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confirms its significance. To develop a damage evaluation method using the Original
Danish MA test fabric, the change in area caused by loosening threads in five holes is
evaluated. The area change in the developed method and the number of loosened
threads in the conventional method has a high correlation. Comparing the number of
dots in the Poka-Dot test fabric before and after washing enables one to distinguish
incorrectly created dots during the manufacturing process and to accurately meas-
ure the number of missing dots such that the result is similar to the actual measure-
ment. The accuracy and reproducibility of the developed measurement method are
confirmed using various verification such as error rate, washing cycle, and washing
time. Digitizing the evaluation method can contribute to the digital transformation of
apparel quality evaluation by reducing labor and errors between evaluators.
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Introduction

Owing to technological developments and market diversification, clothing products
have become highly functional and diversified (Topalbekiroglu & Kiibra Kaynak.,
2008). In this regard, it is important to maintain the clothes’ original function or
dimension during the use phase such as washing and drying. For this reason, manu-
facturers and consumers of clothes washers and dryers are continuously focusing on
the management of clothing products (Hill et al.,, 2011; Sari-Sarraf et al., 2002). In
particular, clothes washers may cause deformation and damage to the fabric owing to
the effects of water, detergent, and mechanical force during soil removal. The damage
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caused by washing may be greater than that caused by wear and use (Fan & th thins
the fibers of the fabric (McQueen et al., 2017).

To discuss the deformation and damage of fabrics, an accurate measurement
method is required (Jasiniska., 2019). The standards currently used to measure the
fabric shrinkage include AATCC 135 (Test method for dimensional changes of fabrics
after home laundering), AATCC 150 (Test method for dimensional changes of gar-
ments after home laundering), ISO 6330 (Domestic washing and drying procedures
for textile testing), and CAN/CGSB 58 (Textile test methods dimensional change in
domestic laundering of textiles)(British Standards Institution, 2001; AATCC Test
Method, 2004; CAN/CGSB 4.2, 2004; Zaman et al., 2021; Binjie & Hu, 2008). Stand-
ard methods for evaluating the fabric damage, which is also expressed as the mechan-
ical force of a clothes washer or dryer, include ISO 7772-1(Assessment of industrial
laundry machinery by its effect on textiles; ISO 7772, 1998). Test fabrics such as nylon
fabric to determine mechanical action in the machine (E-304), Poka-Dot (E-307),
and Original Danish MA test fabric (MA-24) are typically used (ISO 7772-1, 1998;
Talu, 2021; Swissatest Testmaterialien, 2018; Gallen Daniel & Felix, 2011). However,
in the existing methods of evaluating the quality of clothing products, the result may
vary depending on the measurer’s skill, and differences between measurers may lead
to inaccurate results. That is, there was a difficulty in obtaining repeatability, repro-
ducibility, and accuracy, which are the basis for evaluation; thus, a method that can
objectively and repeatedly evaluate these is needed (Textor et al., 2019). Sari-Sarraf
et al. (2002) attempted to improve this issue by developing an image-processing algo-
rithm for the digitization of dimensional stability measurement. In addition, in order
to objectively evaluate the retention of fabric shape, an image analysis was used along
with simulation of the shape retention process in daily life (Wang et al., 2020).

The aim of this study is to devise methods that can objectively evaluate the fabric
shrinkage and damage by minimizing the error factors caused by manual measurements
and deviations between measurers, as well as to develop software that can digitize evalu-
ation methods. Digitalized assessments can reduce the measurement time while ensur-
ing reproducibility, repeatability, and accuracy. It will also contribute to improving the
reliability of future further studies pertaining to fabric shrinkage and damage.

Methods

Materials

Cotton-washing shrinkage test fabrics (E-320, Testfabrics Inc., West Pittston, PA,
USA) were used to evaluate fabric shrinkage. To obtain shrinkage and skewness infor-
mation for each position of the test fabric, 81 dots, including nine horizontal lines
and nine vertical lines at 2 cm intervals, were used in addition to the marks in the
existing cotton-washing shrinkage test fabric (E-320). The Original Danish MA test
fabric (MA-24, Testfabrics Inc., West Pittston, PA, USA) and Poka-Dot test fabric
(E-307, Testfabrics Inc., West Pittston, PA, USA) were used to evaluate fabric damage.
For the Original Danish MA test fabric, to observe changes in the area, a concentric
circle was drawn at a location 1 cm away from the outer edge of the circle. Figure 1
illustrates the appearance of each measurement test fabric prior to the experiment.
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Fig. 2 Attachment of test fabrics; (a) cotton-washing shrinkage test fabric and (b) Poka-Dot test fabric

Washing process

A front-loading washer (maximum capacity: 24 kg) was used without detergent.
Wool, normal, and sanitary cycles were used to vary the mechanical force, time, and
temperature. After washing, all fabrics were air-dried. The shrinkage and the Poka-
Dot test fabrics were significantly affected by the movement of laundry; accordingly,
their top edges were sewn to the bottom edge of the towel, as shown in Fig. 2. The MA
test fabric was used without stitching because it was not significantly affected by the
fabric movement. Three pieces of each of the three types of samples were washed, and
a cotton towel was used as a dummy load to make a total of 2 kg (Cho et al., 2017).

Scan of the test fabric

The test fabric was scanned before and after washing at a resolution of 300 dpi using
an Epson WorkForce DS-50000 scanner. The MA test fabric was scanned against a
black background to clearly identify the white thread.

Validation of the developed evaluation method

Error validation

An error-verification experiment was conducted to confirm the accuracy of the devel-
oped evaluation method. To establish situations of 1%, 2%, 3%, 4%, and 5% shrinkages,
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Table 1 Washing conditions for each cycle

Cycle Washing time (min) Washing temperature Number of rinses  Level of spin speed
()

Wool 49 Tap water 3 Low

Normal 39 40 2 High

Sanitary 155 95 3 Medium

dots and marks were drawn at the contracted position in the warp direction of the
shrinkage test fabric. Subsequently, the degrees of shrinkage measured using a stain-
less-steel ruler and the developed method were compared and analyzed.

For the Poka-Dot test fabric, the number of dots in the original test fabric was
measured using the developed measurement method, and dots corresponding to 1%,
2%, 3%, 4%, and 5% of the number were removed at random locations to verify the
error. The yielded values were compared using the measurement values of Image J, a
program presented by the manufacturer of Poka-Dot test fabric, /\Y, actual values,
and the measurement method developed in this study. For the MA test fabric, error
verification could not be performed because the principles of the actual measurement
and the developed measurement method were different.

Cycle validation

To confirm that the developed evaluation methods can accurately measure shrinkage
and damage under various temperatures, times, and mechanical forces, verification
was performed using wool, normal, and sanitary cycles, which are the actual con-
sumer usage conditions of the clothes washer. The washing conditions for each cycle
are shown in Table 1.

Validation based on washing time
To examine the effect of the mechanical force only, the washing time was changed,
and the shrinkage and damage were measured. Based on the normal cycle, 17.7 L
of water at 40 °C was used. The washing times were set to 15, 30, 45, and 60 min
based on the washing time of the normal cycle (30 min). The washing speed was set to
46 rpm and the reversing rhythm was set to 10 s/10 s (on/off). After washing, fabrics
were spin without rinsing and then line-dried.

The experiments for each validation were repeated thrice. When using the devel-
oped software, there was no difference between measurers. The actual measurements
were conducted individually by three panelists.

Correlation analysis

In terms of damage measurement using the MA test fabric, IBM SPSS Statistics was
used for the correlation analysis between the newly developed method using area and
the existing method using the number of loosened threads.
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Fig. 3 Example of shrinkage analysis using a fabric shrinkage tester

Results and Discussion

Evaluation idea generation and programming for fabric shrinkage using dots

The existing measurement method using marks can only measure shrinkage at three
locations in the warp and weft directions. However, because the variation in the shrink-
age of the fabric at each location must be determined, a measurement method using
dots was devised to determine shrinkage at all locations. Performing measurements
using dots allows one to analyze not only multiple locations, but also multiple directions
based on changes in the distance between dots, thereby providing diverse information
related to shrinkage compared with conventional methods. Dots are automatically rec-
ognized by the software, and if the wrong location is recognized, the measurer can man-
ually change it. Using the dot-based measurement method, as shown in Fig. 3, shrinkage
in the warp (Y) and weft (X) directions, as well as the area shrinkage level and skewness
value can be obtained. Furthermore, the degree of shrinkage by position can be identi-

fied via an image, as shown in Fig. 3.

Evaluation idea generation and programming for fabric damage using loosened threads

in holes of MA test fabric

When using the conventional method for the MA test fabric, the number of threads
loosened from four sides was counted and evaluated for five holes. However, according
to the measurer, the error is significant since the criteria for loosened threads are differ-
ent for each measurer, and the method of counting broken threads in the evaluation is
different. Thus, because the loosened thread was pushed into the hole owing to mechan-
ical force and changes in the area like Fig. 4, the degree of fabric damage was evaluated
based on the change in the area of the hole caused by the mechanical force.

When the thread at the edge of the hole was loosened by mechanical force, it occupied
the inside of the hole, and the area reduced. At this time, shrinkage or elongation intro-
duced by washing affected the area of the test fabric. Thus, a circle with a radius larger
than the hole radius by 1 cm was drawn, and the changed area ratio of the black pixels

was calculated based on the circle. This ratio is calculated as follows:
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Fig. 5 Example of fabric damage analysis using a fabric damage tester

Number of pixels in the black area before washing

A %) = 100
reap (%) Number of pixels in the total area inside the circle before washing %
(1)
Number of pixels in the black area after washing
Areap (%) = - — - — x 100
Number of pixels of the total area inside the circle after washing

(2)
. Areay

Degree of fabric damage(%) = (1 — ) x 100 (3)
Areap

The procedures for using the software that applies the measurement method are
as follows. After scanning and imaging the test fabric before and after washing, the
software loaded the images, as shown in Fig. 5. The area was captured and cropped
to include all five holes. When “Measurement” is selected, the change in the area of
black pixels before and after washing and the degree of fabric damage are presented.
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Fig. 6 Correlation between fabric damage based on area change and the number of loosened threads

In the case involving a hole in the MA test fabric, the correlation between the exist-
ing method of counting the number of loosened threads and the newly introduced
method based on area change was examined. The results obtained for 36 samples are
shown in Fig. 6. The correlation between the existing method and the method based
on area was indicated by an R? of 0.949, which confirmed their significant correlation.
The ranking or interval did not match perfectly in the 36 samples because the method
based on area included not only loosened warp and weft threads, but also loosened
threads at the corner, which can affect the area change. Because the thread loosened
at the corner reflects a change due to mechanical force, including it in the evaluation
will be meaningful.

Evaluation idea generation and programming for fabric damage using Poka-Dot

The existing evaluation method using the Poka-Dot test fabric is based on the differ-
ence in the Y value, which changes depending on whether the dots dropped or the
method of recognizing dots using Image] software. However, none of these methods
could accurately determine the number of dropped dots because some dots are com-
pletely or partially eliminated during the manufacturing process, and counting these
dots is challenging. The manufacturer of the Poka-Dot test fabric stated that the dot
remaining below 30% was considered as a dropped dot. Accordingly, in the proposed
method, the pixel occupied by each dot can be calculated such that the dropped dots
can be defined according to the above criterion. Furthermore, some dots disappeared
prior to washing. Therefore, the images before and after washing were compared to
accurately determine the number of missing dots by washing.

In the developed software, as shown in Fig. 7, when the gray level is adjusted, the
number of erosion and dilation is entered, and when “Process Image” is selected, the
image becomes black and white. Subsequently, the minimum pixel value to be recog-
nized as a dot is entered and counted. If the results before and after are processed in
this manner, the number of remaining dots, removal rate, grade, and number by area
can be displayed in the resulting window. In this study, the grades were classified as



Yun et al. Fashion and Textiles (2023) 10:23 Page 8 of 13

Select Projects
ol | D Mewbroject.25CPrect == Before At

Newproject-2 Newproject-2
N ject-1 Newproject-1

Number of dots in Before = 12824
Number of dots in After = 9287
Number of lost dots = 3537

Loss =27.58%

Grade =3
Fig. 7 Example of damage evaluation using Poka-Dot Counter

Table 2 Error verification using a fabric shrinkage tester
Error setting value Length (mm)
(Shrinkage, %)

Value by developed Value by actual Difference

software measurement
1.0 1.1 1.6 0.5
20 3.0 3.2 0.2
30 5.0 53 0.5
4.0 6.3 6.4 04
50 7.7 8.0 0.4

0-10 based on the preceding data (Gallen Daniel & Felix, 2011). The results could be
exported as Excel files.

Error verification

To verify the error between the value yielded by the developed measurement method
and the actual measured value, a test fabric for error verification was fabricated and
tested. The absolute value of the difference between the two values was defined as the
difference to avoid canceling out owing to the sign (positive/negative) associated with
the average of the differences.

For the verification of the 1-5% error shown in Table 2, the average difference between
the value yielded by the measurement method using the grid point and the actual meas-
ured value was 0.4 mm, and the maximum difference was 0.9 mm. This is meaning-
ful result because the error was smaller than 1 mm, which is the smallest unit of the
ruler used in the actual measurement. The difference above is due to the fact that the
minimum measurement unit of the developed software is 0.085 mm for the size of one
dot when using 300 dpi resolution, whereas the minimum unit of the ruler used in the
actual measurement is 1 mm. Thus, the developed software can yield more precise
measurements.

Figure 8 illustrates the error verification between the results yielded by the developed
method and the actual measured value for fabric damage evaluation using the Poka-Dot
test fabric. The developed method demonstrated higher accuracy as the result was more
similar to the actual measurement compared with the result yielded using Image ] and
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Fig. 9 Verification of fabric shrinkage based on washing cycle

/\Y. The average difference between the actual measured value and the value measured
using the developed software was 0.02%, which corresponded to two dropped dots,
and the maximum difference was four. It was confirmed that accurate measurement is
possible within all set ranges. The concept of actual measurement is that the measurer
directly counts all dots that have dropped. A total of 2 h was required to count the num-

ber of 5% dropped dots, which can in fact be completed in 1 min using the developed
measurement method.

Verification based on washing cycle

In addition to the previous error rate verification, to examine whether the developed
measurement methods can be applied to various cycles, they were verified using wool,
normal, and sanitary cycles, which were assumed to exhibit different mechanical forces
and washing temperature in a clothes washer. Figure 9 illustrates the results of the cycle
verification of shrinkage evaluation using grid dots. In all cycles, the average difference
between the developed measurement method and the actual measured value was 0.23%
(at a level of 0.37 mm), which corresponded to less than 1 mm, i.e., the smallest unit of
the ruler used in the actual measurement. Thus, the developed method can be used to
evaluate a fabric shrinkage at a level similar to that of the actual measurement method in
cycles at various temperatures and mechanical forces.
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Fig. 10 Verification of measuring fabric damage based on washing cycle; (@) MA test fabric and (b) Poka-Dot
test fabric

The results of the fabric damage measurement using the MA test fabric based on cycles
are shown in Fig. 10a. The wool, normal, and sanitary cycles indicated area changes of
4.8%, 9.8%, and 13.2%, respectively. These results show that the developed method can
be applied to various washing cycles. When comparing with the number of loosened
threads, a similar trend was observed, thus confirming the significance of the developed
measurement method.

Figure 10b shows the results of the fabric damage evaluation method using the Poka-
Dot test fabric based on the washing cycle. The wool, normal, and sanitary cycles showed
removal rates of 1.1%, 14.8%, and 88.3%, respectively. Higher mechanical forces are asso-
ciated with higher removal rates. Additionally, the evaluation method can be used under
various washing cycles and clearly indicate the difference between normal and sanitary
cycles. It is thought that not only the mechanical force applied to the Poka-Dot fabric,
but also the washing temperature affected the bonding strength between the polymer
forming the Poka-Dot and substrate fabric. The sanitary cycle featured a relatively high
washing temperature compared with the other cycles. Accordingly, the difference by
cycle indicated by using Poka-Dot was greater than that indicated by using the MA test
fabric.

Verification by washing time
Based on the cycle verification, it was found that temperature affected the evaluation
of fabric damage. To exclude this possibility, the degree of fabric damage and shrink-
age was evaluated by changing the washing time at the same temperature. The washing
times were set to 15, 30, 45, and 60 min. Figure 11 shows the results of shrinkage evalu-
ation based on washing time. The maximum difference between the results yielded by
the developed measurement method and the actual measurement was 0.52% (at a level
of 0.82 mm). The resulting values yielded by the actual measurement method and the
developed measurement method show a similar tendency, i.e., similarly to the actual
measurement, the developed method can distinguish the differences in shrinkage for
various mechanical forces.

The results of examining the fabric damage over time are shown in Fig. 12. In the
results using the MA test fabric, the changes in area were 7.6% at 15 min and 10.3%
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Fig. 12 Verification of fabric damage based on washing time; a MA test fabric and b Poka-Dot test fabric

at 60 min, indicating significant differences over time. The number of loosened threads
showed a similar trend. In the results using Poka-Dot test fabric, removal rates of 15.5%
and 49.9% were indicated for durations of 15 and 60 min, respectively. When the results
of the two experiments were compared, it appeared that the results based on the magni-
tude of mechanical force differed depending on the type of test fabric. In the case of the
MA test fabric with a hole, the results were discriminative between 30 and 45 min. On
the other hand, in the case of the Poka-Dot test fabric, a significant change occurred in
the time period between 45 and 60 min.

Conclusions

The aim of this study was to develop and digitize a new method for accurately evaluat-
ing fabric shrinkage and damage. Using grid points, the shrinkage in various directions
as well as in the conventional warp and weft directions can be measured, and the area
shrinkage and skewness can be provided. Additionally, an image map that can intui-
tively show the fabric shrinkage based on the location can be provided. The developed
method is significant because it yields values that differ from the actual measured values
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by less than 1 mm, which is less than the minimum unit of the ruler used in the actual
measurement.

To evaluate fabric damage using the MA test fabric, a measurement method was
devised based on the change in area due to mechanical force instead of the number of
loosened threads, which may vary depending on the measurer. This is because when the
threads at the edge of the hole are loosened owing to mechanical force, they occupy the
inside of the hole, and the area is reduced. This highly correlated with the results of the
existing evaluation method using the number of loosened threads. In measuring the fab-
ric damage using the Poka-Dot test fabric, dots that were made incorrectly during the
manufacturing process were made to be perfectly distinguished, which allowed them to
be expressed as the value most similar to the actual number of dropped dots; this could
not be achieved using Image J software and /\Y, which are the existing evaluation meth-
ods. In addition to the number of dropped dots, the removal rate, grade and dropout
information based on location were provided, thereby enabling a multifaceted analysis
of the fabric damage. Additionally, fabric shrinkage was accurately measured using the
dots. Thus, in creating a test fabric such as the Poka-Dot, if the substrate fabric and the
polymer-constituting dots can be combined well, then the fabric shrinkage and damage
can be measured simultaneously.

An error verification was conducted to evaluate the accuracy of the developed meth-
ods. To confirm their application, verification was conducted under wool, normal, and
sanitary cycles at different washing temperatures and mechanical forces. To examine the
effect of only mechanical force excluding temperature, additional verification was con-
ducted under different washing times.

By developing a digitalized measurement method, the error between measurers can be
reduced through precise and highly accurate results. This is expected to be effective in
securing reproducibility and repeatability as well as reducing labor, cost, and time.
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