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For building applications, woven fabrics have been widely used as finishing elements of room interior
but not in particular aimed for sound absorbers. Considering the micro perforation of the woven fabrics,
they should have potential to be used as micro-perforated panel (MPP) absorbers; some measurement
results indicated such absorption ability. Hence, it is of importance to have a sound absorption model
of the woven fabrics to enable us predicting their sound absorption characteristic that is beneficial in
engineering design phase. Treating the woven fabric as a rigid frame, a fluid equivalent model is employed
based on the formulation of Johnson-Champoux-Allard (JCA). The model obtained is then validated
by measurement results where three kinds of commercially available woven fabrics are evaluated by
considering their perforation properties. It is found that the model can reasonably predict their sound
absorption coefficients. However, the presence of perturbations in pores give rise to inaccuracy of resistive
component of the predicted surface impedance. The use of measured static flow resistive and corrected
viscous length in the calculations are useful to cope with such a situation. Otherwise, the use of an
optimized simple model as a function of flow resistivity is also applicable for this case.
Keywords: woven fabric; prediction model; sound absorber; building applications.

1. Introduction
Sound absorbers are principle parts of sound controls. For building applications, woven fabrics are usually applied as interior finishing of walls, ceiling, furniture and curtain (Larsen, Weeks, 1975). Apart from
this, in some cases, the woven fabrics are employed as
screen protector of mineral fibre absorbers like Rockwool and glass wools in order to prevent the mineral
fibres being harmful to occupants. Hence, the woven
fabrics are not designated as absorbers by design.
It is interesting to look at the property of fabrics,
which have inherently microstructures, that is analogous to MPP structures. The basic construction of
a MPP absorber consists of a thin flat panel that has
sub-millimetre holes backed by a rigid wall with an
air space between them. None of these components
produce fibrous waste that harms health and environment. Consequently, the MPP absorbers are consid-

ered to be a basis for the next generations of sound
absorbing system. Since pioneered by Maa (1975;
1987; 1998), many researches have been conducted to
advance MPP absorbers technology for various purposes: rooms (Fuchs, Zha, 2006; Sakagami, Morimoto, 2008; Sarwono et al., 2014), duct silencing (Bravo et al., 2014; Wu, 1997), environmental
noise (Asdrubali, Pispola, 2007), enhancing sound
attenuation (Herrin et al., 2011; Liu, Herrin, 2010),
wideband absorbers (Prasetiyo et al., 2016; Qian
et al., Zhang et al., 2017), etc. However, mass production of these micro perforated panels with minute
holes (of 0.1–0.3 mm) can be costly because of insufficient manufacturing technologies or specific technology requirements e.g. 3D printing (Liu et al., 2017),
MEMS technology (Qian et al., 2013).
Considering the microstructure of woven fabric, it
is expected that the use of this material can deal with
the harmful of fibrous porous absorbers as well as
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the issue of cost in mass production of MPP. Moreover, the measurement results have confirmed the absorption capability of woven fabrics e.g. as reported
in (Desendra et al., 2017; Shoshani, Rosenhouse,
1990). Compared with other absorption systems, the
MPP based woven fabric showing similar characteristic as found in other MPP and naturally differs from
fibrous porous material particularly in terms of the absorption bandwidth (Arenas, Crocker, 2010; Cox,
D’Antonio, 2009).
From practical point of view, it is required to obtain absorber with proper sound absorption characteristics during design phase. Hence, a sound absorption
model of woven fabrics is critical to be developed in order to predict their absorption coefficients. Moreover,
such model is also important to make some advancements for a more complicated design or structure of
the woven fabrics as sound absorber system. Recently,
some efforts in modelling on fabric absorption have
been conducted using porous membrane model under
equivalent electrical circuit framework (Pieren, 2012;
Pieren, Heutschi, 2015). In this paper, the model
will be derived using JCA framework (Champoux,
Allard, 1991; Johnson et al., 2006) in the context
of multi-layer system. It differs from typical MPP absorber as discussed in (Maa, 1975); the pores of the
woven fabric are formed by yarns and polymer that
introduces perturbation to the perforation characteristics. Moreover, by choosing the JCA framework, it
is expected that the resulting model can be easily incorporated to other absorber systems e.g. combining
woven fabric and porous material to form a particular
sound absorber system. Some analyses on the results
are provided to discuss the model behaviour and its accuracy compared with the measured ones, particularly
when the pore perturbations are present.
This paper is organized as follows: firstly, an introduction is presented to describe the motivation and the
main objective of the paper. It is then followed by theoretical background; particularly JCA model and normal sound absorption model of woven fabric is derived
subsequently. In Sec. 3, woven fabric properties are described and calculation results are presented for normal
incidence sound wave case while experimental validations are conducted to evaluate the validity of model
to the variation of woven fabric parameters. Moreover,
some comparisons between the proposed model results
and that of an optimized simple model as function of
flow resistivity are provided. Lastly, some important
results are summarized in conclusion.

order to apply this model, that are open porosity φ,
static flow resistivity σ, geometric tortuosity α∞ , viscous characteristic length Λ and thermal characteristic
length Λ′ .
Those five parameters are then used to define the
dynamic mass density ρe and the dynamic bulk modulus Ke of woven fabric that can be deduced from JCA
model as follows (Champoux, Allard, 1991; Johnson et al., 2006)
ρe (ω) = ρ0 α∞ (1 +

σφ
Gj (ω)) ,
jωρ0 α∞

where
Gj (ω) = (1 + j

2
4ωρ0 α∞
η
)
2
2
σ φ Λ2

1/2

.

(2)

The dynamic bulk modulus is expressed as
Ke (ω) =

γP0 /φ
,
γ − (γ − 1) a∗

(3)

where
√
8κ
a =1−j ′
Λ C p ρ0 ω
∗

1+j

Λ′2 Cp ρ0 ω
.
16κ

From the two formulations, the characteristic
impedance Zc and the complex wavenumber kc of the
woven fabrics can be obtained as follows
√
(4)
Zc = ρe Ke ,
√
kc = ω

ρe
.
Ke

(5)

The basic construction of woven fabric using MPP
framework is presented in Fig. 1. It is basically consisting of a woven fabric backed up by air cavity and
ended by an impervious layer. Using this construction

2. Micro-perforated panel formulation
The micro-perforated panel can be formulated as
a rigid frame based on Johnson-Champoux-Allard
(JCA) model (Champoux, Allard, 1991; Johnson
et al., 2006). Five physical parameters are required in

(1)

Fig. 1. Basic construction of woven fabric system
considered in this study.
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system, the normal surface impedance Zs with a t thick
woven fabric is
Zs = Zc

−jZca cot(kc t) + Zc
,
Zca − jZc cot(kc t)

(6)

√
where j = −1, Zca = −jφZa cot(kD) is the characteristic impedance of air in the cavity, φ is the open
porosity or perforation rate of woven fabric, and D is
the air cavity depth. Meanwhile, Za is the characteristic impedance of air.
Considering kD ≪ 1 and kc t ≪ 1, Eq. (6) can be
written as
Zs ≈ Zc

−jZca + Zc kc t
a kc t
−jZc (1 − j φZ
)
Zc kD

Up to this point, the model incorporated in the calculations is denoted as standard model throughout this
paper in which none of corrected or estimated parameters are introduced.
The high frequency expression of Eq. (9) gives
lim ρe = α∞ ρ0 (1 +

ω→∞

(11)

As ω → 0, the low frequency expression of ρe is
lim ρe = α∞ ρ0 (1 +

ω→0

2α∞ η
σφ
)−j
2
σΛ φ
ω

(12)

α∞
σφ
)−j
,
4
ω

(13)

which is equal to
.

(7)
lim ρe = α∞ ρ0 (1 +

ω→0

Furthermore, the fractional terms of bracket at the
dominator is negligible compared to 1 under the following conditions:
1) φ < 1 hold for the woven fabric cases so that the
bulk modulus of woven Ke is comparable to that
of the air in the cavity Ka .
2) The thickness of woven fabrics is much smaller
than that of the air cavity depth (t ≪ D).
Hence, Eq. (7) can be re-written as

where σ = 8η/φrh2 and Λ = rh are considered. It is clear
that the viscous characteristic length and the static
flow resistivity controls the absorption behaviour at
high and low frequency respectively.
Making use of real part of Eq. (11) and Eq. (12),
the transition frequency of the flow resistivity control
to the viscous characteristic length control is given by
ftr =

Zs = jωρe t + Zca .

(8)

The expression in Eq. (8) suggests that the formulation of woven fabric absorption essentially depends on
the dynamic mass density of the woven fabric. In other
words, the dissipative mechanism in the woven fabrics
is dominated by the viscous-inertial effect rather than
the thermal one. Moreover, all assumptions found in
the JCA model are inherently present in the resulting model, i.e. rigid frame condition. The same result
was also obtained by Atalla and Sgard (2007) in
modelling acoustic response of perforated screens.
By expanding Eq. (1), the effective density ρe can
be re-written as follows
σφ 2
ρ0 α∞ δ 2
) + j2 (
) ]
ω
Λ

φΛσ 2
1
(
) .
4πρ0 η α∞

(14)

Lastly, considering a set of tubes exist on the same
surface, the surface impedance becomes
Zs′ = j

ωρe t
− jρ0 c0 cot(kD),
φ

(15)

where ρ0 is the air density and c0 is the speed of sound
in air.
The normal sound absorption coefficient αn is thus
obtained as follows
2

αn = 1 − ∣

Zs′ − ρ0 c0
∣ .
Zs′ + ρ0 c0

(16)

3. Model validation

1/2

ρe = ρ0 α∞ − j [(

δ
δ
) − jα∞ ρ0 .
Λ
Λ

,

(9)

2
where
√ σ = 8η/φrh with dynamic viscosity of air η and
δ = 2η/ρ0 ω is the viscous skin depth. The characteristic viscous length Λ for circular pore is typically equal
to rh . For the case of the woven fabrics, the following expression is preferable considering the varied cross
section formed by the yarns, this is given by (Allard,
1993)
1 8α∞ η 1/2
) ,
(10)
Λ= (
c
σφ

where c is the cross-sectional shape factors where its
value is typically 1.07 for square pore (Allard, 1993).

3.1. Property of woven fabrics
To obtain geometry properties of the woven fabrics,
the scanning electron microscope (SEM) was employed
to capture the woven fabric images with magnification
of about 30–40 times as shown in Fig. 2. The three
kinds of woven fabric with different perforation properties are considered. The perforations of the woven
fabrics are mostly square or nearly square. Polymer
layers designated as fire-retardant are also present in
some of them and become a perturbation to the pore
properties. It should be noted that the parameters involved in calculations are characterized from commercial woven fabrics that are typically used for interior
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Fig. 2. Surface morphology of woven fabrics observed using SEM: a) Fabric 1; b) Fabric 2; c) Fabric 3. The dark area
indicates through holes otherwise that consist of yarn or the polymer layer.

finishing. Perhaps, this is sufficient to test the model
capabilities in predicting the sound absorption coefficients. Moreover, this is also expected that this study
is more relevant to practical purposes aside from predicting model development itself.
The geometry properties of each woven fabric are
listed in Table 1 after observing the surface morphology of each woven fabrics. For non-circular pores, the
hydraulic radius of pore is defined as the ratio of pore
area to its wetted perimeter which yields
rh = 2 (

ab
ab
)=
,
2(a + b)
(a + b)

(17)

where a and b are the length of side. It should be noted
that not all pores of the fabrics could be identified, i.e.
in the case of the Fabric 1 where many pores situated between adjacent yarns are covered by a polymer
layer, that acts as a flame-retardant layer, during manufacturing process. For this case, the acoustical parameters were obtained using approximation method as
proposed by Jaouen (Jaouen, Bécot, 2011). In the
Fabric 3, several square pores are covered by a similar
layer as found in the Fabric 1 but the rest of pore could
still be identified using SEM measurements. All parameters obtained are then used as input for Eq. (15)

where a particular air cavity depth D is considered.
Therefore, the normal sound absorption coefficients α
can be calculated using Eq. (16).
3.2. Measurement method of sound absorption
For validation purposes, the absorption coefficient
of woven fabrics were measured using impedance tube
according to ISO 10534-2 (ISO, 1998). The schematic
diagram of the measurement can be observed in Fig. 3.
The speaker generated white noise and considered it as
a plane wave travelling in tube with diameter of 3 cm
and 10 cm for covering frequency of 64 to 6000 Hz.
This plane wave conditions hold as the wavelength of
the wave at the highest frequency was longer than the

Fig. 3. Schematic diagram of sound absorption measurement using impedance tube.

Table 1. Average values for geometrical properties and estimated parameters of samples.

Fabric 1

t
[mm]
0.90

rh
[mm]
0.106

Fabric 2

0.50

0.154

Fabric 3

0.50

0.206

Sample

∗

0.035

σ
[N ⋅ s/m4 ]
–

σ∗
[N ⋅ s/m4 ]
7.73 ⋅ 105

(σ ⋅ t)
[N ⋅ s/m3 ]
695.70

–

7.96 ⋅ 104

–

69.00

–

6.04 ⋅ 104

1.30 ⋅ 105

30.20
(65.00)

φ∗

Estimated values obtained using the method in (Jaouen, Bécot, 2011).
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lateral tube diameter in order to avoid cross-section
modes. By using transfer function of incoming wave
pressure p1 measured at microphone positions HI as
well as that of reflected wave pressures pr measured
at the same position HR and combined with transfer
function of total pressure at microphone 1 and 2, H12 ,
the reflection coefficient R can be defined as
R=

H12 − H1 jk0 2x1
e
.
HR − H12

(18)

Finally, the normal sound absorption coefficients of
the woven fabric is obtained through
2

αn = 1 − ∣R∣ .

(19)

Each measurement lasted 120 seconds to ensure the
steady state response of the system where 60 seconds
for each microphone configuration is considered. Moreover, the absorption coefficients obtained from three
time measurements were averaged.
An acrylic woven fabric holder was developed as
a special mounting system, which did not alter the diameter inside the tube. The fabrics was held on the
mounting as rigid as possible.

Fig. 4. Sound absorption comparisons for the woven
Fabric 1 with particular air cavity depths.

3.3. Results and discussion
Using geometry properties listed in Table 1 and the
air properties in Table 2, calculations of normal sound
absorption αn for each fabric are performed. For the
case of the Fabric 1, the estimated static flow resistivity
and perforation rate are used in calculations due to the
difficulty of identifying the actual through holes of the
surface as presumably exist according to Eq. (9). The
low frequency expression of ρe in Eq. (13) is employed
to cover the sound absorption coefficients. Moreover,
α∞ is set to 1.
Table 2. Air properties are used in all studies.
c

ρ0

343 m/s 1.21 kg/m3

η
1.81 ⋅ 10−5 kg/(m ⋅ s)

The results can be observed from Fig. 4. As expected, the peak sound absorption frequency shifts toward lower frequency with increasing cavity depth following MPP absorber behaviour. It can also be seen
that the prediction results tend to have greater deviations at high frequency (f > 3500 Hz) compared with
that of the measurement ones. The deviation is reduced for greater cavity depth in which the absorption
mostly exist at low and mid frequencies. This is further
confirmed from the comparison result where 180 mm
cavity depth is considered as is shown in Fig. 5. Obviously, the model can produce reasonable results except around the sound absorption peaks where the
gap between the results enlarge as frequency increases.

Fig. 5. Sound absorption comparisons for the woven
Fabric 1 with a 180 mm cavity depth.

This comes about due to the higher structural acoustic modes interactions at resonance frequencies (Lee
et al., 2005) which is disregarded in the model.
Figure 6a and 6b present the sound absorption
comparison of the Fabric 2 betwen calculation results
and measurement ones for the case of 15 mm and
35 mm cavity depth respectively. All perforation parameters were obtained by SEM measurements. Hence,
it is possible to use Eq. (9) for calculating the effective density of the woven fabrics rather than using the
low frequency expression. Compared with the measurements results, it is clear that the model can produce
reasonable results. The discrepancies between the results mostly observed at high frequency (f > 3000 Hz).
The root mean square error (RMSE) of 0.09 is found
for the case of 15 cavity depth.
As indicated by Eq. (11) to (13), the static flow resistivity σ and the characteristic viscous length Λ are
responsible for the resistive terms in the effective density. Following the definition of σ there should be lesser
issue with the terms as all pore parameters were ob-
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a)

Fig. 2c, some of its perforation are not through holes
due to the presence of thin polymer layer while other
perforations are seen as square pores. The calculation
approach are similar with that of the Fabric 2 where
the standard model is employed. It is clear that the resulting absorptions are underestimated compared with
that of the measurement as shown in Fig. 7a and 7b.
a)

b)

b)

Fig. 6. Sound absorption comparisons for the woven Fabric 2 with particular cavity depths D: a) D = 15 mm,
b) D = 35 mm.

tained by SEM as average values. It is expected that
the value of σ is falling within the average value with
the existing variance of the perforation. However, the
SEM measurements could not directly capture the details of perforation in geometrical sense, i.e. the actual quantitative value of pore perimeter size and pore
walls even though the pore shape can be observed visually. Moreover, the transition frequency ftr of 2829
Hz is present indicating the discrepancy attributed to
Λ control instead of σ.
To get better calculation results, a correction factor
may be introduced to the characteristic viscous length
Λ i.e. corrected shape factor c is set to 1.4. However,
this approach lead to insignificant improvement where
the RMSE of 0.07 for the case of 15 cavity depth.
Hence, the results only differ by 0.02 point compared
with that of standard model. Considering the errors,
the standard model with typical c value of 1.07 as suggested by Allard (1993) is still applicable as long as
the geometrical pore can be characterized.
It differs from the Fabric 1 and the Fabric 2, the
Fabric 3 has its own surface morphology. As shown in

c)

Fig. 7. Sound absorption comparisons for the woven Fabric 3 with particular cavity depths D: a) D = 15 mm,
b) D = 35 mm, c) D = 180 mm.
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The sound absorption coefficient discrepancy between
the calculation results and the measured one is up to
0.3 points.
Introducing corrected value of c make the results
are closer to the measurement ones i.e. c is set to 3 by
the same reason as the Fabric 2 case. However, considering the result for 180 mm cavity depth case, this approach is only successful at high frequency but not for
low frequency where the absorption behaviours are still
underestimated. By comparing the flow resistance obtained by calculation using Eq. (9) and measurements
(see Table 1), it suggests that higher flow resistivity
is required and more applicable for this case. To offset this condition, the use of corrected cvalue and the
estimated flow resistivity altogether lead to better results for the case fabric with some of its pores covered
by polymer layers such as the Fabric 3. For this, estimated flow resistivity of 1.3 ⋅ 105 N ⋅ s/m4 and c value
set to 2.2 leading the measurement and calculation are
in agreement as shown in Fig. 7c. This approach can
reduce the RMSE by 0.05 for low and mid frequency
range (f < 2500 Hz).

For the comparison purposes, the simple model is only
run for frequency 500 Hz up to 6 kHz. Meanwhile, the
flow resistivity data are obtained from Table 1 while
the case of 15 mm air cavity is considered. The optimization approach yields the numerical constants ci
and listed in Table 3. It should be noted that the highest value of absorption coefficient around sound absorption peak is included in the optimization process
in order to get better ci values.
Figure 8 presents the comparison results between
the absorption coefficients calculated by the JCA
model and that of the simple model. The results are
then compared with the measured absorption coefficients. It is clear that the simple model optimized using empirical data can produce absorption coefficients
in a good agreement with the measured ones particularly for the cases of inconclusive pore geometry woven fabrics i.e. Fabric 1 (see Fig. 8a) and Fabric 3 (see
Fig. 8c). A different result is observed for the case of
the Fabric 2 as shown in Fig. 8b where the simple
model results have discrepancies with the measured
ones particularly around the peak of sound absorption
and high frequency while the JCA model based can
predict the absorption coefficient reasonably using the
perforation parameter without introducing correction
factors or optimized values. To be fair, the use of simple
model can be useful when the parameter model cannot
be concluded due to the complexity in pore geometry
as long as empirical sound absorption coefficient data
is available for obtaining optimized correction factors.
Other than that, the use of parametric model like the
JCA is more beneficial in terms of optimization purposes in order to develop the woven fabric absorption
further to meet particular absorption characteristics.

3.4. Comparisons to simple flow resistivity model
A simple model as a function of flow resistivity parameter is employed to benchmark the predicting model results. For this, a basic model of Delaney-Bazley is considered where the characteristic
impedance and complex wave number can be defined
as follows (Delany, Bazley, 1970)
zc = ρ0 c [1 + c1 (

kc =

ρ0 f −c4
ρ0 f −c2
) − jc3 (
) ], (20)
σ
σ

ω
ρ0 f −c6
ρ0 f −c8
[c5 (
) − jc7 (
) ],
c
σ
σ

(21)

4. Conclusions
A sound absorption prediction of woven fabric has
been performed using a model derived based on JCA
formulation framework. For the case of the woven
fabric with inconclusive pore geometry, the use of
approximate static flow resistive is useful in which the
sound absorption coefficient can be covered using low
frequency expression. More complex conditions are
present for the case of woven fabric with polymer layers in some of pores. For this case, the pore geometry
obtained cannot represent the actual resistivity of the
woven fabric. Hence, predicted sound absorption coeffi-

where ci (i = 1 . . . 8) is the numerical constants. The
total of surface impedance is then calculated using
Eq. (6) by making use of zc and kc in Eqs. (20) and
(21) and also combining with Zca . The values of ci are
obtained through optimization approach by adopting
the Nelder-Mead simplex method and applied following the procedure in (Arenas et al., 2014) to minimize
a cost function of squared difference between the measured absorption coefficients and corresponding predicted absorption coefficients. Hence, essentially the
simple model considered here is an empirical model.

Table 3. Numerical constants ci obtained using the Nelder-Mead simplex method.
Sample

Numerical constant
c1

c2

c3

c4

c5

c6

Fabric 1

0.1005

1.4115

0.4140

−4.7685

1.8606

−0.4763

0.0685

c7

c8

Fabric 2

0.0023

1.3825

0.1330

0.5966

0.2167

1.3635

−0.0324

0.2983

Fabric 3

0.3358

2.4900

0.0450

3.1774

2.8969

−1.8534

−5.6723

−2.4259

−0.0059
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simple model like the Delany-Bazley model is also applicable for such cases as long as empirical data is
available. None of estimated parameters or corrected
viscous length is required for woven fabric with fully
characterized perforation where the standard calculation procedure for the JCA model based can produce
reasonable results. The results indicate that the standard model is only applicable for the woven fabrics
with perforations characteristic fully identified otherwise the resistive component of surface impedance is
inaccurate as a result of pore perturbation implications.
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