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B Introduction

Consumers have grown increasingly de-
manding about their clothing products,
hence in addition to fabric quality, in-
creasing emphases have been placed by
manufacturers in quality evaluation on
both the functionality of clothing prod-
ucts and on sensory evaluation [1-3].

Fabric frictional sound is generated when
fabrics are rubbed together. These sounds
are closely related to the fundamental
structures and mechanical properties of
the fabric The subjective description of
sound qualities such as loudness, tone
and timbre individually rely on single or
multiple physical parameters. Loudness
primarily involves frequency-related
sound pressure and pitch. Audible hu-
man ear frequencies range from 20 Hz to
20 kHz, and, for example:

musical performance frequencies

range approximately from 100 Hz to

10 kHz;

most people’s speech falls with-

in a frequency range of 100 Hz and

5 kHz;

fabric frictional sounds in the range

between 100 Hz and 5 kHz can be

clearly distinguished [4].

In 2000 Yi and Cho [5] conducted a study
on fabric frictional sounds using a sound
generator along with the fast Fourier
transform (FFT) method to convert fab-
ric friction time domain signals into fre-
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Abstract

An innovative frictional sound automatic measuring system (FSAMS) was designed and used
in this study to investigate the frictional sound generated when natural-fibre woven fabrics
are rubbed together. Frictional sound measurements made using the automatic FSAMS were
compared with those from a manual frictional sound measuring system (Manual FSAMS).

The frictional sounds of four natural-fiber woven fabrics (i.e., cotton, linen, silk, and wool)

were recorded, the Fast Fourier Transform method was used to convert time domain signals
into frequency domain signals, and the maximum sound amplitude (MSA) and level pressure of
the total sound (LPTS) of cotton, linen, silk, and wool were calculated. The results of a t test,

analysis of variance, data reproducibility, and cluster spectrums measured from the four
natural-fiber woven fabrics were compared for the two test equipment systems. The results
from the t test and analysis of variance showed significant differences in the MSA and LPTS
measured. Data reproducibility was superior to the automatic FSAMS compared with the
manual FSAMS, and the cluster spectrums were more readily distinguishable.

Key words: fabric sound automatic measuring system, sound level pressure, fast Fourier

transform.

quency domain signals and calculated
the respective level pressure of the total
sound (LPTS). Additionally they used
the autoregressive (AR) model to eval-
uate fabric friction sounds and clustered
the LPTS and AR model parameters.
Also in 2000, Yi and Cho [6] took five
knitted/ woven fabric materials and used
FFT to record their respective friction
sounds and calculate their LPTs. In 2002,
Yi and Cho [7] used a novel measuring
apparatus for fabric noise, developed
a wool fabric sound evaluation system
and combined FFT, the AR model, and
Zwicker’s psychoacoustic models into an
integrated wool fabric evaluation system.
In the same year, Kim and Cho [8] pub-
lished their study on the influence of vari-
ous silk fabric woven structures on sound
parameter variations.

In 2003, Kim and Cho [9] studied the
influence of various fundamental fabric
structures and fiber thicknesses on fric-
tion sound variations. They used seven
sample fabrics, three fiber thicknesses,
and various knitted structures to compare
their psychoacoustic responses. In 2007,
Na and Cho [10] used fixed frequencies
through the reverberation room method
to test the sound absorption coefficients
of five microfiber fabrics and one ordi-
nary fiber fabric. The results showed
that microfibers were superior to ordi-
nary fibers in sound absorption. In 2009,
Cho and Kim [11] studied the friction of
weft-knitted fabrics. The purpose of their

study was to investigate the correlation
between the frictional sound and mechan-
ical properties of knitted fabrics focusing
on the influence of various knitting struc-
tures (i.e., plain, ribbed, half-cardigan,
and half-milano stitch) and the mechan-
ical properties of the fabrics as measured
by the Kawabata Evaluation System. In
2012, Park and Cho [12] tested the fabric
frictional sound of knitted, woven, and
vapour-permeable water-repellent fabrics
using a measuring apparatus for fabric
noise, whilst Cho and Cho [13] studied
the frictional sounds of PU-nanoweb and
PTFE vapour-permeable water-repellent
laminated fabrics on people engaging in
physical activities.

Most studies on fabric frictional sounds
investigating either single or composite
fiber materials have not considered the
possibility of variations in the frictional
sound measured that may arise from the
use of different measuring instruments.
Thus an automatic friction sound test
equipment (FSAMS) system was devel-
oped in this study to investigate the in-
fluence of two different equipment types
(one manually operated and the other
automatic) on the woven fabric frictional
sound measured. A feature of the equip-
ment developed in this study is its repro-
ducablity in recording the sounds created
through friction in a controlled manner.
On the FSAMS system, the sample fab-
rics are moved by a sliding device, which
can control both the velocity of move-
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ment of one piece of fabric over anoth-
er and the distance travelled. The fabric
fixtures for holding each piece in a con-
trolled and reproducible way during each
test were also designed to ensure the re-
producibility of experimental data.

B Experimental

Experimental materials

A number of commercially available wo-
ven fabrics were selected as test speci-
mens. They included fabrics for men’s
and women’s suits as well as men’s and
women’s shirts. Samples of four natu-
ral-fiber woven fabrics, namely cotton,
linen, silk, and wool, were used in this
work: 42 cotton, 20 linen, 16 silk and 46
wool fabric pieces.

Specifications of the samples are listed in
Table 1. Three samples tested were taken
from each piece of fabric and trimmed to
a20 cm x 20 cm square along the warp
and weft directions. All finished fabrics
were used in men’s and women’s clothes,
and purchased from the present market.
Scouring, bleaching, dyeing and setting
were applied in the above fabric finish-
ing. All samples were kept for 24 hours at
20+2°C and 65+2% RH prior to the taking
of measurements. Specifications of the
samples are listed in Table 1. Three sam-
ples were taken from each piece of fabric
and trimmed to a 20 cm X 20 cm square
aligned with the warp and weft directions.

Experimental methods

In this study, both manual and automatic
FSAMS systems capable of reproducibly
measuring the frictional sounds generat-
ed by the fabrics were developed.

Manual FSMS

The test equipment comprised an acoustic
enclosure (450 mm x 450 mm x 250 mm),
an integrating-averaging sound level me-
ter (A&D Type 6226, Japan), a spectrum
analyser (NI Model 9234 National Instru-
ments, USA) and a personal computer.
The overall structural arrangement of the
test instruments is shown in Figure 1 [15,
18], and the experimental process diagram
is shown in Figure 2 [17,20]. The specifi-
cations are as follows:

a) The integrating-averaging sound level
meter

An A&D Type 6226 meter, capable of
measuring analogue and digital signals
ranging from 28-130 dB (A), was em-
ployed. The front-end consisted of a 1/2
electret condenser microphone.
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Table 1. Properties of the four natural-fiber woven fabrics tested.

. Warp density, Weft density, Thickness* Weight,
Fabric .
ends/cm picks/cm mm g/m?
MAX 67.7 40.9 0.68 186.9
MIN 19.3 18.5 0.36 102.1
Cotton
MEAN 451 271 0.52 140.2
S.D. 11.4 6.5 0.08 26.1
MAX 44 1 28.3 0.95 280.7
. MIN 9.4 12.6 0.40 101.5
Linen
MEAN 25.3 213 0.62 163.2
S.D. 7.9 4.1 0.14 47.4
MAX 68.5 59.8 0.72 180.7
Sik MIN 22.0 18.9 0.16 55.1
i
MEAN 40.8 354 0.34 91.7
S.D. 14.8 10.1 0.18 33.1
MAX 47.2 441 0.80 272.0
MIN 18.9 17.3 0.42 152.6
Wool
MEAN 333 31.7 0.53 192.6
S.D. 6.4 5.7 0.10 27.8

“Thickness is measured as being under 0.5 cN/cm?.

Figure 1. Schematic diagram of the manual FSAMS system for fabric noise; A: microphone,
B and C: test fabric, D: base plate, E: sound meter, F: spectrum analyser level meters.

b) The spectrum analyser

A National Instruments Model 9234
spectrum analyser with a 24-bit resolu-
tion, 102 dB dynamic range, antialiasing
filter, and four simultaneously-sampled
analogue input channels (with a+ 5V
input range) was used; each channel had
the capacity to sample up to arate of
51.2 kHz/s.

¢) The acoustic enclosure

The acoustic enclosure (450 mm X
450 mm x 250 mm) used in the manual
FSAMS system was a box with insula-
tion material inside. The object of the box
is simply for manually made frictional
sound. It had two holes with sound insu-
lated. The hands can strengthen the box
and make friction sound with controlled
speed.

d) The trained operator

All of the tests should be conducted by
the same person, who, before running
tests, must practice key operations: first,
mounting of the test fabics in a repro-

Four natural-fiber woven fabrics

Y

Manual FSTE system
(background noise below 10 dB)

12

Place sample fabric
in the acoustic enclosure

]

Place the microphone
in the enclosure 50 mm away
from the sample fabric

Y

Connect the microphone
to the integrating-averaging
sound level meter and connect
the spectrum analyzer

12

Conduct experiment using
moving sample fabric

Figure 2. Flow chart of the manual FSAMS
system.
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Figure 3. Schematic diagram of the automatic FSAMS system for fabric noise; A: microphone,
B: fabric, C: load, D: fixture, E: sliding device, F: Programming logic control (PLC).

ducible fashion, and second moving the
sample fabrics with the friction handles
in such away as to apply a consistent,
identical force during each of the friction
experiments.

e) The test procedure

The background noise must be less
than 10 dB when operating the man-
ual FSAMS. During the experiments,
the sample fabrics were fixed within
the acoustic enclosure, and then the in-
tegrating-averaging sound level meter
microphone was also placed within the
acoustic enclosure. The microphone was
placed at a distance of 50 mm from the
sample fabric and the integrating-aver-
aging sound level meter was connected
to the spectrum analyzer to convert the

Four natural-fiber woven fabrics

Y

Automatic FSTE system
(background noise below 10 dB)

Y

Place sample fabric
in the acoustic enclosure

Y

Place the microphone
in theenclosure 30 mm away
from thesample fabric

Y

Connect the microphone
to the integrating-averaging
sound level meter and connect
the spectrum analyzer

Y

Conduct experiment using
touch panel

Figure 4. Flow chart of the Automatic
FSAMS system.
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sound signals recorded by the integrat-
ing-averaging sound level meter into
experimental data through spectrum
analysis. The spectrum analyzer was then
linked to a computer to enable the time
and frequency domain signals during
friction tests to be observed.

Automatic FSAMS

The test equipment included a pro-
grammable logic controller (PLC) EC-
MA-C20604FS, a human machine touch
screen interface (DOP-B05S100), a fab-
ric-friction sliding device, an acoustic en-
closure (950 mm x 600 mm x 940 mm),
stationary fixtures, moving fixtures, an
integrating-averaging sound level meter,
spectrum analyzer and personal com-
puter. The overall structural diagram is
shown in Figure 3, and the experimental
process flow diagram is shown in Fig-
ure 4 [14-19].

The primary purpose of this instrument is
to generate fabric friction sounds. The in-
dividual functions are described as follows:

a) Programmable logic controller EC-
MA-C20604FS

A Delta Electronics ASD-B2 ECMA-
C20604FS PLC server controller was
used, capable of adjusting the moving ve-
locities, distances and patterns (i.e., back-
and-forth and successive reciprocation
motions) of the fabric-friction sliding de-
vice. The moving velocities and distanc-
es could be varied from 0-500 mm/s and
0-70 mm, respectively.

b) Human-machine touch screen inter-
face (DOP-B05S5100)

A Delta Electronics DOP-B series
B05S100 touch screen monitor was used.
A microcomputer controller program
capable of managing fabric friction ve-
locities and distances was designed and
integrated with the touch-screen.

¢) Fabric fixtures and moving fixtures
The fixtures (i.e., stationary and moving)
used in this study were those described
and patented by the laboratory [14, 17].
The patented fixtures are capable of se-
curing the fabrics, maintaining their lev-
elness, and, through evenly distributing
the applied stresses, preventing the defor-
mation and slanting of the fabrics.

d) The integrating-averaging sound level
meter

An A&D Type 6226 meter, capable of
measuring analogue and digital signals
ranging from 28-130 dB (A), was em-
ployed, the the front-end consisting of
a 1/2 electret condenser microphone in
a similar arrangement to that used in the
manual FSAMS.

e) The spectrum analyzer

As was the case with the manual FSAMS,
a National Instruments Model 9234 spec-
trum analyser with a 24-bit resolution,
102 dB dynamic range, antialiasing filter,
and four simultaneously-sampled ana-
logue input channels (with a = 5 V input
range) was used; each channel had the ca-
pacity to sample up to a rate of 51.2 kHz/s.

f) The acoustic enclosure

The acoustic enclosure (950 mm X
600 mm x 940 mm) is a box with insu-
lation material inside walls; it has some
fixed and mobile fixtures as well as
counterweights for making fabric fric-
tion sound. Inside the enclosure, the mi-
crophone and cables were put near the
friction sound generation position for
collecting the sound signal. The acous-
tic enclosure used in the automatic MSA
equipment was designed not only to pre-
vent external noise from interfering with
the accuracy of experiments but also to
allow the installation, removal and ex-
change of a variety of audio reception
instruments, thereby enabling equip-
ment-suitability tests to be conducted.

g) The experimental procedure

All experiments were conducted within
the acoustic enclosure. Sample fabrics
were moved by amechanical sliding
device capable of providing controlled
movement over arange of velocities
(0-500 mm/s) and stroke distances
(0-70 mm). In terms of sample fabric fix-
tures, the particular design suited to the
type of material under test was selected,
i.e. for cotton, linen, silk, or wool (neces-
sary to keep the fabric’s reproducibly taut
during fabric friction experiments, and
thereby minimize experiment errors).

FIBRES & TEXTILES in Eastern Europe 2017, Vol. 25, 2(122)



During the experiments, sample fabrics
were laid flat before being secured to the

Table 2. T test of LPT of the four natural-fiber woven fabrics in four clusters.

stationary and moving fixtures. The mi- Session Group Number Mean t-value p-value

crophone of the integrating-averaging Session 1 Cotton -A 42 56.79 -24.339 0.000

sound level meter was installed within Cotton-M 42 81.81

the acoustic enclosure at a distance of Session 2 Linen-A 20 54.92 -20.075 0.000

30 mm from the sample fabric. The inte- Linen- M 20 77.44

grating-averaging sound level meter was Session 3 Silk-A 16 57.84 -10.215 0.000

connected to the spectrum analyzer (to Silk- M 16 77.06

convert the sound signals into sound data Session 4 Wool-A 46 63.58 -18.813 0.000
Wool- M 46 71.97

through spectrum analysis) and the spec-
trum analyzer was linked up to the com-
puter to enable the time and frequency
domain signals of the frictional sounds
to be observed. The moving velocities

“M:Manual FSAMS, A:Automatic FSAMS.

Table 3. ANOVA test for LPT among four clusters of the four natural-fiber woven fabrics.

and distances of the sample fabric were Cluster* 1 2 3 4 P
then set (in the case of the experiments fabric | MEAN | S.D. | MEAN | S.D. | MEAN | S.D. | MEAN | SD. F-test
reported here, the fabric frictional-stroke | Cotton-A | 5029 | 1.12 | 54.09 = 149 | 5861 249 6481 511 | 11514  0.000
distance was kept the same for all tests | Cotton-M | 7422 | 287 | 7971 | 123 | 8343 | 100 | 8754 | 136 | 97.41  0.000
at 50 mm). Linen-A | 51.92 | 090 | 5360 | 043 | 5596 045 | 57.02 = 024 | 76.95 | 0.000
Linen-M | 69.25 | 222 | 7549 | 123 | 79.67 = 138 | 8346 @ 042 | 54.95  0.000
Fabric frictional sound parameters Silk-A 5189 | 187 | 56.74 112 | 5957 | 129 | 6293 | 067 | 34.81  0.000
a) The LPTS Silk-M 66.53 | 2.92 | 7382 | 205 | 8150 | 173 | 83.82  0.11 | 50.63 | 0.000
The value in LPT represents the loud- Wool-A | 60.33 | 043 | 61.91 065 6498 072 | 67.35 071 | 210.17 | 0.000
ness of the loudness physical parameter, Wool-M | 66.94 | 1.31 | 70.09 | 1.10 | 7337 | 092 | 77.46 | 1.05 | 158.35 | 0.000

and accounts for both the human audi-
ble frequencies and limitations of the
integrating-averaging sound level meter
(16-20 kHz). Thus the LPT calculation
range was set between 16-20 kHz [20].

BLi,  ,Bln

LPT = 10log® ™ "1 (1)

BL represents the broadband level.

b) The MSA

The MSA value represents the corre-
sponding frequency position of the max-
imum decibel on the spectrum. Corre-
sponding decibel values at +100 Hz po-
sitions of the MSA were also averaged.

Statistical analysis

ANOVA analysis was used to compare
the differences among the frictional
sound properties of the four natural-fib-
er woven fabrics. A t-test analysis was
performed to evaluate the difference be-
tween the frictional sound parameters of
two fabrics. The contribution of select-
ed parameters was evaluated using the
partial F-test criterion method [21-25].
SPSS 18 was used in the ANOVA anal-
ysis and #-test.

M Results and discussion

T test and ANOVA for data measured
using the SPSS10 application software
and automatic FSAMS systems

In this study, a ¢ test was used to evaluate
whether the frictional sound values meas-
ured from the four natural-fiber woven

FIBRES & TEXTILES in Eastern Europe 2017, Vol. 25, 2(122)

“Clusters 1-4 represented groups of the smallest to the largest LPT, respectively.

fabrics using the manual and automatic
FSAMS systems showed any significant
differences (Table 2). The t-test results
indicated that the frictional sound values
measured from the four woven fabrics
using the manual and automatic FSAMS
systems exhibited significant differences
(p=.000, p <.05). Additionally ANOVA
was used to compare the outputs from the
manual and automatic FSAMS systems
for the four natural-fiber woven fabrics to
determine whether significant differences
existed between the means of each group.
Table 3 shows that the results were sig-
nificant (p <.001), which means that the
frictional sounds of the four natural-fiber
woven fabrics as measured by the man-
ual and automatic equipment exhibited
differences. The f statistic of the values
measured using the automatic FSAMS
for cotton, linen and wool were higher
than that using the manual FSAMS (with
the exception of the silk fabric). Thus
LPT differences measured using the au-
tomatic FSAMS were larger than those
measured using the manual equipment;
this occurred because the automatic
FSAMS had comparatively superior data
reproducibility.

Reproducibility of frictional sound
data measured by the automatic
FSAMS systems

Five pieces of cotton, linen, silk and wool
were used as samples in the reproduci-

bility experiment, for which a test was
conducted three times on each sample
fabric. Average LPT values and coeffi-
cients of variation (CV%) were calculat-
ed for the three experiments (7able 4).
Table 4 shows that the CV% values
measured using the manual FSAMS for
cotton, linen, silk and wool ranged from
2.45%-5.05%, 1.39%-3.83%, 1.47%-
3.66% and 1.47%-2.77%, respectively.
By contrast, the CV% values measured
using the automatic FSAMS for cotton,
linen, silk and wool ranged from 0.64%-
2.27%., 0.53%-2.22%, 0.13%-1.43% and
0.40%-1.86%, respectively. Thus the
CV% values measured using the manual
and automatic FSAMS systems ranged
from 1.39%-5.05% and 0.13%-2.27%,
respectively, and the CV% values for
cotton, silk and wool measured using
the automatic FSAMS were all less than
those using the manual FSAMS. This
result shows that although CV% values
were not large, all CV% values yielded
from the automatic FSAMS were com-
paratively smaller. Thus the automatic
FSAMS produces smaller errors than
the manual FSAMS, whereas the fric-
tional sounds from the manual FSAMS
were all larger than those from the auto-
matic FSAMS. Higher frictional sounds
emerge from manual FSAMS tests be-
cause the manual FSAMS is influenced
by both human factors and ambient nois-
es, and the manual arrangement has to be

37



Table 4. Experimental results of the friction sound by the manual and automatic FSAMS

Friction sound

systems.
Manual FSAMS system
Sample LPT (dB) CV%
CO1 73.84 2.89%
C02 76.32 2.45%
C03 83.30 2.99%
Co4 78.98 5.05%
C05 86.78 4.17%
LO1 79.99 2.06%
L02 76.41 3.83%
LO3 77.65 1.39%
LO4 79.77 1.78%
LO5 81.54 2.75%
S01 71.28 1.78%
S02 72.98 3.66%
S03 81.11 1.69%
S04 83.86 1.47%
S05 81.80 1.93%
Wo1 66.94 2.77%
W02 67.68 2.22%
W03 71.68 1.57%
Wo4 73.52 1.79%
W05 77.08 1.47%

Automatic FSAMS system

LPT (dB) CV%
52.80 0.64%
51.65 2.27%
60.10 1.96%
63.84 1.89%
60.67 0.76%
52.26 1.03%
55.56 2.22%
55.04 1.04%
55.29 0.53%
56.93 1.74%
52.05 0.49%
57.80 0.13%
55.98 1.20%
58.57 0.67%
63.96 1.43%
62.52 1.86%
56.61 1.58%
64.38 0.90%
65.29 1.29%
66.63 0.40%

Table 5. LPT of the four natural-fiber woven fabrics in four clusters.

Manual FSAMS system

Fabric Cluster LPT
Cluster 1 74.22
Cluster 2 79.71
Cotton
Cluster 3 83.43
Cluster 4 87.54
Cluster 1 69.25
. Cluster 2 75.49
Linen
Cluster 3 79.67
Cluster 4 83.46
Cluster 1 66.53
Cluster 2 73.81
Silk
Cluster 3 81.50
Cluster 4 83.82
Cluster 1 66.93
Cluster 2 70.09
Wool
Cluster 3 73.37
Cluster 4 77.46

partly open to allow the operator to move
the fabric, thereby resulting in compara-
tively larger frictional sounds combined
with experimental errors, whereas the
automatic FSAMS was free from human
factors and the effects of external noise.

Cluster comparison of LPTs of the
four natural-fiber woven fabrics

To clearly cluster the friction sound data
tested using the FSAMS systems, the
mean and standard deviations (SD) of
LPTs were used as bases for distinguish-
ing the fabrics. The data were divided

38

Automatic FSAMS system

S.D LPT S.D
2.87 50.29 1.12
1.49 54.09 1.23
1.16 58.61 1.01
2.49 64.81 1.36
2.22 51.91 0.90
1.23 53.60 0.43
1.38 55.95 0.45
0.42 57.02 0.24
2.92 51.89 1.87
2.05 56.74 1.12
1.73 59.57 1.29
0.67 62.93 0.12
1.31 60.33 0.43
1.10 61.91 0.65
0.92 64.98 0.72
1.05 67.35 0.71

based on fabric type and the FSAMS
systems used, either manual or auto-
matic (Table 5). Clusters 1-4 represent-
ed groups of the smallest to the largest
LPTs, respectively.

Manual FSAMS: The mean values of
LPT from Clusters 1-4 for cotton, linen,
silk and wool measured using the manual
FSAMS were as follows: Cotton: 74.22,
79.71, 83.43, and 87.54 dB; Linen:
69.25, 75.49, 79.67, and 83.46 dB; Silk:
66.53, 73.81, 81.50, and 83.82 dB; and
Wool: 66.93, 70.09, 73.37, and 77.46 dB.

The SDs measured using the manual
FSAMS for the four fabrics ranged from
0.42-2.92.

Automatic FSAMS: The mean LPT val-
ues from Clusters 1-4 for cotton, linen,
silk and wool measured using the auto-
matic FSAMS were, respectively, as fol-
lows: Cotton: 50.29, 54.09, 58.61, and
64.81 dB; Linen: 51.91, 53.60, 55.95,
and 57.02 dB; Silk: 51.89, 56.74, 59.57,
and 62.93 dB; and Wool: 60.33, 61.91,
64.98, and 67.35 dB. The SDs measured
using the automatic FSAMS for the four
fabrics ranged from 0.43-1.87.

Although the SDs were not large in either
case, the LPTs measured using the auto-
matic FSAMS were considerably smaller
than those for the manual FSAMS. Thus
the automatic FSAMS yielded smaller
errors than the manual FSAMS, and the
frictional sounds measured by the man-
ual FSAMS were all greater than those
measured by the automatic FSAMS.

Cluster spectrums for the friction
sounds of the four natural-fiber
woven fabrics

Frictional sound cluster spectrums of cot-
ton, linen, silk and wool fabrics identified
in Clusters 1-4 were obtained from the
manual and automatic FSAMS systems
(Figures 5 and 6). When emphasis was
placed on the clusters for the automatic
FSAMS, the selections of manual and
automatic Clusters 1 and 4 of the linen
and silk fabrics were different. Thus in
addition to selecting identical fabrics for
the manual and automatic FSAMS clus-
ters, fabric spectrums were also added to
Cluster 4 (L05) and Cluster 1 (S05) in
Figures 5b and 5c, respectively.

Figure 5 shows the differences in the

spectrums of the cotton, linen, silk, and

wool fabrics when using the manual

FSAMS. This result showed that:

1) the MSA of the cotton fabric meas-
ured using the manual FSAMS ranged
from 41.67-63.84 dB, which averaged
a value of 56.22 dB and corresponded
to a frequency range from 2-5 kHz.

2) The MSA of the linen fabric meas-
ured using the manual FSAMS ranged
from 41.32-58.51 dB, which averaged
a value of 52.80 dB and corresponded
to a frequency range from 1-2.5 kHz.

3) The MSA of the silk fabric measured
using the manual FSAMS ranged
from 35.54-60.20 dB, which averaged
a a value 0f49.73 dB and corresponded
to a frequency range from 1.5-5 kHz.
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Figure 6. Cluster spectrums of the four natural-fiber woven fabrics by the automatic FSAMS system.
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4) The MSA of the wool fabric measured
using the manual FSAMS ranged from
35.47-57.15 dB, which averaged a val-
ue of 45.05 dB and corresponded to
a frequency range from 1.3-2.8 kHz.

Figure 6 shows the following:

1) the MSA of the cotton fabric measured
using the automatic FSAMS ranged
from 21.54-46.53 dB, which averaged
a a value of 31.04 dB.

2) The MSA of the linen fabric measured
using the automatic FSAMS ranged
from 24.06-33.93 dB, which averaged
a value of 29.62 dB.

3) The MSA of the silk fabric measured
using the automatic FSAMS ranged
from 21.12-40.90 dB, which averaged
a value of 31.55 dB.

4) The MSA of the wool fabric measured
using the automatic FSAMS ranged
from 26.19-37.03 dB, which averaged
a value of 31.06 dB.

The corresponding frequency ranges of
all four clusters were from 200-800 Hz.
Regardless of using the manual or auto-
matic FSAMS systems, the cotton, linen,
and wool fabrics yielded differences in
decibel intensities because of different
clusters; but the shapes of their spectrums
were similar; the silk fabric not only
yielded a difference in decibel intensities
but also resulted in comparatively larger
differences in the spectrum shapes. Lastly,
corresponding spectrums were exported
for each cluster of the four different fab-
rics measured using manual and automatic

Table 6. MSAs of the four natural-fiber woven fabrics by the manual FSAMS system and

automatic FSAMS system.
MSAs (manual FSAMS system)
Fabric Cluster Min Max
Cluster 1 41.67 54.53
Cluster 2 53.00 58.00
Cotton
Cluster 3 56.26 63.46
Cluster 4 60.16 63.84
Cluster 1 41.32 46.88
. Cluster 2 47.29 53.33
Linen
Cluster 3 51.28 58.51
Cluster 4 56.93 56.94
Cluster 1 35.54 46.29
Sik Cluster 2 42.67 49.66
i
Cluster 3 53.06 60.20
Cluster 4 54.38 55.77
Cluster 1 35.47 43.85
Cluster 2 39.65 52.65
Wool
Cluster 3 43.46 57.15
Cluster 4 36.57 55.36

MSAs (automatic FSAMS system)

Mean Min Max Mean
47.63 21.54 25.48 23.09
54.92 22.10 33.68 26.55
58.79 29.01 38.20 33.43
61.93 34.35 46.53 41.09
44.28 26.49 27.81 26.96
50.88 24.06 31.50 28.73
54.28 28.10 33.93 31.50
56.93 27.21 33.57 31.28
39.13 21.12 31.10 25.30
47.28 23.55 32.64 30.03
55.39 29.98 37.96 34.90
55.08 31.01 40.90 35.95
39.67 26.19 29.44 28.30
44.01 26.56 30.98 29.11
46.79 29.44 34.99 32.15
49.56 32.58 37.03 34.69

Table 7. MSAs of four natural-fiber woven fabrics in four clusters by the manual FSAMS

system and automatic FSAMS system.

Cluster Cluster MSAs (manual FSAMS system) = MSAs (automatic FSAMS system)
Cotton 46.8 (C18) 22.72 (C18)
Linen 41.32 (L16) 26.58 (L10)
Cluster 1 -
Silk 46.29(S05) 23.67 (S01)
Wool 38.66 (W42) 26.19 (W42)
Cotton 54.40 (C17) 29.12 (C17)
Linen 51.71 (L11) 27.49 (L11)
Cluster 2
Silk 49.66 (S01) 23.55 (S13)
Wool 44.61 (W18) 29.19 (W18)
Cotton 59.14 (C35) 29.01 (C35)
Linen 51.28 (L10) 31.21 (L16)
Cluster 3
Silk 56.13 (S03) 36.59 (S03)
Wool 44.91 (W28) 30.85 (W28)
Cotton 61.41 (C29) 38.54 (C29),
Linen 56.93 (L05) 33.57 (L12)
Cluster 4
Silk 54.38 (S13) 31.01 (S11)
Wool 51.44 (W04) 34.33 (W04)

40

FSAMS systems to compare the differenc-
es in the spectrums of the two equipment
systems and the four fabric types.

In Figure 7 and Table 6, the cluster
spectrums of the four fabrics measured
using the manual FSAMS showed com-
paratively smaller differences; the spec-
trums of the four materials and their
corresponding characteristics cannot be
easily observed. In Figure 8 and Table 7,
the cluster spectrums of the four fabrics
measured using the automatic FSAMS
showed that the spectrums of cotton and
linen yielded low decibel values from
Clusters 1-4, in which variations were
also small and the spectrums were com-
paratively stable. Among the four fabrics,
wool yielded comparatively high decibel
values in the spectrums throughout the
four clusters, and silk presented compar-
atively random results and larger varia-
tions.

B Conclusions

1. It was shown that outputs from the
manual and automatic FSAMS test
equipment systems exhibited signif-
icant differences in the T-test and
ANOVA analyses.

2. The analysis of data reproducibili-
ty showed that friction sound values
measured using the automatic FSAMS
were more stable and more represent-
ative than the manual FSAMS. This
is because the manual FSAMS can be
affected by human factors and ambi-
ent noises, which cause large experi-
mental errors.

3. The spectra obtained using manual and
automatic FSAMS showed that the fre-
quencies corresponding to the MSAs
measured by the manual FSAMS were
from 1 ~ 5 kHz and the average MSAs of
test fabrics were from 49.73 ~ 56.22 dB.
The frequencies corresponding to the
MSAs measured by the automatic
FSAMS, were from 200 ~ 800 Hz and
the MSAs of test fabrics were from
29.62 ~31.55 dB.

4. The cluster spectra of the automatic
FSAMS showed that different fabrics
yielded various spectrum shapes, in
which cotton, linen, and wool gen-
erated comparatively stable spectra,
whereas the silk fabric presented
a comparatively larger variation in the
spectrum shapes. The spectra meas-
ured from the manual FSAMS yielded
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Figure 7. Cluster spectrums of the four natural-fiber woven fabrics in four clusters by the manual FSAMS system.
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Figure 8. Cluster spectrums of the four natural-fiber woven fabrics in four clusters by the automatic FSAMS system.
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comparatively smaller differences; the
spectra arising from the different ma-
terials and their corresponding charac-
teristics cannot be easily observed.

. In prospective studies, it would be

useful to place emphasis on evalu-
ating the correlation between fabric
frictional sounds, AR coecfficients,
and the mechanical properties of fab-
rics. In addition, stepwise regression
would be preferable for selecting and
analyzing the mechanical parameters
affecting fabric frictional sounds
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