
f = 1400 Hz, the double-layer absorption is higher than that of the single layer.
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Figure 19. DL01 measurement compared to simulated data.
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4.6. Tensile Measurements

Tensile tests were conducted to determine the maximum load-bearing capacity of
the alginate foils and to assess their mechanical behavior under stress. Such testing is
essential for advancing the material’s development, particularly to ensure its suitability for
competing with conventional absorption foils and for its structural integration. The tensile
tests were performed in accordance with the general principles of ISO 527, adapted for thin,
highly flexible alginate foils.

Uniaxial tensile tests were carried out using a ZPM (Z3/Z5) tensile testing machine
(Gripsoft GmbH, Nürnberg, Germany), whose electronic components comply with EMC
requirements according to DIN EN 61000-4-2 (VDE 0847-4-2), as specified in the device
documentation [45]. Specimens were tested at a constant crosshead speed of 20 mm/min
with an initial gauge length of 200 mm. A 3 kN load cell (maximum force 2980 N; sensitivity
3.216 mV/V) was used, and force–displacement data were recorded using THSSD Windows
2026 software (Win64).

Foil thickness was measured at three points along the gauge length using a digital
thickness gauge (0.01 mm resolution), and the mean value was used for stress calcula-
tions. Samples were clamped using rubber-coated hydraulic jaws, with clamping pressure
applied consistently via a foot-operated manometer. The rubber coating provided a non-
damaging, high-friction interface that minimized slippage and stress concentrations—a
critical requirement for soft, thin hydrogel-based foils. All tests were performed at room
temperature (≈22 °C) under ambient humidity, and specimens were aligned manually
to avoid pre-tension or lateral forces. Engineering stress was calculated by dividing the
measured force by the initial cross-sectional area (width × thickness), and engineering strain
was obtained from the crosshead displacement normalized by the initial gauge length.
Tensile strength and elongation at break were extracted from the stress–strain curves.

For this tensile study, five specimens (n = 5) were exclusively prepared from sample
E3_GlCaCl2_2 of E3 (Table 4), each 2.5 cm wide and 13.5 cm long. Due to minor redistribu-
tion of the alginate mixture during drying, slight thickness variations occurred across the
foils. The measured thickness ranged from 0.39 mm to 0.97 mm, reflecting typical inhomo-
geneities in cast hydrogel foils. The tensile properties of the alginate foils are summarized
in Table 6 as mean values with standard deviations (n = 5). The samples exhibit an average
tensile strength of 2.46 ± 0.43 N/mm2 and an average elongation at break of 67 ± 7.8%
(n = 5), with a mean thickness of 0.62 ± 0.22 mm.

Table 6. Tensile test samples from E3.

Sample Specimen Thickness
[mm]

Max. Stress
[N/mm2]

Elongation
at Break

[%]

E3_GlCaCl2_2 1.5_A 0.39 2.31 54
1.5_B 0.48 3.14 68
1.5_C 0.60 2.57 73
1.5_D 0.67 2.29 73
1.5_E 0.97 2.00 67

Mean ± SD 0.62 ± 0.22 2.46 ± 0.43 67 ± 7.8

The stress–strain response was predominantly linear up to fracture, indicating elastic-
dominated deformation behavior consistent with Hooke’s law [46]. Although fracture
occurred with limited plastic flow, the relatively high elongation values demonstrate
substantial flexibility compared with conventional brittle membrane materials. The sharp
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drop-off at the breaking point reflects brittle fracture, though the substantial elongation
before failure suggests a degree of ductility, especially in thicker samples (Figure 20).
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Figure 20. Tensile test results illustrating the load progression [N] in relation to strain length
[mm] factors.

Figure 21 shows specimen 1.5E at three key stages of the test: (a) the initial state
before loading, (b) the deformation phase under applied tensile force, and (c) the final
state after failure at the clamping area. This indicates that the foil did not fail solely due to
the material properties but rather due to stress concentration at the clamp. Despite this,
the load–extension curves for all samples consistently demonstrate linear elastic behavior
prior to fracture, indicating that the relative mechanical performance between samples is
reliably captured.

(a) (b) (c)

Figure 21. Specimen 1.5E (a) is shown in its original state at the start of the tensile test. The alginate
foil is flat, not tensioned, and clamped securely between the upper and lower grips. (b) The sample is
significantly elongated just before failure, highlighting its substantial stretchability under tension.
(c) The sample after failure, showing a distinct break at the clamping area.

Variations in the mechanical test results are primarily attributed to differences in foil
thickness. Thicker foils exhibit greater stretchability and higher load-bearing capacity
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due to their increased cross-sectional area, whereas thinner foils are more susceptible to
localized stress concentrations and premature failure. Compared to metals or synthetic
polymers, alginate foils demonstrate limited plastic deformation but can exhibit notable
stretchability under certain conditions. This highlights the critical importance of controlled
sample preparation, particularly regarding thickness uniformity, cross-linking density, and
moisture content, to ensure consistent and reliable mechanical characterization.

5. Architectural Design Simulation
The integration of alginate-based MPAs into architectural designs introduces a strong

sustainability component. However, their use requires careful planning to optimize
acoustic performance and ensure durability. By adhering to guidelines, architects can
effectively utilize alginate-based MPAs to create acoustically comfortable and sustainable
spaces. We conducted acoustic simulations, which constitute a well-established and widely
adopted methodology for predicting the acoustic behavior of architectural spaces [47].
Owing to their standardized nature and extensive documentation in the existing literature,
the fundamental principles of these simulation methods were not reiterated in detail in
the manuscript.

Acoustic simulations were performed using the software TREBLE (web application
release 23 October 2025 with geometry processing v2.10.4) [48] for an oval-shaped hall
featuring vaulted ceilings, located at the MuseumsQuartier of Vienna, Austria. The aim
of this work is to demonstrate the potential of novel materials for improving acoustics in
heritage-protected buildings, rather than to present an implemented solution. As the study
focuses on the methodological framework rather than practical deployment, full real-world
validation lies beyond the scope of this work. The historic and heritage-protected space
is intended to be used for events with amplified speeches and music performances. Due
to the sound-hard surfaces and long reverberation time, the speech intelligibility should
be improved by acoustic means. A picture of the real hall and a 3D model of the hall are
shown in Figure 22.

(a) (b)

Figure 22. (a) Picture of the oval hall and (b) 3D model for acoustic simulation.

For the first simulation, all surfaces were assumed to be fully sound-hard. Reverbera-
tion times (T20) were calculated across frequency bands ranging from 125 Hz to 4000 Hz.
To improve the acoustic characteristics, 90 m² of alginate-based transparent foil was applied
to the vaulted ceilings, using the material properties obtained from E1 (see Figure 23).
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This material is particularly advantageous for heritage-protected buildings, as it provides
acoustic absorption without visually obstructing or altering historical surfaces.

(a) (b)

Figure 23. (a) Placement of the alginate foil is marked by the yellow region. (b) Simulated reverbera-
tion time T20, in the hall without any acoustic treatment (green bars) and with 90 m2 alginate foil on
the ceiling (blue bars).

The absorption coefficients of the alginate-based foil used in the simulations were
initially measured in an impedance tube under normal sound incidence. To account for
diffuse field conditions in the hall, the measured values were then converted to random
incidence absorption coefficients using Paris’ formula [49]. A comparison of the reverber-
ation times (RT) is shown in Figure 23. The application of this acoustic treatment led to
a significant reduction in reverberation times, particularly at mid and high frequencies,
demonstrating that heritage-sensitive absorbers can effectively improve the hall’s acoustics
while preserving its architectural integrity using sustainable resources. The reverberation
time could be decreased at f = 500 Hz from RT = 4.7 s to RT = 3.8 s, and at f = 1000 Hz,
it could be reduced from RT = 4.4 s to RT = 2.5 s.

Alginate-based MPAs offer promising opportunities for advancing sustainable architec-
tural acoustics. These versatile foils possess several advantages, including biodegradability,
non-toxicity, and the potential for local sourcing, all of which contribute to reducing the
environmental impact compared to conventional synthetic materials. Their adaptable
nature allows designers to integrate them into a range of architectural applications. This
approach provides an innovative and sustainable solution for noise control in large interior
spaces. To support transparency and reproducibility, the complete simulation model and
the corresponding data are available from the authors upon request.

6. Conclusions
This study demonstrates the significant potential of alginate-based biopolymer foils

as a sustainable alternative to traditional plastic materials for acoustic absorption in the
construction industry. By leveraging the natural, biodegradable, and non-toxic properties
of alginate, the research addresses both the environmental impact of plastic waste and the
need for improved acoustic conditions in modern architecture.

The alginate foils were successfully produced and characterized, exhibiting measurable
sound absorption, elastic deformation under tensile stress, and overall film flexibility.
Sample-specific observations are summarized as follows:
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• Sample E1_CaCl2_1 (E1, laser-perforated): Laser perforation successfully created holes,
as chemical perforation was ineffective. The sample exhibited broad micro-perforated
absorption, but lower peak absorption and frequency shifts occurred due to variations
in hole size and thickness. Thickness ranged from t = 100–160µm; the film was stable
and clear, bendable but not highly flexible, and prone to ripping due to the absence
of glycerol.

• Sample E2_CaCO3_1 (E2): Only a single specimen could be measured due to me-
chanical fragility. The film showed narrow-band membrane absorption but no micro-
perforated behavior, likely caused by unevenly distributed air bubbles and thickness
inhomogeneities; results are preliminary.

• Sample E3_GlCaCl2_1 (E3): Three non-perforated specimens consistently exhibited
narrow-band membrane-absorber behavior, with variations due to thickness differ-
ences, local inhomogeneities, and mounting sensitivity. Combined with a rear air
cavity, these foils can serve as tunable resonant absorbers in low-depth applications.

• Sample E1_CaCl2_1 (double-layer concept): The double-layer configuration showed
enhanced and broadened absorption, maintaining membrane-perforated characteris-
tics with absorption coefficients α ≥ 0.4 from 800 to 1408 Hz. Overall absorption was
higher than single-layer measurements, with minor deviations at higher frequencies
due to setup effects and slight perforation inaccuracies.

• Sample E3_GlCaCl2_2 (E3, tensile tests): Tensile tests revealed predominantly linear
elastic behavior up to fracture, with an average tensile strength of 2.46 ± 0.43 N/mm2

and elongation at break of 67 ± 7.8%. Thickness variations affected load-bearing
capacity and flexibility, highlighting the importance of controlled sample preparation.

The findings of this study provide a solid foundation for the development of envi-
ronmentally friendly acoustic materials, promoting sustainable practices in the building
industry and offering a viable solution to reduce plastic pollution while enhancing indoor
acoustic comfort.

7. Future Work
While the feasibility of alginate-based biopolymer foils as acoustic materials has been

established, several areas of future research could enhance their practical application and
performance. Key areas for further investigation of sample E3_GlCaCl2_1 and E3_GlCaCl2_2,
selected for their superior foil formation and acoustic performance, include:

1. Optimization of Perforation Techniques: Precise control of the perforation process
is essential to achieve the desired acoustic performance. Future work will focus
on developing controlled perforations in E3 foils to replicate the micro-perforated
behavior of the synthetic MPAs tested in Figure 12 (α reference material), using
mechanical or chemical techniques. Furthermore, reducing perforation diameters
below 0.25 mm is expected to broaden the absorption bandwidth, enhancing acoustic
performance across a wider frequency range.

2. Material Durability and Performance: Further studies should focus on improving the
long-term durability of alginate foils, particularly their resistance to environmental
factors such as moisture, UV radiation, and temperature fluctuations. This will be
essential for ensuring their suitability for diverse architectural applications. Explor-
ing the integration of additives or coating materials to enhance durability without
compromising biodegradability would be a valuable area of research.

3. Scaling and Industrial Production: Scaling up the production process to create larger
panels for architectural use is a key challenge. Future work could explore industrial-
scale manufacturing techniques, optimizing the production of large, consistent foils
suitable for installation in buildings. Conducting additional acoustic testing in large-
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scale environments, such as reverberation chambers, would help validate the perfor-
mance of these materials under real-world conditions.

4. Multi-layer Designs and Applications: Investigating multi-layered configurations
of alginate foils, where different geometric and material properties are combined,
could lead to enhanced acoustic absorption across a broader range of frequencies.
Additionally, exploring the use of these foils in conjunction with other sustainable
materials could open new design possibilities in both temporary and permanent
architectural structures.

5. Life Cycle and Environmental Impact Analysis: As alginate is a biodegradable ma-
terial, conducting a comprehensive life cycle analysis would help quantify the envi-
ronmental benefits of these foils in comparison to traditional plastic-based acoustic
materials. This could further inform the development of policies and practices that
encourage the adoption of biopolymers in the construction industry.
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