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Abstract
This paper explores the evolution of fibrous enhance-
ments in labyrinthine acoustic metamaterials, transi-
tioning from stochastic fibrous fillers to programmable
3D-printed infill. While previous studies demonstrated
that manual packing of natural fibres (e.g., dried
dill) into labyrinthine slits significantly enhances low-
frequency absorption, it suffers from manufacturing
difficulties and uncertain reproducibility. Moreover,
due to the uneven and random fibre distribution, ana-
lytical modelling may be inaccurate and require com-
plex modifications. To address these limitations, we
propose the use of Fused Deposition Modelling (FDM)
to integrate controlled fibre networks directly into the
channels. A comparative study is presented between
a bio-filler reference and an engineered Cross-ply in-
fill pattern. Experimental results from impedance
tube measurements reveal a significant advantage of
the engineered 30% cross-ply infill over stochastic
natural fibres. While the bio-filler achieves absorp-
tion at lower frequencies, the 3D-printed infill gen-
erates a significantly broader and higher absorption
peak at 1050 Hz, reaching nearly perfect absorption.
Consequently, the absorption curve of the fully 3D-
printed sample exhibits a broader bandwidth and a
higher maximum absorption coefficient than the curve
obtained for the bio-filler composite. This demon-
strates enhanced broadband sound absorption com-
bined with high manufacturing predictability. This
work establishes a digital framework for the design of
sub-wavelength absorbers with tunable, reproducible
dissipation mechanisms.
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tures, sound absorption, infill patterns, additive manufac-
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1. Introduction
The demand for compact, low-frequency noise control
solutions has led to the development of labyrinthine
metamaterials, which utilize space-coiling geometries
to achieve sub-wavelength absorption [1], [2]. To fur-
ther enhance the acoustic performance of these struc-
tures, researchers have traditionally introduced vari-
ous porous fillers into the labyrinthine slits to increase
viscous dissipation and broaden the absorption band-
width [3]. Recently, however, advances in additive
manufacturing have enabled a more integrated ap-
proach: directly 3D-printing the acoustic treatments
using intrinsically micro-porous materials or tailored
filament networks [4], [5]. For instance, standard slicer
infill patterns have been effectively utilized to form
a micro-porous base material for macro-perforated
sound absorbers [6]. This allows for precise control
over microstructural parameters and double-porosity
effects, significantly improving the predictability and
efficiency of sound absorption [7]. Furthermore, recent
studies have demonstrated that with advanced tool-
path design one can even control certain imperfections
of FDM technology, such as filament stringing, and
exploit them to generate highly effective micro-fibrous
networks directly within slits and cavities of the main
pore network [8].
The effect of “stochastic bio-fillers”, such as dried or-
ganic fibres, on sound absorption of a labyrinthine
metamaterial was investigated in [9]. While these nat-
ural materials successfully broaden the sound absorp-
tion curve profile and increase peak values, shifting
them toward lower frequencies, their usage is rather
challenging in practice. The manual packing of organic
matter is inherently random, leading to variations in
local porosity and tortuosity that are difficult to repli-
cate in mass production or characterize accurately in
analytical models.
The current work marks a transition from acous-
tic composites with traditional fibrous fillers (e.g.,
organic fibres) to “digitally-engineered” composites.
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Figure 1: The conceptual evolution of labyrinthine meta-composites: transitioning from unstable, stochastic bio-fibre
fillers (left) to digitally-integrated, programmable infill patterns (right).

This aligns with emerging strategies in acoustic meta-
material design, where 3D-printed fibres are seam-
lessly integrated within macro-scaffolds to create fibro-
porous structures with tailored, broadband absorp-
tion [10], [11]. By leveraging Fused Deposition Mod-
elling (FDM) technology, we replace random organic
fibres with programmable, integrated infill patterns.
The significant influence of specific infill configurations
on acoustic performance has been recently highlighted,
demonstrating that slicer-generated geometries effec-
tively control internal structural complexity and air-
flow resistivity [12]. Moreover, optimizing these inter-
nal structures, ranging from standard grids and hon-
eycombs to custom origami inspired architectures, en-
ables simultaneous enhancements in both broadband
sound absorption and mechanical robustness [13], [14].
This approach allows for the precise control of fibre
diameter, orientation, and layer distribution ratio.
Specifically, this paper compares the acoustic efficiency
of the best-performing bio-fibre filler with a 3D-printed
cross-ply lattice. The objective is to demonstrate
that engineered infill can serve as a reproducible, pre-
dictable alternative to stochastic fibres, offering even
better acoustic performance while providing a robust
platform for future multi-scale optimization.

2. Materials and Experimental Methods
In this study, two kinds of labyrinthine acoustic com-
posites were compared to assess the transition from
stochastic to programmable fibrous fillers, see Fig. 1.
Both composites are based on the same labyrinthine ge-
ometry, designed for low-frequency sound absorption,
but differ significantly in manufacturing technology
and the nature of the dissipative filler used.

2.1. Reference sample with stochastic bio-filler
The first reference sample has a labyrinthine skeleton
manufactured using stereolithography (SLA) from a
photopolymer resin. Its tortuous slits were manually
packed with dried dill. This “bio-filler” was chosen
for its high surface-to-volume ratio, efficient packing

density within the narrow labyrinthine slits, and nat-
ural electrostatic adhesion to the channel walls, which
allowed for more or less uniform deposition [9]. How-
ever, the manual packing process introduces inherent
stochasticity in fibre orientation and local packing
density, making the material reproducibility and its
precise analytical modelling challenging.

2.2. Engineered sample with integrated cross-
ply infill

The new composite sample represents a fully digital
approach to acoustic composite design. It was man-
ufactured using FDM with Acrylonitrile Butadiene
Styrene (ABS) filament. Instead of manual filling,
the fibrous structure was integrated directly into the
channels during the printing process by programming
the slicer’s infill settings.
Based on preliminary investigations, the cross-ply in-
fill pattern was selected for comparison. The cross-
ply configuration consists of alternating layers with
strands oriented at 45◦ and 135◦ relative to the build
axis, creating a regular, periodic lattice. The engi-
neered sample was printed with an infill density of
p = 30% and a layer distribution rate of one fibre-
infilled layer every three printed layers (n = 3). This
monolithic integration ensures a perfect bond between
the main-frame and fibres, eliminating the risk of fibre
settling and degradation.

2.3. Microstructural validation and acoustic
testing

To ensure a fair comparison, both samples were sub-
jected to microstructural characterization using an
optical microscope at 50× magnification, as shown
in Fig. 2. The analysis reveals a stark contrast in
geometric consistency: the bio-filler (Fig. 2a) exhibits
high stochasticity, with fibre diameters varying irreg-
ularly from 0.29 mm to 0.656 mm. In contrast, the
engineered infill (Fig. 2b) demonstrates significantly
higher precision, with measured diameters confined to
a narrow range between 0.305 mm and 0.356 mm. For
the engineered metamaterial, the actual fibre diame-
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a)

b)

Figure 2: Micrographs (50×) of the investigated fillers:
(a) organic fibres with non-uniform diameters (0.29–
0.656 mm); (b) 3D-printed ABS strands with precise di-
ameter control (0.305–0.356 mm).

ter Df was determined by examining a representative
single-layer test specimen. This ensured that man-
ufacturing realities, such as polymer die swell, were
accurately reflected in the input parameters for the
analytical model.
Acoustic measurements were performed in a square
impedance tube with a cross-section of 66 × 66 mm,
following the ISO 10534-2 standard [15]. The testing
frequency range was set from 150 Hz to 3200 Hz.
All samples were carefully sealed at the edges with
aluminium tape and backed by a rigid plate to ensure
a hard-wall boundary condition.

3. Theoretical Framework
The acoustic response of the hybrid labyrinthine
composite is modelled using the equivalent fluid
approach based on the Johnson-Champoux-Allard-
Lafarge (JCAL) model framework [16]. The struc-
ture is treated as a rigid-frame porous medium where
the dissipative properties of the filler (organic or 3D-
printed) are integrated into the effective properties of
the labyrinthine channels.

3.1. Labyrinthine channel acoustics
The fundamental geometry of the labyrinthine unit cell
is presented in Fig. 3. The structure is periodic with
characteristic dimensions: channel width w, segment
width W and height H. To determine the acoustic pa-
rameters within the JCAL analytical modelling frame-
work, the air flow path was identified, as indicated by
the red line in Fig. 3. This path is used to calculate
the important parameter of the tortuosity α∞.

Figure 3: Periodic labyrinthine unit cell.

The labyrinthine geometry ensures a sub-wavelength
absorption peak due to its high kinematic tortuos-
ity α∞. The labyrinthine material is modelled as
an equivalent fluid with the effective density and
compressibility determined from the dynamic viscous
and thermal permeabilities. In a standard, empty
labyrinth, these parameters are functions of the chan-
nel geometry and the properties of the air saturating
the channels [7]. However, to account for the presence
of the fibrous filler or infill, this baseline model must
be sequentially integrated with the properties of the
fibrous medium.
3.2. Modelling of the fibrous fillers
To establish the integrated model, the fibrous filler
itself is first treated as an independent porous medium.
The presence of fibres introduces in particular addi-
tional viscous losses. The key difference between the
two studied composite materials lies in the determina-
tion of the microstructural parameters of their fibrous
fillers, which are necessary to define the effective fluid
acoustically equivalent to the fibrous material:

1. Stochastic bio-filler (dill): The fibrous filler
porosity ϕf and viscous characteristic length Λvf

are difficult to determine a priori. In previous
works, these parameters were often roughly es-
timated, as the random orientation and size of
organic fibres defy simple geometric description.
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2. Programmed cross-ply infill: For the 3D-
printed filler, the porosity ϕf is a direct function
of the infill density p and the layer distribution
rate of one fibre layer every n printed layers:

ϕf = 1 − pψ

n
(1)

where ψ is a small correction factor accounting
for the extrusion width. The viscous character-
istic length Λvf is derived from the measured
fibre diameter Df and the programmed lattice
spacing. By orienting the layers in a cross-ply
pattern, the structure creates a predictable net-
work. To fully define the equivalent fluid of the
3D-printed filler, the remaining parameters were
estimated using classical analytical relations for
fibrous media [16]. Specifically, the tortuosity
α∞f and the static viscous permeability K0f

were calculated as:

α∞f = 2 − ϕf (2)

K0f =
ϕf Λ2

vf

8α∞f
(3)

3.3. Integrated composite model
The essence of the multi-scale modelling approach
applied in this study relies on fluid substitution. In-
stead of air, the labyrinthine channels are assumed to
be saturated with an effective fluid equivalent to the
fibrous material (which itself is saturated with air).
Consequently, the hybrid structure is treated as an
equivalent fluid replacing an acoustic composite with
channels saturated with an equivalent fluid replacing
the fibrous filler.
The surface impedance Zs of the hard-backed compos-
ite panel of thickness H is calculated as:

Zs = −iZc cot(kcH) (i =
√

−1) (4)

where Zc and kc are the characteristic impedance and
complex wavenumber of the integrated composite fluid,
respectively. The normal-incidence sound absorption
coefficient α is determined directly from the surface
impedance using the standard relation:

α = 1 −
∣∣∣∣Zs − Z0

Zs + Z0

∣∣∣∣2
(5)

where Z0 = ρ0c0 is the characteristic impedance of the
surrounding air (with ρ0 being the density of air and c0
the speed of sound). This modelling framework allows
for a direct comparison of how precisely controlled 3D-
printed fibres can replicate or exceed the dissipation
performance of random organic fibres.

4. Results and Discussion
The comparison between the stochastic bio-filler and
the programmed cross-ply infill reveals critical insights
into the scalability and predictability of labyrinthine

acoustic composites.

4.1. Microstructural contrast
Optical microscopy analysis revealed the fundamental
differences in fibre morphology. The bio-filler (dried
dill) contains fibres of various diameters and often ir-
regular shapes and surface texture. Furthermore, the
manual packing leads to non-homogeneous fibre distri-
bution and random orientation inside the labyrinthine
slits, which complicates the determination of the vis-
cous characteristic length Λvf . In contrast, the cross-
ply infill presents a perfectly regular geometry with
a highly representative and measurable average fibre
diameter Df ≈ 319 µm. This value is smaller than
the nominal 400 µm nozzle diameter, which can be at-
tributed to the stretching of the polymer melt during
deposition and subsequent thermal shrinkage. This
regularity of the 3D printed fibrous filler allowed for
a more precise calibration of the corresponding JCAL
model, as the porosity ϕf and characteristic length
Λvf could be derived directly from the manufacturing
parameters.

4.2. Sound absorption comparison
Figure 4 shows the sound absorption coefficients for
the empty labyrinth material, the corresponding bio-
filler composite, and the engineered cross-ply infill
composite.

• Bio-filler composite: The addition of natural
fibres significantly shifts the absorption peak
from 1150 Hz (no fibres in the slits) down to
approximately 1000 Hz (bio-fibres in the slits).
While effective, the peak magnitude and width
were sensitive to the manual packing density.

• Cross-ply infill composite: The engineered
sample demonstrated a stable primary absorp-
tion peak at 1050 Hz. Most notably, the cross-
ply infill achieved nearly perfect sound absorp-
tion and a significantly broader bandwidth,
yielding higher absorption coefficients across the
evaluated frequency range compared to the nar-
rower curve of the bio-filler.

4.3. Discussion on engineering control
The results demonstrate that the programmed cross-
ply lattice effectively mimics the viscous dissipation
mechanisms occurring in the complex mesh of natural
fibres. By orienting the layers at 45◦/135◦, the struc-
ture creates a series of micro-obstacles that maximize
the drag forces acting on the oscillating air particles.
The primary advantage of the FDM-integrated ap-
proach is reproducibility and durability. While the
composite samples with bio-fibrous filler showed a vari-
ation in peak position across different manufacturing
batches, the cross-ply infill samples remained stable.
This transition from “stochastic fibrous fillers” to “pro-
grammed fibres” enables the design of sub-wavelength
absorbers with precisely tuned performance, a crucial
requirement for industrial noise control applications.
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Figure 4: Measured and predicted acoustic absorption coefficients for labyrinthine composites. The transition from
stochastic bio-fillers (green triangles) to programmable 3D-printed infill (black circles) is shown, with experimental results
(dashed lines, filled markers) compared against JCAL analytical predictions (solid lines, hollow markers).

5. Conclusions
This study demonstrated the transition from stochas-
tic organic fillers to programmable 3D-printed infill
in labyrinthine acoustic composites. By comparing
the results obtained for the reference composite with
bio-fibre filler (dried dill) with the results for the
composite with an integrated cross-ply lattice, the
following conclusions were drawn:

• Enhanced sound absorption: The engi-
neered 30% cross-ply infill provides an acoustic
enhancement far better than that of stochas-
tic fibres, shifting the absorption peak to the
low-frequency range without increasing the total
thickness of the absorber. This superior perfor-
mance stems from the ability to 3D-print a dense,
regular array of fibres with a smaller diameter
than the natural bio-fibres. Consequently, this
precise control over the viscous characteristic
length Λvf and porosity ϕf made it possible
to design the composite for near-perfect sound
absorption at the peak.

• Predictability and control: Unlike the
stochastic bio-filler, the cross-ply infill parame-
ters can be directly derived from manufacturing
data and microscopic validation. This leads
to greater model reliability and overall better
agreement between the analytical modelling and
experimental results.

• Reproducibility: The monolithic integration
of the filler during the FDM process eliminates
the variability associated with manual packing.
As a result, the engineered infill means strict
structural repeatability, ensuring a highly re-
producible acoustic performance that stochastic
natural fibres cannot guarantee.

• Durability: Transitioning from a reference com-
posite sample to a thermoplastic material (ABS)
for both the skeleton and the filler ensures long-
term structural integrity and eliminates the risk
of biological degradation inherent in organic ma-
terials.

In conclusion, FDM-integrated infill fibres offer a ro-
bust, digital alternative to traditional fibrous fillers.
This approach transforms the labyrinthine absorber
into a fully programmable acoustic treatment, opening
new possibilities for multi-scale topology optimization
in sub-wavelength noise control.
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