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Abstract: Cellulose-based materials are now commonly used, including in the field of acoustic
comfort. Often presented as a less environmentally impactful alternative to traditional acoustic
absorbents (such as melamine, glass wool, etc.), these cellulose-based materials are more frequently
derived from recycling, undergoing, in most cases, a technical process that allows these cellulose fibers
to be obtained, thus inheriting the acoustic properties of the latter, with limited or even non-existent
control. This paper proposes a manufacturing process that allows for the production of cellulose foam
with precise control over its porosity, pore size, and interconnections. In addition to exhibiting good
sound absorption properties, this process also enables the fabrication of gradient-porous structures
and other hybrid materials, which can result in remarkable sound absorption properties.
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1. Introduction

Soundproofing materials are still being extensively developed and studied, as constant
improvements in tools and methods allow us to imagine objects that were considered
difficult to fabricate just a few years ago [1,2]. Based on the physical laws of acoustics, we
have long known how to guarantee, for example, low-frequency absorption or optimal
attenuation over a frequency band with materials specifically designed for this function.
Recent advancements in material science and engineering have led to the development of
innovative porous and fibrous materials with enhanced acoustic performance [3,4]. These
advancements are driven by the need to meet specific acoustic requirements in diverse
applications, ranging from building acoustics and transportation to industrial noise control
and consumer electronics. However, these materials still do not meet the most demanding
expectations, particularly in terms of performance-to-size ratio. Indeed, despite the emer-
gence of acoustic metamaterials with remarkable sound absorption and/or transmission
loss, thanks to their tunable properties, their adoption for building sound insulation is
still limited [5]. Recently, the democratization of 3D printing has disrupted the near status
quo in acoustic absorbent materials [6]. Indeed, the almost systematic use of products
that have become common (melamine, mineral, and/or organic fibers) is now sometimes
replaced with hybrid materials and new concepts [7], guaranteeing better performance for
the intended application, often by exploring new paradigms. Three-dimensional printing
provides unique opportunities for creating acoustic-absorbing materials with customizable
features. One major advantage is its ability to control material composition, geometry, and
porosity. This capability is particularly relevant for acoustic applications, as the internal
structure and shape of a material have significant impacts on sound absorption properties.
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For instance, studies show that complex lattice structures can increase surface area and cre-
ate resonance chambers, improving sound dissipation. The customization afforded by 3D
printing allows engineers to design materials with tailored acoustic properties by adjusting
features like pore size, density, and layer thickness to optimize their performance [8]. Addi-
tionally, 3D-printed materials can be designed in unique, non-standard shapes that enhance
their aesthetic appeal and integration into architectural designs [9]. Despite these benefits,
3D-printable materials suitable for acoustic absorption remain limited, as common 3D print-
ing filaments like PLA or ABS are not inherently optimized for sound absorption. The lack
of acoustic-specific materials can limit the absorption efficiency or durability of 3D-printed
structures compared to traditional materials like fiberglass or mineral wool. Moreover,
studies have noted that certain 3D printing techniques, such as fused deposition modeling
(FDM), produce layered structures with inherent gaps and inconsistencies. This issue is
currently being intensively studied to improve confidence in the expected acoustic proper-
ties of these new materials [10]. Also, these structural flaws can affect the homogeneity and
performance of the material, potentially leading to reduced sound absorption or structural
integrity under prolonged use. Cost and production speed are also limiting factors. While
suitable for prototyping and small-batch production, 3D printing may be impractical for
large-scale applications due to slower production rates and higher costs than traditional
manufacturing techniques. Consequently, while 3D printing shows promise in developing
customized materials [11], more research is needed to address material limitations and
improve scalability for broader industrial applications [12]. Beyond the purely technical
aspects, the environmental question inevitably arises, as 3D printing can minimize waste by
using only the exact amount of material required, which aligns well with sustainable design
goals [13]. This advantage has been explored in research where additive manufacturing
techniques reduced material costs and the environmental impact while maintaining acous-
tic performance. However, materials with a low carbon footprint [14,15] or bio-sourced
materials [16,17] still have to compete with so-called traditional materials. Thus, many
have looked into the acoustic performance of recycled materials [18] from various sources
and materials. Among these, we find cellulose, resulting from the recycling of paper and
cardboard [19] or derived from residues from industrial plants [20]. Although these green
materials are efficient, they rarely surpass the performance of their predecessors. Instead of
simply matching existing capabilities, there is potential to go further. Cellulose foams, for
instance, have demonstrated significant promise in sound insulation [21-23], following the
conclusions of Miranda-Valdez et al. [24] that foam-formed cellulose bio-composites are
a promising technology for developing lightweight and sustainable materials, and Taiwo
et al. [25], showing that natural fibers present good acoustic properties, especially at high
frequencies. But, although efficient, these new cellulose-based materials are obtained “as
is”, with relatively little control possible depending on the manufacturing parameters.

This article provides an initial look at a porous bio-sourced material composed of
homogeneous and isotropic cellulose. Its manufacturing process, described in the following
section, enables control over structural parameters, such as pore size, and their interconnec-
tions. These two properties are governed by the construction of an organic scaffold in the
shape of a block that defines the air volume of the final cellulose porous structure. After the
chemical-forming process, imprint, impregnation, and dissolution, the obtained materials
are characterized in terms of acoustic absorption with an impedance tube. Thus, although
this study is limited to this absorption property alone, it ensures the repeatability of the
manufacturing process and aims to demonstrate the influence of these parameters on the
obtained materials. The results also highlight what this process offers in terms of controlled
porosity, with a continuous porosity gradient absorber [26,27].

2. Materials and Methods

The fabrication process of the cellulose absorbent is inspired by macro-porous bio-
ceramics, such as tricalcium phosphate (8 TCP [28]). In the context of bone implants,
their fabrication is based on the observation that the osseointegration of an implant (its
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colonization) is ensured by the porous structure of the material. Thus, the manufacturing
process of these ceramics allows for the control of their internal structure (pore diameter,
interconnection diameter). The originality of the process lies in the molding of an imprint
with polymethyl methacrylate (PMMA) beads (cf. Figure la). After firing, the PMMA
imprint is calcined, leaving only a positive mold that forms an open-porosity ceramic (cf.
Figure 1b).

(a) (b)
Figure 1. (a) shrunk PMMA beads and (b) resulting porous ceramic [28].

To obtain our cellulose porous structures, the principle of a mold composed of PMMA
beads is kept to allow fine control over the pore size and the interconnections. The acetone
(C3HgO) used during this phase has the effect of slowly and uniformly dissolving the
PMMA beads and a significant shrinkage of the bead pile (cf. Figure 2). This shrinkage T is
defined as

T=A/(A+H) 1)

acetone

H+A

Figure 2. Construction of the frame with PMMA beads.

where A is the measured height difference before and after the chemical treatment.
The PMMA frame is then impregnated with an ionic solution of cellulose. The cellulose
solution is obtained through several steps. The first step involves preparing a solution
composed of a mixture of lithium chloride (LiCl) and dimethylacetamide (DMAc) at a
concentration of 6% (60 g of LiCl per 1 L of DMAc). Microcrystalline cellulose naturally
contains water, which must be removed through multiple washings: a first washing with
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methanol (30 min, 20 °C, stirring), followed by a second washing with DMAc (30 min, 20 °C,
stirring). The cellulose, thus freed of water, is dissolved in the LiCl/DMACc solution for 12 h
at 80 °C. The resulting solution is an ionic solution, with cellulose chains interconnected
by Li+ and Cl— charges [29]. The final step necessary for obtaining our porous material,
as summarized in Figure 3, involves dissolving the PMMA skeleton in a dichloromethane
(CH,CL,) solution.

[ PMMA beads
i C3HgO

imprint with
shrinkage control ~

!

rinsing (water)

l ionic cellulose solution
drying :

|

[imprint impregnation}‘ '

!

rinsing (water)

drying CHZICLz

|

[ imprint dissolution J“'

!

drying

Figure 3. Synopsis of the manufacturing process.

Microcrystalline cellulose powder (particle size 50 um ), LiCl, DMAc, and solvent
(dichloromethane, methanol, acetone) were purchased from Sigma Aldrich (France) and
were of at least ACS reagent (>9.5%). PMMA granules were purchased from Diakon Ineos
Acrylics (Holland). The manufacturing process shown in Figure 3 has been thoroughly
tested to determine the required times for each stage. This is especially important for the
drying steps. As a result, the porous materials described in the next section have maintained
their stability for over a year after production, with no change in shape or structure.

3. Results

The first campaign was conducted to verify the repeatability of the manufacturing
process. For the construction of the PMMA imprint of the samples, the same particle size
range was used (between 600 um and 800 pm). The contraction rate during the construction
of the PMMA skeleton was constant, set at 5%. The properties of the samples at the end
of the manufacturing process are given in Table 1, where /i and d are the dimensional
parameters after complete drying: the height and the diameter of the resulting cylinders.
Also, the parameters m, V;, and V. are, respectively, the mass, the total volume, and the
cellulose volume of the porous material, while p is its mass density. The size of the samples
used did not allow direct measurement of the open porosity. However, the manufacturing
method ensured that the pores were interconnected (a hypothesis verified by imaging).
The porosity ¢ is determined by the missing mass method [30] as follows:
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where M and M’ are the in-vacuum and in-air masses, respectively, and p is the mass
density of air in the sample. The latter is estimated from

1 RH
of~ %7 (p - O.378PUW> ®)
where P is the static pressure in Pa, T is the thermodynamic temperature in K, RH is the
relative humidity in %, R is the gas constant for air in J/K/kg, and P, is the saturation
water vapor pressure in Pa.

Table 1. Properties of the samples at the end of the manufacturing process.

Sample m(g) h (mm) d (mm) V¢ (cm®) Ve (em®) ¢ (%) p (kg/md)

1 0.5492 35.57 28.09 22.04 0.38 0.983 249
2 0.5720 35.25 28.13 2191 0.39 0.982 26.1
3 0.5894 34.86 27.65 20.93 0.41 0.981 28.2
4 0.4612 35.12 25.79 18.35 0.32 0.983 25.1
5 0.5479 34.83 27.62 20.87 0.38 0.982 26.2
6 0.5792 35.78 27.57 21.36 0.40 0.981 27.1

To characterize the absorption coefficients of the 6 samples shown in Figure 4a, an
impedance tube was used according to the ISO 10534-2 standard [31]. Only the normal
incidence acoustic absorption was investigated because it provides sufficient information
about the ability of a material to deal with an incoming sound. Thus, it is the test most
commonly used to acoustically characterize materials intended for common use, such as
in civil engineering [32]. Figure 5a shows the absorption coefficients for the samples in
Table 1, cut to a height of 25 mm. This resizing had two purposes: not only did it ensure an
identical height for the six samples but it also removed the cellulose film that formed on the
flat faces, discernible in Figure 4a (this article’s images are from a KEYENCE VHX-7000N
digital microscope).

(a) (b)

Figure 4. (a) The 6 samples characterized in Table 1 and (b) a microscopic view of one sample.

These results show the repeatability of the manufacturing process, as well as the
homogeneity of pore sizes and interconnections, as illustrated by the microscopic view of
the cellulose foam in Figure 4b.
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Figure 5. (a) Max/min and mean absorption coefficients of the 6 samples depicted in Table 1 and
(b) the 5 samples depicted in Table 2.

In addition to ensuring reproducibility, this manufacturing process offers advanced
ways to structure the porous material produced. By adjusting the size of the PMMA beads,
their distribution, and the dissolution times, complex materials can be obtained, such as
double-porosity or gradient-porous materials.

Table 2. Properties of samples depicted in Figure 5b.

Sample D (mm) m (g) h (mm) d (mm) T (%) p (kg/m?3)
A 0.2-0.4 0.17 18.1 22.04 9 24.6
B 0.5-0.6 0.22 20.3 2191 5 28.7
C 0.5-0.6 0.21 19.1 20.93 11 31.9
D 0.6-0.7 0.23 209 18.35 5 41.6
E 0.7-0.8 0.21 19.1 20.87 59 32.1

3.1. Basic Control of Organic Frame

The goal was to show how altering the PMMA frame affects the acoustic absorption of
the resulting porous material. The properties of five tested samples are given in Table 2. The
parameters that varied during manufacturing were the diameter D of the PMMA beads,
which determines the diameter of the pores, and the shrinkage rate T of the skeleton during
the forming phase, which affects the theoretical diameter € of the interconnections.

Among all the tests, we selected these five samples. They show the control this
manufacturing process offers. They also had a homogeneous structure, as seen under the
microscope. So, they are free from process-generated artifacts. These include partial pore
crushing and localized tearing.

The normal incidence absorption curves (cf. Figure 5b) demonstrate how these changes
impacted the sound performance of the foams. Reducing the pore size led to improved ab-
sorption. The best results were achieved with a sample featuring PMMA beads 200-400 pm
in diameter, which showed an absorption peak of around 0.8 to 5 kHz. Notably, samples B
and C, despite using the same range of ball diameters, exhibited a significant difference in
performance. The ratio T directly influenced the diameter of the interconnections, resulting
in a more reticulated medium with larger diameters. This increased permeability to acoustic
waves led to reduced absorption. As expected, the performance of the porous cellulose
depended on its skeleton characteristics. The link between the shrinkage rate and the size of
the PMMA beads used on the density of the material obtained is complex to establish. The
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structures from varying these two parameters can affect the PMMA'’s impregnation by the
cellulose. Using large-diameter beads creates gaps. Cellulose will fill them, increasing the
density, as noted in the table. A more in-depth study, using tomography, could determine
how much the shrinkage rate, along with the bead diameter, affects cellulose impregnation.

The acoustical properties, such as the static airflow resistivity o, the tortuosity ae, the
viscous characteristic length A, and the thermal characteristic length A’, are shown for
the five cellulose sound absorbers in Table 3. The airflow resistivity partly characterizes
the visco-inertial effects at low frequencies. This is when the viscous boundary layer is
roughly the size of the pores. Tortuosity could be considered a measure of the disorder
in the material. This value helps us understand the internal structure of the material. A
controls the thermal effects at medium and high acoustical frequencies. It is related to the
largest size of the pores. A’ controls the viscous effects at these frequencies and is related to
the size of the connections between pores. These two parameters indirectly account for the
assembly by partially dissolving PMMA beads. The porosity was determined as depicted
in the previous section, while o was measured directly using an airflow resistivity meter.
The viscous and thermal characteristic lengths were obtained using an inverse method [33].

Table 3. Acoustical properties of samples listed in Table 2 and illustrated in Figure 5b.

Sample o (N.s.m™*%) Koo A (um) A (um) ¢
A 5192 1.05 114 192 0.990
B 2045 1.00 273 313 0.989
C 1194 1.07 340 456 0.989
D 685 1.02 468 710 0.989
E 750 1.12 449 590 0.989

As shown in the table and the figure, the acoustic effectiveness of the porous cellulose
is essentially due to its resistivity. For a porous material with oblique cylindrical pores, this
value is linked to the radius of the pores by the following relation [34]:

_ 8nac
o= K2

(4)

where R is the radius of the pores. Our materials may not have the idealized structure;
however, comparing the radius R from Equation (4) with the viscous and thermal char-
acteristic lengths as functions of resistivity can be helpful. This comparison can suggest
which parameters to adjust to optimize the acoustic performance of the porous cellulose.
As the pore size decreases, the resistivity becomes more dependent on their radius (= A').
Conversely, when the pore size increases, the radius of the interconnections (= A) becomes
dominant. Tests on making porous ceramics have shown that the impression strength is
limited for € < 7/5 [28], implying that the radius of the interconnections must be slightly
reduced for samples with a pore diameter over 400 nm. A pore diameter of less than
200 pum could enhance our material’s acoustic performance. However, using such small
diameters for the cellulose solution requires optimizing the current process, which risks
partial impregnation and collapse of the skeleton.

3.2. Double Porosity

The process for obtaining a material with double porosity is straightforward. PMMA
rods or filaments are added to the beads. Figure 6a shows a test based on sample B from
Table 2, with the difference that PMMA rods, each with a diameter of 1.75 mm, were
arranged without concern for alignment or structuring the desired mesoporous network at
the end (cf. Figure 6). We observed a radical change in performance toward low frequencies,
a direct consequence of this double porosity [35]. However, with a ratio of only 4 between
the pore sizes of the micro- and meso-networks, we are only halfway toward the admitted
optimal ratio of 10. Using larger PMMA rods would allow for a closer approach to this aim,
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with less concern for the structural integrity of the foam compared to reducing the size of
the beads. Also, this process opens the possibility of directly influencing the tortuosity of
the mesoporous network by incorporating a more or less complex interweaving of PMMA
filaments, thus overcoming the shape limits of double-porosity materials usually obtained
by perforation [36].

091
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Figure 6. (a) Absorption coefficient. (b) Microscopic view of porous cellulose with double porosity.

3.3. Gradient-Porous Biomaterials

The manufacturing process showed that it is possible to control the size of the pores
and their interconnections. It is also possible to manufacture gradients of porosity and
interconnections. The implementation of property gradients occurs only in the first step of
manufacturing the porous cellulose, namely the step of constructing the impression. This is
why the manufacturing processes described below relate only to this step; the production
of the skeleton and the dissolution of the impression remain identical to those described in
the previous sections.

3.3.1. Continuous Interconnection Gradient

First, rather than producing a material with a discrete interconnection gradient, which
would lead to impedance breaks between each layer with different granularity [37,38], we
opted for a continuous gradient. To achieve a continuous gradient of interconnections,
PMMA beads were placed in a mold with a perforated bottom (see Figure 7a). Similar
to the basic process, the piston was used to compress the sacrificial material to achieve
interpenetration between the beads. The mold was then placed in a crystallizer into which
acetone was poured. The negative was impregnated until the acetone level reached its
upper surface by capillarity. As the total immersion times between the bottom and the top
differ, different interconnections were formed depending on the height. The interconnection
gradient was confirmed by the difference in absorption between the two faces of the sample
(cf. Figure 8a), with an imprint similar to the one used to obtain sample D from Table 2
(diameter of the beads ranging from 0.6 to 0.7 mm). The best performance was obtained
for the wide-to-narrow case, where the face with the smallest interconnections was against
the rigid termination of the impedance tube. A comparison with the results of sample D,
which had the same bead diameter and similar thickness, showed an acoustic activity that
was three times higher. This activity is defined as the area under the absorption curve
normalized by the frequency range [39]. With the largest interconnections against the rigid
termination, in the narrow-to-wide case (the sample being reversed), the gain in acoustic
activity remained almost equal, although shifted toward higher frequencies. Note that
this performance was obtained for a sample with a pore size ranging from 0.17 to 0.3 mm
(cf. Figure 9), which, in the case of constant interconnections, is the one that presented the
lowest absorption and the lowest resistivity.
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Figure 8. Absorption coefficients of gradient-porous biomaterials.

3.3.2. Porosity Gradient

As in the ceramic manufacturing process, the porosity gradient was obtained by
superimposing layers of PMMA beads of different diameters. To obtain the impression in a
single step, a first layer of beads (smaller diameter) was placed in the mold, followed by a
new layer of beads with a larger diameter, and so on until the last layer. Between each layer,
the surface was flattened by placing a piston (see Figure 7b). A grid was placed on the
last layer, and the perforated piston was inserted to keep the beads under pressure before
immersion in acetone. The results shown in Figure 8b were obtained with four layers of
beads (diameters of each layer: 0.4 to 0.5, 0.5 to 0.6, 0.6 to 0.7, and 0.7 to 0.8 mm), each
with identical thickness, resulting in a 4.2 cm foam once completely manufactured and
dried. Here again, the absorption curves reflect the creation of an orthotropic material:
depending on the face in contact with the incident wave, the response of the foam changes
significantly. Figure 10 illustrates the effect of this manufacturing process on the pore size,
with an observed ratio that can approach 2 between the two opposite sides of the porosity
gradient material.
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Figure 10. Pore-size estimation for the porosity gradient material acoustically characterized in
Figure 8b.

4. Conclusions

Inspired by a ceramics-making method, the porous materials discussed in this article
highlight the benefits of a complex yet promising manufacturing process. By controlling
the pore size, interconnections, and spatial distribution, this process enables the creation
of materials with remarkable properties. However, producing porous cellulose requires
multiple steps, each requiring special care to prevent damage to the material’s internal
structure and its acoustic performance. Another consideration is whether this process can
produce larger materials, similar to those commonly used. Three-dimensional printing
is well suited for this change in scale. Indeed, the skeleton can be directly created using
PMMA filament, bypassing the time-consuming and difficult-to-control process of form-
ing it through chemical dissolution. The gaps and inconsistencies often observed when
employing the FDM printing technique can be utilized to create a microporous network
in addition to the printed macroporous one, resulting in a material with double porosity.
Nevertheless, the proposed fabrication process allows for the production of hybrid materi-
als. For example, incorporating a solid body into the frame of PMMA beads or adding fine
particles or fibers is fairly straightforward and does not require significant changes to the
manufacturing method.
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