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a b s t r a c t

The material surface layer affecting sound absorption was identified by optical coherence tomography
(OCT) image analysis. To characterise this layer, a special algorithm was developed to distinguish the
polymer surface layer in thermoplastic composite materials, define its structure and thickness, and
specify differences in these properties. The composite materials were obtained by thermal pressing of
multilayer systems comprising viscose/polylactide and polylactide nonwoven fabrics, yielding thin
polymer surface layers on the order of several hundred micrometres. The results of the measured sound
absorption coefficient were analysed together with the OCT results. The use of OCT for the study of
materials with specific acoustic characteristics was successfully demonstrated.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Material thickness and density are important factors in deter-
mining the sound-absorbing qualities of a sound-absorbing mate-
rial. There are two categories of sound-absorbing materials, i.e.
porous absorbers and resonance absorbers. For porous absorbers,
such as fibrous materials, thicker materials correspond to better
sound absorption. For a material consisting of thermally pressed
thermoplastic fibres, the thickness and density relate to the
pressing conditions. In fibrous materials, the sound absorption
coefficient typically depends on the sound frequency, i.e. absorp-
tion increases with frequency. Another character of this depen-
dence can be observed for resonance absorbers, for which the
maximum absorption occurs at the resonance frequency [1e5].

Apart from the type of material, the material surface charac-
teristics are also important in determining the acoustic perfor-
mance and sound absorption of a material. The effect of the surface
layer on material sound absorption is thoroughly described in the
literature and well known by acoustic engineers. Borelli and
Schenone [6] investigated the sound absorption behaviours of
polyester fibre materials of different thicknesses faced with
perforated metal plates having varying percentages of open areas.
Chevillotte [7] and Duval et al. [8] investigated the sound absorp-
tion of multilayer membrane structures theoretically and experi-
mentally, respectively. Lee and Joo [9] compared the acoustic
performances of nonwoven materials covered with polypropylene
film and aluminium foil. Kalinova, Mohrova, and Ozturk et al. have
investigated fibrous textile materials covered with electrospun
nanofibrous membranes [4,5,10], describing the influence of
nanofibre diameter, structure, and mass per unit area of the
membrane on the acoustic performance.

Our previous studies [11] concerning fibrous thermoplastic
composites showed that good sound-absorbing materials are
characterised by surface structure asymmetry. This asymmetry
consists of differences in the structures of two opposite material
surfaces. For a material with same or similar surface structures on
both sides, the sound absorption is identical independently on the
side oriented toward the sound wave and lower than that for ma-
terials with surface asymmetry. In materials with surface asym-
metry, higher degrees of asymmetry correspond to greater
differences in the acoustic properties of the material surfaces
investigated. The differences in sound absorption by fibrous and
plastic surfaces are greater than those between plastic/fibrous and
plastic surfaces. For a material with one fibrous and one plastic
surface, the sound absorption coefficient of the plastic surface is
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Fig. 1. Principle of FD-OCT scanner detection of spectral components of the beam
reflected from different sample depths [12].

Table 1
Description of the composite materials.

Composite
material

System of nonwoven
layers before pressing

Structure of the
composite material

1 8 � PLA/Vi Fibrous (without polymer layer)
2 7 � PLA/Vi þ 1 � PLA Fibrous þ plastic/porous layer
3 7 � PLA/Vi þ 2 � PLA Fibrous þ plastic layer
4 7 � PLA/Vi þ 3 � PLA Fibrous þ plastic layer
5 7 � PLA/Vi þ 4 � PLA Fibrous þ plastic layer
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higher than that of the fibrous surface. In general, metal plates or
polymer layers are used as resonant elements in acoustic systems.

This study presents the structure of the polymer surface layer in
sound-absorbing fibrous composite materials, as studied by
infrared scanning with optical coherence tomography (OCT). OCT is
a non-contact, non-invasive, and non-destructive technique for the
high-resolution visualisation of microstructures within scattering
media [12,13].

The technique is based on the physical phenomenon of light
interferometry and employs special light sources with high spatial
but low temporal coherence. It captures three-dimensional images
with a resolution on the order of several micrometres, obtained
from optical scattering centres. OCT light sources have coherence
lengths in the range of only several micrometres. In an interfero-
metric detection system, this short coherence length functions as a
temporal filter for the arrival times of the back-scattered photons.
OCT has been used extensively in biomedical science and medicine
e.g. to image human retina [14] and retinal nerve fibres to diagnose
serious ophthalmic and neurological diseases [15]. Visualisation of
this type is now used extensively in both biomedical diagnostics as
the non-invasive testing of industrial materials [16e22]. Recently,
the OCT technique has been used for the structural characterisation
of many types of polymers and compound materials, but thermo-
plastic composites have not yet been widely examined by this
method [12,13,18,23].

The aim of the study is to investigate the possibility of using OCT
to study thermoplastic sound-absorbing composite materials.

The composite materials were obtained in this work by thermal
pressing and consisted of two parts. The main part was viscose fi-
bres/polylactide (PLA) fibrous material as a porous absorber. A
polymer layer formed one surface of this porous material as a
resonance absorber. The polymer layer was obtained from ther-
moplastic PLA nonwoven fibres and used as the front surface of the
sound-absorbing composite material. The combination of the
fibrous material and polymer layer and the surface asymmetry of
the final material are acoustically interesting. The structure of the
polymer front layer is important for the sound absorption coeffi-
cient and sound absorption frequency. The method of OCT image
processing analysis allowed the detection of boundaries in the
composite material layers and estimates of the thickness of the
polymer surface layer. This measurement enables the establish-
ment of a relationship between the thickness of the surface layer
and the acoustic performance of the composite material. This
relationship can be used to design materials that absorb sounds of
specified frequencies.

2. Materials and testing methods

2.1. Materials

2.1.1. Fibres
As the thermoplastic fibres, PLA fibres of 6.7 dtex/64 mm, sup-

plied by the Far Eastern Textile Ltd. (Taiwan), were used.
As the filling fibres, man-made viscose (Vi) fibres of 4.4 dtex/

70 mm, characterised by a destruction point of 174e190 �C, were
used.

2.1.2. Composite materials
The sound-absorbing materials were obtained as multilayer

systems of needle-punched nonwoven mats and processed by
thermal pressing.

The multilayer systems consisted of PLA/Vi nonwoven layers, or
of PLA/Vi nonwoven layers with one or more layers of nonwoven
PLA placed on top and denoted the polymer surface layer in the
material.
Each nonwoven multilayer structure was pressed in a water-
cooled press machine (Hydromega, Poland) at 170e175 �C for
5 min at 0.25e0.56 MPa.
2.2. Testing methods

2.2.1. Characterisation of basis weight
The masses per square meter of the nonwoven layers were

determined according to the standard ISO 9073-1:1989 [24].
2.2.2. Infrared optics characterisation
To characterise the structure of the surface layer of the com-

posite materials, OCT technology was used.
Modern Fourier domain OCT (FD-OCT) tomographs [25e27] are

based on a modifiedMichelson's interferometer, with a structure as
shown in Fig. 1.

The FD-OCT Spark-1300 (Wasatch Photonics) tomograph used in
this study emits low-coherency laser light around the central
wavelength of 1300 nm to ensure penetration of the polymer
composites to a depth of z ¼ 2.5 mm with a depth resolution of
approximately 5 mmand a lateral resolution of approximately 4 mm.
By the automatic tilting of the scanning rays with special mirrors
(not included in Fig. 1), as controlled by the built-in application, the
tomograph system selects material cross-sections in the XZ plane
(the so-called B-scan) and performs scans in real time (30 fps)
within the range of 5 mm in the X direction. In approximately 30 s,
3D images are built by placing 1024 B-scans at distances of 4 mm
from each other. This creates an image of the sample surface with
the maximum dimensions P ¼ 5 mm � 5 mm.
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OCT images contain noise and are distorted by many artefacts
that complicate quantitative analysis. Therefore, preprocessing is
necessary to enhance image quality. This also permits future stages
of computer analysis. The preprocessing includes the removal of
vertical line artefacts removal and the reduction of speckle noise by
Wiener's, Lee's, median, and diffusion filters, often through parallel
processing by CUDA software [28].

2.2.3. Acoustic characterisation
The acoustic characterisation of the composite materials deter-

mined the sound absorption of the samples. The measurement of
sound absorption used a two-microphone transfer-function
method with Type 4206 impedance tubes (Brüel&Kjaer, Denmark)
and two¼-inch (6.35-mm) Type 4187 condenser microphones. The
sound wave, maintaining a constant position, was directed
perpendicularly to the surface of the tested material. The sound
absorption coefficient was determined by the standing waves
method according to the ISO 10534-2:1998 standard procedure
[29] within a frequency range of 500e6400 Hz.

3. Results

3.1. Organoleptic assessment

Two kinds of nonwovens were obtained: PLA/Vi of 130 g/m2,
consisting of 50 wt.% PLA fibres and 50 wt.% Vi fibres, and PLA of
Fig. 2. Example images of OCT B-sc
90 g/m2 consisting of 100 wt.% PLA fibres.
From different systems of nonwoven layers, five different com-

posite materials of approximately 4 mm in thickness were ob-
tained, as shown in Table 1. In composite materials 2e5, the
polymer surface layer (plastic/porous or plastic) is formed by PLA
nonwoven layer(s).

In the organoleptic assessments, the main differences among
the composite materials obtained are based on the surface layer
structure. Material 1 is fibrous and probably homogeneous
throughout the volume, with both surfaces similar and fibrous. In
materials 2 to 5, the main volumes are fibrous and probably ho-
mogeneous, but the upper surfaces, obtained from the PLA
nonwoven layer, are plastic. After the thermal pressing process, the
thermoplastic PLA fibres produce a rigid plastic layer. In material 2,
the surface layer is plastic with a porous structure, i.e. a discon-
tinuous layer. Materials 3, 4, and 5 present similar, continuous
plastic surface layers.

3.2. OCT characterisation

3.2.1. OCT measurement
The OCT B-scan images of the tested compositematerials (Fig. 2)

confirm the organoleptic assessments. In composite material 1, no
polymer surface layer exists and the material structure of the
external layer shows many cavities associated with the fibrous
nature of the material. In composite materials 2e5, distinct lines
ans of the composite materials.



Fig. 3. Example 3D OCT images of the composite materials.
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indicating the smooth polymer surfaces are visible. Moreover, in
composite material 2, a dotted line is observed with visible distinct
cavities that indicates discontinuity and porosity in the polymer
surface. Beneath the polymer surface layer in composite materials
2e5, material inhomogeneities are observed, manifesting as cav-
ities and air blisters.

The surface layer structures in the composite materials are also
visualised by 3D imaging (Fig. 3), in which we can observe the
images in perspective and from different angles. Example 3D OCT
images of the surface layer structures confirm the organoleptic
assessments and the results from the OCT B-scan images. The upper
surface layer in composite material 1 is fibrous, in composite ma-
terials 2 and 3 polymeric, but in 2 plastic/porous with visible holes
and in 3 plastic.

3.2.2. Determination of the thickness of the polymer surface layer

3.2.2.1. Algorithm description. In order to characterise the struc-
tures of the polymer surface layers of the composite materials, the
OCT method was used. Five OCT images of each of the tested ma-
terials were acquired in different disjunctive cubic regions
randomly selected on the material surfaces. Each region comprised
voxels with the size [dx, dy, dz], where dx ¼ 4.657 mm,
dy ¼ 4.712 mm, and dz ¼ 5.425 mm (Fig. 4).
Fig. 4. Numerical model of the OCT image acquired by the Spark OCT 1300 systemwhere: dx
denote the image size in different spatial directions. a) Image structure as a stack of XZ pla
For each of the sample images, the scanning region includes
[X ¼ 800 � Y ¼ 800 � Z ¼ 512] pixels. The scanning process pro-
vides B-scan frames (XZ planes) in real time and constructs a full 3D
image from these frames in offline mode.

The proposed measurement method is intended to evaluate the
depth map of the polymer surface layer of the composite material
according to the algorithm shown in Fig. 5.

The algorithm is implemented as an M-language script in the
MATLAB environment [30,31]. The depths are computed in the XY
plane as the means of two independent components dx(y) and
dy(x) (Fig. 5(1)e5(3)), where x 2 [0,X) and y 2 [0,Y). Thereafter,
the results are smoothed by a two-dimensional cubic spline
approximation (Fig. 5(4)) using the MATLAB function csaps(,)
from the Curve Fitting Toolbox [32]. The evaluation of the depth
dy(x) from the image IY(x, z) in each XZ plane begins with the
surface and interlayer boundary evaluation stages, as illustrated in
Fig. 6.

Each stage begins with boundary filtering (FS(,) or FL(,))
including the Laplacian of the Gaussian kernel preceded by the
local average kernel with experimentally adjusted parameters
[33e36]. This provides modified B-scan images JY(x, z) with
emphasised surface or interlayer boundaries (Fig. 7b and c). The
boundaries in the original B-scan IY(x,z) are not clearly visible
¼ 4.657 mm, dy ¼ 4.712 mm, dz ¼ 5.425 mm are the dimensions of each voxel. X, Y, and Z
nes (B-scans), b) image structure as a stack of YZ planes.



Fig. 5. The algorithm flow for depth map measurement of the composite materials,
where: dy(x), y 2 [0,Y) are the depth values in a single XZ plane, dx(y), x 2 [0,X) are
the depth values in a single YZ plane, d(x, y) is the full depth map, and csaps(,) is the
cubic spline approximation of the depth map in the XY plane.

Fig. 6. The algorithm flow for composite material depth measurement from individual
B-scans (XZ planes). IY(x, z) is the original B-scan image, JY(x, z) is the filtered B-scan
image with emphasised boundaries (Fig. 7b and c), FS(,) and FL(,) are boundary
filtering functions, T1 and T2 are the thresholds for boundary detection, BS is the set of
surface boundary fragments (Fig. 7b), BL is the set of interlayer boundary fragments
(Fig. 8c), p5(,) is a fifth-order polynomial approximation, csaps(,) is the cubic spline
approximation, zS(x) is the approximated curve of surface boundary, and zL(x) is the
approximated curve of the interlayer boundary (Fig. 7d).
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because of the presence of OCT speckle noise [37,38] and the het-
erogeneous material structure. Additionally, the material surface
may include cavities of different lengths and depths (see Fig. 7a).
The non-continuous surface boundary data set (Fig. 7b) is obtained
after binarisation with the threshold T1 (Fig. 6(2)). Then the set is
approximated in the range [0, X) by the fifth-order polynomial [39].

The interlayer boundary is not always visible in certain image
regions (see Fig. 7a). After binarisation with the global threshold
T2 (Fig. 6(5)), the boundary is transformed into pixel sequences
arranged along the border line and separated by many gaps, as in
Fig. 6c. The expected line curvatures are larger than those pre-
sent in the surface boundary. This boundary can be properly
approximated using the cubic spline MATLAB function csaps(,)
from the Curve Fitting Toolbox applied in the x direction
(Fig. 6(6)). Finally, the depths dy(x) of the composite material
layer are computed as the difference between the interlayer
curve zL(x) and the surface profile zS(x) in a single XZ plane. The
same processing is applied to every YZ plane to obtain zL(y) and
zS(y) boundaries and the depths dx(y), as illustrated by the
flowchart in Fig. 5.
3.2.2.2. Algorithm results. The images in Fig. 8 depict example
cross-sections obtained by OCT (B-scan) of the polymer surface
layers with different thicknesses, depending on the composite
material. The sections include a profile of the surface of the com-
posite material and the boundaries between layers, as identified by
the created algorithm.

The thickness of the polymer surface layer was determined
based on the depth map (Fig. 9).

The values for the polymer surface layer thicknesses obtained
from the OCT images using the automated measurement method
are shown in Table 2.
3.3. Acoustic characterisation

Acoustic measurements were performed for both sides of each
composite material, with the upper sides of the studied polymer
surface layer facing the sound wave as well as the opposite situa-
tion, with the bottom fibrous side facing the sound wave. For
composite material 1 (Fig. 10), fibrous, fully homogeneous, and
without a polymer surface layer, the sound absorption coef-
ficientesound frequency dependence is typical of fibrous materials
[2]. The sound absorption coefficient increases with increasing
sound wave frequency for all studied frequencies. In this case, the
sound absorption coefficient reaches the maximum value of



Fig. 7. Example phases of surface and interlayer boundary evaluation in the XZ plane (Fig. 6), a) original B-scan, b) detected pieces of the surface profile in the filtered image, c)
identified fragments of the interlayer boundary in the filtered image, d) the approximated surface (in green) and interlayer (in yellow) boundaries in the original B-scan. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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approximately 0.45 at the end of the measurement range, i.e. at
6400 Hz. The curves of the sound absorption coefficientesound
frequency dependence are nearly identical for both sides of the
studied material.

If one surface of the studied material is a polymer layer, a
considerable increase in the sound absorption coefficient is
Fig. 8. Sample sections (B-scans) of composite materials 2e5 with detected surface line (g
references to colour in this figure legend, the reader is referred to the web version of this
observed for this side (Figs. 11e14), which is consistent with pre-
vious studies [11,40]. If the fibrous side of thismaterial is exposed to
the soundwave, the sound absorption coefficientesound frequency
dependence and maximal value of the sound absorption coefficient
are similar to those of the fibrous material with no polymer surface
layer (Figs. 10e14).
reen) and identified boundary of the surface layer (yellow). (For interpretation of the
article.)



Fig. 9. Coloured maps of polymer surface layer thicknesses in composite materials 2e5 (light blue indicates maximal depth). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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The differences among the studied materials appear in the
characteristics of the sound absorption coefficientesound fre-
quency dependences and the maximal values of the sound ab-
sorption coefficient, caused by the varying structures and
thicknesses of the polymer surface layers exposed to the sound
waves. If the surface layer is plastic with visible porosity, the sound
absorption coefficient increases more significantly with sound
Table 2
The thicknesses of polymer surface layers in the composite materials.

Composite material Thickness

Mean
[mm]

SD
[mm]

Min
[mm]

Max
[mm]

1 no polymer layer e e e

2 573.63 ±63.93 194.25 929.00
3 248.01 ±50.47 108.86 475.70
4 549.18 ±73.78 245.04 912.19
5 705.35 ±77.22 464.15 972.31
frequency than it does in the case of the fibrous material. For the
composite material in which the mean value of the thickness of the
polymer surface layer exposed to the sound wave is approximately
574 mm, the sound absorption coefficient reaches the maximum
value of 0.9 at 5500 Hz (Fig. 11).

If the surface layer is plastic without visible porosity, the sound
absorption coefficientesound frequency dependence has a quite
different character than that shown above. With increasing sound
frequency, the sound absorption increases, reaches one or more
local maxima (one peak or more), and then decreases (Figs. 12e14).

For material 3 with a plastic surface layer of approximately
250 mm in average thickness, the maximum value of the sound
absorption coefficient is approximately 0.75 at 2800e3000 Hz. At
the end of the studied frequency range, i.e. at 6400 Hz, the sound
absorption coefficient decreases to the value of approximately 0.3
(Fig. 12).

For a thicker plastic surface, as in materials 4 and 5, the highest
sound absorption is obtained at lower sound frequencies and in
narrower frequency ranges (Figs. 13 and 14).



Fig. 10. Sound absorption coefficient of composite material 1.

Fig. 11. Sound absorption coefficient of composite material 2.
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For composite material 4 (Fig. 13), where the thickness of the
plastic layer is approximately 550 mm, the maximum value of the
sound absorption coefficient approaches 0.8 at 1800 Hz. In the
frequency range of 1000e5000 Hz, the average sound absorption
coefficient, excepting the maximum value, is approximately 0.28;
for frequencies above 5000 Hz, it decreases to 0 at 6400 Hz.

For composite material 5 (Fig. 14), where the thickness of the
plastic layer is approximately 705 mm, i.e. about 28% greater than
that in material 4, the maximum value of sound absorption coef-
ficient is only 0.5 at nearly 2000 Hz. In the frequency range of
1000e5000 Hz, the average sound absorption coefficient (with the
exception of the maximum value) is approximately 0.17. For fre-
quencies above 5000 Hz, the absorption decrease occurs similarly
as that for material 4.

For thicker plastic layers, the values of the sound absorption
coefficient are lower. This indicates that the design of sound-
absorbing composite materials should consider the optimisation
of the thickness and structure of the polymer surface layers
exposed to sound waves.
4. Conclusion

1. The structure of a sound-absorbing material is important in
determining the material's acoustic performance. For fibrous
composite materials, a substantial increase in sound absorption
can be obtained by forming a polymer surface on one side of the
material. If this side of the material is exposed to sound waves,
the values of the sound absorption coefficient depend on the
structure and thickness of the polymer surface layer. In devel-
oped composites, the structure of the polymer surface layer,
whose influence on the sound absorption of the material is
particularly well known in areas such as the automotive in-
dustry, can be tested non-invasively.



Fig. 12. Sound absorption coefficient of composite material 3.

Fig. 13. Sound absorption coefficient of composite material 4.

Fig. 14. Sound absorption coefficient of composite material 5.
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2. The study demonstrates that OCT is a useful method for testing
thermoplastic composite materials. By this method, we clearly
distinguished the polymer surface layer in the composite ma-
terial, defined its structure, and determined its thickness.
Moreover, the images obtained allowed the specification of
differences in structure and thickness of the polymer layers.

3. If a material is exposed with the polymer layer facing the sound
wave, a thickness of some millimetres is sufficient to increase
the value of the sound absorption coefficient. However, the level
of increase depends on the structure of this layer, i.e. plastic/
fibrous with visible porosity or plastic without visible porosity,
as well as on the thickness value.

4. Similarly, sound absorption at a given sound frequency depends
on the structure and thickness of the polymer layer.

5. Based on OCT and acoustic measurements, composite materials
with specific acoustic characteristics can be designed.
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