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Abstract

Nanofibrous layers have unique acoustic properties due to the large specific surface area
of the nanofibers, where viscous losses may occur and also the ability of the nanofiber
layer to resonate at its own frequency. The resonance membrane is then, upon impact of
sound waves of low frequency, brought into forced vibrations, whereby the kinetic
energy of the membrane is converted into thermal energy by friction of individual
nanofibers, by the friction of the membrane with ambient air, and possibly with other
layers of material arranged in its proximity, and part of the energy is also transmitted to
the frame, by which means the vibrations of the resonance membrane are damped.
When sound waves hit the nanofiber membrane, they introduce forced vibrations in
the case of resonance which have maximal amplitude. The principle of the technology is
achieved by the synergy of perforated plate in the form of a cavity resonator with
nanofibrous layer in the form of resonant membrane. The parameters of the resonant
nanofibrous membrane together with the shape and volume of the perforations then
determine which sound frequencies will be damped and to what extent.

Keywords: membrane, nanofibers, sound absorption, foil

1. Introduction

The confusion between sound insulation and sound absorption is often phenomenon. Sound-
absorbing materials play an indispensable part in controlling noise generated within a room or
in reverberant areas. Although such materials are highly effective as sound absorbers, they are
relatively poor sound insulators because of their soft, porous, and lightweight construction.
Sound insulation prevents sound traveling from one place to another such as between apart-
ments in a building. A part of sound energy is absorbed, the next part is reflected, and the
rest is transmitted to the second room. The sound attenuation is due to the air viscosity,
nonreversible deformation of material, and the thermal conduction between the fibers and the
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air. The sound absorption also depends on structure characteristics, that is, fiber arrangement,
fiber fineness, density of fiber, porosity, and so on. The sound absorption of lower frequencies
becomes the main problem of this acoustic section.

Nanofibrous layers have unique acoustic properties due to the large specific surface area of the
nanofibers, where viscous losses may occur and also the ability of the nanofiber layer to
resonate at its own frequency. The resonance membrane is then, upon impact of sound waves
of low frequency, brought into forced vibrations, whereby the kinetic energy of the membrane
is converted into thermal energy by friction of individual nanofibers, by the friction of the
membrane with ambient air, and possibly with other layers of material arranged in its prox-
imity, and part of the energy is also transmitted to the frame, by which means the vibrations of
the resonance membrane are damped. When sound waves hit the nanofiber membrane, they
introduce forced vibrations in the case of resonance which have maximal amplitude.

1.1. Membrane resonators

Materials based on resonance principle can be divided into three groups: arrangements behav-
ing as vibrating membranes, arrangements behaving as vibrating plates, and arrangements
consisting in the principle of Helmholtz resonators.

The work [1] uses a mechanic analogy of an acoustic resonance system consisting of an acoustic
mass m, connected to an acoustic plasticity c, the movement of which is dampened by an
acoustic resistance R,. The behavior of the membrane (plate) can be compared to the behavior
of a corpus with a certain mass flexibly connected to a spring (represented by an air cushion, of
by the air in material pores). Assuming that the elements representing the mass are perfectly stiff
and the elements representing the flexibility have no mass, this problem can be compared to the
theory of linear circuits in the field of electrical engineering, where the coils are considered as
having no capacity, condensers having no inductivity, and resistors being purely ohmic [2]. As in
the field of electrical engineering, where the notion of electrical impedance is introduced, which
is defined as the ratio between the voltage and current, a similar variable can be introduced for
acoustic systems— the acoustic impedance Z. It is defined as the ratio of the pressure affecting the
system and the volumetric rate at which the system vibrates thanks to the effect of the
abovementioned force. For individual elements, apply the following:

Zm :jwmu/ ZR = Ra/ Zc == (1)
jweg
where j is an imaginary unit, w the angular frequency, in s 1,
Assuming that the system is not damped (R, = 0), it meets the equation
' =0 2
jom, —|—]. . , (2)

the resonance of the system according to Ref. [1] then occurs at the frequency
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where c is the speed of sound propagation through the environment, in m st p is the air
density, in kg m >, my, is the surface density of the membrane, in kg m 2, and d is the thickness
of the air cushion in m.

The influence of the surface density of the membrane on the resonance frequency of the
system, or the sound absorption coefficient that increases with this characteristics, is also
apparent. We can also notice the shift in the maximums of the sound absorption coefficient
toward lower frequencies.

A thin circular membrane is defined in Ref. [3] as a structure that arises by stretching, for
example, a thin homogeneous elastic film with a constant surface density to a rigid circular
frame. The membrane gains its rigidity by means of this stretching induced by radially acting
force. The resonance frequency of a thin circular membrane is defined using the relation

ap i v
= —_ 4
fi 2nR \/ mgy’ @)

where g, ; are constants of symmetric vibrations of the circular membrane for i-modes, R is the

membrane diameter, in m, and v radially acting stretching force related to the unit of the frame

diameter (membrane tension), in N m ™.

From the above, it shows that the resonance frequency of the membrane decreases with
its increasing surface density. Membrane resonators based on a resonant principle of a
nanofibrous layer function effectively as slim lightweight absorbing solutions. Contrary to
conventionally used microscale sound absorbers, sound-absorbing membranes based on sub-
micron fibers show a higher absorption abilities—due to the possibility of resonating on its
own resonant frequency, the nanofibrous membrane is able to absorb critical lower sound
frequencies. These unique properties come from the nature of nanofibrous layers, that is, small
fibrous diameter (respectively, high specific surface area) and high porosity. This makes it
possible to reach higher viscous loss inside the material and consequently to dissipate the
acoustic energy. Nanofibrous elements and optimal rigidity of the membrane itself then allow
an acoustic system to vibrate more efficiently [4, 5]. Resonant nanofibrous membranes of insig-
nificant thickness are prepared from different polymer solutions in the form of electrospun
nanofibers captured on a substrate layer via electrospinning method.

The theoretical bases of sound absorption characteristics that the paper deals with are studies
performed by Sakagami et al. The study [6] focuses on a membrane-type sound absorber. To
analyze the absorption mechanism, the solution is rearranged in a form which points out the
contribution from each element of the membrane. The effects of the parameters of the sound
absorption system are discussed in the light of the calculated results. Also, the method used for
predicting the peak frequency and the peak value of the oblique-incident absorption coefficient
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of the membrane-type sound absorber is presented and satisfactorily explains the relationship
between the absorption characteristics and the parameters.

Resonant behavior of a microperforated panel for various perforation ratios in comparison with
a panel-/membrane-type absorber is presented in Ref. [7], considering back-wall surface effect.
The effectiveness of a fiber-based sound absorbance material involves several parameters such as
porosity, tortuosity, fiber diameter, surface density, and thickness [8]. The optimal material types
and structural characteristics of such membranes are in the deep interest of researchers, and
although some have been proposed, it still remains as a subject of research. Kalinova has
demonstrated that the resonance frequency of polyvinyl alcohol (PVA) nanofibrous acoustic
membranes decreases with an increasing surface density and the average diameter of the
nanofibers [5]. Rabbi et al. sandwiched polyacrylonitrile (PAN) and polyurethane (PUR)
nanofibrous membrane between two nonwoven layers of polyester (PET) and wool. All mate-
rials with electrospun membrane(s) were found to significantly increase its absorbance. More-
over, the effect of nanofiber layer’s number and its surface density was investigated [9].
Asmatulu et al. tested the sound absorbance property of electrospun polyvinyl chloride (PVC)
mat of different thickness and with fiber diameters ranging from a few hundred nanometers to a
few microns. When the fiber diameter goes beyond 500 nm, the sound absorbance shift toward
the lower frequency with a thicker mesh but absorption coefficients remain the same [4].

1.2. Helmholtz’s resonators

Helmholtz’s resonators are acoustic systems that consist of a swinging air plug and a
connected air volume. It can have a variety of forms: an empty wine bottle, corpus of a string
instrument, bass reflex enclosures of loudspeakers, and wall coverings made of perforated
panel. These acoustic systems can be arranged either separately or jointly to the perforated
board, which is mounted to a certain distance from the wall [10].

In the study [11], the variable system of sound absorption power by the chairs in the low-
frequency range was examined. As the results of scale model experiments (1/10 scale) in the
reverberation room, the absorption power was controlled in the low-frequency range by the
opening and closing of holes of the resonator. The diameter of holes, a neck's length, and a
cavity volume of the seat were evaluated. The result was obtained for 125 or 250 Hz by
changing the cavity volume of the seat in the experiment.

An acoustical structure consisting of a large-scale isolated resonator with a large-diameter
cylindrical cavity has been studied in the work [12]. This resonator differs from the classical
Helmholtz’s resonator where the cavity is only several millimeters in diameter and lined with a
sound-absorbing material. The impedance of the cavity and the impedance of the volume of
the resonator are calculated. Calculations show that the sound energy is absorbed by resonators
made of sound-reflecting materials. Absorption is of a resonant character with the resonant
frequency at 60 Hz. A resonator measuring 200 x 200 cm, with the cavity diameter of 50 cm
and the distance to the rigid surface being 30 cm, absorbs 3.5 m* of sound energy at the
resonant frequency. At very low frequencies, changes in the imaginary parts of both cavity
and radiation impedances occur along with the increase in the cavity diameter and frequency.
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The study [13] deals with the effect of orifice geometry on the resonance frequency of
Helmholtz’s resonators. Helmholtz’s theoretical formula for calculating resonant frequency fiy
is as follows:

c Ja
= /=, 5
where c is the sound velocity, a is the diameter of orifice, and V'is the volume of cavity. Further,
Sondhauss’s calculation of resonant frequency fs with the correction 6 = 4a/37 is then

c A
fH:E\/V(lHé)’ ©)

where A is the orifice area and [ is the orifice thickness.

1.3. Measuring methods

Vibration phenomena can be investigated by the noninvasive optical methods. One of the most
widely used methods for vibration measurement and analysis is laser vibrometry that can be
combined with the high-speed camera. This approach can be seen in different application
fields, for example, the development and monitoring of high-speed milling devices [14-21].
Nabavi describes the utilization of the particle image velocimetry technique to measure the
velocity of the standing waves within an air-filled rigid-walled square channel subjected to
acoustic standing waves. The data were compared with the analytical results obtained from
the time-harmonic solution of the wave equation [22].

The resonant effect of nanofibrous membrane has been studied by means of high-speed digital
camera in the author’s paper [23]. The study attempted to predict the sound absorption
behavior of the PVA nanofibrous membrane in comparison with the homogeneous membrane
structure using an experimental setup involving a high-speed camera. The membrane has been
exposed to plane sinusoidal sound wave and its deflection was picked by the high-speed
digital camera. The resonant peaks of oscillating nanofibrous membrane as well as homoge-
neous membrane occur (see Figure 1). The recent study [24] shows how except for the lowest
frequencies (first resonance peak), the resonant behavior of the membrane is affected by the
resonance of the tube when the effect of mass per unit area on resonance frequencies of the
membrane placed in an open and closed tubes is investigated.

Two-microphone impedance measurement tube type 4206 is used to measure the absorption
coefficient in the frequency ranges from 100 Hz to 6.4 kHz. This is achieved by measuring the
incident and reflected components of random noise, which is generated inside the tube. From
the incident and reflected components of the sound pressure at two microphone positions, the
frequency response functions are calculated due to the cross-spectrum of the two microphone
signals. Using these values, the sound absorption coefficient can be determined. An apparatus
is used to determine the sound absorption coefficient of laboratory circular samples with a
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Figure 1. The resonance peaks of nanofibers compared with foil (took over author’s paper 23).

diameter of 100 mm for a frequency range of 100-1600 Hz and 29 mm for a frequency range of
500-6400 Hz, according to the standard ASTM E1050-08.

Due to the fact that the quad perforations in the plate were almost the same size as the
diameter of the small tube of the measuring apparatus, the samples were measured only in a
large tube with a diameter of 100 mm for a limited frequency range of 100-1600 Hz. These
frequencies, however, cover the area particularly focusing on middle and lower frequencies.

2. Acoustic element design

2.1. Production of nanofibrous layer for membrane resonator design

For the production of nanofibrous membranes, roller electrospinning method (nanospider
machine) was used. In this method, there is a roller that is connected to a high voltage supplier,
and at the top of the roller there is a counterelectrode that was grounded. Taylor cones are
created on the roller surface toward counterelectrode (Figure 2). Individual nanofibrous layer
of very low basis weight of about 0.1-2 g/m? is not self-supporting. That is why the nanofibers
are deposited on a thin supporting textile. This carrier has to be sound permeable with a low
basis weight of about 20-50 g/m?. Process parameters such as roller speed, distance between
the electrodes, voltage, and so on are set for an optimal nanofiber diameter and the basis
weight of nanofibrous membrane.

For the production of PA6 nanofibrous membranes, the cord electrospinning method was
used [25]. In this method, the cord was connected to a high voltage supply, and at the top of
the cord there was a counterelectrode, which was grounded. The liquid polymeric material is
applied onto the cord around its whole circumference, and then the application means moving
reversibly along the active spinning zone of the cord and the process of electrostatic spinning
of the liquid polymeric material is started. Taylor cones were created on the cord surface
toward the counterelectrode.
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Figure 2. Schematic diagram of roller electrospinning method used for PVA nanofibrous membrane production.

2.2. Cavity resonator together with nanofibrous resonant membrane

The principle of the technology is achieved by the synergy of the perforated plate in the form of
a cavity resonator with nanofibrous layer in the form of a resonant membrane. The resonant
nanofibrous membrane is arranged on the surface of the cavity resonator, to which it is fixedly
attached, for example, glued or laminated, and so on. Its parts, which overlap the orifices
leading into the cavities of the cavity resonator, constitute separate resonant surfaces, whereby
the resonant frequency of each of them is determined, apart from the overall properties of the
resonant membrane, also by their size and shape. Upon impact of sound waves, these resonant
surfaces are brought into forced vibrations, which are subsequently damped by friction in the
inner structure of the resonant membrane, by the friction of the resonant membrane against
ambient air, and possibly against other layers of the material arranged in its proximity,
wherein part of the kinetic energy of the resonating membrane is transmitted to the cavity
resonator. Moreover, friction in the inner structure of the resonant membrane is further
increased by the fact that the neighboring resonant surfaces can vibrate with mutually differ-
ent periods or deviation.

At the same time, it is possible—while maintaining the thickness of the acoustic element—to
damp sound frequencies which could be normally damped by the cavity resonator with
extremely large air gap. In order to obtain the required sound-absorbing properties, the
resonant membrane can be arranged on both opposing surfaces of the cavity resonator.

The acoustic element is based on a quad hollow plate (see Figure 3) whose reverse side is
covered by a thin carrier layer with a nanofibrous membrane which to a certain extent protects
the frame against mechanical damage. For the final application in the room acoustic, the space
between the nanofibrous membrane covering the thin perforated plate and the wall or ceiling
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Figure 3. Components used to design the acoustic elements —aluminum quad hollow plate 9/11 (size of perforation is 9 x
9 mm, span of perforation is 11 x 11 mm) with a thickness of 1 mm (left) covered with a nanofiber layer (middle) lighted
(right).

(20-50-mm air gap in the mentioned experimental) is of huge benefit to the new technology. It
can be used for the installation of lighting, audio speakers or heating, and so on. The sound-
absorbing means can be used, for example, for the production of acoustic bodies, interior
blinds, tiling, ceilings, screens, and separating walls for interiors, or, as the case may be,
segment or profile elements for the transportation industry (paneling of cabin).

Figure 3 (on the right) shows the final lighted prototype of acoustic system based on
nanofibrous membrane covering the thin perforated plate. The resonance frequency of the
acoustic system is then determined especially by dimensions of plate perforations, by the size
and shape of the inlet orifices, and by its material and thickness of the plate.

Table 1 shows the calculation of resonant frequency for each of quad perforated plates that
have been studied at the experimental section of this work.

Firstly, due to the fact that the quad perforations in the plate were almost the same size as the
diameter of the small tube of the measuring apparatus, the samples were measured only in a

Quad hollow plate (quad size in mm/quad span in mm) fu (Hz) fs (Hz)
3/5 2682 2467
4/6 2581 2462
5/7 2473 2415
8/10 2190 2219
9/11 2112 2155
10/12 2040 2095
25/30 1290 1369

Table 1. Calculated resonant frequency of separate perforated plates based on Helmoltz’s (fi;) formula (5) and
Sondhauss’s (fs) formula (6).
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large tube with a diameter of 100 mm for a limited frequency range of 100-1600 Hz. These
frequencies, however, do not cover the resonant frequencies of separate perforated plates
calculated in Table 1. Secondly, in the case of nanofibrous layer in a form of resonant mem-
brane, the measurement of membrane tension v for resonant frequency calculation according
to formula 4 is impossible because of the low tension together with non-homogeneous
nanofibrous layer. It is why the resonant frequency of nanofibrous membrane has been deter-
mined by the optical method [24] where the first resonant peak was detected around 100 Hz.
Then, the results of nanofibers-covering perforated plate and the separate perforated plate are
compared only by way of sound absorption curves.

3. Sound absorption results

In this section, the sound absorption measurements of acoustic means with nanofibrous mem-
brane are shown. Two-microphone impedance measurement tube type 4206 was used to
measure the sound absorption coefficient in a limited frequency range of 100-1600 Hz.

The following figures show a graphs of sound absorption coefficients « in dependence on the
frequency of sound for separate aluminum plate having different size of orifices and spacing
between quad orifices, which is deposited in different distances from the wall (i.e., separate
Helmbholtz resonator), as well as for sound-absorbing means comprising this perforated plate,
whose surface is overlapped by the resonant membrane formed by the layer of nanofibers
from polyamide 6 (PA6) having a basis weight of 0.2 g m 2 deposited on a thin carrier having a
basis weight of 25 g m 2. One of the configurations is filled by a foam or a fleece having a
thickness of 20 mm.

The individual perforated plate and the same perforated plate covered by a thin carrier with
nanofibers have been compared and are shown in Figure 4. The huge growth of sound
absorption of middle frequencies can be seen. Starting with 500 Hz, the sound absorption
curve of nanofibers improved element is constant contrary of the unstable curve of individual
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Figure 4. Frequency dependence of the sound absorption coefficient; quad hollow plate 9/11 (side of quad perforation is
9 mm, span of quad perforation is 11 mm) with a thickness of 1 mm with an air gap of 20 (blue - dotted), 30 (green - dash-
dotted), 40 (red — dashed), and 50 mm (black) on the left. Nanofibrous membrane of 0.2 g/m2 on a carrier of 25 g/mz
covering the same perforated plate (quad 9/11) on the right.
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perforated plate. For the verification of nanofibrous membrane efficient, the individual
nanofiber carrier without nanofibers has been evaluated and is shown in Figure 5. Then, it is
evident that the carrier-covering perforated plate improves the sound absorption of high
frequencies but it does not provide wide-frequency efficiency as well as nanofibers improving
plate.

Quad perforated plate of different sizes and spans has been evaluated and is shown in Figure 6.
When the size of the perforation is 9 x 9 mm and the span of the perforation is 11 x 11 mm,
then it is marked (9/11).
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Figure 5. Frequency dependence of the sound absorption coefficient; individual carrier of 25 g/m? covering the perforated
plate (quad 9/11) with an air gap of 20 (blue - dotted), 30 (green - dash-dotted), 40 (red — dashed), and 50 mm (black)
between the acoustic element and the wall.
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Figure 6. Frequency dependence of the sound absorption coefficient; nanofibrous membrane of 0.2 g/m* on a carrier of
25 g/m? covering the quad perforated plate of different size with a thickness of 1 mm with an air gap of 50 mm. Quad
perforated plate of 3/5 (blue - dotted), 4/6 (green - dash-dotted), 5/7 (red — dashed), and 8/10 (black) of side/span (left).
Quad perforated plate of 8/10 (black), 9/11 (green - dash-dotted), 10/12 (red — dashed), and 25/30 (blue - dotted) of side/
span (right).
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With an increasing size of quad hole, the sound absorption achieves the wide-frequency
efficiency generally as can be seen in Figure 6. The best arrangement of quad hole seems to be
9-mm side of quad and the span of 11 mm (9/11), where the nanofibrous resonant membrane
interacts with the perforated panel to achieve optimal parameters of the acoustic system.

Due to two effects, the large specific surface area of the nanofibers and also the ability of the
nanofibrous layer to resonate at its own frequency, the nanofibrous membrane achieves broad-
band sound absorption compared to the narrowband effect of homogeneous foil on the same
perforated plate (see Figure 7). Starting with 500 Hz, the sound absorption curve of nanofibers
improved element is constant contrary of the unstable curve of foil improved perforated plate.

When the perforated plate is improved by the nanofibrous membrane on each of both
sides, then the sound absorption of higher frequencies falls slightly (see Figure 8). Then, the
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Figure 7. Frequency dependence of the sound absorption coefficient; quad perforated plate of 9/11 (left) and 10/12 (right)
is covered by the nanofibrous membrane of 0.2 g/m” on a carrier of 25 g/m? (black) or foil of 7 g/m? (red — dashed) or foil of
40 g/m? (green - dash-dotted). The air gap between the 1-mm thick panel and the wall is 50 mm.
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Figure 8. Frequency dependence of the sound absorption coefficient; quad perforated plate of 8/10 (left) and 10/12 (right)
is covered at the top by the single nanofibrous membrane of 0.2 g/m? on a carrier of 25 g/m? (black) or it is covered by the
nanofibrous membrane of 0.2 g/m? on a carrier of 25 g/m? (red — dashed) from both sides. The air gap between the 1-mm

thick panel and the wall is 50 mm.
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Figure 9. Frequency dependence of the sound absorption coefficient; quad perforated plate (9/11) covered by the
nanofibrous membrane of 0.2 g/m? on a carrier of 25 g/m>. The air gap between the 1-mm thick panel and the wall is
20 mm (black): the same nanofibers-covering perforated plate filled (green - dash-dotted) by the foam (left) or fleece
(right); the same separated plate filled (red — dashed) by the foam (left) or fleece (right); the separated fillings (blue -
dotted) of foam (left) or fleece (right). The thickness of the whole acoustic system is 20 mm in all configurations.

membrane resonators covering the mass of Helmholtz’s resonator obstruct the sound absorp-
tion inside the cavity.

The individual perforated plates in a form of cavity resonators should be filled for sound
absorption of higher frequencies. Figure 9 shows the comparison of acoustic system consisting
of nanofibers-covering quad perforated plate and the same perforated plate without covering
but filled. The filling has been chosen from the standard sound absorbers line. The first is
melamine foam of 9.5 & 1.5 kg/m> and 20-mm thickness (Figure 9 on the left) and the second
polyester fleece of 24 kg/m> 4+ 10% and 20-mm thickness (Figure 9 on the right). From the
comparison, it can be seen that the inferior sound absorption results if the perforated plate is
filled (red — dashed curve) in comparison with nanofibers covering the same perforated plate
without filling (black curve). Then, the resonance capability of nanofibrous membrane more
than compensates a mass of filling. Regarding the applicability of nanofibers-covering perfo-
rated plate, the gap between the panel and the wall can be used for light or audio installation.
If the nanofiber-covering plate is filled (green - dash-dotted curve), then the sound absorption
is slightly better than that of non-filled. However, the benefit of air gap outweighs the nominal
sound absorption growth.

4. Conclusions

The resonance ability of nanofibrous layer has been verified in the last author’s paper. The
membrane has been exposed to plane sinusoidal sound wave and its deflection was picked by
the high-speed digital camera. The resonant peaks of oscillating nanofibrous membrane as
well as homogeneous membrane occur around 70-100, 300400, and 550-600 Hz depending on
their parameters. The calculated resonant frequency of the perforated plate is around 2-2.5 kHz.
The sound absorption peaks of nanofibers-covering perforated plate are around 500 Hz. From
the comparison of resonant frequencies perforated plate in a form of Helmoltz’s resonator,
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separate nanofibrous layer in a form of membrane resonator, and final nanofibers-covering
perforated plate, the major effect of the resonant frequency of the nanofibrous layer together
with a distance of the final plate from the wall can be seen.

The diameter of nanofibers, the basis weight, and the polymer of the nanofibrous membrane as
well as the shape, size, and span of perforations of Helmholtz’s resonator affect the sound
absorption behavior of acoustic element.

The two applied nanofibrous membranes have not almost any effect on sound absorption. The
improvement would be redundant.
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