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Abstract

Three noncontact methods of evaluating the particle removal rate from fabrics were developed using image processing, and
the dust particle removal rate by a clothing care machine was evaluated for the six fabric samples with different moisture
characteristics and geometric structures. The removal rates calculated for the six samples showed a constant tendency, thereby
confirming that the dust removal evaluation methods developed in this study have proved a reliability. It was also found that
dust adhesion on the fabrics was affected by the surface structure rather than the moisture characteristics of the fibers, where
more dust adhered to knitted fabrics than to woven fabrics. By contrast, the dust removal rate was higher for woven fabrics
than for knitted fabrics, and the removal rate for woven polyester fabric, which had low hydrophilicity, was higher than those
for woven cotton and wool fabrics. Furthermore, the removal rate tended to be high for samples with a low coefficient of
friction. When particle removal during each step of the four-step dust removal course of the machine was evaluated, polyester
fabrics had the highest removal rate in the step with high-humidity condition. However, the removal rate for cotton fabrics

was the highest when they were treated under relatively low humidity with strong air flow.

Keywords Particle removal rate - Image processing - Clothing care machine - Moisture regain - Coefficient of friction

1 Introduction

Air pollution, one of the most serious environmental prob-
lems in modern society, can cause various diseases. Accord-
ing to the World Health Organization, air pollution was
responsible for one of nine deaths in 2012. In particular,
three million died from external air pollution. Particulate
matter (PM) with diameters of 10 pm or less is known to be
more harmful because it accumulates in the lungs without
being discharged when inhaled into the human body [1].
PM is a mixture of solid and liquid organic or inorganic
substances; their proportions may vary depending on the
time and area of measurement and the size of PM. How-
ever, the main components of PM are known to be soluble
components, such as sulfate (SO42_), ammonium (NH4+),
and nitrate (NO3'); insoluble components, such as organic
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carbon, elemental carbon, and water. Depending on its size,
PM is classified as PM10 (diameters of 10 pm or less) and
PM2.5 (diameters of 2.5 pm or less) [1, 2]. PM in the atmos-
phere is introduced to indoor spaces by adhering to clothing
during long or frequent outdoor activities. The adhesion of
PM to fabrics can be explained in terms of impingement and
retention. Impingement is divided into direct contact with
pollution sources and impingement on fabric surfaces via
airborne or liquid-borne PM.

The adhesion of PM to fabrics through impingement
via a fluid can also be explained by the filtration principle
shown in Fig. 1 [3]. Macroscopically, PM in the atmosphere
appears to exhibit linear motion, but microscopically, it trav-
els by random movement through Brownian motion. PM
particles adhere to fabric surfaces through actions, such as
impaction, interception, and diffusion (Brownian motion),
gravity, and electrostatic force. Interception occurs when
the distance between a dust particle and a fabric (collec-
tor) becomes equal to or smaller than the particle radius as
the particle moves along an airflow streamline around the
collector. Inertial impaction occurs when a particle with a
diameter of approximately 1 pm or larger in rapidly flowing
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Fig. 1 Illustration of filter capture mechanism [3]

air escapes from an airflow streamline because of inertia and
collides with a collector [4].

After impingement on a fabric, PM may be retained
by mechanical forces, electrostatic forces, or oil bonding
[5-7]. According to Compton and Hart [8], retention occurs
through three mechanisms: macro-occlusion, in which par-
ticles are entrapped in the intra or inter yarn; micro-occlu-
sion, in which particles are entrapped in irregular structures
or shapes on the fabric surface; and sorption by van der
Waals or Coulombic forces. In macro- or micro-occlusion,
retention is caused by the shape and structure of the fiber,
yarn, and fabric, including the space between yarns, space
between fibers in a single yarn, curvature of the fiber such as
the ribbon shape of cotton fibers, and surface microstructure
such as wool scales or hair fibers. Dust particles trapped
by macro-occlusion can be easily removed with mechani-
cal force because the bond between the fabric and dust is
weaker than that in micro-occlusion. By contrast, when sorp-
tion occurs, small particles can easily be retained in fabrics
by van der Waals forces alone. Moreover, electrostatic forces
may develop, depending on the moisture regain of the fiber.

PM attached to a fabric may leave a stain if it contacts
a liquid and penetrates the fabric. For polar liquids in par-
ticular, the dissolved PM component is drawn deep into the
fiber, causing serious staining and damage to clothing [5, 9,
10]. Therefore, it is important to promptly remove PM from
clothing by physical and chemical methods.

In recent years, the electronics industry has developed
and launched clothing care machines that remove pollut-
ants, including PM, from contaminated clothing, restore
deformed fabric, and perform deodorization and sterilization
to make clothing management more convenient. Because
PM removal, fabric deformation recovery, deodorization,
and sterilization involve different mechanisms, they require
different care processes and evaluation methods. However,
there are no appropriate methods for the quantitative evalua-
tion of PM removal by clothing care machines. Sensory tests
or surface reflectance measurements have generally been

@ Springer

employed to evaluate the removal of particulate soil from
clothing surfaces. Sensory tests are subjective but have low
reproducibility. By contrast, surface reflectance measure-
ment is objective, and the results are reproducible; however,
because it is a contact-type measurement, it cannot be used
to measure loosely bound dust on clothing surfaces. There-
fore, it is necessary to develop an objective, quantitative
noncontact measurement method of evaluating the removal
rate of PM attached to clothing [11]. If the PM removal
program in clothing care machines is adjusted according to
the fabric characteristics based on this evaluation method,
effective clothing management will be possible.

In this study, an objective, quantitative evaluation method
for determining the removal rate of PM on fabric surfaces
was developed using a noncontact image analysis method.
The PM removal performance of a clothing care machine
was evaluated to determine which factors among the envi-
ronmental conditions in the clothing care machine affect
dust removal. To this end, six fabrics woven or knitted of
cotton, polyester, or wool fibers were employed, and the PM
removal rates during the dust removal course of the clothing
care machine were evaluated. The dust removal rate was
then analyzed according to the moisture regain, coefficient
of friction, and surface roughness of each material. In addi-
tion, the dust removal rate in each step of the clothing care
program was analyzed to investigate the effects of heat,
moisture, and mechanical actions on PM removal.

2 Experimental
2.1 Materials

Six fabrics woven or knitted of cotton, wool, or polyester
fibers were prepared, as shown in Table 1.

Test dust particles (ISO 12103-1, A2 fine test dust),
with yellowish color like that of fine dust, were applied to
each prepared sample to create dusty fabric with PM (DF);
Tables 2, 3 show their chemical compositions and particle
size distributions, respectively. For uniform and reproducible
adhesion of PM, a cabin air filter system (PAF 111, Topas
GmbH, Germany) that can cause the airborne adhesion of
PM was used. The artificial PM was introduced at the upper
filter of the cabin air filter system and descended to the sam-
ple surface at a flow rate of approximately 50 m*/h. And the
amount of PM attached to samples varied depending on the
type of the fabric used; woven cotton 0.113 g, woven poly-
ester 0.302 g, and woven wool 0.226 g.

The digital image processing program Image J (version
1.52a NIH, USA) was used to evaluate the dust removal rate
from the sample surface. PM was distinguished from the
fabric (yarn and pores) using the brightness values (0-255)
of each pixel in images of each sample captured under the
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Table 1 Specifications of
samples

Sample code  Fiber category

Construction ~ Weight (z/m?)  Thickness Standard mois-

(mm) ture regain (%)
[12]

Cw Cotton (staple) Woven 125.4 0.2 8

Ck Knit 184.7 0.4

Pw Polyester (filament) Woven 129.3 0.2 0.4

Pk Knit 129.1 0.4

Ww Wool (staple) Woven 279.3 0.7 16

Wk knit 171.6 0.5

Table 2 Chemical composition of A2 fine test dust

Chemical % By weight Chemical % By weight
Silicon 69.0-77.0 Calcium 2.5-5.5
Aluminum 8.0-14.0 Magnesium 1.0-2.0
Iron 4.0-7.0 Titanium 0.0-1.0
Sodium 1.04.0 Potassium 2.0-5.0
T.able.3 .Cun}ulative particle Size (pm) Cumulative
fézfillzttnbuuons of A2 fine content (%) by
volume
0.97 4.5-5.5
1.38 8.0-9.5
2.75 21.3-23.3
5.50 39.5-42.5
11.00 57.0-59.5
22.00 73.5-76.0
44.00 89.5-91.5
88.00 97.9-98.9
124.50 99.0-100.0
176.00 100.0

Fig.2 Overlap in pixels
between brightness distribu-
tions of PM and white and black
fabric samples

same conditions. As shown in Fig. 2, the area in which the
brightness distribution of PM overlapped that of the fabric
was smaller in the black sample than in the white sample,
indicating that the black sample is more effective for distin-
guishing PM from fabric. Therefore, black fabric samples
were used in this study for effectively distinguishing PM
from the fabric.

2.2 Clothing care machine

The dust removal function of a commercially available cloth-
ing care machine (FAD-01/02, Coway Co. Ltd., Republic of
Korea) was used. The dust removal course has four steps, as
shown in Table 4; the temperature and humidity conditions
inside the machine at each step are shown in Fig. 3.

2.3 Characterization
2.3.1 PMremoval rate evaluation

The following three fabrics were used to evaluate the
removal rate: unmodified black fabric (BF), DF (dusty fab-
ric with PM), and fabric from which dust was removed by
the clothing care machine (RF). The DF was attached to the
lower part of the right sleeve of a commercially available

. t

‘White fabric Black fabric
White fabric I
——_— Pore
0__30_ e
Black fabric Yarn
= r (| E— 105 255 Dust
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Table 4 Overview and four steps of dust removal course

Code Configuration Time (min)
Dust Course 1 cycle (s1+52+583+5s4) 55
Step 1 (s1)  Low temp. + high humidity + strong air 10
flow
Step 2 (s2)  High temp. + high humidity 10
Step 3 (s3)  High temp. + high humidity — high 29
temp. + low humidity
Step 4 (s4)  High temp. + low humidity + strong air 6
flow
100 50
90 - _\M 45
3 80 _RH ™~ 40 _
; 70 4 —Temperature IE
= 60 30 ¢
£ 50 25 £
o 40 S 20 2
g 30 15 £
& 20 " 10
10 1 sl s2 s3 s4 5
0 4 T T 0
0 10 20 30 40 50

Time (min)

Fig.3 Temperature and relative humidity during dust course

dress shirt and was treated using the dust course of the
machine, as shown in Fig. 4.

The dust removal rate after treatment by the clothing care
machine was evaluated by weighing the samples and using
digital image processing.

2.4 Evaluation of PM removal rate of each step
The PM removal rate of each step in the dust removal course

(Table 4) was measured to investigate the effect of the envi-
ronmental conditions in each step. In Step 1, the test was

Weight of experimental group DF- weight of experimental group RF + Ko

Fig.4 Photograph of prepared sample and illustration of sample in
clothing care machine

2.5 Weight measurement

Samples with dimensions of 100 x 100 mm? were prepared,
and the amount of dust removed was calculated as the dif-
ference between the weights of the DF and RF. Because PM
is very light, the error caused by the moisture regain of the
sample after care may significantly affect the experimental
results. Therefore, a control group X and an experimental
group Y were separately set, and the amount of dust removed
by the clothing care machine was calculated using Eq. (1).

Amount of dust removed
= weight of experimental group Y'(DF)
— weight of experimental group Y (RF) + Ka (1)

where K is the error between the control and experimen-
tal groups, and a is a constant that corrects for the error in
weight resulting from changes in the moisture content of the
control group in the clothing care machine.

Finally, the dust removal rate was calculated using
Eq. (2).

Removalrate(%) =

x 100 2)

Weight of experimental group DF-weight of experimental group BF

performed during the first 10 min of the dust course. After
Step 1 was complete, the clothing care machine was stopped,
and the samples were removed to evaluate the removal rate.
When evaluating the removal rates of Steps 2, 3, and 4, to
provide the same conditions (humidity, temperature, air cur-
rent) to the actual cleaning situation, prior stages were first
applied to the same shirt without DF. And the machine was
paused once it reached the stage in question and the DF was
attached to the shirt. Then, the machine was operated con-
tinuously for the duration of each step.
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Figure 5 shows a schematic illustration of the PM removal
rate evaluation method based on weight measurement (WM).

2.6 Digital image processing

Samples with dimensions of 30 X 30 mm? were prepared,
and external images of the BF, DF, and RF were captured,
as shown in Fig. 6. A darkroom was prepared by blocking
external light sources, and black paper was glued to the inner
sides of a lidless 35 x 37 x 17 cm? cardboard box to minimize
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Fig.5 Illustration of dust removal evaluation by WM method using control group and experimental group
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Fig.6 Conditions for sample imaging

Table 5 Specifications of DSLR and macro ring lite

DSLR Resolution (pixel) 5472 x 3648
ISO ISO 100
Exposure time (s) 1/100
F-stop F/29

Macro-ring lite Brightness 3_‘ <X< %

unnecessary light and reflection. A circular LED light (MR-
14EX 2, Canon, Japan) was mounted on the lens (Canon EF
100 mm f72.8L IS USM Macro Lens, Canon, Japan) of a
digital single-lens reflex camera (DSLR, EOS 70D, Canon,
Japan). Then, each sample was placed at the bottom of the
box, and the camera, which was mounted on a tripod facing
the sample, was used to capture an image of its surface.

The distance between the lens and the sample was 25 cm.
The light source provided uniform lighting, and the image
capture conditions were set so that objective and accurate
photograph data could be obtained (Table 5).

The captured images were converted to black-and-white
images by changing the weighted RGB value of each pixel
to grayscale according to Eq. 3.

Gray = 0.299red + 0.587green + 0.114blue 3)

Each pixel in the converted images had a brightness inten-
sity between 0 and 255. For each sample image, the number
of pixels with each brightness intensity was calculated. Next,
the fraction of pixels with each brightness intensity among
all the pixels in the image was obtained using Eq. (4). Fig-
ure 7(a) shows the pixel distribution rates of the BF, DF, and
RF according to the brightness intensity.

Pixel distribution rate of brightness intensity, x(%)

_ Number of pixels with brightness intensity x % 100
- Total number of pixels )

Three methods were used to obtain the dust removal
rate via digital image processing: the distribution threshold
(THp) method, cumulative threshold (TH.) method, and
mean brightness value (MBV) method.

In the TH, and TH methods, the minimum brightness
intensity considered to represent the presence of dust was
selected as a threshold according to different criteria, and all
brightness intensity regions above the threshold were iden-
tified as dust. The dust removal rate was calculated using
the dust distribution rates of the DF and RF [the sum of the
pixel distribution rates for the DF and RF corresponding to
dust; colored areas in Fig. 7b, c, respectively] according to
Eq. (5).

In the TH, method, the pixel distribution rate of the BF
for each brightness intensity was used to determine the
threshold. In the pixel distribution rate curve of the BF
[Fig. 7a], the brightness intensity at which the distribution
rate first becomes 0.05% or less (i.e., 0.0% when rounded)
after the peak was identified as the threshold. For the TH
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Fig. 8 Cumulative pixel brightness distribution for the BF

method, the cumulative pixel distribution rate, which is
the value obtained by accumulating the pixel distribu-
tion rate of the BF for each brightness intensity in the
opposite direction (brightness intensity 255 — 0), was
used to determine the threshold (Fig. 8). The brightness
intensity at which the cumulative pixel distribution rate
first becomes 0.05% or less while moving from the lowest
brightness (0) to the highest brightness (255) (i.e., 0.0%
when rounded) was identified as the threshold.

was used. The average brightness intensity was calculated
using Eq. (6).

255
Imirey A
B= "7 (©6)
1
Yol

where [, is the number of pixels corresponding to brightness
intensity x.

Using the values from the MBV method, which employs
the average brightness intensity, the dust removal rate was
obtained according to Eq. (7).

Bpr—B

Dust removal rate(%) =
pr — Bgr

where By is the average brightness intensity of the BF, Bpg
is the average brightness intensity of the DF, and By is the
average brightness intensity of the RF.

2.7 Surface properties

To compare the surface properties and dust removal rates
of the samples, the surface morphology and friction

Dust removal rate(%) = <1

N 255
RF dust distribution rate 2o R
- SO ) w100 = ( 1- 22222 ) x 100
DF dust distribution rate 2255 D, ®)

where x is brightness intensity (0 to 255), D, is the pixel
distribution rate for the brightness intensity x of the DF, and
R, is the pixel distribution rate for the brightness intensity
x of the RF.

Finally, for the MBV method, in which the removal rate
is calculated without designating a threshold, the average
brightness intensity (B) of all pixels in each sample image
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properties were measured. A mobile video microscope
system (SV-100, Sometech, Korea) was used to observe
the surface morphology. An optical lens with a magni-
fication of 160 X was attached to the stage viewer, and
the focus was adjusted with a fine screw to observe the
fabric structure. Images from the video microscope sys-
tem were captured and saved using the iSolution Lite X 64
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software (IMT Inc., USA). Samples were cut into 20 X 20
cm? specimens, and the coefficient of friction was meas-
ured using the Kawabata evaluation system (KES-FB4,
Kato Tech, Japan) in the warp (wale) and weft (course)
directions. Three tests were performed, and the values
were averaged.

3 Results and discussion

3.1 Comparison of dust removal rates obtained
using the evaluation methods

To examine the reliability of the removal rate evaluation
methods based on digital image processing, their results
were compared with the WM results. In previous studies,
the washing performance for particulate soil was evaluated
by calculating the amount of soil adhesion and removal by
measuring the weight of soil compared to the weight of
the sample [13, 14]. Here, the removal rate was evaluated
using three digital image processing methods (THp,, TH,
and MBV) and WM; the results are shown in Fig. 9.

The removal rate for the woven samples was determined
by WM to validate the digital image processing methods.
The removal rate for all four methods was found to follow
the order polyester fabric > cotton fabric > wool fabric.
This result confirmed that the three removal rate evalua-
tion methods using digital image processing have a certain
level of reliability.

For the THp and TH¢ methods, in which a threshold
was selected, the TH method was found to yield higher
removal rates than the THy method for all samples. The
reason is the difference in threshold selection criterion
between these methods. In the THy, method, the bright-
ness intensity at which the distribution rate first becomes
0.05% on the right side of the peak in the PM distribution
curve [Fig. 7a] was selected as the threshold. By contrast,
in the TH method, the brightness intensity at which the

100.0

100

80

60 -

40

20 4

Dust removal rate (%)

0 — ‘
0 25 50 75 100 125150 175200 225 250
Threshold brightness intensity

Fig. 10 Dust removal rate as a function of threshold brightness inten-
sity in THp, and TH methods

cumulative pixel brightness distribution rate first becomes
0.05% or less moving in the opposite direction (Fig. 8)
was selected as a threshold. Owing to this difference,
the threshold values determined using the TH method
are lower than or equal to those obtained using the TH
method for all samples. As shown in Fig. 10, the dust
removal rate tends to increase as the threshold value of
the brightness intensity x increases. Therefore, the removal
rates determined using the TH method were higher than
those obtained using the TH, method.

The THy, and TH- methods yielded higher removal rates
for the woven samples than for the knitted samples for all
fiber types. When the MBV method was used, however, the
removal rates were similar for woven and knitted cotton fab-
rics (Cw, Ck), and the knitted wool sample (Wk) exhibited
a higher removal rate than the woven wool sample (Ww).

When dust is removed from a sample, the pixel brightness
can change in various ways depending on the threshold «,
as shown in Fig. 11. When the dust removal rate was evalu-
ated in this study, the brightness change in Case 1 was not
regarded as dust removal. The brightness difference between
a3 and a4 is more likely to result from the curvature of the
sample rather than a difference in the amount of dust, as only

90.0 86.4
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

0.0

Dust removal rate (%)

16.6 145

il

TH,

TH,

Fig. 9 Dust removal rates obtained by each evaluation method

ECw EPw EWw

zZCk #zZPk zWk
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1% assumed to be fine dust according to the threshold Case 5 al — a2
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Brightness intensity
— BF —— DF — RF
Fig. 11 Various possible changes in pixel brightness during dust removal
a thin layer of dust was applied to the samples in this study. 100
The changes identified as Cases 2 and 3 should have the =X 30 -
same interpretation regarding the amount of dust removed. 8
. . . <
The final brightness of the pixel with values below «, does = 60
not affect the removal rate. Cases 4 and 5 were not inter- g 40
preted as dust removal because these brightness change g
. . L
occurred within a range below the threshold value. These - 20 -
changes might have occurred because of a change in the a 0 : :

structure or curvature of the sample, which changed the way
samples reflected light after treatment.

When the TH and TH methods are used, a small
amount of fine dust having a brightness within the bright-
ness range of the untreated fabric may not be recognized.
However, the THp, and TH- methods are relatively accurate
because they consider the surface properties of the samples
and consider only changes beyond the threshold; thus, Cases
1, 4, and 5 are irrelevant. In addition, if the brightness of
any pixel changes from above the threshold to below it, the
interpretation is the same for these two methods.

By contrast, when the MBV method is used, no threshold
is set, leaving no room for the intervention of a researcher,
which leads to a higher likelihood of the results showing
consistency when reproduced. In addition, the surface prop-
erties of the fabric samples were not considered. Thus, Case
4 can influence the degree of dust removal, which is not
the case for the other two methods. When the brightness of
a pixel changes from above the threshold to below it, this
change will be perceived differently depending on the final
brightness of the pixel. For instance, Case 3 is thought to
indicate more dust removal than Case 2. By contrast, these
two changes have the same interpretation when the TH, and
TH¢ methods are used.

@ Springer
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Fig. 12 Rates of dust removal Cw according to the threshold bright-
ness intensity

3.2 Reproducibility of PM removal rate evaluation
methods based on threshold selection

Unlike the MBV method, in which the same criterion is
applied for all samples, the TH, and TH methods use a dif-
ferent threshold brightness for each sample. Therefore, the reli-
ability of the evaluation methods based on threshold selection
was evaluated. Figure 12 shows the removal rates of three
different Cw samples according to the threshold brightness
intensity.

When the removal rate was calculated using the threshold
values based on the brightness intensity obtained by the THy,
and TH methods for each sample, as shown in Fig. 12, the
dust removal rates were found to be 31.8% (+ 8.9%) for the
TH¢ method and 61.4% (+ 7.2%) for the THy, method. Con-
sistent removal rates were calculated in repeated experiments,
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Fig. 13 Amount of dust adher-
ing to samples

BCw mPw mWw 2zCk ZPk 2WK

100.00

80.00

60.00

40.00

20.00

0.00 !

Share of pixels representing dust (%)

confirming that the removal rate evaluation methods based on
digital image processing and threshold selection are accurate
and reproducible.

3.3 Effect of material characteristics on the amount
of dust adhering to samples

Before the dust removal rate was evaluated, the amount
of dust on each type of fabric sample was measured; the
results are shown in Fig. 13.

The knit samples contained more dust than the woven
samples. This difference is attributed to differences in
the surface structures of the samples. Surface roughness
decreases the adhesion force between two bodies in con-
tact [15]. That is, large particles adhere strongly to smooth
surfaces; accordingly, the contact area and adhesion force
will be lower for rough surfaces [16]. However, if the par-
ticle size is smaller than the interval of surface roughness,
the adhesion force on a particle depends on its location on
the surface. Particles that fit into pits or grooves will be

Particulate matter

/

—.\
\Y

Fibers

(a) High weave density

\
A ,/‘* Yarns

-

ADH_THD

ADH_THC

Applied evaluation methods

more strongly attracted to the surface, whereas those on
bumps and ridges will feel weaker adhesion compared to
that on smooth surfaces, as shown in Fig. 14 [17]. There-
fore, the adhesion force between the particles and the sur-
face depends on the particle size and surface roughness.
In the cabin air filter system used in this study to
expose the samples to PM, air flow carrying dust passes
through the upper part of the chamber, where the fabric
sample is placed, and is sucked into the lower part. There-
fore, the dust in the air moves downward and meets the
fiber surface and interfiber or interyarn spaces. Particle
adhesion is generally governed by van der Waals, elec-
trostatic, and hydrogen bonding interactions. Although
the radius of the dust particles used in this study is larger
than that of the fiber, it is smaller than the radius of cur-
vature created by the yarns. Microscopic images of the
samples show that the surface structure of the knit fabrics
is hairier and looser than that of the woven fabrics. In the
woven cotton and polyester samples, the spacing between
the yarns is narrow, and the pores are small. Because the

Particulate matter

N

! I
\
\ Fibers A _zl— Yarns

(b) Low weave density

Fig. 14 Schematic showing possible ways that dust particles can adhere to rough substrates with different weave densities
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Table 6 Surface image, SMD, and density of samples

Sample Cw Pw Ww
Optical
image
)
Weave 143 x 67 117 x 108 66 x 104
density
SMD 1.65/1.30 2.36/1.41 4.53/1.86
(warp/weft)
Sample Ck Pk Wk
Optical
image
Weave 20 x 44 39 x 41 33 x 62
density
SMD 1.02/1.51 111/1.19 1.79/1.68
wale/course)
woven samples have higher weave density (Table 6), dust 100
particles are less likely to fit into pits or grooves between 90 | . mPw ®Pk
the yarns. Thus, particles rest on the yarn, which also has 80 | ECw ®Ck
a rough surface owing to its fibers. Because the particles s 70 | o Ww @ Wk
have a larger radius than the fibers, the particles rest on 2 +
. £ 60
bumps and ridges on the yarn. Consequently, the van der =
. . > 50 4
Waals force between the yarn and a particle is weaker, 2 40
and fewer particles adhere to the fabric. By contrast, the 2 1
knitted samples had comparatively large pores and free g 30 + ;
fibers floating above the surface. Because yarns in the 20 1 i
knitted fabrics form loops, they can move freely, and fine 10
fibers are pulled from the yarns, making them hairy and 0 ' i '
0 5 10 15 20

bulky [18]. Because the knitted samples had lower weave
density, dust particles were more likely to land on pits
and grooves, where they are most strongly attracted to the
fabric. As a result, particles exhibited greater adhesion on
the knitted fabrics than on the woven samples.

In addition, hairy surfaces are thought to provide addi-
tional surface area for dust adhesion on the surface or
in the inner spaces, as the knitted samples, which have
hairier surfaces and more free fibers, showed higher
dust adhesion. The effect of surface hairiness was more

@ Springer

Moisture regain (%)

Fig. 15 Dust removal rate of samples versus moisture regain

pronounced in the woven fabrics. Fewer particles adhered
to the polyester fabric, which was composed of filament
yarns, than to the cotton and wool fabrics woven with
staple yarns.
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3.4 Effect of material characteristics on removal
rate

3.4.1 Dust removal rate depending on moisture regain
of the fiber

Among the fiber types, polyester had the highest removal
rate according to all the evaluation methods, followed by cot-
ton; the removal rate (obtained by the TH- method) versus
moisture regain is plotted in Fig. 15. The removal rate tends
to be inversely proportional to the standard moisture regain
of the fiber. As the moisture regain of the fiber decreases,
electric charges easily accumulate on the surface, increasing
chargeability. Hydrophobic fibers with low moisture regain,
such as polyester fibers, exhibit higher chargeability than
hydrophilic fibers with high moisture regain, such as cotton
and wool fibers. Getchell [5] found that PM can be retained
if there is bonding energy, including electrostatic attraction,
between PM and the fiber surface. Thus, dust adheres more
easily to fibers with high chargeability due to electrostatic
attraction. During treatment by the clothing care machine,
the relative humidity inside the machine sometimes exceeds
90% because of humidification, and moisture is adsorbed

on the fibers. Therefore, the moisture regain and electrical
conductivity of the polyester fibers increase simultaneously,
discharging the electric charges accumulated on the surface.
Consequently, the bonding force between the polyester fibers
and PM caused by electrostatic attraction decreased, and the
PM was effectively removed by the clothing care machine.
In fibers with high moisture regain, such as cotton and
wool, PM that adhered in the airborne state comes into contact
with moisture when the humidity of the surrounding environ-
ment increases. According to Compton [19], PM components
dissolved in liquids can penetrate deeply through pores in the
swollen fibers. In addition, the PM that penetrates the fibers
adheres strongly to the interior of the fibers through hydrogen
bonds and electrostatic attraction and thus becomes water-
borne [5]. The lower dust removal rates of cotton and wool
compared to polyester are attributed to the increase in the
bonding energy of the PM on them as the PM became water-
borne in the high-humidity section of the treatment process.

3.5 Dust removal rate depending on geometrical
structure of samples

The removal rate of the woven samples was found to be
higher than that of the knitted samples, as shown in Fig. 16

100 - 100
90 . .
=Pw ®Pk 9 1 wpw ePk
801 mcw eck 80 1 mCw eCk
£ 701 mww ewk L 70{ mwwewk |
e e
Z 60 " S 60 - "
é 50 - g 50 A
g 40 ?E: 40 -
2 30 - 2 301
a o " a . R
20 1 ® + 20 A + L]
10 - 10
0 T . , 0 T r T T
0 1 2 3 4 0 0.05 0.1 0.15 0.2 0.25
Geometrical roughness (um) Coefficient of friction
(@) (b)
Fig. 16 Dust removal rate versus a surface roughness and b coefficient of friction
Table 7 Friction coefficients of Sample Cotton PET Wool
samples
Cw Ck Pw Pk Ww Wk
warp/wale 0.128 0.197 0.157 0.168 0.129 0.17
weft/course 0.127 0.201 0.17 0.18 0.133 0.167
Average 0.128 0.199 0.164 0.174 0.131 0.169

Bold indicates the average values
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(a). This behavior is attributable in part to the effects of
surface roughness on particle adhesion. Dust particles were
weakly bonded to the woven cotton and polyester samples
because of the high surface roughness and weave density,
and thus the dust removal rate was high. In the woven wool
sample, the hairy surface offset the effect of high weave den-
sity by creating spaces between the yarns for dust to pen-
etrate. The opposite was true of the knitted samples.

The coefficient of friction also depends on the fabric
structure. The removal rate was analyzed in terms of the
coefficient of friction of each sample. The average fric-
tion coefficient and surface roughness in the warp and
weft (or wale and course) directions of each sample are
listed in Table 7. Figure 16 (b) shows the dust removal
rate (obtained by the TH method) versus the coefficient
of friction. The woven samples, which had low coefficients
of friction, had higher removal rates than the knitted sam-
ples. Thus, it can be assumed that the dust removal rate is
inversely proportional to the coefficient of friction of the
clothing material. When the removal rates were compared
on the basis of the coefficient of friction regardless of fiber
type, the samples with a coefficient of friction between
0.165 and 0.18 (Pk, Ck, and Wk) showed low removal
rates of 30% or less, whereas those that had a low coef-
ficient of friction (between 0.10 and 0.165; Pw and Cw)
had high removal rates (95.9% and 61.4%, respectively),
confirming that the coefficient of friction is an important
factor affecting the dust removal rate.

To remove PM from a sample, physical force must be
applied, and this force must exceed the frictional force or
adhesive force. Surfaces with a high coefficient of friction
are generally known to have high adhesive properties [18,
20]. In the clothing care machine, a mechanical force is
applied to the sample by air flow. Under the combined
application of frictional and adhesive forces, it appears
that the separation of PM was relatively difficult for sam-
ples with high coefficients of friction. And it appears
in figure that dust removal rate is generally inversely

proportional to the coefficient of friction, except for Pw
sample. This outlying sample presents how the removal
rate is affected by several factors—moisture gain and other
surface characteristics—interacting with one another. Con-
sidering the relatively low removal rate of Pk which has
similar moisture regain and coefficient of friction as Pw
but low geometrical roughness, geometrical roughness
seems to be the reason behind the high removal rate of Pw.

3.6 Dust removal rate according to conditions
in clothing care machine

To examine the dust removal rate according to the environ-
mental conditions in the clothing care machine, the dust
removal rate (obtained by the TH method) of the Cw and
Pw samples was evaluated for each step (s1—s4) of the dust
course of the machine. The results are shown in Fig. 17.
The dust removal rate varied with air flow and humidity
in the clothing care machine. The dust removal rate of Cw
was highest in Step 1, followed by Steps 3, 2, and 4. For
Pw, however, the dust removal rate was highest in Step 2,
followed by Steps 1, 3, and 4. Step 2 is a very humid seg-
ment of the process, and the relative humidity in the cloth-
ing care machine is maintained at 70% or higher during the
entire period (Fig. 3). A large amount of dust adhered to the
polyester fibers owing to electrostatic attraction caused by
the low moisture regain, as described above. Accordingly,
in Step 2, it appears that dust was easily removed owing to
the loss of electrostatic attraction, as high environmental
humidity was maintained during the entire period. For Cw,
the removal rate appears to have been relatively low in Step
2 because dust had adhered in the waterborne state. In Step
1, however, where the relative humidity was rather low and
increased slowly during the process (Fig. 3), Cw had the
highest removal rate. The reason is thought to be that a large
amount of PM was removed by the action of air flow in
the initial section before the relative humidity increased. In
addition, in Step 4, both Cw and Pw had the lowest removal

Fig. 17 Dust removal rates in 100.0
each step of dust course 90.0
80.0
70.0
60.0
50.0 -
40.0
30.0
20.0
10.0
0.0 -

Dust removal rate (%)
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rates. Step 4 involves dry treatment at a high temperature and
very low relative humidity.

4 Conclusion

Objective PM removal rate evaluation methods with high
precision and accuracy were developed using digital image
processing to evaluate the dust removal performance of
clothing care machines. Woven or knitted fabrics of cotton,
wool, or polyester fibers were used to analyze the effect of
material characteristics on PM removal. In addition, the dust
removal rate for each step in the dust function of the clothing
care machine was analyzed according to temperature and
humidity changes and the presence of air flow in each step.
Objective thresholds were set in the TH, and TH methods
by analyzing the distribution rate of pixel brightness inten-
sity and the cumulative pixel distribution rate in an image
of the untreated samples, and the developed methods were
found to have high reliability. Among the fiber types, the
polyester samples had the highest removal rates. The rea-
son is thought to be that electrostatic attraction between the
polyester fibers and PM was decreased by moisture condi-
tions during the care program, which discharged the electric
charges that had accumulated on the surface. Among the
fabric structures, woven fabric samples had higher removal
rates than knitted fabric samples. It was shown that dust
removal depends on the friction coefficient and that sam-
ples with high coefficients of friction had low removal rates.
The dust removal rate varied in each step depending on the
moisture characteristics of the material, confirming that it is
necessary to change the course of the clothing care machine
depending on the material. This study is significant because
it presents methods for the objective and quantitative evalu-
ation of the removal rate of dust adsorbed on fabric surfaces
using noncontact image analysis.
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