The Effects of Perspiration Application, Weathering Exposures, Washing Action of
Automatic Home Clothes Washers, and Repeated Laundering on the Ultraviolet
Protection of a Naturally Colored Lightweight Cotton Fabric

Soak Wai Wong

Dissertation submitted to the faculty of the
Virginia Polytechnic Institute and State University
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
In
Apparel, Housing, and Resource Management

Jessie H. Chen-Yu, Chair
JoAnn M. Emmel
Doris H. Kincade

John P. Morgan

September 26, 2014
Blacksburg, Virginia

Keywords: Naturally Colored Cotton, Ultraviolet Protection, Perspiration, Weathering,
Washing Action, Repeated Laundering

Copyright © Soak Wai Wong



The Effects of Perspiration Application, Weathering Exposures, Washing Action of
Automatic Home Clothes Washers, and Repeated Laundering on the Ultraviolet
Protection of a Naturally Colored Lightweight Cotton Fabric

Soak Wai Wong

ABSTRACT

Sun protection has gained worldwide attention because repetitive overexposure to
ultraviolet radiation can result in harmful effects on human skin, including sunburn,
premature skin ageing, and in the worst case, skin cancer (Eckhardt & Rohwer, 2000;
Sengupta & Blain, 2001). The diminishing stratospheric ozone layer, due to
environmental degradation in the past few decades, combined with the modern outdoor-
oriented lifestyles, are leading to unexpected levels of skin cancer (Davis, Capjack, Kerr,
& Fedosejevs, 1997). Wearing Ultraviolet protective clothing is a simple way of
practicing sun safety; however, regular cotton generally has very low ultraviolet
protection and it is one of the most environmentally damaging crops despite of it is
commonly used to make summer clothing. With the increased interest of public
awareness related to sustainability and environmental issues, naturally colored cotton was
recommended as it provides better ultraviolet protection than regular cotton. In addition,
the production of naturally colored cotton is more environmentally friendly than regular
cotton. Although several studies have been conducted on the UVR protection of naturally
colored cotton, many questions regarding the factors that influence the UVR protection of
fabrics remain unanswered.

The primary purpose of the study was to examine the effects of perspiration
application, weathering exposures, washing action of automatic home clothes washers,
and repeated laundering on the UVR protection of a NC lightweight cotton fabric. In
addition, five fabric property changes in the test specimen after the treatments of
perspiration, weathering exposure, washing action, and repeated laundering (i.e., fabric
count change, thickness change, weight change, color change and dimensional change)
were included in this study to serve as secondary dependent variables to examine if the
four treatment factors (i.e., perspiration application, weathering exposures, washing
action of automatic home clothes washers, and repeated laundering) will cause changes in



these five fabric properties, and if these changes will lead to changes of UVR protection
of NC lightweight cotton fabric.

Based on the purpose and objectives of the study, a split-plot repeated measures
experimental design was used for the current study. In this study, the whole plot
treatment was the weathering exposure, which contained three levels (i.e., semi-tropical
climate without water spray, semi-arid climate, and standard conditioning), and the split
plot treatments were the combinations of two treatment factors. In order to understand the
effects of repeated laundering on the UVR protection and the five fabric properties,
except for the control group, all test specimens were laundered after being treated with
the three treatment factors (i.e., perspiration, weathering exposure, and washing action),
and this process was repeated 15 times. The UVR protection (i.e., express in UPF value
change in current study) and the five fabric properties of these treated test specimens
were measured before laundering, and after each laundering cycle.

The results of UPF value change showed that test specimens treated with
perspiration had a lower change in UPF value than the specimens without treatment. The
test specimens exposed to Florida condition had the most UPF value change, followed by
Arizona and Standard textile testing conditions. A significant difference also found in test
specimens that laundered in a traditional washer after ninth cycle and the UPF value
decreased as the number of laundering cycle increased. However, test specimens that
laundered in a front-loading HE washer showed no significant UPF value change. For the
five fabric properties that listed in secondary objective, all four treatments significantly
influenced fabric count, fabric thickness and fabric weight. However, perspiration
treatment had no significant effect on the dimensional change in warp direction of test
specimens, and washing action had no significant effect on the dimensional change in
filling direction of the test specimen as well as both Delta E and Delta L of color change.
For testing the relationship between the changes of the five fabric properties and UPF
value change, Delta E and Delta L of color change had the highest correlation coefficient
with UPF value change. Therefore, it is possible that the changes of these two properties
caused by the four treatments and lead to the UPF value change. Future research is

needed to confirm this relationship.



In conclusion, of perspiration application, weathering exposures, washing action
of automatic home clothes washers, and repeated laundering do have influence on the
ultraviolet protection of the naturally colored cotton. The color change of the test
specimens caused by these four treatments possible lead to the change of the ultraviolet

protection of the test specimens. More studies are needed to confirm this relationship.
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CHAPTERII
INTRODUCTION

Since ancient times, humans have been aware that sunlight is the ultimate source of
energy and life for all living beings on earth (Diffey, 1991). The sunlight wavelength spectrum
that reaches the Earth ranges from approximately 10 nm' to 3,000 nm. The radiation levels
between 100 nm and 400 nm is referred to as ultraviolet radiation (UVR) (Reinert, Fuso, Hilfiker,
& Schmidt, 1997). A sufficient dose of UVR is necessary for human well-being because UVR
induces the production of vitamin D in the skin, a fundamental component for the formation of
healthy bones (Grant, Strange, & Garland, 2003). However, prolonged exposure to UVR can
result in harmful effects on human skin, such as sunburn, premature skin aging, and in the worst
case, skin cancer (Crews, Kachman, & Beyer, 1999; Eckhardt & Rohwer, 2000; Reinert et al.,
1997). Skin cancer is the most common cancer found in the United States, affecting more than
two million people annually (Rogers, et al., 2010).

The incidences of skin cancer are mainly contributed to the depletion of the stratospheric
ozone layer due to environmental degradation in the last few decades. The ozone depletion leads
to increased UVR reaching the Earth, and thus promotes the risks of the skin cancers (Das, 2010).
The scenario becomes worse as a change of public interest toward outdoor recreation lifestyles,
which has a potential cumulative of UVR exposure, increased in recent years (Davis, Capjack,
Kerr, & Fedosejevs, 1997; Cordell, 2008). In addition, the risk of UVR is greatest during the
summer because the length of the day is longer and people spend more time in outdoor activities
during this period of time.

In order to reduce an individual’s risk of skin cancer, many recommendations have been
suggested, which include avoiding the sun when it is at its highest peak, wearing sunscreen,
wearing a hat, or covering up with clothing (Lee, Marlenga, & Meich, 1991). However,
avoidance of the sun is not practical advice for those who love outdoor activities as well as for
people with outdoor occupations. Although sunscreens could offer significant protection from

UVR, it does have some disadvantages, such as being uncomfortable because it leaves a greasy

! Nanometer is equal to 10”m (a billionth of a meter).



residue and it needs to be applied frequently due to continuous sweating of the skin (Truhan,
1991). Thus, wearing UVR protective clothing could be a simpler way to practice sun safety.

Because wearing UVR protective clothing is a simpler way of practicing sun safety, there
is a growing public demand in the marketplace for UVR protective clothing. As a result, retailers,
manufactures, and textile researchers have paid closer attention to UVR protective clothing. For
instance, textile researchers have studied the relationship of the effects of fabric parameters, such
as fiber types, fabric construction, fabric stretch, fabric wetting, fabric shrinkage, dye and color,
as well as fabric additives, on fabric UVR protection (Dai & Zhang, 2011; Eckhardt & Rohwer,
2000; Hatch & Osterwalder, 2006; Hoffmann, Lapperre, Avermaete, Altmeyer, & Gambichler,
2001; Majumdar, Kothari, & Modal, 2010; Menter & Hatch, 2003; Oda, 2011; Paul et al., 2010;
Srinivasan & Gatewood, 2000; Yam et al., 2013).

Cotton as a Summer Clothing Material

Compared to other fibers, cotton is considered more comfortable to wear in the summer
months (Kadolph, 2010) because it has excellent moisture absorbency. However, cotton fibers
have poor moisture transportation, and moisture, such as perspiration, tends to be retained in the
fiber structure and causes it to become heavy (Namiligdz, Coban, & Bahtiyari, 2010). When a
large amount of water or perspiration is absorbed into the fiber, the soaked cotton fabrics will
stick to the skin and it leads to discomfort. For these reasons, cotton is considered less favorable
for garments worn for activities that cause the wearer to sweat heavily. Although some
sportswear manufacturers promote synthetic fibers such as polyester fiber, as more suitable for
use in sportswear while exercising due to its excellent wickability (Chinta & Gujar, 2013),
regular polyester has low wicking property (Arulkumar & Patil, 2013). Wickability is the ability
of a fiber to transport moisture, usually perspiration, away from the skin by capillary action or
wicking (Hatch, 1993). Fibers with good wickability can keep the wearer dry, and the wearer
will feel comfortable, especially after vigorous exercise. When the wearer does not sweat heavily,
the wicking will not happen in regular polyester fibers as there is insufficient amount of
water/perspiration to fill the interstices (i.e., capillaries) that formed between fibers of regular

polyester (Hatch). In addition, most synthetic fibers are hydrophobic (i.e., fibers that lack of the



ability to absorb water), and therefore polyester does not absorb sweat efficiently from the
wearer’s body. Perspiration is retained or trapped on the skin and will make the wearer feel hot
and wet (Tamura, 2010). For these reasons, regular polyester may not be a good choice for high
performance sportswear unless modified polyester fibers are used. Modified polyester fibers
were introduced to enhance the ability of moisture transportation and release so that even when
the water content or perspiration is low, they can have good wickability properties (Arulkumar &
Patil, 2013). However, the clothing made of these types of modified fibers usually carries a
premium price (Firgo, Suchomel, & Burrow, 2006).

For normal day-to-day activities, in which wearers will not sweat heavily, consumers
usually perceive fabrics made of hydrophilic cellulosic fibers, such as cotton, as more
comfortable than regular synthetic fibers because this type of fabric absorbs moisture, such as
perspiration. By removing perspiration from the skin, a cooling effect is formed (Hatch, 1993).
In addition to good absorbency, cotton also has an excellent water vapor transmission rate that
allows for good ventilation (i.e., breathable) (Ramkumar, Purushothaman, Hake, & McAlister,
2007). The cooling effect and breathability both provide comfort to the wearer in warm weather.
Additionally, cotton’s soft hand characteristic (i.e., a soft feeling for skin contact) also helps to
account for its comfort (Kadolph, 2010). Cotton is also good for people with allergies or
sensitive skin because some synthetic fibers may produce itching and irritation to the skin
(Mason, 2008). For these reasons, clothing that is made of light-weight cellulosic fibers, such as

cotton, are a common choice for summer clothing.

Naturally Colored Cotton

Throughout history, cotton plants have produced a range of fiber colors (Vreeland, 1999).
Therefore, naturally colored (NC) cottons are not new, but have been cultivated for over 5,000
years. However, with the invention of the cotton gin and industrial dyes, creamy white cottons
were bred and have been the predominant plant because white fibers are easier to dye than
naturally colored cottons. The NC cottons on the other hand were considered genetically inferior
in quality to regular cotton because the fiber colors were usually uneven and the fibers were too

short and weak to be machine spun compared to regular cottons (Murthy, 2001). In addition, the



availability of inexpensive dyes and the need for higher output of cotton production also caused
the NC cottons to almost vanish about 50 years ago (Wakelyn & Chaudhry, 2007). As a result,
naturally colored cottons only survived in small and traditional communities around the world
including Mexico, Peru and Guatemala as well as in seed banks kept by some agriculture
departments (Vreeland, 1999).

After being abandoned for about a century, NC cottons revived in the early 1990s
(Vreeland, 1999) with the increased public awareness and interest related to sustainability and
environmental issues. For instance, selective crossbreeding research in NC cotton has been
conducted over the past 30 years in many countries, such as China, India, and Turkey because
these fibers were considered to be relatively more environmentally friendly and free from toxic
chemicals. Selective crossbreeding research is a technique used to modify and improve plant
characteristics, such as growth rate, quality, and seed size by crossing pollinated flowers with
selected plants (Kingsbury, 2009). These NC cotton research studies have led to improvements
in color range and fiber quality, with increases in length, strength, fineness, color intensity, and
yield potential (Yin & Roger, 1996). As a result, commercially available NC cottons with
sufficient physical properties for machine spinning were found in the market in 1988 (Yin &
Roger). These new hybrids of NC cotton can be spun successfully for many textile applications,
including clothing, bedding, and furniture (Katz, Boone, & Vreeland, 1997). NC cottons bring a
premium price for growers, with a price of about $4.00 to $100.00 per pound depending on color
(J. M. Vreeland, personal communication, June 21, 2014), compared to 74 cents per pound for

regular cottons (IndexMundi, July 2, 2014).

Naturally Colored Cotton — An Environmentally-friendly Fiber

Some consumers perceive that cottons are better for the environment because cotton is a
natural cellulosic fiber (Watson, 1991). However, regular cotton farming is one of the most
environmentally damaging activities in the world as it demands heavy use of fungicides and
pesticides as cotton plants are very prone to attack by certain insects and fungi (Chen & Burns,
2006). While regular cotton is grown on only 2.4% of the world’s farmland, regular cotton
farming uses more insecticides than any other single crop, and cotton production is responsible
for 25% of all agricultural insecticide use worldwide (Myers, 1999). In addition, most of the

regular cottons are usually bleached before printing or dyeing to produce a better coloration



(Chen & Burns). Even organically grown cotton does not completely eliminate environmental
damage. Although the use of insecticides can be eliminated, the cotton dyeing process still
generates environmental problems through the discharge of dyes, pigments, and other chemicals
into the water. These toxic chemicals have harmful effects on the environment and cause skin
allergies and other health related problems to human beings (Dutt, Wang, Zhu, & Li, 2004).

In contrast to regular cotton, the NC cotton is more environmentally friendly than regular
cotton in the processes of cotton plant growing and fabric production. NC cotton plants have
better resistance to disease and pests than regular cotton (Myers, 1999), which can eliminate or
reduce the use of insecticides during the growth of cotton plants. During fabric production, the
harmful and costly bleaching and dyeing process can be virtually eliminated as the NC cotton
comes with inherent natural colors (Apodaca, 1990). NC cottons grow in shades of green and
brown, and the shades can vary depending on geographic location, climatic and growing
conditions, and soil variation (Oktem, Giirel, & Akdemir, 2003) According to Murthy (2001), the
pigment development in NC cottons occurs between 30 and 40 days after boll formation. The
pigment development patterns in brown and green colored cotton are different. The brown color
is derived from the lumen of the fiber cells (i.e., the inner part of the cotton fiber), and it only
forms after fibers are exposed to sunlight and oxygen, which occurs when the seed pod opens
(Zhang et al., 2011). Therefore, the colors of the naturally brown cottons deepen in the
continuous sunshine. Naturally green colored cotton develops its color from caffeic-acid (i.e., a
type of acid that is found in the wax layer that is located inside the secondary cellular wall of the
fiber). Because the secondary cellular layer is easily peeled off, the naturally green cotton would
fade when exposed to continuous sunshine (Wang & Li, 2002; Waghmare & Koranne, 1998;
Zhang et al., 2011).

Naturally Colored Cotton — A Fiber that Provides Excellent UVR Protection

Although cotton fiber is popular for summer clothing due to its comfort properties, it
generally has very low UVR protection (Davis et al., 1997). According to the study by Smith
(1993), a common white cotton T-shirt has an Ultraviolet Protection Factor (UPF) rating of
seven when dry and five when wet while a minimum of UPF 15 is required in order for a textile
to claim it is sun protective clothing (Gambichler, Laperre, & Hoffmann, 2006). Because of the

presence of natural pigments and lignin in the NC cottons acting as UVR absorbers (Pailthorpe,



1994), fabrics made of NC cotton provide better UVR protection than regular cotton in the greige
stage (Parmar, Giri, Singh, & Chabbra, 2006) The greige stage refers to the stage after the fabric
has been produced by any textile process, such as weaving or knitting, but without going through
any manufacturing processes, such as finishing or dyeing (American Society for Testing and
Materials, 2012). In the study of Parmar et al. (2006), a brown NC cotton fabric had a UPF rating
of 28 and a green NC cotton fabric had a UPF value of 29, which were high enough for a rating
of “Very Good Protection” based on the ASTM sun protection label (ASTM, 2012). Degirmenci,
Kaynak, and Kiregci (2010) compared the UVR protection of NC cotton, regular white cotton
and dyed cotton with both woven and knitted fabric structures, and the results showed that NC
cotton fabrics provided excellent UVR protection for both types of fabric structures (i.e., the
UPF rating of the knitted fabric was 98.2 and the UPF ratings of two weave fabrics 64.3 and
93.5).

Statements of the Problem

Prolonged exposure to UVR from the sun can cause skin cancer, and a simple way to
protect skin from harmful UV rays on a daily basis would be to wear clothing with UVR
protection properties. Since summer clothing is subject to be worn and washed on a regular
basis, it is important to understand the combination of the effects of perspiration, weathering
exposures, washing action of automatic home clothes washers, and repeated laundering on
the UVR protection of a NC lightweight cotton fabric that is suitable for wear in summer.
The statements of the problem are organized in three parts to discuss the three factors that
may influence UVR protection of a NC lightweight cotton fabric and the reasons for
selecting these variables. The perspiration is discussed in the first part; weathering exposure
is discussed in the second part; washing action of home clothes washers and repeated

laundering are discussed in the last section.

Perspiration
Summer weather is hot and humid in many locations, which can cause an increase in

perspiration as the human body cool tries to itself. During the summer months, an adult loses an



average of 400 ml of perspiration daily (Watkin, 1995). When perspiration is freshly secreted, it
is slightly acidic (Perspiration Fastness Subcommittee, 1952). Cotton is widely used for summer
clothing due to its ability to absorb moisture, including perspiration, from the human body,
which makes it more comfortable to wear. A study by Kantor and Moore (2004) showed that
similar to regular cotton, NC cotton also has a good absorbency, but it may lead to fiber
degradation too. Because of the good absorbency but poor moisture transportation and release,
the perspiration is usually retained in the fiber. This absorption of perspiration may lead to the
deterioration of the fabric, shortening the garment’s wear life (Collier, Bide, & Tortora, 2009).
This degradation disintegrates the cotton fiber and causes a decrease of fabric cover, which may
lead to a decrease of fabric UVR protection. Although several studies have been conducted on
the effects of perspiration on NC cotton fabrics, they focused on colorfastness and color transfer
(Oktem et al., 2003; Wimberley & Roper, 1997). No research study was found investigating the
relationship between perspiration and UVR protection. Therefore, studies that examine the

effects of perspiration on NC cotton are needed.

Weathering Exposure

All apparel products, especially summer clothes that are regularly worn outdoors, are
subjected to the influence of weathering (Howard & McCord, 1960). Weathering is a complex
concept which includes the impact of sunlight, rain, humidity, and temperature (heat and cold)
on a material, including textiles, and the intensity of these components can vary daily and
seasonally as well as by geographic location (Hawkins, 1984). Any combination of these
components can cause degradation in textile fibers (Barnett & Slater, 1991). Several studies have
provided evidence that weathering is one of the major factors contributing to textile degradation,
especially in physical damage, such as loss of color and strength (Guoping & Slater, 1990;
Howard & McCord, 1960; Slater, 1986).

In most studies cotton is found to be more resistant to the weathering elements than other
natural fibers (e.g. silk) and most manufactured fibers (e.g. rayon, polyester, nylon, and acetate).
However, prolonged exposure to weather elements, especially ultraviolet radiation, will still
cause deterioration to cotton fabrics (Collier, Bide, & Tortora, 2009) in the form of color loss or
fading. For instance, results from several studies had proved that ultraviolet and visible

wavelengths of weathering could cause NC cotton fading (i.e., colors become lighter) (Hustvedt



& Crews, 2005; Jahagirdar, Srivastava, & Venkatakrishnan, 2000), and one study has shown that
the effect of light exposure caused color fading of NC cottons and led to lower UVR protection
(Hustvedt & Crews).

Although moisture is another weathering component that damages the fabric (Hatch,
1993), limited studies have examined the effect of moisture. Evenson and Epps (1999) found that
NC cottons showed more color change after exposure to light at high humidity rather than at low
humidity. The result of this study suggests that different conditions of weathering exposures with
various degrees of humidity, such as hot and humid in Florida climate and hot and dry in Arizona
climate (Sleiman, 2011), may have different impacts on fabric UVR protection because fabric
color change influences fabric UVR protection (Hustvedt & Crews, 2005). However, no study
was found that examined the effects of weathering exposures on UVR protection of NC cotton.

Therefore, studies on this area are needed.

Washing Action of Automatic Home Clothes Washers and Repeated Launderings

Summer clothes are usually made of cotton because it’s a very absorbent and easy to
clean material (Kadolph, 2010). The tendency to soak up perspiration not only creates unpleasant
odor but also causes deterioration. Cotton, including NC cotton, can be weakened by chemical
damage, such as acidic perspiration. Therefore, it is important to wash summer clothes more
often than winter clothing worn in other seasons to keep the clothes clean in appearance and
hygienic (Perdue, 1966). Some researchers have examined the effect of laundering on fabric
UVR protection, and found that the repeated laundering increased the fabric UVR protection
(Clark, Grainger, Agnew, & Driscoll, 2000; Menzies et al., 1991; Osterwalder, Schlenker,
Rohwer, Martin, & Schuh, 2000; Standford, Georgouras, & Pailthorpe, 1995a, b; Wang et al.,
2001; Zhou & Crews, 1998). The researchers suggested that the process of laundering led to
compaction due to shrinkage, presumably increasing fabric cover and hence resulting in an
improvement in UVR protection. Cottons generally exhibit some relaxation shrinkage in the first
few launderings; this geometrical change decreases the UVR transmission accordingly,
improving UVR protection (Collier et al., 2009). However, all previous studies on the effects of
laundering on fabric UVR protection were conducted in traditional washers, and no research was

conducted using high-efficiency (HE) washers, which has gradually become more popular with



U.S. consumers due to increased energy and water savings (Association of Home Appliance
Manufacturers, 2008).

There are two types of washers in the U.S. market (i.e., traditional washers and HE
washers). The washing action of these two types of washers differ due to this different water
levels and the mechanical action of the drums during laundering. Several studies compared the
effects of the washing action between traditional washers and the front-loading HE washers on
fabric durability (i.e., tearing strength, abrasion resistance, and pilling resistance) and
maintenance (i.e., appearance smoothness retention, dimensional stability, fabric twist, and stain
removal) (Ankeny, Ruoth, Keyes, Quddus, & Higbee, 2006; Chen-Yu, Wong, & Emmel, 2012;
Klausing, Maloney, & Easter, 2012; Schlag & Ordonez, 2010; Wong, Chen-Yu, & Emmel,
2012). However, no study was found to compare the effect of the washing action between
traditional washers and front-loading HE washers on the UVR protection of NC cotton fabrics.
Because the HE washers have gradually become more popular as U.S. consumers become more
environmentally conscious (Association of Home Appliance Manufacturers, 2008), it is
important to understand whether the differences in washing action will cause dissimilar effects
on the UVR protection, especially when consumers use these washers to clean their summer

clothes more frequently.

Research Questions

Despite the excellent UVR protection property of NC cotton, no study has been carried
out on how consumers’ wearing and washing will affect the UVR protection for NC lightweight
cotton fabrics. Studies that simulate a typical summer wearing and washing to understand the
factors that may affect the UVR protection of NC lightweight cotton fabrics are needed.
Therefore, this study will combine perspiration, weathering exposures, washing action, and
repeated laundering to simulate a typical summer wearing and washing in a semi-tropical climate
such as Florida and a semi-arid climate such as Arizona to examine the UVR protection of a NC

cotton fabric. The following research questions are the focus of this study:



1. Do perspiration, weathering exposure, washing action, and repeated laundering affect
the UVR protection of a NC lightweight cotton fabric that is suitable for wear in
summer?

2. Do perspiration, weathering exposure, washing action, and repeated laundering cause
changes in fabric count, thickness, weight, color and dimension of the test specimen?
If there are changes caused by these four treatments, is there any relationship between
the changes in these five fabric properties and the change in UVR protection of a NC
lightweight cotton fabric?

The reason for examining these five fabric property changes is based on the previous
studies reviewed in Chapter II. Studies show that these five fabric property changes are
important factors affecting the change of fabric UVR protection. For example, a previous study
showed that NC cotton fiber had considerable shrinkage after laundering (Dickerson, Lane, &
Rodriguez, 1999), and shrinkage increases the compactness of the fabric, and thus usually causes
the fabric count to increase (i.e., the number of yarn per square inch within a fabric) (Orzada,
Moore, Collier, & Chen, 2009). The increase of fabric count may lead to the increase of fabric
cover, which will improve UVR protection (Crews et al., 1999; Hoffmann, Lapperre et al., 2001;
Pailthorpe, 1998). Therefore, the fabric count and shrinkage caused by the repeated laundering
may significantly influence the UVR protection of the fabric. In addition, fabrics with lighter
colors offer less UVR protection (Gies, Roy, McLennan, & Toomey, 1998; Reinert, et al., 1997)
and NC cotton fabrics will become lighter after soaked in artificial perspiration (Wimberley &
Roper, 1997), as well as after exposure to light for a period of time (Hustvedt & Crews, 2005;
Jahagirdar et al., 2000). Therefore, the color change caused by perspiration application or

weathering exposure may significantly influence the UVR protection of the fabric.

Purposes and Objectives of the Study

The primary purpose of the study is to examine the effects of perspiration application,
weathering exposures, washing action of automatic home clothes washers, and repeated

laundering on the UVR protection of a NC lightweight cotton fabric (see Figure 1.1).
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Perspiration

Weathering Action

P UPF Value Change

Washing Action

Repeated Laundering

Figure 1.1 Primary Objectives of the Study: Testing the Effects of the Four Treatment
Factors on UPF value Change

In addition, five fabric property changes in the test specimen after the treatments of
perspiration, weathering exposure, washing action, and repeated laundering (i.e., fabric count
change, thickness change, weight change, color change and dimensional change) are included in
this study to serve as secondary dependent variables. The purpose of including the examinations
of the changes in these five fabric properties is because previous studies have found these
properties to be important factors in affecting fabric UVR protection (e.g. Crews et al., 1999;
Hustvedt & Crews, 2005; Stanford et al., 1995a; Wong et al., 2000). Therefore, the second
purpose of the study is to examine if the four treatment factors (i.e., perspiration application,
weathering exposures, washing action of automatic home clothes washers, and repeated
laundering) will cause changes in these five fabric properties, and if these changes will lead to

changes of UVR protection of NC lightweight cotton fabric (see Figure 1.2).

Fabric Count Change
Thickness Change
Perspiration Weight Change
. . Color Change
Weathering Action
: : P Dimensional Change
Washing Action
Repeated Laundering I
UPF Value Change

Figure 1.2 Secondary Obijectives of the Study - Testing the Effects of the Four Treatment
Factors on the Five Fabric Properties and the Relationship of these Fabric
Properties on UPF value Change after Treated with these Four Treatments
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Based on the purposes of the study, two sets of objectives, primary and secondary objectives are

included. These objectives are listed below.

Primary Objectives

The primary objectives are to test if the four treatments (i.e., perspiration application,
weathering exposures, washing action of automatic home clothes washers, and repeated
laundering) affect the UVR protection of a NC lightweight cotton fabric that is suitable for wear
in summer. The primary objectives are listed as the following:

(a) To examine the interaction in the effects of perspiration, weathering exposures,
washing action, and repeated laundering on the UVR protection of a NC lightweight
cotton fabric;

(b) To examine the UVR protection of a NC lightweight cotton fabric with and without
the presence of perspiration;

(c) To examine the UVR protection of a NC lightweight cotton fabric before and after
two types of weathering exposures (i.e., semi-tropical climate without water spray
and semi-arid climate), and a control (i.e., specimens are stored in the standard textile
testing condition without weathering exposure);

(d) To examine the UVR protection of a NC lightweight cotton fabric before and after the
washing in the two types of washers (i.e., traditional washer and HE washer);

(e) To examine the UVR protection of a NC lightweight cotton fabric before and after 15
repeated laundering;

(f) To examine the variables (i.e., perspiration, weathering exposure, washing action, and
repeated laundering) that best predict the UVR protection of a NC lightweight cotton

fabric.

Secondary Objectives

The secondary objective is to examine if the treatments (i.e., perspiration application,
weathering exposures, washing action of automatic home clothes washers, and repeated
laundering) will cause changes in five fabric properties of the test specimen (i.e., fabric count

change, thickness change, weight change, color change and dimensional change). These results
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may provide insights into understanding if the treatments cause changes in fabric properties and

if there are relationships between these five fabric property changes and the change in UVR

protection of a NC lightweight cotton fabric. The secondary objectives are listed as the following:

(a)

(b)

(©)

(d)

To examine if perspiration application will cause the changes in five fabric properties
of the test specimen (i.e., fabric count change, thickness change, weight change, color
change and dimensional change). If there are changes to the five fabric properties
after the perspiration treatment, then further examinations will be conducted to
determine if there is a relationship between the changes in these five fabric properties
and the change in UVR protection of a NC lightweight cotton fabric;

To examine if two weathering exposure conditions (i.e., semi-tropical climate without
water spray and semi-arid climate), and a standard textile testing condition without
weathering exposure (i.e. serving as a control) will cause the changes in five fabric
properties of the test specimen (i.e., fabric count change, thickness change, weight
change, color change and dimensional change). If there are changes to the five fabric
properties after the weathering exposure treatment, then further examinations will be
conducted to determine if there is a relationship between the changes in these five
fabric properties and the change in UVR protection of a NC lightweight cotton fabric;
To examine if two different types of washing action of automatic home clothes
washers (i.e., traditional washer and HE washer) will cause different degrees of
changes in five fabric properties of the test specimen (i.e., fabric count change,
thickness change, weight change, color change and dimensional change). If there are
changes to the five fabric properties after washing in the two types of washers, then
further examinations will be conducted to determine if there is a relationship between
the changes in these five fabric properties and the change in UVR protection of a NC
lightweight cotton fabric;

To examine if repeated launderings, up to 15 laundering cycles, will cause changes in
five fabric properties of the test specimen (i.e., fabric count change, thickness change,
weight change, color change and dimensional change). If there are changes to the five
fabric properties after repeated launderings, then further examinations will be
conducted to determine if there is a relationship between the changes in these five

fabric properties and the change in UVR protection of a NC lightweight cotton fabric.
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Definition of Terms

Ultraviolet Radiation (UVR) — Radiant energy for which the wavelengths of the
monochromatic components in the range of 100 to 400 nm (Eckhardt & Rohwer, 2000).

Ultraviolet Protection Factor (UPF) — The ratio of the UVR irradiance transmitted through air
to the UVR irradiance transmitted through a fabric (American Association on Textile
Chemists and Colorists, 2012). UPF is the number or rating used to indicate the amount
of UVR protection provided to skin by a fabric.

Regular and Naturally Colored Cotton — Regular cotton refers to the cotton that is cultivated
with the use of synthetic fertilizers, pesticides, and all other plant chemicals (Wakelyn &
Gordon, 1995) and most regular cottons are white (Hua et al., 2007). Naturally colored
cotton refers to cotton with natural colors other than white (Oktem et al., 2003). In the
current study, the naturally colored cotton is a fabric with light brown color, which is
purchased from Peru Naturtex Partners, and the test fabric code is Tela Percale with
Vicuna color (i.e., tan color).

Lightweight Fabrics Suitable for Wear in Summer — According to Kadoplh (2007), fabrics
that weigh less than 135 gm/m? (4.0 oz/yd?) are considered lightweight fabrics that are
often used for summer blouses and shirts. In the current study, the test fabric is a fabric
with a fabric weight of 130 gm/m” (3.8 oz/yd?).

Artificial Perspiration — The artificial perspiration solution used in the current study was
prepared according to AATCC Test Method 15 — Colorfastness to Perspiration.
According to this test method, the artificial perspiration solution perspiration solution
contained 10g of sodium chloride, 1g lactic acid, 1g disodium hydrogen phosphate, and
0.25g histidsine monohydrochloride per liter of the solution. The solution will be hand-
stirred with a glass rod to ensure even distribution, and the pH of this solution is 4.3 + 0.2.

Weathering — The exposure to climate conditions, including environmental factors of sunlight,
rain, humidity, wind, and temperature (heat and cold) (Collier & Epps, 1999). In the
current study, a Q-Sun Xenon Test Chambers Xe-3-HS was used to simulate the weather
exposure conditions of semi-tropical climate, such as the weathering in Florida, without

water spray and semi-arid climate such as the weather in Arizona.
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Washing Action of Automatic Home Clothes Washers — Washing action of a traditional
washer refers to the mechanical action used to clean the clothes in a clothes washer
containing a drum that sits vertically inside a cabinet with a center post agitator (AATCC,
2012; Ankeny et al., 2006). The washing action of a High-efficiency (HE) washer refers
to the mechanical action used to clean the clothes in a clothes washer that uses
significantly less water and energy than consumed by a traditional washer.

Laundering — A process intended to remove soils and/or stains by washing with a detergent
solution and normally includes subsequent rinsing, extracting, and drying (AATCC,
2012).

Fabric Count Change — Fabric count of a test specimen refers to the number of warp and filling
yarns per square inch (or centimeter) (Collier et al., 2009). Fabric count change in the
current study refers to the change in number of warp and filling yarns per square inch (or
centimeter) after each laundering cycle compared to the number of the original test
specimen before washing.

Thickness Change — The thickness of a test specimen refers to the distance between the top and
bottom surface of a test specimen (Collier & Epps, 1999). Thickness change of a test
specimen in the current study refers to the change in distance between the top and bottom
surface of a test specimen after each laundering cycle compared to the distance of the
original test specimen before washing.

Weight Change — The weight of a test specimen refers to the heaviness of a test specimen
(Weight, n.d.). Weight change of a test specimen in the current study refers to the change
in weight of a test specimen after each laundering cycle compared to the weight of the
original test specimen before washing.

Color Change — Color change refers to the change in hue, lightness, or a combination of these
(AATCC, 2012). Color change of a test specimen in the current study refers to the color
change of a test specimen is compared to the color of the original test specimen before
washing.

Colorfastness — The ability to maintain an originally dyed or printed color and the ability to
resist its colorants to transfer to adjacent materials (AATCC, 2012).

Dimensional Change — Dimensional change is defined as the changes of length or width

direction of a test specimen subjected to specific conditions, such as after being worn,

15



washed, and/or dry-cleaned (AATCC, 2012). In the current study, the dimensional
change is measuring the warp and filling direction distances of the test specimens after
each laundering cycle compared to the distances of the original test specimen before

washing.

Assumptions and Limitations of the Study

Two assumptions have been made for conducting experiments in this study. It is assumed
that all instruments used in this study are accurate and precise after manufacturer’s
recommended calibration. In addition, it is assumed that the equipment and operator errors are of
a random nature and have no significant effect on the test results.

Limitations are recognized for conducting experiments in this study. Firstly, only a 100%
plain weave NC cotton in light brown color in 2.84 meters (i.e., 3.11 yards) width with fabric
weight of 130 gm/m’ (3.8 0z/yd?) will be used in this study. The results of the current study may
not generalize to all NC cotton fabrics because only one NC cotton with one color is examined.
Secondly, although AATCC Test Method 169 — Weather Resistance of Textiles: Xenon Lamp
Exposure includes four different test cycle options, only Option 1 and 3 the modification of
Option 1 without water spray are selected to represent the summer weather. Therefore, the results
of the current study cannot represent all weather conditions. Thirdly, although many brands of
washers are available on the market, only a MAYTAG Automatic Washer of Model A806 will
be used to represent traditional top-load vertical axis washers with an agitator, and the
Whirlpool® Duet Sport® Front-Loading Washer WFW8300S will be used to represent front-
loading HE washers with tumble action. Therefore, the results of the current study cannot
represent all traditional and HE washers sold in the U.S. market. Fourthly, although many brands
of laundering detergents are available on the market, only “2X Ultra Tide® Free” will be used for
the laundry in the traditional washer and “2X Ultra Tide® HE Free” will be used for the front-
loading HE. It is unknown that whether using different laundering detergent brands may cause
variances in research results. Fifthly, test specimens will be laundered only up to 15 washing

cycles, although the UPF values may differ after 15 washing cycles.
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CHAPTER II
REVIEW OF LITERATURE

This chapter presents a review of the previous work relevant to this study. This review of
literature is organized into five parts. The first part on ultraviolet radiation protection includes
four sections (i.e., the assessment of ultraviolet protection provided by textiles, standards for
ultraviolet protective textiles, factors that influence ultraviolet radiation transmission, and test
methods for evaluating textile ultraviolet radiation protection). The second part on perspiration
includes two sections (i.e., artificial perspiration composition and the effects of perspiration on
color change of conventional and naturally colored (NC) cotton). The third part on weathering
exposure includes two sections (i.e., assessing the weather resistance of textiles and the effects of
weathering exposures on color change of conventional and NC cotton). The forth part on the
washing action of home clothes washers includes two sections (i.e., types of washers and effects
of washing action on color change and dimensional change of conventional and NC cotton). The

last part is the summary of the literature review.

Ultraviolet Radiation Protection

Sunlight radiation is a mixture of X-rays, ultraviolet (UV) rays, visible light rays, and
infrared rays, and its spectrum extends from 280 nm to 400 nm (Eckhardt & Rohwer, 2000).
Radiation measured between 280 nm and 400 nm is referred to as UV radiation (UVR), which
has a longer wavelength than X-rays (i.e., between 0.01 nm and 10 nm), and a shorter
wavelength than visible rays (i.e., between 400 nm and 800 nm). A low dose of UVR is
necessary for human well-being because UVR induces the production of vitamin D in the skin,
which is a fundamental component in the formation of healthy bones (Grant et al., 2003).
However, overexposure to UVR can result in harmful effects on human skin, such as sunburn,
premature skin aging, and in the worst case, skin cancer (Crews et al., 1999; Eckhardt & Rohwer;

Reinert et al., 1997).
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The UVR band consists of three regions: ultraviolet A (UVA) (between 315 nm to 400
nm), ultraviolet B (UVB) (between 280 nm to 315 nm), and ultraviolet C (UVC) (less than 280
nm) (Diffey, 1991). UVC radiation is completely absorbed by the ozone layer and does not reach
the earth, while UVA and UVB are the most significant factors in damaging skin. Although
UVA accounts for about 95% of all solar UVR and causes only a little reaction on the skin, it
penetrates into human skin deeper than UVB and creates responses that include premature aging
of the skin, tanning and photo-toxicity to medicines (Reinert et al., 1997). Alternatively, UVB is
shorter in wavelength compared to UVA, but it’s responsible for the major cause of skin cancer
because it is highly reactive with macromolecules in the skin (Liffrig, 2001).

Garments are usually treated as an effective means to slow the cumulative exposure to
UVR (Capjack et al., 1994). Some major health organizations, such as The Skin Cancer
Foundation, the World Health Organization, and the European Committee for Standardization
recommend that people of all ages wear cover-up clothing when in the sun. The European
standard for sun-protective clothing (i.e., EN 13758) includes stringent requirements for the
design of UV labeled garments (i.e., clothes for the upper body must provide coverage from the
base of the neck down to the hip and across the shoulders, down to three quarters of the upper
arm) (Hoffmann, Kesners et al., 2001). In the U.S., the American Academy of Dermatology (2013)
has recommended wearing loose woven clothing with maximum surface area coverage. This
includes wearing long-sleeved shirts and pants and/or layering clothes as well as wearing a wide-
brimmed hat that shades the face and ears. However, different types of fabrics and garment
designs consist of different levels of UV protection. For instance, regular cotton T-shirts, which
are ideal for summer clothing, give an ultraviolet protection factor (UPF) rating of only seven
(Adam, 1998). The UPF rating of regular cotton shows inadequate protection for outdoor wear.
Nevertheless, the UV protection of fabrics can be improved in a variety of ways, including using
NC cotton, increasing the percentage of fabric cover, and using UV protection additives. The
studies related to the causes and influences of fabric’s UVR protection are reviewed in the

section, “Factors that influence UVR transmission.”

Assessment of Ultraviolet Protection of Textiles
A variety of quantitative tests have been used to evaluate the ability of a textile to protect

against UVR, and there are two distinct approaches to determine the fabric’s UVR transmission
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(i.e., laboratory testing in vivo and instrumental measurement in vitro). In vivo is a Latin word,
which means taking place on an organism. /n vitro refers to the technique of performing a given
experiment in a controlled environment outside of a living organism. The two approaches are

discussed in the following sections.

In Vivo Approach

The in vivo testing is performed by placing fabric swatches on a human subject’s skin,
and it is analogous to the method for measuring the effectiveness of sunscreen lotions (Hatch &
Osterwalder, 2006). The assessment of in vivo is the sun protection factor (SPF) (Capjack, Davis
et al., 1994). To calculate the SPF value of the fabric, the in vivo method measures the minimum
amount of radiation energy exposure necessary to cause a uniform erythematous response or skin
redness for both protected and unprotected skin. This minimum amount of radiation energy that
causes erythematous response is generally called minimum erythema dose (MED). The radiation
energy used in this method is generated by a standardized lamp whose spectrum resembles the
sunlight spectrum as closely as possible (Hoffmann, Lapperre et al., 2001). To determine MED
of unprotected skin, a layer of fabric with several holes is placed over a human skin, and the
holes are removed at different time-points to expose the skin to varying durations of UV
(Heckman et al., 2013). Changes to the exposed areas of the skin are then evaluated after 24
hours have lapsed. According to The National Tanning Training Institute (2013), the redness that
occurs immediately after exposure is mainly caused by heat, which is not comparable with real
UV erythema. Therefore, the redness of skin should be evaluated after 24 hours. The redness of
skin can be examined by visual evaluation or using a skin color measurement device, such as a
spectrophotometer. For a spectrophotometer measurement, the a* (redness) value of exposed
skin in each hole, as well as the unexposed skin, were evaluated. To determine a significant
redness that is considered a potential burning, the difference in a* values between exposed and
unexposed skin must be greater than 2.5 points (Heckman et al.). The minimum exposure time to
cause a significant redness can be used to determine the MED to cause the redness of
unprotected skin. For a visual evaluation, the same process to determine the MED is used;
however, the researcher subjectively determines the significant redness by visual observation

instead of using a spectrophotometer. To determine the MED of protected skin, the same process
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is used by adding a layer of fabrics over the skin. After the MED values for the protected and
unprotected skin are determined, the SPF of the fabrics is calculated by the following equation:

SPF = MED (protected skin)
MED (unprotected skin)

The main advantage of the in vivo test method is acquiring a direct response of human
skin to UVR (Menzies et al., 1991). However, this test method is difficult to carry out as a
standard test method because of the lack of reproducibility due to the human beings involved as
test subjects since humans come in varieties of skin tones. According to Fitzpatrick (1988), skin
types range from I-VI (very fair to very dark), and fairer skinned humans are more likely to burn.
Therefore, the MED of unprotected skin for fairer skinned people will be lower than that of
darker skinned people. Several researchers found that cost, impracticality, and time-consumption
were also limitations of this test method (Gambichler et al., 2002; Hoffmann, Kesners et al.,

2001; Reinert et al., 1997).

In Vitro Approach

The in vivo test method measures SPF by observing the redness of protected and
unprotected human skin. Since UVB radiation is the main cause of skin redness, the SPF
obtained by the in vivo test method can only reflect the protection from UVB radiation. Different
from the in vivo test method, the in vitro test method measures the ultraviolet protection factor
(UPF), which shows the protection from both UVA and UVB (Edlich, et al., 2004). The in vitro
test method has been recommended by many researchers as a practical and inexpensive way for
routine measurements (Gambichler et al., 2002; Gies, Roy, Elliot, & Wang, 1994; Gies et al.,
1997; Hoffmann, Kesners et al., 2001).

The in vitro testing is performed by measuring the amount of UV transmittance of both
UVA and UVB radiation that passes through the fabric swatches. Similar to in vivo testing, an
optical radiation source whose spectrum closely resembles the sunlight spectrum is used, but the
UV protection is determined based on effective transmittance in the 280-400 nm wavelength
regions instead of determining the MED. In order to obtain the UV transmittance data, a fabric
specimen is placed in an instrument equipped with an integrating sphere and, a beam of 280 to
400 nm UVR with 2 or 5 mm intervals is applied to the surface of the specimen. The UV

transmittance data is collected based on the amount of UVR transmitted through the fabric, and
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this data is used to calculate the percentage of transmittance and the UPF (Hatch & Osterwalder,
20006).

The UPF of fabrics is calculated by the following equation (Crews et al., 1999; Gies et al.,
1997; Hoffmann, Kesners et al., 2001; Menter & Hatch, 2003):

400nm

E, *S, *AA
UPF— Effectiveirradiancewithoutfabric 2%,:,” AT
= . N « T 400nm
Effectiveirradiancethrough fabric zEa xS, *T, * Al
280nm
Where

E; = erythemal spectral effectiveness

S), = solar spectral irradiance in Wm nm™

T, = average spectral transmittance of the fabric specimen
A A = measured wavelength interval in nanometers (nm)
A = wavelength of light in nm

The UPF weighs the UVB radiation more heavily than the UVA radiation because UVB
radiation is responsible for more biological damage than UV A radiation (Crews et al., 1999; Gies
et al., 1997; Hoffmann, Kesners et al., 2001; Menter & Hatch, 2003). Since UPF is the ratio of
average effective UV irradiance calculated for unprotected skin to the average UV irradiance
calculated for skin protected by the test fabric, the UPF value indicates how much the test fabric
allows the UVR to pass through it. For example, a UPF rating of 15 indicates that the fabric
allows only one fifteenth of the UVR to pass through it. The higher the UPF values, the better
the UV protection of the fabric. This type of measurement is relatively simple compared to the in
vivo method because it uses a detector to obtain the UV protection instead of a human test
subject, which is used by the in vivo method.

The three instruments frequently used in the in vitro approach to measure UVR
transmittance are (a) radiometric, (b) spectroradiometric, and (c¢) spectrophotometric, which are
discussed in the following sections:

Radiometric. This type of measurement uses a broad band UV light source, which can
be either filtered for UVB or include a combination of UVA and UVB bands spectral ranges to
measure the total UV transmission through a fabric (Hoffmann, Lapperre et al., 2001). The
output readings indicate the total radiant energy passing through the test fabrics and reaching the

detector surface. The radiometric method alone does not provide a definitive value for the given
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fabric’s protection factor because this measurement is based on the assumption that transmission
is independent of wavelength; however, a fabric’s UVR absorption varies with different
wavelengths (Capjack, Kerr et al., 1994). According to Gies et al. (1994), this method is only
reliable if the light source perfectly matches the solar action spectrum and the detectors respond
in a manner similar to human skin.

Spectroradiometric. This measurement method uses spectroradiometeris to measure the
fabric UVR spectral transmission. In this instrument, an integrating sphere is used to collect both
scattered and transmitted radiation to reproduce the actual exposure situation during solar
exposure since the skin is subjected to both the scattered and transmitted UVR which pass
through the clothing. The radiation transmission of the fabric at each wavelength is then
calculated by taking the ratio of the photocurrent with and without the fabric specimen in
position (Gies et al., 1997). Gies et al. indicated that spectroradiometers have several advantages
compared to other measurement systems in determining fabric UV protection. With the lower
stray light levels that contain a very large dynamic range, a spectroradiometer is able to
determine very low levels of UVR that pass though the fabric. Thus, the scan results will be
accurate and reproducible if the spectroradiometer and light source are stable. Because regular
scans of the radiation source are required to provide reference data, the measurements are time
consuming and therefore expensive.

Spectrophotometric. Spectrophotometric, which uses a spectrophotometer, is the most
commonly used method today to determine the fabric UV transmittance (Gambichler, Laperre, &
Hoffmann, 2006). A spectrophotometer is similar to the spectroradiometer, which uses an
integrated sphere attachment behind the fabric specimens to collect both scattered and
transmitted radiation through a fabric; however, the scanning speeds of the spectrophotometers
are greater than the spectroradiometers. In this method, regular scans of the reference light
source are not necessary because most spectrophotometers have both sample and reference
beams. For measuring and labeling a textile’s UPF, the Australia Standards/New Zealand
Standards and European Standards suggest that a UVR transmitting filter for wavelengths of less
than 400 nm should be equipped with the spectrophotometer to minimize errors caused by
fluorescence from optical brightening agents (Gies et al., 1997). One drawback for this
measurement method, according to Gies et al. is that the light source radiation goes into its

respective wavelength before reaching the sample, and therefore, the detector measures both the
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transmission through the fabric as well as any fluorescence emission, if any. If this fluorescence
emission is present, it will increase the apparent transmission and thus underestimate the UPF.
The spectrophotometer is operated in 5 nm intervals or less in the wavelength range from 290 nm
to 400 nm. To determine UPF, a minimum of four textile samples must be measured from a
textile material with two in the warp direction and two in the filling direction. The spectral
transmittances measurement of the textile from a spectrophotometer can be converted and

expressed as UPF (Hoffman et al., 1998).

Test Methods for Textile Ultraviolet Radiation Transmittance

In the U.S., two national standard setting organizations (i.e., AATCC and ASTM) have
been involved in developing standard methods for textile UV transmission tests. AATCC
developed a testing standard, AATCC 183 — Transmittance or Blocking of Erythemally
Weighted Ultraviolet Radiation through Fabric and ASTM developed a standard for preparation
of fabric specimens prior to transmittance testing (i.e., ASTM D6544 — Standard Practice for

Preparation of Textiles Prior to Ultraviolet Transmission Testing).

AATCC Test Method 183
The AATCC TM 183 — Transmittance or Blacking of Erhythemally Weighted Ultraviolet

Radiation through Fabric was published in 1998, and this standard describes a procedure for
determining the UVR blocked or transmitted through fabric and the calculation of UPF through
in vitro measurement (AATCC, 2012). Specimens are conditioned prior to testing in the standard
test condition (70 £ 2°F, 65 = 2% RH). For each test specimen, three sets of UV transmission
data are collected including measurements from the warp direction, filling direction, and at 45°
to the warp (i.e., bias direction). The mean of UVA and UVB transmittance (%) values are

calculated and then the UPF is calculated.

ASTM D6544

The ASTM D6544 — Standard Practice for Preparation of Textiles Prior to Ultraviolet
(UV) Transmission Testing focuses on the procedures for sample and preparation of fabric
specimens prior to transmittance testing (ASTM, 2012). The purpose of this standard is to

simulate UV radiation that the fabric would encounter during two years of wearing and
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laundering by consumers. This standard is only for the preparation of fabrics used to construct
garments or fabrics taken from already constructed garments. It does not cover the preparation of
the fabrics used for shade devices such as tents, baby carrier covers, or umbrellas. In order to
accomplish this standard, the test fabrics are required to first undergo 40 laundry cycles based on
AATCC Test Method 135 — Dimensional Changes of Fabrics after Home Laundering or AATCC
TM 172 — Colorfastness to Powdered Non-Chlorine Bleach in Home Laundering. After 40
launderings, the specimens are exposed to 100 AATCC fading units of simulated sunlight based
on AATCC Test Method 16 — Colorfastness to Light for about 20 & 2 hours, where a xenon-arc
lamp is used to simulate the UV radiation. For swimsuit fabrics, the test fabrics are required to be
exposed to chlorinated water based on AATCC Test Method 162 — Colorfastness to Water:

Chlorinated Pool prior to UV transmission testing.

Standards for Ultraviolet Radiation Protective Textiles

There are several national standards for the determination of the UV protection of textile
materials (i.e., AS/NZS 4399, prEN 13758-1, prEN 13758-2, ASTM D6544, ASTM D6603, and
AATCC Test Method 183). A commonality among these standards is the in vitro test method
used to calculate the textile UPF. However, the procedures for obtaining the UPF value for these
standards differ from each other in relation to scanning interval, position of the test specimen in
the instruments, and the erythemal action spectrum designated (ASTM, 2012; European
Committee for Standardization, 1999; Standards Australia/New Zealand, 1996). These standards
are used voluntarily by fabric and clothing manufacturers who wish to claim that their product

provides UV protection in the consumer market (Hatch, 2005).

Australia/New Zealand Standard
The Australia/New Zealand Standard (AS/NZS) 4399 (Standard Australia/Standard New

Zealand, 1996), Sun Protective Clothing — Evaluation and Classification was the first published
standard developed by the Australian Standardization Institute in 1996 for evaluating and
classifying UV protective clothing (Hatch, 2005). This standard includes: (a) a definition of UV
protective clothing; (b) a detailed procedure for determining the UV transmittance of fabric; (c)
the formulas required to calculate UPF and percent of blocking from UV transmittance data; and

(d) directions for using those UPF or blocking percentage numbers to determine a singular UPF
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or singular blocking percentage value to appear on a label in the consumer marketplace. AS/NZS
4399 also classifies fabrics in three categories of protection — excellent, very good, and good (see
Table 2.1). A fabric must have a UPF of 15 to be classified as UV protective (i.e., qualified for
“good protection”). A fabric with a UPF above 20 and below 40 is categorized as “very good
protection.” A fabric with a UPF of 40 or above is categorized as “excellent protection.” The
Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) issued a UPF rating
hang tag featuring the UPF Certification Trade Mark to fabric and clothing manufacturers who
test and label their fabrics according to AS/NZS 4399 (ARPANSA, 2004). However, this
standard does not take into account the effects of stretching, wetting, wearing, and using, and
thus the design characteristics of the garment that affect the UV protection are not addressed

(Gambichler et al., 2006; Hatch; Standards Australia/ Standards New Zealand).

Table 2.1 Australia/New Zealand Standard UPF Ratings and Protection Categories

Protection Category UPF Range UPF Ratings UV Blocked
Excellent Protection 40 to 50+ 40, 45, 50, 50+ More than 97.5%
Very Good Protection 25 to 39 25, 30, 35 95.9% to 97.4%
Better Protection 15 to 24 15,20 93.3% to 95.8%

European Regional Standard

The Europeans also adopted UV protection measures after an increased public awareness
of sun protection in the United Kingdom (Gambichler et al., 2006). In Europe, 30 professionals
from 11 countries, forming the working group of The European Committee for Standardization
in 1999 have developed a new standard on test methods and labeling of UV protective clothing
(i.e., EN13758) (European Committee for Standardization, 1999). The EN 13758 Standard
consists of two parts. The first part covers the test method for textile materials. It requires that
the measurement be taken on new, dry, and relaxed fabric (Thiry, 2002). A minimum of UPF 40
is required in order for a textile to claim it is sun protective clothing because a UPF of 40+ will
give efficient protection under normal wearing circumstances, considering the effects of
stretching, wetting, and wearing (Gambichler et al). The second part of the standard includes the
design requirements for the garments, which stated the upper body must at least cover from the

base of the neck down to the hip and across the shoulders, down to three quarters of the upper
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arm. For clothing that is designed to offer UV protection to the lower body, the garment needs to

at least cover from the waist to below the patellae (European Committee for Standardization).

Standard in the United States
The ASTM D6603 — Standard Guide for Labeling of UV-Protective Textiles is the

standard document that provides directions for specifying UV protection information on labels
attached to garments or the fabric itself (ASTM, 2012). This test method provides a uniform
system for labeling the UV-protective textile products. The protection classification and
calculation of UPF values are similar to those described in the AS/NZS standard (see Table 2.2).
The UPF value of the label indicates the least UV protection value to be expected over the life of
the garment (i.e., two-year period).

According to the ASTM D6603, to determine the UPF range and rating or protection
category that is placed on the label, the test specimens are first prepared according to ASTM
D6544 — Standard Practice for Preparation of Textiles Prior to Ultraviolet Transmission Testing
procedures (i.e., the specimens are laundered 40 cycles and then exposed to 100 American
Association on Textile Chemists and Colorists (AATCC) Fading Units (AFUs) of simulated
sunlight with Water-Cooled Xenon Arc according to AATCC Test Method 16 — Colorfastness to
Light), and then the UPF value of the test specimen is measured according to AATCC Test
Method 183 (ASTM, 2012). The next step is to obtain the UPF value of the original specimen
without any treatment. The last step is to compare the UPF values obtained from the specimen
after the process indicated in ASTM D6544 and the value of the untreated specimen. The lower
UPF value of these two UPF ratings will be used to determine the UV protection category based
on the table below. If a product to be labeled “wash once before wearing” is being tested, the
UPF rating is determined by comparing the UPF value from the specimens after the process

indicated in ASTM D6544 and the value of the specimen laundered once after it is worn.

Table 2.2 ASTM UPF Range, Ratings and Protection Categories

UPF Range UPF Rating Protection Category
<15 N/A Cannot be labeled as UV Protective
15-24 15,20 Better Protection
25-39 25, 30, 35 Very Good Protection
40 — 50+ 40, 45, 50, 50+ Excellent Protection
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Factors that Influence Ultraviolet Radiation Transmission

Several research studies have been conducted on the UVR transmission of fabrics since
the 1960s, and most of these studies were performed by the Australian researchers because
Australia has high levels of ambient UVR compared to European countries and the U.S. (Gies et
al, 1994). These studies found various fabric parameters affected the performance and efficiency
of UVR transmission (i.e., fiber types, fabric constructions, fabric stretch, fabric wetting, fabric

shrinkage, dye and color, and additives).

Effects of Fiber Type on Ultraviolet Radiation Transmission

Pailthorpe (1993) indicated that the effects of fiber type on UVR transmission cannot be
treated as one group because each fiber has a different manufacturing process that can
significantly influence its properties for absorbing UVR, and therefore, the discussion of the
effects of fiber type on UVR transmission is based on each type of fiber. Genkov and Atmazov
(1968) were the pioneers who conducted research on the UV transmission of different knit
fabrics. They compared the UV transmission from a total of 75 various cotton, nylon, and
polyester fabrics with different knitting stitches, thicknesses, and colors, which are all suitable
for the making of summer shirts and dresses. The results showed that cotton fabric had lower
UVR transmission and provided better protection than nylon and polyester fabrics. Consistently,
Welsh and Diffey (1981) compared 100% cotton woven fabrics and 100% nylon and 100%
polyester in both woven and knit fabrics, and also found that cotton fabrics offered better
protection than nylon and polyester.

Many researchers have continued to explore the influence of fiber type on UVR
transmission, but the results differed from the two earlier studies (Genkov & Atmazov, 1968;
Welsh & Diffey, 1981). Davis et al. (1997) found that cellulose-based fabrics, such as cotton,
linen, and rayon, which are commonly used for summer clothing, had a higher UVR
transmission. In contrast, polyester provided excellent UV protection. Hilfiker, Kaufmann,
Reinert, and Schmidt (1996), Reinert et al. (1997), and Crews et al. (1999) also included a range
of natural and synthetic fibers in their research, and the results were in agreement with the study
by Davis et al., which showed that polyester had better UVR protection, especially in blocking

UVB radiation because polyester contains phenyl ester groups that have a strong absorption for
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wavelengths below 310 nm, and UVB ranges from 280 nm to 315 nm (Capjack, Kerr, &
Fedosejevs, 2001). These studies also reported that wool fiber had good UV transmittance

coverage, but it might not be suitable for summer clothing.

Effects of Fabric Construction on Ultraviolet Radiation Transmission

Numerous studies have examined the influence of fabric construction on UVR
transmission and concluded that fabric cover, weight, and thickness were important parameters
influencing UVR transmission (Berne & Fischer, 1980, Crews et al., 1999; Hoffmann, Lapperre
et al., 2001; Pailthorpe, 1998).

Fabric cover. Fabric cover is probably the most important fabric property that affects
UVR transmission (Crews et al., 1999; Hoffmann, Lapperre et al., 2001; Pailthorpe, 1998).
Fabric cover can be defined as the percentage of fabric surface covered by the warp and filling
yarns in a given fabric (Capjack, Kerr et al., 1994). Different fabric structures have different
degrees of fabric cover, and therefore, different fabric structures have different UVR
transmissions. In general, woven fabrics usually have higher UVR protection than knit fabrics
because the spaces between yarns in a knit fabric are usually larger than that in a woven fabric,
and plain weave fabrics have a lower UVR transmission (i.e., higher UVR protection) than other
weaves (Capjack, Kerr et al.). Several studies found that when the fabric cover was high, the
fabric was more opaque to UVR due to more scattering of the UVR transmission. Gies, Roy, and
Elliot (1992) conducted a study to investigate the UVR protection in both occupational and
recreational situations. They found that an increased tightness of weave in fabrics led to an
increase of UVR protection, although there were no details of the fabric construction discussed.
These results were consistent with the study conducted by Hilfiker et al. (1996), who stated that
the UPF of a fabric was largely dependent on the fabric cover of the fabric. Another consistent
result was in the study of Crews et al., who found that the fabric percentage of UVR transmission
decreased when the percent of fabric cover increased. A study by Algaba, Riva and Crews (2004)
examined the effects of fabric cover on the UPF of summer fabrics and also found a similar
result, indicating that the UPF values significantly increased as the percentage of fabric cover
decreased. Crews et al. indicated that the primary determinant of fabric cover is the fabric

structure (e.g., woven or knit).
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Fabric weight and thickness. Besides fabric cover, fabric weight and thickness are the
next useful fabric parameters for explaining the differences of fabrics in UVR transmission
(Crews et al., 1999). Since heavy fabrics have more fibers and yarn, the UVR is scattered and
does not easily penetrate compared to that of lighter fabrics. Berne and Fischer (1980) and Wong,
Cowling, and Parisi (2000) both found that the UVR transmission through the fabric was more
closely related to the fabric weight than the structure of the material, and heavier fabrics
absorbed or blocked UVR more than lightweight ones. Another consistent result was found in
the study by Gies et al. (1994) who analyzed UVR transmission data from over 2000 fabrics in
the Australian Radiation Laboratory and concluded that heavier fabrics blocked more UVR than
lighter clothing, and significantly lowered the UVR transmission.

Thickness is also a useful parameter for understanding the relationship between fabric
construction and UVR transmission (Crews et al., 1999). Sliney, Benton, Cole, Epstein, and
Morin (1987) found that thicker fabrics transmitted less UVR than thinner fabrics in their study
of 45 fabrics. However, inconsistent with the study of Sliney et al. and Crews et al., Welsh and
Diffey (1981) found that fabric UVR transmission was not necessarily related to fabric thickness
because some of the thinner fabrics with a higher percentage of cover in their study offered lower
UVR transmission than other thicker fabrics. Crews et al. suggested that the percentage of cover

is a more important factor than the thickness in explaining the results of UVR transmission.

Effects of Fabric Stretch on Ultraviolet Radiation Transmission

Some researchers examined the effects of fabric stretch on UVR transmission. Sayre and
Hughes (1993) examined the UPF of 50 garments and found that a polo shirt was reported as
having UPF of 31 in the loose tail section, whereas the shoulder area measured only 8.7. The
difference was attributed to the degree to which the swatch was stretched. Another experiment
by Gies et al. (1994) also found a significant decrease in UPF with stretch, especially in spandex
fabrics, which showed a high magnitude of UPF reduction, from 200 to 20, when under
significant tension. This result was consistent with the study conducted by Zhang, Thomas,
Wong, and Fleming (1997), which showed that UVR transmission of stretched Lycra was up to
20 times higher than that of un-stretched spandex.

Moon and Pailthorpe (1995) conducted an experiment on different brands of UV-

protective elastane (spandex) garments and found that the mean UPF was reduced to
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approximately 50% of the un-stretched value when the elastin fabric was stretched by 10% in
both warp and weft direction. Their results also showed that these UV-protective garments were
stretched an average of 15% when they were worn; thus, the UPF label on the garment, which
was determined in a relaxed state, was significantly higher than the UPF when the garment was
worn. The authors concluded that the UV-protective garments in this study should not be
considered as UV-protective clothing.

Some researchers examined the UPF of stretch ladies’ stockings. Sinclair and Diffey
(1997) found that the most popular type of stocking with 15 deniers provided a UPF of less than
two. Kimlin, Parisi and Meldrum (1999) found that the unstretched 50 denier stockings provided
the greatest amount of UPF. However, the UPF decreased 868% when it was stretched to 30% of
their original size. Consistently, Osterwalder et al. (2000) studied the effects of stretched
knitwear and found that the increase of the UVR transmission was almost linear with stretch,

which means the higher the degree of stretch the higher the increase of the UVR transmission.

Effects of Fabric Wetting on Ultraviolet Radiation Transmission

Wet fabrics are reported to have a higher UVR transmission than dry fabrics. Hydrated
fabrics usually, but not always, have decreased UPF values (Crews & Zhou, 2004; Gambichler et
al., 2002; Jevtic, 1990; Pailthorpe, 1994). Jevtic reported the first study on the relationship of
moisture content to UVR transmission through the fabric. Both the 60% polyester / 40% cotton
T-shirt and the 81% polyester / 19% spandex surf shirt in his study showed a significant decrease
of 33% in UPF when wet. The author concluded that the water between the spaces of the fabric
causes less scattering of the UV light than does air, resulting in more UVR transmission through
the fabric. Gies et al. (1994), however, found inconsistent variations of UPF for wet and dry
fabrics, with some UVR transmission decreased when fabrics were wet while others increased
with wetness. They concluded that the results depended on the absorbency of the test fabrics.
Cotton fabrics were more absorbent and transmitted more UVR when wet, and thus had a
corresponding decrease in UPF when wet; however, the polyester/cotton blend fabrics showed
less consistent in the variation between dry and wet compared to cotton fabrics. Similar results
were found in the study conducted by Zhang et al. (1997), which showed that the cotton samples
transmitted more UVR when wet (i.e. 4% UVR transmission when dry and 150% when wet)

than polyester, polyester/cotton blends, and nylon/spandex blends when wet. Polyester samples
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had a 13% UVR transmission when dry which changed to 30% when wet; polyester/cotton
samples had a13% UVR transmission when dry which changed to 23% when wet; and
nylon/spandex samples had a 14% UVR transmission when dry which changed to 29% when wet.
However, when Crews and Zhou investigated the effects of wetness on the UVR transmission of
13 fabrics of five different fiber contents (i.e., rayon, nylon, cotton, silk and polyester), they
found that all fabrics showed a significant decrease in UPF when wet, except for the three
polyester fabrics, which had a significantly higher UPF rating after being wet.

Gambichler et al. (2002) conducted a detailed study that compared the influence of
wetness by tap water and salt water on the UV protection provided by summer fabrics. They
used both in vivo (i.e. measurement in human subjects) and in vitro (i.e. instrumental measure)
methods. The researchers discovered that there was no significant difference in the degree of UV
protection between using tap water and salt water. Crews and Zhou (2004) examined the UVR
transmission of woven fabrics in their dry condition and after wetting with different water types
(i.e. distilled water, sea water, and chlorinated pool water), and their results also showed that the

water type did not significantly affect the UVR transmission of wet fabrics.

Effects of Fabric Shrinkage on Ultraviolet Radiation Transmission

Most fabrics are subject to both relaxation shrinkage and consolidation shrinkage when
laundered, and generally, knit cotton fabrics tend to shrink more than woven cotton fabrics
(Hatch & Osterwalder, 2006; Kadolph, 2007). Studies have shown that small amounts of
shrinkage could lead to significant improvements in the UPF value (Sliney et al., 1987; Stanford
et al., 1995a; 1995b). Sliney et al. was the first researcher to study the effects of laundering on
UVR transmission. In their study, 11 fabrics were laundered 10 times, and all these fabrics
showed a significant decrease in UVR transmission after 10 launderings. The researchers
suggested that the process of laundering led to compaction due to shrinkage, presumably
increasing fabric cover and hence resulting in an improvement in UVR protection. The
hypothesis proposed by Sliney et al. was confirmed by a laundry trial experiment conducted by
Stanford et al. (1995a), who investigated the effects of washing and wearing on the sun
protection of a summer-weight garment. However, the authors did not provide a definition for
“summer-weight garment.” In their study, 20 jersey-knit cotton T-shirts were worn for four to

eight hours per week and laundered weekly for 10 weeks, which resulted in an increase of UPF
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value. However, the authors indicated that further study was required to determine the effects of
washing and wearing for a period longer than 10 weeks because longer periods may cause fabric
thinning and lead to an increase of UVR transmittance. To investigate if longer periods of
washing and wearing would cause fabric thinning and lead to an increase of UVR transmittance,
Stanford et al. (1995b) laundered five cotton jersey-knit T-shirts in another study to determine
the effects of prolonged laundering (i.e., 36 washing cycles) on UVR transmission and found that
the UPF ratings doubled after the first washing, but did not substantially increase in four of the
five shirts in the subsequent 35 washings.

Zhou and Crews (1998) also examined the effect of washing on the UPF rating of 100%
cotton fabrics and the results showed that the UPF rating did not double until the fifth washing,
which differs from the results of Stanford et al. (1995b). Zhou and Crews suggested that the
laundry condition and drying time might contribute to the differences between the two studies.
They pointed out that Stanford et al. (1995b) only stated that they used a "color-fast" laundry
setting as the laundry condition; however, they did not indicate clearly the exact water
temperature setting that they used, whereas a permanent press setting with warm water
temperature was used in their study. In addition, Stanford et al. tumble dried their cotton knits for
60 minutes after washing, whereas the cotton fabrics in Zhou and Crew’s study were dried for
only 30 minutes after each wash. As a result, the laundry condition and drying time in Zhou and
Crew’s study caused less shrinkage in the samples than in Stanford et al.’s study. Therefore, the
UPF ratings doubled after the first wash in Stanford et al.’s study, while the UPF ratings of the
samples in Zhou and Crew’s study did not double until the fifth wash.

Effects of Dye, Bleach, and Fiber Color on Ultraviolet Radiation Transmission

Many studies showed that the dye, bleach, and fiber color affected the clothing UVR
transmission. The details are listed in the sections below.

Dye. The dye used to color fabrics may influence the UVR transmission as most dyes
have an absorption spectrum extending in the UV region and dyes also absorb visible light rays
selectively to achieve a color. Despite the idea that most consumers consider light-colored
fabrics more comfortable for summer wear, several research studies have concluded that dark
colors generally provide greater UV protection than light colors (Gies et al., 1998; Kim et al.,
2004; Pailthorpe, 1993; Reinert et al., 1997). Gies et al. (1994) conducted a study on cotton and
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cotton/polyester blend fabrics of identical weight and construction and found that darker-colored
fabrics transmitted less UVR than lighter-colored ones. Similar results were found in the study of
Stanford, et al., (1995a), who found that darker shades provided more UV protection. Another
consistent result was found in the study of Davis et al. (1997), which showed that blue denim
transmitted less UVR than white cotton denim although both fabrics had similar fabric weight
and thickness. When Dubrovski and Golob (2009) examined the effects of woven fabric
construction and color on UPF, they also found consistent results, where all darker-colored
fabrics, (i.e., black, blue and red colored fabrics), showed excellent UV protection for twill and
satin weave fabrics. The study results of Srinivasan and Gatewood (2000), however, showed that
the color of a fabric dye was not a reliable indicator of UVR protection. The authors studied the
effects of 14 direct dyes on the UVR transmission of a cotton print cloth. They noted that dyes,
even in the same hue such as black or red, could have different degrees of UVR transmission due
to their individual absorption characteristics. The researchers provided an example of a fabric
dyed using Direct Red 80 that had a lower UPF value compared to the fabric dyed using Direct
Red 24 and 28 even though three of them were from the same hue.

Conventional cotton, bleached cotton, and naturally colored cotton. Researchers also
compared the UVR transmission of unbleached and bleached cotton fabrics. Pailthorpe (1994)
stated that bleached cotton had a higher UVR transmittance than unbleached cotton. In other
words, the UPF rating of bleached cotton was lower than the rating of unbleached cotton (i.e.,
UPF 10 for bleached cotton and UPF 19 for unbleached cotton) because bleaching removes the
cotton’s natural pigments, such as lints and waxes, which serve as natural UV absorbers, and
thus reduces the UPF rating. Crews et al. (1999) found that the UV transmission of bleached
cotton print cloth was nearly twice as high as unbleached cotton [i.e., 23.7% of UVR
transmission (UPF =4.5) and 14.4% of UVR transmission (UPF = 7.6), respectively), which has
supported the claim of Pailthorpe. Research by Hustvedt and Crews (2005) revealed that NC
cottons had excellent sun protection properties (i.e. high UPF values), which are far superior to
conventional, bleached, or unbleached cottons. NC cotton is cotton that grows with NC fibers,
other than white (Oktem, Giirel, & Akdemir, 2003). In Hustvedt and Crews’ study, the
researchers compared the effects of light exposure and laundering on the UV protection of
conventional, bleached cotton to three NC cotton specimens (i.e., green, brown, and tan). The

test specimens were exposed to xenon light and accelerated laundering with and without non-
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chlorine bleach. After exposure to light for 40 and 80 AFUs, the results showed that
conventional, bleached cotton exhibited UPF values of 4, unbleached conventional cotton UPF =
8, brown UPF=40~50+, green UPF=30~50+, and tan UPF=20~45. The researchers explained the
isolated compound found in the NC cotton is fluorescent which absorbs UVR radiation, and

hence provided superior UV blocking properties.

Effects of Additives on Ultraviolet Radiation Transmission

Since textiles do not always have adequate protection, many methods have been used to
improve fabric UV protection, including the use of UV absorbers. During the fiber, yarn, and
fabric manufacturing processes, UV absorbers can be added as an additive to improve textile UV
protection properties (Gies et al., 1994; Hustvedt & Crews, 2005; Srinivasan & Gatewood, 2000;
Xin, Daoud, & Kong, 2004). UV absorbers or UV-absorbing agents are colorless compounds
that absorb radiation ranging from 290 nm to 400 nm effectively; and the compound also
contributes to the fabric’s brightness and whiteness (Pailthorpe, 1998). UV absorbers are capable
of taking in UV radiation, and then converting this electronic excitation energy into thermal
energy without undergoing any appreciable irreversible chemical change or inducing any
chemical change in the textile molecule (Goyal, 2005). By this way, they prevent the light from
being absorbed or transferred through textile fibers.

There are two types of UV absorbers: organic and inorganic. Organic UV absorbers are
mainly derivatives of o-hydroxy benzophenones, o-hydroxy phenyl triazines, and o-hydroxy
phenyl hydrazines (Achwal, 1995; Malik & Arora, 2003; Reinert, Schmidt, & Hilfiker, 1994).
The orthohydroxyl group is considered essential for UV absorption. However, these types of UV
absorbers have poor stability and are toxic in nature although it is an active ingredient for
sunscreen and plastics (Herzog, Quass, Schmidt, Miiller, & Luther, 2004). For instance, when the
light is converted to heat in the basal layers of the skin, oxybenzone, which is the active
ingredient that is used in sunscreen, damages the growing cells during the UV absorption process
(Hayden, 1997). Compared to the existing organic UV absorber, the inorganic UV absorbers are
preferable because of their unique features including non-toxicity, chemical stability under both
high temperature, and UV-ray exposure (Paul et al., 2010; Yang, Zhu, & Pan, 2004). Inorganic

UV absorbers are usually containing semiconductor oxides, such as TiO,, ZnO, Al,Os3, and SiO;.
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Among these semiconductor oxides, titanium dioxide (TiO;) and zinc oxide (ZnO) are
commonly used (Parthasarathi & Borkar, 2007).

UV absorbers applied during manufacturing. During the fiber, yarn, and fabric
manufacturing UV absorbers can be added as an additive to improve textile UV protection
properties (Gies et al., 1994; Hustvedt & Crews, 2005; Srinivasan & Gatewood, 2000; Xin et al.,
2004). UV absorbers can be applied into the spinning solution prior to fiber extrusion for
manufactured fibers (Achwal, 1995; Haerri, Haerri & Donze, 2001). When manufactured fibers
are made, the UV absorbers are added into the solution prepared for fiber extrusion. Fiber
extrusion is the process of forcing the solution through the tiny holes of a spinneret to form
filament fibers. During the preparation of fabric dyeing for fabrics made of natural fibers, the UV
absorbers can be added into the dye bath using padding methods. Padding is a common method
to apply a paste or liquor to textiles for dyeing or finishing by passing fabrics through a dye or
chemical bath and then through squeeze rollers to squeeze out the excess liquor.

A new area has developed in the area of textile finishing called nano finishing, and this
new technology is also used to apply UV absorbers to textiles. Nano technology is defined as the
utilization of structures with at least one dimension of nano-meter size for the construction of
functional materials, devices, or systems with novel or significantly improved properties due to
their nano-size (The National Nanotechnolgy Initiative, 2013). In general, a nano finish is more
efficient in absorbing and scattering UV radiation than a normal pigment finish (Vigneshwaran,
Kumar, Kathe,Varadarajan, & Prasad, 2006). This occurs because UV absorber particles have a
larger surface area per unit mass and volume, and thus leads to an increase in the effectiveness of
UV protection compared to bulk materials (Gokarneshan & Jeyathy, 2009; Mankodi & Agarwal,
2011; Yadav et al., 20006).

Various research studies were conducted on the applications of UV protection treatment
on fabrics using nano technology (Kathirvelu, D’Souza, & Dhurai, 2009; Mankodi &Agarwal,
2011; Xin et al., 2004; Yadav et al., 2006). Mankodi and Agarwal examined the effect of an
application of TiO, nano finish onto apparel fabrics. The application of a homogeneous mixture
of TiO; nanoparticles and acrylic binder had been done at the yarn stage of cotton, cotton/viscose
rayon and polyester/cotton, and subsequently these yarns were converted to a garment. The
results showed that an increase in absorption of UV light over the investigated UV spectrum (i.e.,

290 — 400 nm), and a significant decrease in UV transmittance of TiO, treated fabrics compared
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with the untreated fabrics. Kathirvelu et al. examined the fabric UV protection finishing using
ZnO nano particles on four types of fabric (cotton and 45/55 polyester/cotton) with both woven
and knit structures. The fabric samples were soaked for 10 minutes in 2-propanol dispersion of
ZnO nano-particles, and then dried in an oven for 15 minutes under atmospheric pressure. In
order to evaluate the nano-particles adhesion to the textile fibers, the treated samples were
laundered 25 times. The results indicated a significant improvement of the UV absorbing activity
of the ZnO treated fabrics and the UV protection ratings remained excellent after 25 washes. In
another study conducted by Paul et al. (2010) on the UV protection of cotton fabrics by coating
with TiO; and ZnO nano particles, the results showed that TiO, performed much better than the
ZnO.

UV absorbers applied post fabric manufacturing. UV absorbers in laundry detergents
and rinse cycle fabric softeners have also been developed for consumers to improve UV
protection. The UV absorber in laundry detergents or fabric softeners is bound on to the fibers
and these effects are accumulated through repeated launderings (Eckhardt & Osterwalder, 1998;
Eckhardt & Rohwer, 2000; Schaumann & Rohwer, 2003). Scientists concluded that the UV
absorber was superior to the fluorescent whitening agents for increasing the UV protection
(Eckhardt & Osterwalder, 1998). Several UV absorbers can be found on the market. For example,
Rit ® SunGuard™ from Ciba Specialty Chemicals is a laundry additive that contains
TINOSORB®, a colorless UV absorber that exhibits two absorption maxima in the UVA and
UVB ranges, resulting in very effective UV blocking properties for cotton fibers (Phoenix
Brands LLC, 2005). TINOSORB® FD is used in laundry detergents, while the TINOSORB® FR
is used in rinse-cycle fabric softeners.

Rohwer and Eckhardt (1998) applied a UV absorber (TINOSORB® FD) in the wash
cycle and the rinse cycle and found that regardless of when the UV absorber was applied, the UV
absorber did bind onto the laundered fibers and accumulated during repeated wash and rinse
cycles, leading to a significant increase in UPF. According to their study, this UV absorber
worked best on cotton and cotton blends. After five wash cycles with the UV absorber, the UPF
rating was substantially increased from 17 before washing to 22 after five wash cycles. After 10
wash cycles, the UPF rating increased even more and led to an UPF rating of 30. A similar result
was also found in the study conducted by Eckhardt and Osterwalder (1998) who found that

repeated laundering caused an accumulation of the UV absorber, and thus, led to an increase in
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UV protection. The UPF ratings were increased from 16 before wash to 22 after five washing
cycles, and then to 30 after 10 washing cycles. The researchers indicated that this improvement
of UV protection could be achieved after five wash cycles, despite the use of a low concentration
UV absorber.

Eckhardt and Rohwer (2000) investigated the effects of both optical brightening agents
and UV absorbers on the improvement of UVR transmission in cotton fabrics (i.e. two knit
cottons and two woven cottons). The fabric specimens were laundered 1, 5, 10, and 20 wash
cycles, with and without an optical brightener, and used a detergent with 0.1% and 0.2 % of the
UV absorber TINOSORB®™ FD. The results showed that the UV absorber was superior to the
optical brightening agent in the reduction of UVR transmission. The UV absorber, TINOSORB®
FD, provided very good (UPF > 15) to excellent (UPF > 40) UV protection with fewer than 10
wash cycles, while the optical brightening agent reached comparable values after 20 washings.
Similar results were also found in the study by Wang et al. (2001). The researchers evaluated
various treatments (i.e. laundering with water-only, detergent only, and detergent with UV
absorber, TINOSORB® FD) on two types of white cotton fabric (i.e. cotton T-shirt and
mercerized cotton print cloth). The results showed that the fabrics washed with the UV absorber
had significantly higher UPFs than those treated with water and detergent. Kim et al., (2004) also
tested the effects of an UV absorber (i.e., Rit® SunGuard™) and an optical brightener (i.e., Rit”
Whitener-and-Brightener) on the improvement of UVR transmission. Two types of knit fabric
(i.e. 100% cotton jersey and cotton/polyester blend) were laundered, and the results showed that
a more rapid achievement of UPF values could be obtained by adding an UV absorber, Rit"
SunGuard™, into the laundry water. After only one wash cycle, the UPF values of the specimens
were increased to 30 and above. After five wash cycles, an ordinary detergent with optical
brightening agents also achieved an improvement in UV protection (i.e., increasing UPF values

to 30+).

Perspiration

Perspiration is an important mechanism for the human body in order to maintain heat

balance. A human body generally produces water loss at the same rate as heat is produced (Hatch,
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1993). When the human body’s temperature rises, the perspiration assists in regulating human
body temperature by increasing the heat lost, and transforms the sweat that is present on the skin
surface into water vapor. By moisture evaporating from the skin into the atmosphere, the human
body is cooling down. According to Hatch, about 0.6 kilograms calories of cooling is produced
by every gram of sweat at the skin temperature.

There are two forms of perspiration: insensible perspiration and sensible perspiration.
Insensible perspiration is a form of perspiration that evaporates within skin layers in the form of
emitting moisture vapor unconsciously (Hatch, 1993; Saville, 1999). For sensible perspiration, as
the surrounding temperature rises, the human body becomes overheated under these hot or
strenuous conditions (Watkins, 1995). High blood pressure causes the hypothalamus to activate
the sweat glands where sensible perspiration is produced in the form of liquid sweat on the skin

(Watkins).

Avrtificial Perspiration Composition

Human perspiration is composed of water, urea, lactic acid, amino acids, sugar, alkali
sulfates/phosphates, inorganic salts, and uric acids (McSwiney, 1934). According to Vass (1931)
and the Perspiration Fastness Subcommittee in AATCC (1952), fresh perspiration is slightly
acidic; however, it later turns alkaline due to bacteriological contamination. Testing for damage
by perspiration has been difficult in the past because it is almost impossible to collect large
amounts of perspiration for use in laboratory research. As a result, artificial perspiration
solutions have been developed to simulate the action of normalized perspiration on the textile
product being tested.

There are several national standards for the determination of the artificial perspiration
tests of textile materials (i.e., AATCC Test Method 15, ASTM D2322, Japanese industrial
standard — JIS L0888, and ISO test method — ISO 105-E04, Canadian CGSB4-GP-2 Method 23).
According to Sievenpiper (1974), the initial perspiration test developed by AATCC was involved
with one acid based on lactic acid and one alkaline based on ammonium carbonate. However, the
alkaline solution was questioned by some researchers (Gobeil & Mueller, 1974). Furthermore,
alkaline perspiration can only be found in people suffering from certain diseases or under
conditions of extremely poor personal hygiene (Barail, 1946). For this reason, Gobeil and

Mueller conducted a study to examine the effects of acid and alkaline in artificial perspiration by
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evaluating colorfastness to perspiration in both laboratory and actual wear tests. Ten fabrics (i.e.,
three 100% wool in color green, red, and maroon; a 100% wool crepe in color green; a 65% wool
with nylon and acrylic blend; two 100% acetate tricot in color red and navy; and two 100%

nylon tricot in color red and black) were used in the investigation, and the fabrics were later

made into T-shirts for 30 wearers. For the actual wear test, the T-shirts were worn for two
consecutive days in the hottest areas and returned unwashed to researchers. For the laboratory
test, the test fabrics were processed according to AATCC Test Method 15. Both test specimens
were evaluated for staining and shade changes. The results showed no significant differences in
staining or color changes under acidic conditions for both the laboratory and actual wear tests.
The results showed consistent results in the acidic phase between laboratory and actual wear tests,
indicating that the acidic phase of perspiration successfully simulates actual sweat and can be
used to examine the effects of perspiration on fabric color change. However, all wool fabrics (i.e.,
100% wool and wool blend fabrics) under the alkaline laboratory method showed more severe
staining than those in actual wear tests, and all acetate fabrics showed less severe staining in the
alkaline laboratory method than the actual wear tests although all nylon fabrics showed

consistent results in both laboratory and actual wear tests. Since the alkaline phase did not
provide reliability on the staining due to perspiration, the portion of alkaline in artificial
perspiration was removed. Table 2.3 shows the components for the current AATCC Test Method

15 used in the artificial perspiration solution.

Table 2.3 Components of AATCC Standard artificial perspiration

Component Concentration (g/L)
¢-Histidine Mono Hydrochloride (C¢cHoN3O, HCI'H,0) 0.25
Lactic acid, USP 85% 1.00
Disodium hydrogen phosphate (Na,HPOj,) 1.00
Sodium chloride (NaCl) 10.00

Effects of Perspiration on Color Change of Conventional and Naturally Colored Cotton
During the summer, human perspiration will occur more frequently due to hot

temperatures and increased physical activity. The process of perspiration from the human body is

complex. Fresh perspiration is always acidic, but may change into an alkaline due to bacterial

contamination (Saville, 1999). Therefore, perspiration can stain, discolor, or deteriorate some of
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the fabrics of the garment, especially in the underarm area (Lyle, 1977). Thus, resistance to
perspiration is an important factor, especially in summer clothes.

The studies on the effects of perspiration have been focused on fabric durability (Bhat,
Benjamin, Buch, Wani, & Dharmadhikari, 1989; Bhat, Dharmadhikari, Wani, & Kulkarni, 1990),
dyes, and colors (Bhat et al., 1990; Bredereck & Schumacher, 1993; Srivastava, 1992).
According to the studies reviewed in the section of “Effects of Dye, Bleach and Fiber Color on
Ultraviolet Radiation Transmission,” colors are relevant to fabric UV protection. Therefore,
studies related to color change were reviewed to examine if perspiration has a significant effect
on fabric colors. If perspiration does cause damage to textile colors, perspiration may affect
fabric UV protection. These studies are discussed in the following two sections: effects of
perspiration on color change of conventional cotton and the effects of perspiration on color

change of NC cotton.

Effects of Perspiration on Color Change of Conventional Cotton

Fabric color fading and alteration can be caused by the constituents of human
perspiration (Lyle, 1977). Bhat et al. (1990) investigated the effects of perspiration on the fine
structure of cotton cellulose. An unbleached cotton cloth with a fabric count of 87 x 58 and
synthetic perspiration were used in this study. Two groups of test specimens were subjected to
repeated treatments in the perspiration solution for one group with a cycle of five-hours and
another group with a cycle of 18 hours. After a cycle of treatment, the test specimens were
removed from the perspiration solution, washed in distilled water, and dried before being
subjected to the next cycles. The processes were repeated for a total of 640 hours. The results of
both groups showed that yellowing increased with an increase in treatment time, and specimens
treated for the five-hour cycles showed a larger color difference in AE*. The yellowing in the
fabrics in the 18-hour cycle group was less severe than the yellowing in the 5-hour cycle group.
The researchers explained that they found a marginal increase of pH of the artificial perspiration
from 3.5 to slightly 3.7 in the treatment group of 18 hours, while the pH of the solution in

treatment group of five hours remained unchanged (i.e., 3.5). The increase of pH values will

* The overall color difference between two samples measured by the CIELAB Color System is called Delta E (AE).
In this color system, each color is computed by measuring the three dimensions (i.e., L, a, and b) of the color space.
L is the lightness-darkness dimension); a is the redness-greenness dimension; and b is the yellowness-blueness

dimension. AE is calculated by the formula: AE = \/ (AL)? +(Aa)* +(Ab)*
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cause a reduction of acid in the solution. As a result, the perspiration has less of an effect in the
fabric in the treatment group of 18 hours, and thus, the yellowing is less than the treatment group
of five hours. Similar results were found in the study conducted by Srivastava (1992), who
examined the colorfastness to perspiration in 10 types of fabrics (i.e., cotton, polyester/cotton
blends, rayon, silk, wool/nylon blends, and wool/polyester blends in plain or twill weaves). In
this study, the test specimens were placed in the under-arm portion of dresses and in shoes for 12,
24, and 36 hours. The results showed a positive correlation between time of exposure to
perspiration and colorfastness. Polyester/cotton and wool/nylon blends had better colorfastness,
while cotton, rayon, and silk were the most susceptible to color loss. The researcher explained
that fiber’s absorbency was the main reason for variation of colorfastness with different fiber

contents.

Effects of Perspiration on Color Change of Naturally Colored Cotton

Several studies examined the effects of perspiration on NC cottons. Wimberley and
Roper (1997) examined the effects of perspiration on color transfer and color change of four
woven and five knitted NC fabrics of various colors (e.g., beige, brown, brown-green) and mixed
colors (e.g., mixing light beige, green and brown colors). To determine if the color of the NC
cotton would transfer or stain another fiber, each specimen was assembled with a multi-fiber
stripe (i.e., a strip contains narrow fiber stripes made of different fiber contents) according to the
AATCC Test Method 15 — Colorfastness to Perspiration. The specimens were soaked in the
artificial perspiration solution for 30 minutes. Color transfer and color change were measured
instrumentally in CIELab readings and visually in AATCC Gray Scale readings. The results
showed that no color transfer occurred for all test fabrics because the fabric coloration was a
genetic component. However, all fabrics did undergo color change according to the CIELab
reading. The researchers did not report the findings from the Gray Scale reading. For the woven
fabrics, two fabrics with a single color (i.e., beige and brown) showed greater color changes (i.e.,
AE = 7.07 for beige color and 6.95 for brown) than the other two fabrics with mixed colors (i.e.,
AE ranged from 0.9 to 1.2). Both beige and brown NC cottons had greater lightness change (i.e.,
AL =17.0 for beige color and 5.0 for brown; positive number indicates that the color becomes
lighter.) than the other two fabrics with mixed colors (i.e., AL = -0.1 and -1.0; negative sign

indicates that the color becomes darker.). The results showed that both beige and brown NC
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cottons became lighter after being soaked in the artificial perspiration solution for 30 minutes.
The brown woven fabric also showed changes in hues (Aa = 2.0, Ab = 3.8). However, the beige
woven fabric showed almost no changes (Aa = 0.1, Ab = 0.5) in hues.

Among the five knit fabrics, (i.e., two brown, two light brown, and one green), one brown
knit fabric had the greatest color changes (i.e., AE = 5.3). Both lightness and hue had some
changes (AL =-3.2, Aa = 2.0, Ab = 3.8). Another brown knit fabric had a similar degree of color
change as the green knit fabrics (i.e., AE = 3.2 and 2.9, respectively). Different from the woven
fabrics, the two brown knit fabrics became darker instead of lighter (AL = -3.5 and -2.8). The
green knit fabric, however, became lighter (i.e., AL = 2.0). In terms of the two light brown
fabrics, they showed only small color changes (i.e., AE = 1.3 and 1.9).

Oktem et al. (2003) investigated the colorfastness to perspiration of six types of NC
cotton fibers (i.e., one light brown, three dark brown, and two green colored fibers) and they
found a different result from Wimberley and Roper (1997). The researchers used a HunterLab
ColorQuest II spectrophotometer to measure the color change according to ISO 105-E04 —
Colorfastness to Perspiration (Acid and Alkaline). The results showed that all fibers had a color
change rating of a step 4-5 (i.e., slight color change). However, the artificial perspiration
solutions used in the two studies were different. The artificial perspiration solution in ISO

standard contains both acid and alkaline while the AATCC one only contains acid.

Weather Exposures

Most textiles, during normal use, are exposed to sunlight, rain, humidity, and various
temperatures, and these environmental factors have a degradation effect on fabric properties,
including durability and colorfastness. The term “weathering” refers to exposure to climate
conditions (Collier & Epps, 1999). Sunlight (especially the UV rays), high temperature, and
moisture (in the form of rain, dew, and high humidity) are the main weathering forces
responsible for textile degradation (Wall & Frank, 1971). Degradation of textiles from
weathering involves both chemical and physical changes. The chemical deterioration, caused by
sunlight and moisture, may change the water, air, and moisture vapor permeability as well as the

flammability of the textile; while the physical deterioration, caused by wind, dust abrasion, and

42



the alternate freezing and thawing, may change its tensile strength, stiffness, or elasticity and

cause color fading and yellowing (Collier & Epps, 1999; Howard & McCord, 1960; Slater, 1986).

Assessing the Weather Resistance of Textiles

The weather resistance of textile products refers to its ability to resist degradation of its
properties when exposed to real or simulated climatic conditions (Kadolph, 2007). Several
standard test methods are used to evaluate the weather resistance of textiles. The tests can be

classified as either natural weathering testing or accelerated laboratory testing.

Natural Weathering Testing

The most realistic way to test the weather resistance of a textile product is to expose it to
natural weather conditions (i.e., outdoor exposure) or to natural sunlight behind glass (i.e., indoor
exposure). Florida and Arizona have long been benchmarks for real-time, outdoor exposure
testing due to their extreme climates that accelerate the degradation of materials (Lucas, 2001).
For instance, Florida is known for high density sunlight, high annual UVR, high humidity, and
high temperatures, which together produce a subtropical environment; while Arizona has high
levels of UVR, high temperatures, and extreme dryness that combine to produce a semi-arid
environment (Lucas; Marques, 2002). The instability of weather makes outdoor degradation
exposure difficult to perform precisely. For instance, solar radiation is not available during the
night time. Seasonal and climatic conditions also affect natural sunlight, and thus affect the
textile degradation. In addition, factors such as humidity, rain, wind, and time of day are
subjected to daily, seasonal, and geographical variations. Consequently, all these factors have
caused the natural weathering exposure tests to be very time consuming, which cannot be easily
adapted to the analysis of individual variables (Hawkins, 1984).

The AATCC Test Method 111 — Weather Resistance of Textiles: Exposure to Daylight
and Weather, is the only test method that measures the natural outdoor weather resistance of
textiles (AATCC, 2012). Two test options have been offered by this test method. Option A is
direct exposure to natural light and weather, and Option B is exposure to natural sunlight, indoor,
behind glass where wetting is not a factor. In either case, fabric specimens are mounted on the
exposure rack that is placed in an exposure cabinet. In Option A, the cabinet is exposed, which

allows wetting by natural rainfall; while in Option B, the cabinet is covered by glass to protect
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against wetting by natural rainfall. The exposure can be timed for calendar days, months, or
years depending on the end-use of the fabrics to be exposed. Following the exposure, the weather
resistance of the fabrics is then determined by comparing the exposed portion of the test
specimens to an unexposed counterpart related to selected physical properties such as tensile

strength or colorfastness.

Accelerated Laboratory Testing

Due to the difficulty of controlling natural weather conditions and the time consuming
nature of the natural weathering test, accelerated weathering tests were developed. The
advantages of having a laboratory accelerated test include: the use of controlled test conditions,
which leads to better reproducibility and repeatability of exposure results, cost effectiveness, and
possible estimation of exposure time (Lucas, 2001). The testers may also be equipped with a
water spray mechanism to stimulate wet conditions (i.e., rain) during testing. One major
disadvantage of accelerated weathering is none of the instrumental methods can precisely
reproduce the sunlight (Collier & Epps, 1999). These types of accelerated weathering tests
generally employ a variety of light sources, which produce different UV spectra to simulate
sunlight. Three types of illumination light sources have been widely used to study the weathering
effects of textiles that are the carbon arc lamp, xenon lamp, and fluorescent UV lamp (Lucas).

Carbon arc testers. The first carbon arc tester, also called fadeometer, was introduced in
1918. With this tester, a pair of carbon rods was used to produce light, and test samples are
mounted vertically on a carousel that revolves around the rods (Lucas, 2001). This carbon arc
fadeometer is not widely used due to the deficiency of short UV wavelength (such as UVB) that
it produces. The short UV wavelength contains more harmful radiation that mainly produces
melanin in the skin. Because of this reason, the lack of UVB creates a milder effect on products
damaged. Consequently, this type of tester is often criticized for its lack of reproducible and
realistic results, and thus the carbon arc fadeometer is generally considered outdated (Lucas).

A later version of the instrument is the open flame or sunshine carbon arc weatherometer,
which was introduced in 1930 as an improvement of the carbon arc fadeometer (Lucas, 2001).
The main difference between the fadeometer and the weatherometer are in their light source. The
carbon arc fadeometer uses an enclosed carbon arc light source whereas the sunshine carbon arc

weatherometer uses a sunshine carbon arc light source. The weatherometer instrument also has a
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water spray option to simulate rain and dry conditions, while the fadeometer can only simulate
dry conditions (Collier & Epps, 1999). Different from the enclosed carbon arc light source, the
sunshine carbon arc weatherometer produces an extremely short wave of UV light (<300 nm),
which represents an overly severe and unnatural condition. This instrument provides a function
when researchers intentionally expose test specimens to spectral energies beyond the limits of
their intended service exposures although these unrealistic conditions do not correlate with actual
outdoor exposures (Lucas). Although carbon arc instruments continue to be used in the American
Society for Testing and Materials (ASTM) standard test method (2012), the reproducibility of the
test is often limited due to the aging of the filters, resulting in variability in output (Collier &
Epps).

The AATCC Test Method 192 — Weather Resistance of Textiles: Sunshine-Arc Lamp
Exposure with and without Wetting provides two options to evaluate weather resistance of textile
(i.e., Option A: Sunshine-Arc Lamp Exposure with Wetting, and Option B: Sunshine-Arc Lamp
Exposure without Wetting) (AATCC, 2012). The main purpose of Option A is to evaluate the
weather resistance of a fabric or related material, including coated fabrics when subjected to
artificial weathering using light and wetting. The purpose of Option B is to evaluate the weather
resistance of a fabric when subject to weathering and sunlight exposure conditions where wetting
is not a factor. In both options, the fabric specimens are mounted on the specimen rack and
exposed to the radiance source. Assessment of the resistance of degradation is evaluated as
percent of strength loss and colorfastness.

Xenon arc testers. The xenon arc tester was introduced in the 1950s, and it provides the
most realistic simulation of full spectrum light in the same way the sun does, which includes UV,
visible light, and infrared wavelength. Therefore, it can provide very accurate and realistic
testing data. In this instrument, different types of filters can be used to simulate different
conditions, such as full spectrum sunlight or filtered sunlight (i.e., indoor exposures) (Lucas,
2001). The tester can also be equipped with a water spray mechanism to simulate rain conditions
(Lucas; Marques, 2002). Because full spectrum testing is particularly useful for testing
colorfastness, the xenon arc testers are more widely used than the carbon arc testers (Collier &
Epps, 1999). The major drawback of xenon arc instruments is that they are more costly than

other weathering testers or natural outdoor testing (Lucas; Marques).
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Researchers had found that the results of the experiments using xenon arc testers had a
good correlation with natural weathering tests (Ranby & Rabek, 1975). Norton, Stone, Ofjord
and Hemphill (1975) and Stone, Hardegree, Norton and Smith (1977) examined the correlation
between accelerated weathering tests and the natural weathering tests. They found that machine
weather exposures in xenon arc testers more closely simulated subtropical weathering conditions
(e.g., the climate of Florida) than exposures in carbon arc testers.

In the AATCC Test Method 169 — Weather Resistance of Textiles: Xenon Lamp
Exposure, specimens are exposed to conditions specified as humidity, irradiance level, chamber
air temperature, and black panel temperature (AATCC, 2012). The test method includes four
different test cycle options that specify different climate conditions in terms of the timing of
cycles of light and dark (i.e., turning the light on and off to imitate day and night), water spray,
temperature, and relative humidity. Option 1 and Option 2 cycles simulate the semi-tropical
climate found in South Florida but with differences in timing of the light and dark cycle, and
with and without water spray (see Table 2.4). Option 3 simulates the semi-arid climate found in
Phoenix, Arizona. In this option, the specimen is exposed to a continuous light cycle and a no-
water-spray climate condition. Option 4 simulates a temperate climate likes that of Columbus,
Ohio, with a different timing for light and dark, low relative humidity, and low black panel
temperature. In all cases, fabric specimens are mounted on the exposure rack, placed into the
xenon arc testers, and exposed to the selected conditions. The specimens are exposed for a
minimum time cycle of seven days. Upon completion, the specimens are removed from the
exposure rack, conditioned (i.e., bringing the test specimens to moisture equilibrium in an
environment controlled at 21 + 1°C (70 £ 2°F) and 65 + 2% RH as recommended by ASTM D
1776, Standard Practice for Conditioning and Testing Textiles), and evaluated for the rate of

weather degradation by either percent loss in strength and/or colorfastness.
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Table 2.4 Climate Exposure Procedure in Four Test Cycle Options

Climate Cvele Light Relative Black panel / Black
g yel Duration Humidity Water Spray Standard Thermometer
Condition | duration
per cycle (RH) temperature
. Alternating with
Option 1 . - o o 77+3°C
(Florida) 120 min | 90 min light | 70+ 5% 30 min light and (170 = 5 °F)
water spray
Option 2 . 60 min light 0 77+£3°C
(Florida) | 12°™™ | 60 mindark | /0=>% | Nowaterspray (170 = 5 °F)
Option 3 . Continuous o 77+3°C
(Arizona) 120 min light 27 + 5% No water spray (170 = 5 °F)
. - Alternating with
Option 4 . 102 min light o . 63+£3°C
(Ohio) 120 min 18 min dark 50+ 5% 18 min light and (145 = 5 °F)
water spray

Fluorescent UV testers. Fluorescent UV testers use fluorescent lamps that are similar to
the lamps used in general lighting, but they only reproduce the UV portion of the spectrum. This
approach is very effective since UVR causes almost all of the sunlight damage to textile products
that are typically used outdoors, such as tents and awnings (Lucas, 2001; Marques, 2002;
Roberts, 1999). Fluorescent UV testers also simulate the effects of outdoor moisture through a
condensation mechanism. In general, studies on outdoor materials have shown that the
condensation of dew caused more wetness than rain does. Because fluorescent UV testers offer
the best simulation of UV wavelength and are less expensive compared to carbon arc and xenon
arc testers, fluorescent UV testers are very useful for testing the physical degradation of textiles,
such as tensile strength and elasticity (Lucas). Since the spectrum distribution of fluorescent UV
testers does not extend into the visible range, these testers are not as useful as the xenon arc
tester for evaluating material colorfastness and fading, which often occurs due to exposure to
longer wavelength light.

In the AATCC Test Method 186 — Weather Resistance: UV Light and Moisture
Exposure”, fluorescent UV lamps are used as a light source and condensing humidity and/or
water spray are used for wetting (AATCC, 2012). Three test cycle options are offered by this test
method (i.e., Option 1: General Applications, Option 2: Thermal Shock Applications, and Option

3: Automotive Exterior). Option 1 is mainly used for testing outdoor materials, such as tent and
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outdoor furniture fabrics. Option 2 has been widely used for architectural and other applications
where thermal shock (i.e., sudden change in temperature) may be an issue. Option 3 is used for
testing automotive exterior materials. This test is performed similarly to the AATCC Test
Method 192, where the specimens are mounted on the special racks with the test surfaces facing
the lamp. The resistance of the degradation will be reported as either percent loss in strength

and/or colorfastness.

Effects of Weathering Exposures on Color Change of Conventional and Naturally Colored
Cotton

All apparel products are subjected to the influence of weathering (Howard & McCord,
1960). Overexposure to weathering affects the fabric’s strength and colors. Other fabric
properties, such as abrasion resistance, can also be compromised by weathering (Collier & Epps,
1999). Several studies examined the effects of weathering exposure on fabric strength (Barnett &
Slater, 1991; Little & Parsons, 1967), abrasion resistance (Barnett & Slater), and colors (Grimes,
1933). According to the studies reviewed in the section of “Effects of Dye, Bleach and Fiber
Color on Ultraviolet Radiation Transmission,” colors are relevant to fabric UV protection.
Therefore, studies related to color change were reviewed to examine if weathering exposure has
a significant effect on colors. If weathering exposure does cause damage to fabric colors,
weathering exposure may affect fabric UV protection. These studies are discussed in the
following two sections: effects of weathering exposure on color change of conventional cotton

and the effects of weathering exposure on color change of NC cotton.

Effects of Weathering Exposure on Conventional Cotton

Conventional cotton fabrics usually oxidize from prolonged exposure to sunlight,
especially UV light, which causes white and pastel color cottons to yellow (Kadolph, 2010).
Yellowing is one of the degradations that occur from exposure to weathering, especially from the
light of a wavelength shorter than 380 nm (Grimes, 1933). A few studies have examined the
effect of weathering on fabric yellowing. Morris (1966) studied the effects of weathering on
cotton fabrics and found that fabric samples exposed to sunlight during the summer months,
especially June, in California, Nevada, New Mexico, and Oregon resulted in greater yellowing

than in other seasons.
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Effects of Weathering Exposure on Naturally Colored Cotton

A study was found that examined the effects of weathering on NC cotton. Evenson and
Epps (1999) investigated how the instrumental weathering influenced the colorfastness of three
naturally NC fabrics (i.e., brown, green, and white). The researchers used a water-cooled xenon-
arc weatherometer to simulate outdoor weathering. The test specimens were exposed to a
continuous light cycle, with two different humidity levels (i.e., 30% Relative Humidity (RH) and
90% RH) for durations of 20, 40, 60, and 80 hours. Spectral reflectance and CIELAB color
measurements were taken before and after exposure. The results showed that all test specimens
became increasingly lighter as the exposure duration increased, and all test specimens showed
more color change after exposure to light at a high humidity rather than at a low humidity. The
green fabrics showed the greatest color change at both humidity levels (mean AE values of 5.1 at
low humidity and 8.7 at high humidity), while the brown had the least overall color change (i.e.,
mean AE values of 3.34 at low humidity; the researchers did not report the rating of brown
cotton at high humidity, and they did not indicate at which hours of exposure these ratings
occurred).

Two other studies also examined the color change of NC cotton (Hustvedt & Crews,
2005; Jahagirdar, Srivastava, & Venkatakrishnan, 2000). However, they only examined the
effects of light on color change, while other weathering factors (such as rain and temperature)
were not put into consideration. In a study that examined color change in lightness (i.e., color
becomes lighter or darker) due to light exposure of 11 NC cottons (i.e., two green cottons and
nine brown cottons), Jahagirdar et al. exposed the specimens to light from 400 watt mercury
vapor filament phosphor coated fluorescent lamps for 500 hours. The researchers found that all
nine brown cottons showed no significant change after being exposed to light for up to 250 hours.
The change of lightness (AL) in the nine brown colored cottons ranged from 0.18 to 1.24 after
250 hours of exposure. However, after 250 hours and up to 400 hours of exposure, the lightness
of these brown colored cottons all became gradually lighter (i.e., AL ranged from 2.99 to 10.52).
After 400 hours of exposure, the color stayed constant with no further significant change in
lightness. Hustvedt and Crews also investigated the color change of green, brown, and tan NC
cotton following light exposure. The specimens were exposed to lights of 40 and 80 AFUs
according to AATCC test method 16. The results showed that the majority of the degree of color
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change in the NC cotton occurred during the 40 AFUs of light exposure, and no significant
difference was found in color change between 40 and 80 AFUs for all NC cottons. After 40
AFUS, the color difference (AE) for green NC cotton changed from 2.1 with no exposure to 7.1;
for tan cotton it changed from 0.2 to 7.4; for brown cotton it changed from 0.2 to 4.5. After 80
AFUs, the color difference increased only slightly more with no statistical significance. Among
the green, brown, and tan color cotton, the green color changed color the most, followed by tan
and lastly brown. The research explained that the color change indicated that some damage

occurred to the chromophores (i.e., molecules that absorb light resulting in the coloration).

Washing Action of Automatic Home Clothes Washers

The automatic home clothes washer was introduced to the United States (U.S.) market in
the 1930s, and only three manufacturing companies had models on the market and in homes
before 1941 (Association of Home Appliance Manufacturers, 2008). The automatic home clothes
washer machine allows the washing of clothes by filling the machine with water, washing the
clothes, rinsing the clothes, and automatically spinning the clothes to a damp-dry state (Wilson,
1976). Now, many companies are producing automatic clothes washers, and there are over 80
million washers in U.S. homes. For the past three decades, the traditional top-loading vertical
axis washer has been dominating the U.S. market. Because large amounts of water and energy
are used with each load of clothing being washed and dried in these traditional machines, there
has been an increased concern for water and energy conservation in the area of the home laundry
process (Kadolph, 2010). Consequently, the high-efficiency (HE) washer, which operates with a
lower consumption of electric power and water as well as labeled as an Energy Star appliance,
was reintroduced into the market in 1997 (“New Generation,” 1997). The Energy Star label is a
voluntary program that the Environmental Protection Agency (EPA) and the Department of
Energy (DOE) created in 1992 to help consumers save energy and money by identifying energy-
efficient products and services (Energy Star, 2013).
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Types of Clothes Washers
In this section, the two main types of washers found in the U.S. (i.e., the traditional
vertical axis washer and the HE washer) are discussed in the first and second subsections. The

comparison of these two types of washers is discussed in the last section.

Traditional Vertical Axis Washers

From the 1930s, until recently, most clothes washers sold in the U.S. were traditional
vertical axis washers (Association of Home Appliance Manufacturers, 2008). A 2010
Association of Home Appliance Manufacturers survey of 8082 households also showed that
traditional washers were the most commonly owned (70%). Most U.S. consumers prefer a top-
loading washer because it does not require bending to load the machine (Clothes Care Research
Center, 2007). They are also sold for a more reasonable price and the total washing time is
shorter compared to HE washers (“Washer & Dryer,” 2012). However, the traditional washer
uses more water as well as energy, which is used to heat the water to the appropriate
temperatures (“New Generation,” 1997).

Traditional washers have a vertically-mounted tub that contains an agitator in the center
of the drum (Collier et al., 2009). During the laundry cycle, the tub will fill with water and the
agitator will rotate, alternating between a clockwise and counterclockwise motion to clean the
clothes. The traditional top-loading washers use approximately 40 gallons of water per load,
which allows the clothes to easily float and move in the detergent solution (Tomlinson & Rizy,
1998).

Ross, Taube, and Greene (1954) used three types of washers (i.e., automatic, semi-
automatic, and non-automatic) found on the market at that time, to study the effects of four
different types of washing actions (i.e., cylinder, agitator, agitating basket, and modified agitator)
on the breaking strength and soil removal of three lingerie fabrics (i.e., acetate-rayon satin,
acetate-rayon crepe, and nylon crepe) after 50 washing cycles. The findings showed that these
washers were not significantly different in fabric strength and soil removal, and no one type was

greatly superior to the other.
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High-efficiency (HE) Automatic Clothes Washers
Since 1992, as the result of the U.S. Department of Energy’s (USDOE) effort to enact a

set of standards to increase appliance energy-efficiency and water-efficiency, the HE clothes
washers were brought back into the market and received the Energy Star label (“New
Generation,” 1997). Although their growth has been slow, the HE clothes washer has gradually
become more popular with U.S. consumers due to increased energy and water savings
(Association of Home Appliance Manufacturers, 2008). The one major drawback of HE washers
is that they generally cost more than traditional washers, although HE washers may save money
in the long run because of the savings of water, energy, and detergent. A survey conducted by
Bellomy Research (2010) showed that HE washers were owned by 30% of the households in the
U.S., while traditional washers made up the remaining 70%.

There are two types of HE washers in the U.S. market (i.e., the front-loading HE washer
and the top-loading HE washer). Despite their differences in mechanical methods, they both use
significantly less water and energy than the traditional washers. Because HE washers use less
water than traditional washers, detergents specifically designed for HE washers were introduced
(The Soap and Detergent Association (SDA), 2008). Traditional detergents are formulated for
the high water volumes used in traditional top-loading washers to remove stains and soils. HE
detergents are formulated not only to remove stains and soils, but also to be low-sudsing and
quick-dispersing because over-sudsing may cause problems in the HE washer washing process.
The HE washer’s tumble action usually creates more suds than a traditional agitator action, due
to the interaction of the tumbling water and detergent (AATCC, 2012). The amount of water
used by HE washers does not sufficiently dilute the higher sudsing action of traditional detergent,
thus, leaving more soap residue in the clothes which impacts proper cleaning.

Front-loading high-efficiency (HE) clothes washers. The market research survey
conducted by Bellomy Research (2010) indicated that approximately 21% of the U.S. households
with a clothes washer in the house reported having a front-loading HE washer. In contrast to
traditional washers, front-loading HE washers use a tumbling action similar to a dryer, tumbling
items back and forth through a small amount of water (Association of Home Appliance
Manufacturers, 2008). By rotating the tub clockwise and then counterclockwise, the motion
flexes the weave of the fabrics and forces water and detergent through each garment, removing

soils. Since front-loading HE washers hold water only in the bottom of the tub to moisten the
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fabric (typically only one-third full of water), less water is required (Tomlinson & Rizy, 1998). If
garments are washed in either hot or warm water, using less water means that less energy is
needed to heat the water (“New Generation,” 1997). Another energy saving benefit is the shorter
drying time. Since front-loading HE washers have a significantly faster spin speed than
traditional top-loading washers, the water can be extracted more effectively. With less water
remaining in the fabrics, less energy is needed to dry laundry after washing (“New Generation™).
The other advantage of using a front-loading HE washer is that it requires less detergent since
less water is required for the laundry process. The SDA (2008) claims that the tumbling motion
used in the HE washer treats clothing more gently and also provides efficient cleaning and
rinsing. However, SDA did not indicate any studies to support this claim.

Top-loading high-efficiency (HE) clothes washers. Similar to the front-loading HE
washers, top-loading HE washers also offer gentle cleaning action (AATCC, 2012). Instead of
cleaning the clothes by rotating the tub clockwise and counterclockwise as in the front-loading
HE washers, the top-loading HE washers use a smaller-sized impeller shaped wash-plate (i.c., a
low-post agitator) or an impeller with no agitator to clean clothes. The wash-plate or impeller in
the bottom of the tub uses a wobbling motion to shake, bounce, and toss the laundry around.
With this type of washing action, the clothes are moved through the water against each other to
loosen and lift dirt and stains rather than just simple agitation as in traditional washers. Similar to
the front-loading HE washers, top-loading HE washers also spin at a very high speed, and thus,
reduce drying time and energy consumption (“Washers & Dryer,” 2007). The costs of top-
loading HE washers and front-loading HE washers are also similar (“Washers & Dryer,” 2006).
However, compared to the front-loading HE washers, top-loading HE washers are less energy
and water-efficient, but they use less water than traditional washers (“Washers & Dryer,” 2007).
These types of top-loading HE washers comprise only 10% of the HE washer market (AATCC,
2012).

Comparisons of Traditional and HE Washers

In general, front-loading HE machines can reduce water usage by 30% and energy usage
by 50% compared to traditional top-loading washers (Kadolph, 2010). Tomlinson and Rizy
(1998) conducted a study in comparing the water consumption and energy efficiency of

traditional top-loading and front-loading HE washers. One hundred and four participants, who
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were comprised of households and professional cleaners, were involved in this five-month study.
The study was divided into two phases. In Phase I, participants used their traditional top-loading
washers to wash their laundry for two months. In Phase II, participants replaced their washers
with the front-loading HE washers to wash their laundry for three months. Both water and energy
consumptions of the two phases were recorded by the participants after each load. Load
dampness, detergent use and consumption, and satisfaction with cleaning performance were also
measured. After a visual inspection of the washed clothes, participants rated their satisfaction of
the cleaning performance on a scale from “completely satisfied” to “not at all satisfied.” The
researchers found that the front-loading HE washers produced better energy and water savings
than the traditional top-loading washers. A higher percentage of “completely satisfied” ratings

were also recorded when participants used the front-loading HE washers to wash their laundry.

Effects of Washing Action on Color Change and Dimensional Change of Conventional and
Naturally Colored Cotton

The effects of washing action on clothes washers has been studied in various areas, such
as colorfastness (Ankeny et al., 2006; Wong, Chen-Yu, & Emmel, 2012), durability (i.e., fabric
strength, abrasion resistance, and pilling resistance) (Schlag & Ordonez, 2010), and maintenance
(i.e., appearance retention, dimensional change, fabric twist and stain removal) (Ankeny et al.;
Chen-Yu, Wong, & Emmel, 2012; Schlag & Ordonez). However, no study was found in
examining the effects of washing action on fabric UV protection.

According to the studies reviewed in the section of “Effects of Dye, Bleach and Fiber
Color on Ultraviolet Radiation Transmission,” and “Effects of Fabric Shrinkage on Ultraviolet
Radiation Transmission,” colors and dimensional change are relevant to fabric UV protection.
Therefore, studies related to color change and dimensional change were reviewed to examine if
washing action has a significant effect on colors and shrinkage. If washing action does cause
color change or shrinkage, washing action may also affect fabric UV protection.

After thorough searching of literature, no studies were found that examined the effects of
washing action on color change of conventional or NC cottons. However, several studies have
investigated the effects of washing action on colorfastness of dyed cotton fabrics and the effects

of repeated laundering on conventional and NC cottons. These studies are reviewed in the first
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sub-section (i.e., effects of washing action and repeated laundering on colorfastness or color
change).

Regarding the effects of washing action on dimensional change of conventional and NC
cottons, no studies were found after a detailed exploration of literature. However, several studies
have examined the effects of washing action on dimension change of dyed cotton fabrics, and
one study was found investigating the effects of repeated laundering on dimensional change of
NC cotton. These studies are reviewed in the second section (i.e., effects of washing action and

repeated laundering on dimensional change).

Effects of Washing Action and Repeated Laundering on Colorfastness or Color Change

To differentiate the change of dyed or printed color from the change of natural fiber color,
different terms (i.e., colorfastness and color change resistance) are used in this study.
Colorfastness is defined as the ability to maintain an original dyed or printed color and the ability
to resist its colorants to adjacent materials (AATCC, 2012). Color change resistance is defined as
the ability to resist the color change of any kind, whether in chroma®, hue, and lightness, or any
combination of these (AATCC). Colorfastness or color change resistance to laundering is
important in textiles and garments that undergo frequent laundering (Collier et al., 2009).
Consumers have consistently cited color loss in home laundering as one of the major problems
associated with cotton products (Cotton Incorporated, 2004). No study was found on examining
the effects of washing action on color change of conventional and NC cottons. However, several
studies have investigated the effects of washing action on colorfastness of dyed cotton fabrics,
and these studies are reviewed in the first sub-section (i.e., effects of washing action on
colorfastness of dyed cotton fabrics). As mentioned in the above paragraph, several studies on
the effects of repeated laundering on conventional and NC cottons were found, and these studies
are reviewed in the second-sub section (i.e., effects of repeated laundry on color change of NC
cotton).

Effects of washing action on colorfastness of dyed cotton fabrics. Ankeny et al. (2006)
investigated the effects of various washers on the colorfastness to laundering of black cotton knit

fabrics after 20 laundering cycles. In this study, the researchers used three types of washers (i.e.,

nn

3 Chroma is the strength of a color, and is sometimes substituted for terms like "intensity," "saturation," or "purity"
(Collier & Epps, 1999). A low chroma may be referred to as a dull color and a high chroma may be described as a
bright color.
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a top-loading HE washer, a front-loading HE washer, and a traditional washer) but only one type
of dryer was used for drying the test specimens. The test specimens were labeled, initial color
readings taken from Cotton Incorporated, and then shipped to the Whirlpool Corporation for
laundering. Test specimens were laundered with different repeated laundering cycles (i.e., 1, 5,
10, 15 and 20). After laundering, the Whirlpool Corporation measured the colorfastness of
laundered samples using a HunterLab™ ColorQuest spectrophotometer with Universal software.
The laundered samples were then sent back to Cotton Incorporated. Cotton Incorporated used
three types of measurements to measure colorfastness (i.e., AE values where a HunterLab™
UltrascanXE spectrophotometer equipped with SliForm™ software was used to take the color
readings, percent of color strength, and the ratings of the AATCC Gray Scale for color change).
According to the results from the color readings by the HunterLab™, Cotton Incorporated found
that the top- loading HE washer imparted more color change than traditional and front-loading
washers after 10 cycles and beyond, but no significant differences were found between the front-
loading and traditional washers. After the 10 cycles, the mean AE value is 1.08 for a top-loading
HE washer and 0.88 for both traditional and front-loading HE washers. After 20 cycles, the mean
AE value changed to 1.98 for a top-loading HE washer, 1.65 for a front-loading HE washer, and
1.48 for a traditional washer. Another study conducted by Wong et al. (2012), comparing a
traditional washer and a front-loading HE washer also found no significant differences in
colorfastness before washing and after 1, 5, 10, 15, and 20 laundering cycles. However, a
significant difference was found related to the number of laundering cycles, where the color had
faded most significantly after the first laundering. Significant differences were also found
between the 1 and 5, 5 and 10, and 10 and 20 cycles; however, no significant differences were
found in between the 10 and 15 cycles, or the 15 and 20 cycles.

Effects of repeated laundry on color change of naturally colored cotton. No study was
found in comparing the washing action on the color change of NC cotton. However, many
studies reported NC cotton became darker after repeated launderings (Dickerson et al., 1999;
Elesini, Richards, & Rowe, 1996; Kantor & Moore, 2004; Williams & Horridge, 1996). Elesini
et al. examined the effects of washing on a brown and a green NC cotton, and a white
conventional cotton was also included to serve as a control. All specimens were knit fabrics. The
test samples were laundered for 50 laundry cycles, and a Datacolor Spectra flash 300 Reflectance

Spectrophotometer was used to measure color change. The results showed that there was a
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significant darkening for both brown and green cotton with the increase of laundry cycles, while
white cotton displayed no significant change. After 5 laundry cycles, the lightness change (AL)
was -2.5 for brown NC cotton and -3.0 for green. After 25 laundry cycles, the AL was -5.5 for
both brown and green cottons, and after 50 laundry cycles, the AL was -6.5 for brown cotton and
-8.3 for green cotton. Another consistent result was found in the study of Williams and Horridge,
who also studied the color changes of a brown and a green NC cottons, and a white conventional
cotton. The color changes were measured after 15 laundering cycles by two types of
measurements (i.e., MacBeth Series 1500 Color Measurement System and Gray Scale for color
change); however, the researcher only reported the results measured by the MacBeth Series 1500
Color Measurement System. The researchers indicated that both brown and green NC cottons
became darker after repeated laundering cycles while the control (i.e., white conventional cotton)
became lighter. However, the researchers did not provide information regarding the lightness
change values. Considering the color change, the green cotton was affected most by repeated
launderings among the three colors (i.e., AE = 7.39 for green, 4.17 for brown, and 0.75 for white).
Dickerson et al. (1999) also examined the color change of three NC cottons (i.e., brown,
green, and red), and a white conventional cotton was also included to serve as a control. All
specimens were also knit fabrics, and the color changes were measured after 5, 10, 15, and 20
laundering cycles. Consistently, the results showed that all NC cotton fabrics became darker after
laundering, especially during the first 5 laundering cycles (i.e., AL = -4 for brown, -8 for red, and
-10 for green). However, different from the study of Elesini et al. (1996), the darkness of NC
cottons did not increase with the increase in number of laundering cycles after 5 laundering
cycles. For the white conventional cotton, the results were consistent with the study of Elesini et
al. (1996) with no noticeable color change. Consistent results were also shown in the study
conducted by Kantor and Moore (2004), who investigated the effects of laundering on buffalo
NC cotton knit fabrics with three different constructions (i.e., rib, fleece, and terry). The color
changes were measured after 5, 10, and 20 laundering cycles using the Gray Scale for Color
Change. In the Gray Scale method, the color change of the test specimen is evaluated by
comparing the test specimen with a corresponding untested sample, where 5 corresponds to no
change and 1 indicates that the color has changed most severely (AATCC, 2012). The findings
showed that the color changes more with an increase of laundry cycles in all fabrics despite

different fabric structures. After 5 laundry cycles, the color changes were 3.11 for rib and 2.83
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for both fleece and terry. After 20 laundering cycles, all fabrics showed further color changes of
2.61 for rib, 2.56 for fleece, and 2.67 for terry.

Effects of Washing Action and Repeated Laundering on Dimensional Change

Dimensional change is defined as the changes of length or width of a fabric subjected to
specific conditions, such as after being worn, washed, and/or dry-cleaned (AATCC, 2012). A
fabric may shrink (decrease), grow (increase), or have no change in size. Dimension retention is
very important because a garment can become unusable if it shrinks or grows out of shape. In the
apparel industry, the acceptable dimensional change is generally recognized as no more than 3%
of the shrinkage values (Lyle, 1977).

No study was found in examining the effects of washing action on dimensional change of
un-dyed and NC cottons, but several studies were found in investigating the washing action on
dimensional change of dyed cotton, and these studies are reviewed in the first sub-section (i.e.,
effects of washing action on dimensional change of dyed cotton fabrics). Studies were also found
in the examination of the effects of repeated laundering on the dimensional change of NC cotton,
and these studies are discussed in the second sub-section (i.e., effects of repeated laundry on
dimensional change of NC cotton).

Effects of washing action on dimensional change of dyed cotton fabrics. Ankeny et al.
(2006) investigated the effects of various washers on the shrinkage of cotton knit fabrics after 20
laundering cycles. In this study, the researchers used three different types of washers (i.e., top-
loading HE washer, front-loading HE washer, and traditional washer) but only one type of dryer
was used for drying the test specimens. The results showed that no significant difference in
dimensional change among these three types of washers was found. Schlag and Ordonez (2010)
studied the effects of washing action on the fabric dimensional change of white 100% cotton
plain woven and knit fabrics in traditional and front-loading HE washers. The results also
showed no significant difference between the two washers for both woven and knit ballast
fabrics after 30 laundering cycles. Wong et al. (2012) compared the effects of traditional and
front-loading HE washers and dryers on the dimensional change of a 100% cotton woven fabric
and consistently found no significance between the two types of washers but was significant

between selected laundering cycles. Shrinkage significantly increased after first wash, and also
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between 1 and 5, and 5 and 10 cycles. No significant differences were found between 10 and 15
cycles, and between 15 and 20 cycles.

Effects of repeated laundering on dimensional change of naturally colored cotton.
Dickerson et al. (1999) examined the dimensional change of three NC cottons (i.e., brown, green,
and red). All specimens were knit fabrics. The findings showed that all fabrics had considerable
shrinkage after laundering and the most change occurred after the first laundering. The

researchers did not provide the information about the percentage of shrinkage.

Summary of the Literature Review

UVR is the radiation between 280 nm and 400 nm (Eckhardt & Rohwer, 2000), and the
UVR band consists of three regions: UVA (between 315 nm to 400 nm), UVB (between 280 nm
to 315 nm), and UVC (less than 280 nm) (Diffey, 1991). A small dose of UVR is necessary for
human well-being; however, overexposure to UVR can result in harmful effects on human skin
(Grant et al., 2003). Textiles have been used to reduce health risks related to UVR exposure, and
garments are usually treated as an effective means to slow the cumulative exposure to UVR
(Capjack et al., 1994).

There are two distinct approaches to determine the fabric’s UVR transmission (i.e.,
laboratory testing in vivo and instrumental measurement in vitro). The main advantages of the in
vivo test method are acquiring a direct response of human skin to UVR (Menzies, et al., 1991).
However, the disadvantages of this test method are that it is difficult to carry out as a standard
test method because humans are involved as the test subject. Different from the in vivo test
method, the UPF obtained in the in vitro test method measures the protection blocked from both
UVA and UVB (Edlich, et al., 2004). The main advantage of this test method is that it is a
relatively economical and practical way to measure UVR transmission (Gambichler et al., 2002).
The three instruments frequently used in the in vitro approach to measure UVR transmittance are
radiometric, spectroradiometric, and spectrophotometric. Among the three instruments, the
spectrophotometric is the most commonly used method today to determine fabric UVR
transmittance (Gambichler et al., 2006). UPF is the instrumental evaluation value for in vitro of a

textile with UVR protection. It is calculated by the ratio of the average effective UVR irradiance
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transmitted without fabric to the average effective UVR irradiance transmitted through the fabric
(AATCC, 2012).

In the U.S., two national standard setting organizations (i.e., AATCC and ASTM) have
been involved in developing test methods for textile UV transmission tests (i.e., AATCC 183 and

ASTM D 6544). There are several national standards for the determination of the UV protection
of textile materials [i.e., AS/NZS 4399 (Australia/New Zealand), prEN 13758-1and prEN 13758-
2 (The European Committee for Standardization), ASTM D6544 (United States)]. The standard
that is used in the U.S. is ASTM D6544, in which fabrics are classified into three categories of
UVR protection [i.e., better (UPF between 15 and 24), very good (UPF between 25 and 39), and
excellent (UPF of 40 and above)]. Fabrics with UPF less than 15 cannot be labeled as UV
protective.

Inconsistent studies were found that showed the effects of fiber types on UVR
transmission, where two old studies stated that cottons had a lower UVR transmission (Genkov
& Atmazov, 1968; Welsh & Diffey, 1981), while other studies stated that cellulose-based fabrics
like cotton, linen, and rayon had a higher UVR transmission, and polyester has better UVR
protection, especially in blocking UVB radiation (Crews et al., 1999; Davis et al., 1997; Hilfiker
et al., 1996; Reinert et al., 1997). Fabric cover is the most important fabric property that affects
UVR transmission (Crews et al.; Hoffmann, Lapperre et al., 2001; Pailthorpe, 1998). Fabric
cover can be defined as the percentage of fabric surface covered by the warp and filling yarn
(Capjack, Kerr et al., 1994), and when the fabric cover is high, the UVR transmission decreases,
providing better protection. Heavy and thicker fabrics also blocked more UVR (Berne & Fischer,
1980; Crews et al., 1999; Wong et al., 2000), and even small amounts of shrinkage could
increase fabric cover and lead to significant improvements in the UVR protection (Gies et al.,
1994; Sliney et al., 1987; Stanford et al., 1995a; 1995b). Studies also found a significant decrease
in UPF with fabric stretch (Moon & Pailthorpe, 1995; Sayre & Hughes, 1993; Sinclair & Diffey,
1997) and when textiles are wet (Crews & Zhou, 2004; Gambichler et al., 2002; Gies et al., 1994;
Jevtic, 1990; Pailthorpe, 1994; Zhang et. al., 1997). Furthermore, darker colors and NC fabrics
offer better UV protection (Gies et. al., 1998; Pailthorpe, 1993; Reinert et al., 1997). In contrast,
bleached fabrics offer lower UV protection (Crews et al., 1999). The use of UV absorber during

fabric manufacturing or during home laundering leads to good UV protection (Eckhardt &
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Osterwalder, 1998; Eckhardt & Rohwer, 2000; Gies et al., 1994; Hustvedt & Crews, 2005;
Schaumann & Rohwer, 2003; Srinivasan & Gatewood, 2000; Xin et. al., 2004).

Perspiration is an important mechanism for the human body to maintain heat balance,
which assists the human body in cooling down (Hatch, 1993). Human perspiration will occur
more frequently due to hot temperatures and increased physical activities during the summer.
Human perspiration is composed of water, urea, lactic acid, amino acids, sugar, alkali
sulfates/phosphates, inorganic salts, and uric acids (McSwiney, 1934). It can cause fabric color
fading and alteration (Lyle, 1977). Artificial perspiration solutions have been developed to
simulate the action of normalized perspiration on the textile product because it is almost
impossible to collect large amounts of perspiration for use in laboratory research (McSwiney).
Bhat et. al. (1990) studied the effect of perspiration on greige cotton clothes, and the results
showed that yellowing occurred with an increase in treatment time. Other studies examined the
colorfastness to perspiration of 10 types of fabrics, and found that polyester/cotton and
wool/nylon blends had the least color loss, while cotton, rayon, and silk were the most
susceptible to color loss (Bhat et. al., 1990; Srivastava, 1992). Wimberley and Roper (1997)
examined the effects of perspiration on NC cotton in color transfer (i.e., color stains or transfers
to another fiber) and found that no color transfer occurred for all the test fabrics because the
fabric coloration was a genetic component. Oktem et al. (2003) and Wimberley and Roper (1997)
used two different types of artificial perspiration solutions (i.e., AATCC standard solution
contains only acid vs. ISO standard solution both acid and alkaline) and color measurement
[CIELAB reading vs. Gray Scale readings] to measure the effects of perspiration on NC cottons.
Different results were found where Wimberley and Roper found that all fabrics became lighter
after soaked in the artificial perspiration solution while Oktem et al. only found slight color
change.

During normal use, most textiles are exposed to sunlight, rain, humidity, and various
temperatures, and these environmental factors have a degradation effect on fabric properties,
including durability and colorfastness (Collier & Epps, 1999; Howard & McCord, 1960; Slater,
1986; Wall & Frank, 1971). Several standard test methods are used to evaluate the weather
resistance of textiles, and these test methods can be classified as either natural weathering testing
or accelerated laboratory testing. Natural weathering testing is the most realistic way to test the

weather resistance of a textile product, in which the textile product is exposed to natural weather
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conditions (i.e., outdoor exposure) or to natural sunlight behind glass (i.e., to imitate indoor
exposure) (AATCC, 2012). The unpredictability of weather makes outdoor degradation exposure
difficult to perform precisely because solar radiation is not available during the nighttime, and
seasonal conditions also affect natural sunlight, thus affecting the textile degradation (Hawkins,
1984). Consequently, accelerated weathering tests were developed. There are several advantages
of accelerated weathering tests: the use of controlled test conditions, cost effectiveness, and
possible estimation of exposure time (Lucas, 2001). One major drawback of accelerated
weathering is none of the instrumental methods can precisely reproduce sunlight (Collier & Epps,
1999). Three types of illumination light sources have been widely used to study the weathering
effects of textiles, including the carbon arc lamp, xenon lamp, and fluorescent UV lamp (Lucas).
Studies have shown that overexposure to weathering affected the fabric’s strength and colors
(Collier & Epps, 1999). Yellowing is one of the degradations that occur from exposure to
weathering (Grimes, 1933), and Morris (1966) studied the effects of weathering on cotton fabrics
and found that fabric samples exposed in summer months had greater yellowing than in other
seasons. Evenson and Epps (1999) found that NC cottons became increasingly lighter as
exposure duration increased (i.e, 20, 40, 60, and 80 hours) and also showed more color change
after exposure to light at high humidity than at low humidity. Two studies also examined the
color change of NC cotton (Hustvedt & Crews, 2005; Jahagirdar et al., 2000), but only
investigated the effects of light on color change, while other weathering factors (such as rain and
temperature) have not been put into consideration. The findings of these studies showed that the
majority of the test specimens showed color change after exposure to light for a period of time
(i.e., after 250 hours or after 40 AFUs), and then the color stayed constant between 400 and 500
hours or between 40 and 80 AFUs (Hustvedt & Crews; Jahagirdar et al.).

The traditional top-loading vertical axis washer has been dominating the U.S. market for
the past three decades (Association of Home Appliance Manufacturers, 2008). Most U.S.
consumers prefer a top-loading washer because it does not require bending to load the machine
(Clothes Care Research Center, 2007). Traditional washers are also sold for a more reasonable
price and the total washing time is shorter compared to HE washer (“Washer & Dryer,” 2012).
However, the large amounts of water and energy that are used with each load of clothing being
washed and dried in the traditional washer lead to the increased concern for water and energy

conservation of the home laundry process. As a result, the HE washer, which operates with a

62



lower consumption of electric power and water, was introduced into the market in 1997 and
labeled as an Energy Star (“New Generation,” 1997). There are two types of HE washers in the
U.S. market (i.e., the front-loading HE washer and the top-loading HE washer). Although their
growth has been slow, they have gradually become more popular as U.S. consumers become
more environmentally conscious (Association of Home Appliance Manufacturers, 2008). The
one major drawback of HE washers is that they generally cost more than traditional washers,
although HE washers may save money in the long run because of the savings of water, energy,
and detergent. In general, front-loading HE machines can reduce water usage by 30% and energy
usage by 50% compared to traditional top-loading washers (Kadolph, 2010). Previous studies
showed that washing action of traditional and front-loading HE washers do not affect
colorfastness and dimensional change of dyed cotton fabrics (Ankeny et al., 2006; Wong et al.,
2012). The color of all NC cottons, regardless of what kind of color (i.e., brown, green, or
buffalo), would change after repeated laundering (Dickerson et al., 1999; Elesini et al., 1996;
Kantor & Moore, 2004; Williams & Horridge, 1996). The study by Elesini et al. indicated clearly
that both green and brown NC cottons became darker after repeated laundering, but the green NC
cotton became much darker than the brown color. Besides, the NC cotton fabrics in the study of

Dickerson et al. showed a considerable dimensional change after laundering.
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CHAPTER 11
MATERIALS AND METHODS

This chapter includes eight sections to provide an explanation of methods and procedures
for this study. The first section, purpose and objectives of the study, lists the purpose, the
primary objectives, and secondary objectives of the study. The second section, research design,
lists the dependent variables of the study and explains the level in each independent variable. The
third section, hypotheses of the study, lists the hypotheses generated from the objectives of the
study. The fourth section, materials, discusses the fabrics and detergents used in this study. The
fifth section, specimen preparation, explains the procedures of preparing and cutting the test
specimens. The sixth section, experiment timeline and testing procedures, discusses the timeline
of experiments for the three replicates, the measurements of UVR protection and the five
additional dependent variables, and the testing method and procedures of each treatment. The

data analyses are addressed in the last section.

Purposes and Objectives of the Study

The primary purpose of the study was to examine the effects of perspiration application,
weathering exposures, washing action of automatic home clothes washers, and repeated
laundering on the UVR protection of a NC lightweight cotton fabric. In addition, five fabric
property changes in the test specimen after the treatments of perspiration, weathering exposure,
washing action, and repeated laundering (i.e., fabric count change, thickness change, weight
change, color change and dimensional change) were included in this study to serve as secondary
dependent variables to examine if the four treatment factors (i.e., perspiration application,
weathering exposures, washing action of automatic home clothes washers, and repeated
laundering) will cause changes in these five fabric properties, and if these changes will lead to

changes of UVR protection of NC lightweight cotton fabric. Based on the purposes of the study,
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two sets of objectives, primary and secondary objectives were included and these objectives are

listed below.

Primary Objectives

The primary objectives were to test if the four treatments (i.e., perspiration application,
weathering exposures, washing action of automatic home clothes washers, and repeated
laundering) affected the UVR protection of a NC lightweight cotton fabric. The primary
objectives are listed as the following:

(g) To examine the interaction in the effects of perspiration, weathering exposures,
washing action, and repeated laundering on the UVR protection of a NC lightweight
cotton fabric;

(h) To examine the UVR protection of a NC lightweight cotton fabric with and without
the presence of perspiration;

(1) To examine the UVR protection of a NC lightweight cotton fabric before and after
two types of weathering exposures (i.e., semi-tropical climate without water spray
and semi-arid climate), and a control (i.e., specimens are stored in the standard textile
testing condition without weathering exposure);

(j) To examine the UVR protection of a NC lightweight cotton fabric before and after the
washing in the two types of washers (i.e., traditional washer and HE washer);

(k) To examine the UVR protection of a NC lightweight cotton fabric before and after 15
repeated laundering;

(I) To examine the variables (i.e., perspiration, weathering exposure, washing action, and
repeated laundering) that best predict the UVR protection of a NC lightweight cotton

fabric.

Secondary Objectives

The secondary objective was to examine if the treatments (i.e., perspiration application,
weathering exposures, washing action of automatic home clothes washers, and repeated
laundering) would cause changes in five fabric properties of the test specimen (i.e., fabric count
change, thickness change, weight change, color change and dimensional change). The secondary

objectives are listed as the following:
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(e)

®

(2

(h)

To examine if perspiration application will cause the changes in five fabric properties
of the test specimen (i.e., fabric count change, thickness change, weight change, color
change and dimensional change). If there are changes to the five fabric properties
after the perspiration treatment, then further examinations will be conducted to
determine if there is a relationship between the changes in these five fabric properties
and the change in UVR protection of a NC lightweight cotton fabric;

To examine if two weathering exposure conditions (i.e., semi-tropical climate without
water spray and semi-arid climate), and a standard textile testing condition without
weathering exposure (i.e. serving as a control) will cause the changes in five fabric
properties of the test specimen (i.e., fabric count change, thickness change, weight
change, color change and dimensional change). If there are changes to the five fabric
properties after the weathering exposure treatment, then further examinations will be
conducted to determine if there is a relationship between the changes in these five
fabric properties and the change in UVR protection of a NC lightweight cotton fabric;
To examine if two different types of washing action of automatic home clothes
washers (i.e., traditional washer and HE washer) will cause different degrees of
changes in five fabric properties of the test specimen (i.e., fabric count change,
thickness change, weight change, color change and dimensional change). If there are
changes to the five fabric properties after washing in the two types of washers, then
further examinations will be conducted to determine if there is a relationship between
the changes in these five fabric properties and the change in UVR protection of a NC
lightweight cotton fabric;

To examine if repeated launderings up to 15 laundering cycles will cause changes in
five fabric properties of the test specimen (i.e., fabric count change, thickness change,
weight change, color change and dimensional change). If there are changes to the five
fabric properties after repeated launderings, then further examinations will be
conducted to determine if there is a relationship between the changes in these five

fabric properties and the change in UVR protection of a NC lightweight cotton fabric.
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Research Design

Based on the purpose and objectives of the study, a split-plot repeated measures
experimental design was used for the current study. The split-spot experimental repeated
measures design was selected for this study mainly due to three reasons. Firstly, the split-plot
experimental design contains two levels of experimental units (i.e., whole plots and sub-plots),
where the sub-plots are the experimental units within the whole plots. In this study, the whole-
plot experimental units were the swatches sized 880 mm x 2840 mm (34.5 x 111 inches). The
whole plot treatment was the weathering exposure, which contained three levels (i.e., semi-
tropical climate without water spray, semi-arid climate, and standard conditioning). Because
there were three levels, the number of whole-plot experimental units for one replicate was three.
In other words, there was a total of three fabric swatches sized 880 mm x 2840 mm for each trial,
one fabric swatch for one type of weathering condition. These three fabric swatches were cut
randomly from the same roll of fabric and the details of these fabric swatches’ preparations are
explained in the section “Specimen Preparation.” These three fabric swatches were randomly
assigned to receive one of the three weathering conditions, and therefore the whole-plot was
considered a completely randomized design.

Another level of experimental units was needed for the combinations of two treatment
factors (i.e., 2 levels of perspiration x 2 levels of washing action = 4 combinations of the two
treatment factors). In addition, the fabric UVR protection in this study was expressed as an
ultraviolet protection factor (UPF), which was calculated as the ratio of UVR without fabric
present over the irradiance with a fabric present (AATCC, 2012). According to the AATCC Test
Method 183, two test specimens from each swatch are required to determine the UPF value.
Thus, eight test specimens were needed to cut from each swatch to serve as sub-plot
experimental units (2 test specimens x 4 treatment combinations = 8 test specimens). All test
specimens cut from the same whole plot unit were exposed to the weathering condition together.
The sub-plots in the current study thus form a generalized randomized complete block design. A
generalized randomized complete block design is a design in which each treatment is replicated
the same number of times in each block (i.e., each whole plot). In this study, treatments of
perspiration and washing action were repeated twice because two test specimens were needed to

measure the UPF value.
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Secondly, in order to understand the effects of repeated laundering on the UVR
protection, except for the control group, all test specimens were laundered after being treated
with the three treatment factors (i.e., perspiration, weathering exposure, and washing action), and
this process was repeated 15 times. The UVR protection of these treated test specimens was
measured before laundering, and after each laundering cycle. In other words, the outcomes of the
laundering effects were measured on the same test specimen over time. One main advantage of
repeatedly measuring the same test specimen after each treatment is that the measurement taken
from the test specimen in a repeated measures design has less variability due to the elimination
of the sampling error (Stevens, 2009). For this reason, the repeated measures design was

incorporated into this research design.

Primary and Secondary Dependent Variables

The main objective of this study was to understand the effects of the four treatment
factors (i.e., perspiration application, weathering exposures, washing action of automatic home
clothes washers, and repeated laundering) on the UVR protection of a NC lightweight cotton
fabric. The fabric UVR protection in the current study was expressed as an UPF value. The
higher the UPF value, the better the fabric UVR protection; consequently, UPF can be
interpreted as how much the test fabric inhibits the UVR to pass through it. Because NC colored
cottons usually have high UPF values (Hustvedt & Crews, 2005), it is important to understand
any UPF value change before and after the four treatments application. For this reason, the
primary dependent variable in this study was the UPF value change.

The secondary objective was to examine the effects of perspiration application,
weathering exposures, washing action of automatic home clothes washers, and repeated
laundering on five fabric properties (i.e., fabric count change, thickness change, weight change,
color change, and dimensional change). Thus, these five fabric properties were measured and

serve as “secondary dependent variables.”
Independent Variables

Based on the objectives of the study, four independent variables were selected (i.e.,

perspiration application, weathering exposure, washing action of automatic home clothes

68



washers, and repeated laundering). In this section, the reasons for selecting these independent

variables and the levels in each variable are discussed in the following sections.

Perspiration Application

The first independent variable was perspiration application, which includes two levels

(i.e., with perspiration and without perspiration). Hot and humid summer weather can cause an

increase in perspiration. The perspiration assists in regulating human body temperature by

increasing the heat lost, and transforms the sweat that is present on the skin surface into water

vapor (Hatch, 1993). The human body cools down by the moisture evaporating into the

atmosphere. Cotton fibers are commonly used for lightweight clothing due to its excellent ability

to absorb moisture, including perspiration from the human body (Kadolph, 2010). However,

previous studies showed that NC cottons became lighter after application of perspiration

(Wimberley & Roper, 1997). Because lighter color offers less fabric UVR protection, the

application of perspiration may affect the UVR protection. Therefore, perspiration application

was included in this study to examine its effects on the UVR protection of a NC lightweight

cotton fabric. Furthermore, a control group (i.e., without perspiration treatment) was also

included in the study to serve as a standard to compare to the perspiration treatment group

(Oehlert, 2010). By comparing the treatment group with the control group, the researchers can

understand whether the treatment factors have any effect on the study (see Table 3.1).

Table 3.1 Levels of Independent Variables

1

2

Perspiration

Control
(No treatment)

With treatment

Semi-tropical climate with

home clothes
washers

washer with an agitator

Weathering Control the modification of Semi-arid
Exposure (Standard conditioning) removing water spra climate
Conditions & gW pray (Arizona)
(Florida)
Washing Action | Washing action of a traditional | Washing action of a front-
of automatic washer: Top-load vertical axis | loading HE washer with

tumble action

Repeated
Laundering

0,1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14 and 15 laundering cycles
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Weathering Exposure

The second independent variable was weathering exposure. Clothing made of lightweight
fabrics is usually worn during the summer season and are subjected to the effects of weathering.
The combination of weathering elements, which includes sunlight, rain, humidity, and
temperature (heat and cold), can cause degradation in fibers (Barnett & Slater, 1991). Previous
studies showed that NC cottons became lighter after prolonged exposure to light (Hustvedt &
Crews, 2005; Jahagirdar et al., 2000) or exposure to light and humidity (Evenson & Epps, 1999).
Because lighter colors offer less fabric UVR protection, weathering exposure may affect the
UVR protection. For these reasons, this variable was included in this study to examine the effects
of weathering exposure on the UVR protection of a NC lightweight cotton fabric.

Two conditions were selected among the four conditions listed in the AATCC Test
Method 169 — Weather Resistance of Textiles: Xenon Lamp Exposure (AATCC, 2012). The two
weathering conditions were Option 1 — a semi-tropical climate option found in South Florida and
Option 3 — a semi-arid climate found in Phoenix, Arizona (see Table 3.1). The reason to select
these two weathering conditions was because Florida and Arizona have long been benchmarks
for real-time, outdoor exposure testing due to their extreme climates that accelerate the
degradation of materials (Lucas, 2001). However, a modification of omitting water spray for
Option 1 — a semi-tropical climate option found in South Florida was made to better simulate a
weathering condition that a fabric in summer clothing is usually exposed to. The fabric tested in
this study is not an outdoor textile, which may be exposed to rain for a long period of time. It is
unusual for a person to frequently stay in the rain for a long period of time, unlike outdoor
furniture, and thus the setting with water spray will be omitted. The other two conditions that
were not tested in the current study were: Option 2 — semi-tropical climate with restricted water
supply and light and dark alternate light cycles, and Option 4 — temperate climate. Due to the
weathering chamber limitation, the Option 2 condition cannot be conducted. Option 4 - the
temperate climate commonly found in Ohio was not selected because the geographical location
of such weather condition has lower levels of solar UVR in comparison with Florida and Arizona.
The setting of this option was less extreme than the other three options; therefore, it may have
less effect on the fabric properties and UPF value change. For this reason, this option was not

selected.
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In addition to the two selected weathering conditions (i.e., a modified semi-tropical
climate and a semi-arid climate), the specimens in the control experimental group were
conditioned in the standard atmospheric condition for textile testing (i.e., 21 = 1 °C or 70 = 2 °F,
65 + 2% Relative Humidity, and no light exposure) according to the ASTM D1776 — 08el1:
Standard Practice for Conditioning Textiles for Testing (ASTM, 2013).

Washing Action of Automatic Home Clothes Washers

The third independent variable was washing action of automatic home clothes washers.
There are a wide variety of automatic home clothes washers being introduced to the consumer
market, such as the traditional washer and HE washer, to accommodate the consumers’ needs.
The effects of washing action of clothes washers have been studied in various areas, such as
colorfastness (Ankeny et al., 2006; Wong et al., 2012), durability (i.e., fabric strength, abrasion
resistance, and pilling resistance) (Schlag & Ordonez, 2010), and maintenance (i.e., appearance
retention, dimensional change, fabric twist and stain removal) (Ankeny et al.; Chen-Yu et al.,
2012; Schlag & Ordonez). These studies showed that HE washers had better performance in
abrasion and pilling resistance, as well as less wrinkle and skewness than a traditional washer.
These results suggest that the washing action of HE washers may be gentler than the washing
action of traditional washers, and thus may have different effects on fabric UVR protection.
Therefore, an HE washer and a traditional washer were selected to examine whether different
types of washing action would have different effects on fabric UVR protection. The two types of
washing action of automatic home clothes washers were: (a) washing action of a traditional
washer (i.e., a top-load vertical axis washer with an agitator) and (b) washing action of a front-

loading HE washer (i.e., a front-loading HE horizontal axis washer with tumble action).

Repeated Laundering

The forth independent variable was the number of repeated laundering cycles, which
includes 16 laundering cycles (i.e., 0, 1,2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14 and 15). The zero
laundering cycle was treated as a control group, in which the fabric specimens were not
laundered. During the summer season, clothing is usually laundered more often than clothing
worn in other seasons in order for them to be clean and hygienic because human perspiration

increases during the hot summer. The increase of perspiration can discolor, stain, or deteriorate
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some of the fabrics of the garment, especially in the underarm area (Lyle, 1977). Dickerson et al.
(1999) found that NC cotton showed considerable dimensional changes after laundering and
previous studies have shown that small amounts of shrinkage could lead to significant
improvements in the fabric UVR protection because shrinkage caused the fabric cover to
increase (Sliney et al., 1987; Stanford et al., 1995a; 1995b). For these reasons, repeated
laundering was included in this study.

In the current study, the total washing cycles was 15 cycles. The selection of the number
of laundering cycles was based on a previous study investigating the effects of repeated
laundering on NC cotton and the results of a pilot test. Williams and Horridge (1996) examined
the effect of washing on a brown NC cotton fabric and a green NC cotton fabric after 15 cycles.
Their results showed that the NC cottons became significantly darker after 15 repeated
laundering cycles. In addition, in a wear study of Stanford et al. (1995a), the authors assumed
that consumers would wash their clothes once a week. The same assumption was used in the
current study. Because the summer season has the duration of three months, about 13 weeks, 15
laundering cycles were assumed to be similar to the total number of washings of a certain

garment in the summer season.

Hypotheses of the Study

The purpose of the study was to examine the factors that may significantly influence the
UVR protection of a NC lightweight fabric. Based on the purpose of the study, seven hypotheses
were formed and organized by the dependent variables (i.e., UPF value change, fabric count
change, thickness change, weight change, color change and dimensional change). To simplify the
statement of hypotheses, the term “NC lightweight cotton fabric specimens” is shortened to “test

specimens.”
Hypothesis 1: Perspiration application, weathering exposure, washing action of automatic home

clothes washers, and repeated laundering will influence the UPF value change of

the test specimens.
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Because four independent variables with multiple levels were used in this study, some
interactions might exist among independent variables. For instance, the test specimens
treated with perspiration were expected to have lower UVR protection because
perspiration causes textile colors to lighten (Oktem et al., 2003; Wimberley & Roper,
1997), and thus the UVR protection of the treated textile was expected to become lower
(i.e., larger UPF). Meanwhile, NC cotton fabric was expected to have better UVR
protection after repeated launderings because the fabric becomes darker after washing
(Dickerson et al., 1999; Elesini et al., 1996; Kantor & Moore, 2004; Williams & Horridge,
1996), and darker color fabrics offer better UVR protection (i.e., higher UPF) (Gies et al.,
1998; Kim et al., 2004; Pailthorpe, 1993; Reinert et al., 1997). In this case, a non-
constancy of simple effect might occur (i.e., an interaction) between perspiration
application and repeated launderings. Based on these reasons, Hypothesis 1a was formed.
Hla: There is an interaction among the effects of the application of four treatment
factors (i.e., perspiration application, weathering exposure, washing action of
automatic home clothes washers, and repeated laundering) on the UPF value

change of test specimens.

Studies found that fabrics with lighter colors generally provide lower UVR

protection (i.e., smaller UPF values) than those with darker colors (Gies et al.,

1998; Pailthorpe, 1993; Reinert et al., 1997). Furthermore, Wimberley and Roper

(1997) and Oktem et al. (2003) found that both NC woven and knitted cotton

fabrics became lighter after being treated with artificial perspiration. If

perspiration causes the colors of NC cotton fabrics to lighten, then the UVR

protection of the treated fabrics will become lower (i.e., smaller UPF values) or

have a greater change in UPF value. Based on the results from the studies above,

Hypothesis 1b was formed.

H1b: There is a difference in UPF values between the test specimens treated with and
without perspiration. The test specimens treated with perspiration will have a

greater change in UPF value than the specimens without treatment.
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Studies investigating color change in NC cotton fabrics due to light exposure
found that all NC cottons in these studies became lighter after exposure to light
for a period of time (i.e., after 300 hours or after 40 AFUs) (Hustvedt & Crews,
2005; Jahagirdar et al., 2000). If light exposure causes the color of NC cotton
fabrics to become lighter, then the UVR protection of the light-treated fabrics may
become lower (i.e., smaller UPF values) because fabrics with a lighter color
generally provide less UVR protection (Gies et al., 1998; Pailthorpe, 1993;
Reinert et al., 1997). Therefore, those test specimens exposed to the two
weathering conditions (i.e., semi-tropical and semi-arid climates) were expected
to have lower UVR protection (i.e., smaller UPF value) or a greater change in
UPF value than those in the control group because specimens in the control group
had not been exposed to light. Evenson and Epps (1999) found that the colors of
NC cotton fabrics exposed to weathering with high humidity changed more than
those exposed to weathering with low humidity. For this reason, those test
specimens exposed to the semi-tropical climate were expected to have more color
changes than those exposed to the semi-arid climate because the semi-tropical
climate has a higher relative humidity setting than the semi-arid climate (i.e., 70%
versus 27%), although both weathering conditions have the same temperature

setting (77 £ 3 °C or 170 = 5 °F). Thus, Hypothesis 1¢ was formed.

Hilc:

There is a difference in the UPF values among the test specimens exposed to the
following three weathering conditions - (a) semi-tropical climates without water
spray, (b) semi-arid climates, and (c) control (i.e., standard conditioning). The test
specimens exposed to a semi-tropical climate condition will have the most UPF
value change, followed by the test specimens exposed to a semi-arid climate
condition, and then the test specimens maintained in the standard textile testing

condition.

According to SDA (2008), the tumbling motion used in the HE washer treats

clothing more gently than a traditional washer. Furthermore, past research results

showed that a front-loading HE washer had better abrasion and pilling resistance,

less wrinkles, and less skewness changes than a traditional washer (Schlag &
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Ordonez, 2010; “Washers & Dryers,” 2012), suggesting that the washing action of

HE washers are gentler than the washing action of traditional washers. If the

washing action of the HE washer is gentler, then the fabric deterioration, such as

abrasion, was less. For instance, Schlag & Ordonez had found that HE washer

caused less abrasion than the traditional washer. Because abrasion may cause

fabric weight loss, fabrics with lighter weight have less UVR protection (Berne &

Fischer, 1980; Gies et al., 1994), test specimens that laundered in the HE washer

were expected to have better UVR protection (i.e., less change in UPF values).

For these reasons, Hypothesis 1d was formed.

H1d: There is a difference in UPF values between the test specimens laundered in a
traditional washer and the test specimens laundered in a front-loading HE washer.
The test specimens laundered in the front-loading HE washer will have less UPF

values change than those laundered in the traditional washer.

Cotton fabrics are subject to both relaxation shrinkage and consolidation shrinkage when
laundered (Hatch & Osterwalder, 2006; Kadolph, 2007). Studies have found that
shrinkage causes the fabrics to become denser, and thus reduces fabric cover. Study
results showed that the increase of fabric cover significantly improves UVR protection
(i.e., higher UPF value) (Crews et al., 1999; Gies et al., 1994; Stanford et al., 1995a;
1995b; Wong et al., 2000). Many studies also reported NC cotton became darker after
repeated launderings (Dickerson et al., 1999; Elesini et al., 1996; Kantor & Moore, 2004;
Williams & Horridge, 1996). Because darker color fabrics offer better UVR protection
(Gies et. al., 1998; Pailthorpe, 1993; Reinert et al., 1997), fabrics after repeated
launderings were expected to provide better UVR protection. Based on these reasons,
Hypothesis 1e was formed.
H1le: There is a difference in UPF values between the test specimens before and after
repeated laundering cycles. The UPF value change of the test specimens will

increase with the increase of laundering cycles, up to 15 laundry cycles.
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Hypothesis 2:

H2a:

H2b:

H2c:

H2d:

H2e:

Hypothesis 3:

H3a:

H3b:

H3c:

Perspiration application, weathering exposure, washing action of automatic home
clothes washers, and repeated laundering have no effect on the fabric count
change of the test specimens.

There is no interaction among the effects of the application of four treatment
factors (i.e., perspiration application, weathering exposure, washing action of
automatic home clothes washers, and repeated laundering) on the fabric count
change of the test specimens.

There is no difference in fabric count change between the test specimens treated
with and without perspiration.

There is no difference in the fabric count change among the test specimens
exposed to the following three weathering conditions - (a) semi-tropical climates
without water spray, (b) semi-arid climates, and (c) control (i.e., standard
conditioning).

There is no difference in fabric count change between the test specimens
laundered in a traditional washer and the test specimens laundered in a front-
loading HE washer.

There is no difference in fabric count change between the test specimens before

and after repeated laundering cycles, up to 15 laundering cycles.

Perspiration application, weathering exposure, washing action of automatic home
clothes washers, and repeated laundering have no effect on the thickness change
of the test specimens.

There is no interaction among the effects of the application of four treatment
factors (i.e., perspiration application, weathering exposure, washing action of
automatic home clothes washers, and repeated laundering) on the thickness
change of the test specimens.

There is no difference in thickness change between the test specimens treated with
and without perspiration.

There is no difference in the thickness change among the test specimens exposed
to the following three weathering conditions - (a) semi-tropical climates without

water spray, (b) semi-arid climates, and (c) control (i.e., standard conditioning).
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H3d:

H3e:

Hypothesis 4:

H4a:

H4b:

H4c:

H4d:

H4e:

Hypothesis 5:

H5a:

There is no difference in thickness change between the test specimens laundered
in a traditional washer and the test specimens laundered in a front-loading HE
washer.

There is no difference in thickness change between the test specimens before and

after repeated laundering cycles, up to 15 laundering cycles.

Perspiration application, weathering exposure, washing action of automatic home
clothes washers, and repeated laundering have no effect on the weight change of
the test specimens.

There is no interaction among the effects of the application of four treatment
factors (i.e., perspiration application, weathering exposure, washing action of
automatic home clothes washers, and repeated laundering) on the weight change
of the test specimens.

There is no difference in weight change between the test specimens treated with
and without perspiration.

There is no difference in the weight change among the test specimens exposed to
the following three weathering conditions - (a) semi-tropical climates without
water spray, (b) semi-arid climates, and (c) control (i.e., standard conditioning).
There is no difference in weight change between the test specimens laundered in a
traditional washer and the test specimens laundered in a front-loading HE washer.
There is no difference in weight change between the test specimens before and

after repeated laundering cycles, up to 15 laundering cycles.

Perspiration application, weathering exposure, washing action of automatic home
clothes washers, and repeated laundering have no effect on the color change of the
test specimens.

There is no interaction among the effects of the application of four treatment
factors (i.e., perspiration application, weathering exposure, washing action of
automatic home clothes washers, and repeated laundering) on the color change of

the test specimens.
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H5b: There is no difference in color change between the test specimens treated with

and without perspiration.

H5c: There is no difference in the color change among the test specimens exposed to the
following three weathering conditions - (a) semi-tropical climates without water
spray, (b) semi-arid climates, and (c) control (i.e., standard conditioning).

H5d: There is no difference in color change between the test specimens laundered in a

traditional washer and the test specimens laundered in a front-loading HE washer.

H5e: There is no difference in color change between the test specimens before and after

repeated laundering cycles, up to 15 laundering cycles.

Hypothesis 6: Perspiration application, weathering exposure, washing action of automatic home
clothes washers, and repeated laundering have no effect on the dimensional
change of the test specimens.

H6a: There is no interaction among the effects of the application of four treatment
factors (i.e., perspiration application, weathering exposure, washing action of
automatic home clothes washers, and repeated laundering) on the dimensional
change of the test specimens.

H6b: There is no difference in dimensional change between the test specimens treated
with and without perspiration.

H6c: There is no difference in the dimensional change among the test specimens
exposed to the following three weathering conditions - (a) semi-tropical climates
without water spray, (b) semi-arid climates, and (c) control (i.e., standard
conditioning).

H6d: There is no difference in dimensional change between the test specimens
laundered in a traditional washer and the test specimens laundered in a front-
loading HE washer.

H6e: There is no difference in dimensional change between the test specimens before

and after repeated laundering cycles, up to 15 laundering cycles.
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Materials

Fabrics

The fabric selection for the current study was limited to lightweight fabrics because the
purpose of the study was to examine the effects of perspiration application, weathering exposures,
washing action of automatic home clothes washers, and repeated laundering on the UVR
protection of a NC lightweight cotton fabric. According to Kadoplh (2007), fabrics that weigh
less than 135 gm/m? (4.0 oz/yd?) are considered lightweight fabrics that are often used for
summer blouses and shirts. In this study, the light brown color was selected because consumers
consider light colored fabrics more comfortable for summer clothing (Gies et al., 1998;
Pailthorpe, 1993; Reinert et al., 1997).

The fabric with a light brown color used in the study was purchased from Peru Naturtex
Partners, and the test fabric code was Tela Percale with Vicuia color (i.e., tan color). According
to the information provided by the Peru Naturtex Partners, the test fabric was a 100% NC plain
weave cotton sheeting with a width of 2.84 meters (3.11 yards), and a fabric weight of 130
gm/m” (3.8 0z/yd?). Sheeting is made of a plain weave fabric, which usually comes in various
weights (i.e., light, medium, and heavy weights), and widths appropriate for all sizes of beds
(Picken, 2010). Lightweight cotton sheeting is suitable to be used for apparel (Tortora & Johnson,
2014). The reasons for purchasing the fabric from this company were because their fabrics were
commercially viable and were used in a previous study investigating the UPF of NC cotton
(Hustvedt & Crews, 2005). Fabric weight, fabric thickness, and fabric count were measured
before conducting the tests to verify the information given by the fabric company and provide

more descriptive information about the test fabric.

Laundry Detergent

A “Tide® 2X Ultra Free” regular liquid laundry detergent was used in the traditional
washer. The reasons for choosing Tide as the detergent were because according to the most
current record of the sales of the leading 10 liquid laundry detergent brands of the United States,
Tide® has the largest market share (Sales of the Leading 10 Liquid Laundry Detergent Brands,
2013) and was the most commonly used laundry detergent in previous studies (Ankeny et al.,

2006; Chen-Yu, Guo & Kemp-Gatterson, 2009; Kim et al., 2004; Schlag & Ordonez, 2010).
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Another reason for choosing Tide® “2X Ultra Free” was because it was a dye-free and unscented
detergent, and was available for both traditional washing machines and HE washers. In this study,
regular Tide® “2X Ultra Free” laundry detergent was used in the traditional washer while HE
laundry detergent was used in the HE washer. According to SDA (2008), if a regular laundry
detergent was used in a HE washer, it would produce too many suds which would make rinsing
clothes more difficult (SDA, 2008); therefore, a Tide® “2X Ultra Free” HE laundry detergent was

used in the HE washer.

Specimen Preparation

In this study, the whole plot fabric swatches were first prepared and then the sub-plot test
specimens were cut from these whole plot swatches. Therefore, the organization of this section is
listed with the whole plot in the first section, and the sub-plot specimen preparation listed in the

second section.

Whole Plot Fabric Swatch

In this study, the whole-plot experimental units were swatches sized 880 mm x 2840 mm
(34.5 x 111 inches). The number of whole plot experimental units was three for each replicate
(i.e., 3 weathering exposure conditions), and the total number of fabric swatches was nine
because all the tests had three replicates (3 units x 3 = 9 units). Before preparing the sub-plot test
specimens, each swatch was coded from one to nine by using a permanent marker pen (see
Figure 3.1). These nine swatches were randomly divided into three groups, one for each replicate
with random numbers generated by the Microsoft Excel software. Each group for one replicate
contained three swatches, and these three swatches were randomly assigned to three different
weathering conditions. The three random codes for the weathering conditions of each replicate

are shown in Appendix A, “Coding System for Whole Plot Treatment Groups.”
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N 2840 mm
1- 2" Replicate
Semi-tropical climate without water spray (Florida)
5. 1" Replicate
Semi-arid climate (Arizona)
3. 3"Replicate
Standard conditioning
4. 1" Replicate
Standard conditioning
5. 3'Replicate
Semi-arid climate (Arizona)
7920mm | | 6- 1™ Replicate
Semi-tropical climate without water spray (Florida)
2. 2" Replicate
Semi-arid climate (Arizona)
g. 2" Replicate
Standard conditioning
9. 3"Replicate

Semi-tropical climate without water spray (Florida)

Figure 3.1 Whole Plot Cutting Plan

Test Specimens in the Sub-Plot

As mentioned in the section of “Research Design,” eight test specimens were cut from
each whole plot fabric swatch (i.e. 2 test specimens for UVR value measurement x 4
combinations of the treatment factors of perspiration and washing action = 8 test specimens). A
total of 24 test specimens were cut out from three fabric swatches for each replicate. Because

three replicates were needed, a total of 72 test specimens were cut from the fabric swatches.

Test Specimen Size

During the weathering exposure process, specimen holders were used to secure the test
specimens to prevent it blowing away by the high air flow. The exposure area in the specimen
holder used in the weathering chamber was 97 mm x 44 mm (3.75 x 1.75 inches). To prevent the
edges of the fabric from becoming distorted or frayed during laundering, 15 mm (i.e., 0.6 inch)
of allowance was added to the four sides of the test specimens. According to the pilot test, this 15

mm allowance for each side was sufficient to endure distortions and protect the testing area of
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the specimen. Therefore, the actual test specimen was cut into a size of 127 x 74 mm (5 x 2.9

inches) (see Figure 3.2).

|l 74 mm |

A é
| | —— Exposure area

97 mm 127 mm

v | —— Allowance
1S mmy %

|e>|le——————— ||
15 mm 44 mm 15 mm

Figure 3.2 The Weathering Exposure Area of the Test Specimen

Test Specimens Cutting Procedures

According to Merkel (1991), when conducting repeated tests, the test specimens for the
same test should not contain exactly the same warp or filling yarns. In general, different warp
yarns used in a fabric are spun from a different piece of sliver on a different spindle, which may
cause dissimilarity in the warp yarns. In order to best represent the full variability of the fabric,
each test specimen should contain different warp and filling yarns. For this reason, three cutting
plans, one for each replicate, were prepared to cut test specimens for the same test in different
locations (see Figure 3.3).

The processes for preparing the three cutting plans are listed below:

(a) The selvages of the fabrics are usually constructed in a different way from its body
(i.e., the selvages are usually heavier to protect the fabric from damage in handling)
(Merkel, 1991); therefore, no specimen was taken nearer than 65 mm (2.5 inches)
on the fabric selvage edge. Based on this restriction, eight test specimens for each

replicate were cut from the fabric with widths of 2710 mm (i.e., original fabric
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width was 2840 mm subtract two 65 mm from the two fabric selvages: 2840 mm —
(2 x 65 mm)=2710 mm).

(b) As mentioned above, eight test specimens for each replicate were cut from the
fabric with full width. In order to avoid the test specimens for the three replicates
sharing the same warp and filling yarns, all 24 test specimens from these three
groups were included to determine the cutting locations (8 test specimens per
replicate x 3 replicates = 24 test specimens). The remaining fabric width (i.e., 2710
mm) of the fabric swatch was divided into 24 columns, and the 24 test specimens
were randomly assigned to one of these 24 columns. A random list, from number 1
to 24, was prepared to determine the locations of the 24 test specimens for three
replicates in the horizontal direction (see Appendix B, “Column Number”). By this
way, none of these test specimens will share the same warp yarns (see Figure 3.3).
Similar procedures were applied to select the locations of the test specimens in the
vertical direction, where the fabric length will be divided into eight rows for each
replicate because there were eight test specimens for each replicate. Three random
lists, from number 1 to 8, were prepared to determine the locations of the eight test
specimens for each replicate in the vertical direction (see Appendix B, “Row
Number”).

(c) Based on the row number and column number, the location of each of the 24 test
specimens for three replicates was randomly determined. For example, the test
specimen for the first replicate, treated with perspiration and laundered in HE
washer, and the first test specimen used to measure UVR value was located on row
number 4 and column number 1. Orange background color was used to indicate the
first replicate; blue background color was used to indicate the second replicate; and
purple background color was used to indicate the third replicate.

(d) To show the perspiration and washing action treatment combination that were
applied to each test specimen, ‘P was used to show the treatment of perspiration;
“N” was used to show no perspiration treatment; “T” was used to show traditional
washer; and “H” was used to show HE washer. In addition, the first test specimen
used to measure UVR value was shown as red color and blue color for the second

test specimen. For example, in Figure 3.3, the cell located in the third replicate, on
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row number 8 and column number 4 was labeled with “P/H” in a blue color, which
indicated that this test specimen was treated with perspiration and washed in HE

washer as well as it was the second duplicate for the measure of UVR value.
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As mentioned in the section of “Research Design,” each replicate contained three fabric swatches
(i.e., whole plot experimental unit), one for each weathering condition, and these three fabric
swatches shared the same cutting plan. In other words, for the same replicate, the eight test
specimens were cut in the same locations from the three fabric swatches (i.e., one for each
weathering condition). The test specimens cut from the same location and different swatches were
treated with the same treatment combinations of perspiration and washing action but with different
weathering exposure conditions. The reason for cutting the eight test specimens at the same
locations was to reduce the discrepancy among the test fabrics because these test specimens shared
the same warp yarns. The results measured from these test specimens can better determine whether
the changes were caused by the perspiration and/or washing action treatment, instead of the
differences among the test specimens.

After using each cutting plan to cut test specimens from three fabric swatches for the same
replicate, a total of 72 test specimens were cut out from the nine whole plot units (i.e., 8 test
specimens from each whole plot unit x 3 whole plot units for each replicate x 3 replicates = 72 test
specimens). Before cutting out the test specimens, each test specimen was coded using a permanent
marker to show the number of the fabric swatch that the test specimen cut from and the treatment
factors that were applied to the specimen. The treatment of perspiration was coded as yes (P) and no
treatment (N); weathering exposure was coded as — semi-tropical climate without water spray such
as the climate in Florida (F), semi-arid climate such as the climate in Arizona (A), and standard
conditioning (S); washing action was coded as traditional washer (T) and HE washer (H); and the
number of the test specimens used to measure UVR value was shown as 01 and 02. For example, a
specimen cut from the first fabric swatch (1), for the 2nd replicate (2), treated with perspiration (P),
exposed to the semi-tropical climate without water spray weather condition (Florida), washed in a
traditional washer (T), and for the second test specimen used to measure UVR value (02) was coded
as 12PFTO02.

After cutting out these 72 specimens, three pairs of benchmarks in the length direction with
a length of 97 mm in each pair and three pairs of benchmarks in the width direction with a length of
44 mm in each pair were marked by using a permanent marker pen to indicate the weathering
exposure area as well as to determine dimensional change (see Figure 3.4). In addition, the edges of
each test specimens were pinked with a pinking scissor to help prevent the fabric from unraveling

during laundering.
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Figure 3.4 The indication of weathering exposure area and the benchmarks for dimensional
change test

Experiment Timeline and Procedures

There were three sub-sections for the section of Experiment Timeline and Procedures. The
first section discusses the timeline of experiments for the three replicates. The second section
discusses measurements, which explains the test methods and procedures of measurements for the
primary dependent variable, UPF value change, and the additional five dependent variables (i.e.,
fabric count change, thickness change, weight change, color change, and dimensional change). The
last section is testing procedures addressing the methods and procedures of each treatment (i.e.,
perspiration application, weathering exposures, washing action of automatic home clothes washers,

and repeated laundering).
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The Timeline of Experiments for the Three Replicates

In this study, all test specimens were treated in the sequence of perspiration application (i.e.,
with or without the application), followed by weathering exposure (i.e., semi-tropical climate
without water spray as the climate in Florida, semi-arid as the climate in Arizona, or standard
conditioning), and ending with laundering (i.e., washed in a traditional or a HE washer). For each
replicate, this sequence of treatments was conducted, once for each type of weathering exposure
conditions. In order to efficiently use the weathering chamber, as well as shortening the entire
experimental time, three replicate repeat groups were handled at the same time. Because only one
weathering chamber was available to be used in this study and there were two weathering exposure
conditions, the test specimens of one type of weathering exposure condition were treated first and
then the second type of weathering exposure treatment followed. In order to reduce all unknown
extraneous variables caused by the order of the weathering, the order of running the weathering
conditions was randomized so that all test specimens had an equal chance to receive the nuisance
variables. The random code for weathering exposure order for each replicate was shown in
Appendix C.

For the first replicate, after the first set of test specimens were treated with perspiration and
put in the weathering chamber to be exposed to a condition similar to semi-tropical climate
(Florida), the perspiration was applied to the test specimens used for the standard conditioning.
Instead of being exposed in the weathering chamber, the test specimens for this standard
conditioning were put into the conditioning chamber. For the test specimens used for the second
type of weathering exposure (i.e., semi-arid as the climate in Arizona), the perspiration was applied
about three hours before the first type of weathering exposure treatment ends. Before the second
type of weathering exposure starts, there was a 15-minute break to make sure that the temperature
of the weathering chamber goes back to room temperature (see Figure 3.5). After the completion of
the three types of weathering exposure for the first replicate and after a 15-minute break, the
weathering exposure for the second replicate was started. Similarly, after the completion of the
three types of weathering exposure for the second replicate and after a 15-minute break, the third
replicate started to be exposed in the weathering chamber. Because there were 15 laundering cycles,
the same procedures, including perspiration treatment, weathering exposure, and laundering, were
repeated for 15 times for each replicate. Figure 3.5 shows an example of the timeline of experiments

for the three replicates.
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1% Replicate

2" Replicate

3" Replicate

Perspiration | Weathering [ Laundering
(P) (F) (L)
Perspiration | Weathering | Laundering
®) (S) L)
15 min ——
Perspiration | Weathering | Laundering
(P) (A) L)
15 min Perspiration | Weathering | Laundering
(P) (A) @)
Perspiration| Weathering | Laundering
(P) ) @®
15 min
Perspiration | Weathering Laundering
(P) (F) (L)
15 min Perspiration Weathering Laundering
(P) (F) L)
Perspiration| Weathering | Laundering
(®) ) @®)
15 min
Perspiration | Weathering Laundering
®) (F) @®

Figure 3.5 The Timeline of Experiment for the Three Replicates
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Measurements

In order to understand how the four treatment factors (i.e., perspiration application,
weathering exposures, washing action of automatic home clothes washers, and repeated
laundering) affect the UPF value change and the addition five fabric properties (i.e., fabric count
change, thickness change, weight change, color change, and dimensional change), the changes of
UPF value and the other five fabric properties were calculated based on the measurements from
the same test specimen, sized 127 x 74 mm (4.5 x 2.9 inches), before and after each sequence of
the four treatments. The results of comparing the before and after treatment measurements can
indicate whether the treatment factors have any effect on the UVR protection or the five fabric
properties.

Before conducting any measurements or tests, the test specimens were conditioned in a
laboratory conditioning chamber of model G212D1-D6 according to the ASTM D1776 — 08el:
Standard Practice for Conditioning Textiles for Testing, in which, a relative humidity of 65 + 2%
and a temperature of 21 = 1 °C (70 + 2 °F) were specified as the conditioning situation for the
test specimens. Table 3.2 lists the minimum hours required for specimen conditioning in each
test. Based on this table, all specimens were conditioned for at least six hours before conducting

any tests as well as for data collection.

Table 3.2 Minimum Hours Required for Specimen Conditioning in Each Test

Test Test Method Minimum Conditioned Hours
Fabric Count ASTM D3775 6 hours
Fabric Weight ASTM D3776 6 hours
Fabric Thickness ASTM D1777 6 hours
UVR Protection AATCC TM 183 4 hours
Color Change AATCCTM 61 4 hours
Dimensional change AATCC TM 135 4 hours (lay flat after wash)

After all the cutting, labeling codes, and marking of benchmarks, all 72 test specimens
were sorted into three replicates (i.e., 24 test specimens each group) and then put into the
conditioning chamber. When the experiment for the first replicate starts, 24 test specimens for
this group were removed from the conditioning chamber after at least six hours of conditioning
for the pre-measurement of UPF value, fabric count, fabric thickness, fabric weight, initial color,

and original dimension of each specimen. After recording the pre-measurement, these test
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specimens were ready for the treatments. Upon completion of each sequence of the four
treatments, these test specimens were conditioned for another six hours, and then the six fabric
properties of these test specimens were measured again. For each replicate, the test specimens
were treated for 15 times of the sequence of the four treatment factors, and measurements were
taken after each sequence. Therefore, each test specimen was measured 15 times after the
treatments. Similarly, the same procedures were applied for the second and third replicates. The
descriptions of the test methods and procedures of measuring each of the six dependent variables
(i.e., UPF value change, fabric count change, thickness change, weight change, color change, and

dimensional change) are listed in the following sections:

UVR Protection of the Test Fabric and UVR Protection Change of the Test Specimen

In this study, UPF value change was used to indicate the change of UVR protection. A
Labsphere's UV-1000F series Ultraviolet Transmittance Analyzers was used to determine the
UPF values in accordance with the AATCC Test Method 183 —2010: Transmittance or Blocking
of Erythemally Weighted Ultraviolet Radiation Through Fabrics. A minimum of two specimens
from each swatch was required to measure the UPF values. According to the test method, the
required specimen size is 50 x 50 mm (2.0 x 2.0 inches). However, all the tests in this study were
conducted on the test specimens with the size of 127 mm x 74 mm (5 x 2.9 inches). To measure
the UPF value, the weathering exposure area was placed between the UV source and a sensor to
measure the UV transmittance of the test specimen. For each specimen, three measurements of
the UV transmittance were measured in the warp, filling, and bias (45° diagonal) directions (i.e.,
one measurement per direction). The UPF values of each specimen will be automatically
calculated by the UV-1000F software, which will be based on the formula provided below. In the
current study, the initial UPF value of the test fabric was the average of the UPF values of all 72

test specimens.

400 nm
Y E,*S,*AA
UPF — 280 nm

400 nm
D E,*S,*T,*AA

280 nm
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where
E, = erythemal spectral effectiveness
S;. = solar spectral irradiance in Wm?Znm'!
T, = average spectral transmittance of the fabric specimen
A A = measured wavelength interval in nanometers (nm)

A = wavelength of light in nm

To understand the effects of the four treatments on UPF value change of each test
specimen, the UPF value change was calculated by subtracting the fabric count pre-treatment
measurement of the test specimen (i.e., the UPF value of the test specimen before any treatment
has been applied) from the measurement of the test specimen after each laundering cycle (UPF
value change = UPF value measurement after each laundering cycle — UPF value pre-treatment

measurement).

Fabric Count of the Test Fabric and Fabric Count Change of the Test Specimen

Fabric count of the test fabric was measured using the ASTM D3775 — 12: Standard Test
Method for Fabric Count of Woven Fabric. A document camera was used to take a picture that
shows an enlarged fabric structure picture of each test specimen on a white board. These
enlarged fabric structure pictures were used to count the number of yarns per 25 mm (i.e., fabric
count). For each test specimen, the number of warp and filling yarns in 25 mm of fabric were
counted separately. When stating the count of a fabric count, the warp yarn count is indicated
first, followed by the filling yarn count. For example, if a warp yarn count is 100 and a filling
yarn count is 40, the fabric count will be shown as 100 X 40. In the current study, the fabric
count of the test fabric was the average of the warp yarn count of the 72 test specimens and the
average of the filling yarn count of the 72 test specimens.

To understand the effects of the four treatments on fabric count change in warp and
filling directions of each test specimen, the fabric count change for each direction was calculated
by subtracting the fabric count pre-treatment measurement of the test specimen (i.e., the fabric
count of the test specimen before any treatment has been applied) from the measurement of the
test specimen after each laundering cycle (Fabric count change = Fabric count measurement after

each laundering cycle — Fabric count pre-treatment measurement).
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Fabric Thickness of the Test Fabric and Thickness Change of the Test Specimen
Fabric thickness of the test fabric was measured using the ASTM D1777 — 96 (2011)el*:
Standard Method for Thickness of Textile Materials. A ProGage Thickness Tester was used to

measure the thickness of the fabric. The test specimens were handled carefully by placing them
face side up on the anvil of the dual speed pressure foot, to avoid altering the natural state of the
fabric. The pressure foot was gradually lowered into contact with the swatch, and it took five to
six seconds to apply full pressure. Testing Option 1 for woven, knitted, and textured fabrics was
selected, and the applied pressure for this section was 4.14 £ 0.21 kPa (0.06 + 0.03 psi). The
distance between two pressure foots was the fabric thickness of the specimen, and the thickness
of the test specimens was reported in millimeters to the nearest 0.02 mm. For the current study,
the fabric thickness of the test fabric was the average reading from all the 72 test specimens.

To understand the effects of the four treatments on thickness change of each test
specimen, the thickness change was calculated by subtracting the pre-treatment measurement of
the test specimen (i.e., the thickness of the test specimen before any treatment has been applied)
from the measurement of the test specimen after each laundering cycle (Thickness change =

Thickness measurement after each laundering cycle — Thickness pre-treatment measurement).

Fabric Weight of the Test Fabric and Weight Change of the Test Specimen
Fabric weight of the test fabric was measured using the ASTM D3776/D3776M — 09a
(2013)’: Standard Test Method for Mass Per Unit Area (Weight) of Fabric, Option C — Small

Swatch of Fabric. For small swatches of fabrics, the size of the specimen in the test method
requires an area of at least 13,000 mm? (20 inchz); however, in this study, all tests were
conducted on the test specimen, sized 127 mm x 74 mm (5 x 2.9 inches). A Denver Mettler
balance was used to measure the weight of the test specimens to the nearest 0.001g for each test
specimen. The formula for calculating fabric weight was listed on the next page, and the fabric
weight was reported in grams per meter squared (g/mz). For the current study, the fabric weight

of the test fabric was the average reading from all the 72 test specimens.

* 96 = year of original or the year of last revision; (2001) = year of last re-approval; el = indicates editorial change

> M = SI units; 09 = year of original adoption or the year of last revision; a = indicates subsequent revision in same
year; (2013) = year of last re-approval.
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W (g/m’) =G (g)/ A (m”)
where
W = Fabric Weight
G = Weight of Specimen

A = Area of Specimen

To understand the effects of the four treatments on weight change of each test specimen,
the weight change was calculated by subtracting the weight pre-treatment measurement of the
test specimen (i.e., the fabric weight of the test specimen before any treatment has been applied)
from the measurement of the test specimen after each laundering cycle (Weight change = Weight

measurement after each laundering cycle — Weight pre-treatment measurement).

Fabric Initial Color of the Test Fabric and Color Change of the Test Specimen

The initial color of the test fabric was measured using the AATCC Evaluation Procedure
7-2009: Instrumental assessment of the change in color of a test specimen. A Hunter LabScan
LS5100 spectrophotometer was used to measure the initial color and the color after each
sequence of four treatments. In this study, an instrumental measurement method was selected to
be used to evaluate color change instead of a subjective visual assessment method. A prior study
examining the relationship between color and UVR protection showed that the instrumental CIE
measurements successfully differentiated the color from each other (Wilson et al., 2008).
However, the visual assessment failed to identify the difference between colors. To understand if
the color change after the four treatments has a relationship with the UVR protection of a NC
lightweight cotton fabric, it is important to precisely measure the color change. For this reason,
an instrumental measurement method will be used.

According to the CIELAB Color System, each color can be described by using L, a, and
b. L is the lightness-darkness dimension; a is the redness-greenness dimension; and b is the
yellowness-blueness dimension. Therefore, the initial color of the test specimen was shown by
using L, a, and b. The color change between two test specimens or before and after treatments
measured is called Delta E (AE), and the color change of each specimen was calculated based on

the following formula:
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AE = \[(AL)* +(Aa)® +(Ab)?
where
AL = L after each laundering cycle — I initial color (L lightneSS or darkneSS)
Aa = a after each laundering cycle — @ initial color (a: Redness or greenness)

Ab = b after each laundering cycle — b initial color (b yellOWHeSS or blueness)

Dimensional Change of the Test Specimens

The dimensional change of the test specimen was measured and calculated using the
AATCC Test Method 135 — 2012: Dimensional Changes of Fabrics after Home Laundering.
Originally, the size of the specimen in the test method requires an area of 380 x 380 mm (15 x
15 inches). However, in this study, all tests were conducted on the test specimen sized 127 mm x
74 mm (5 x 2.9 inches). The distances between the benchmarks in the length and width direction
were measured separately before and after the tests (see Figure 3.4), and the dimensional changes
of length and width of the test specimens were calculated by the formula below and were
reported separately to the nearest 0.1%. A negative number in the dimensional change implies

shrinkage, and a positive number in the dimensional change implies growth.

. . Dimension after laundering - Dimension of pre - treatment measuremen t
% Dimension al Change =100 x £ P

Idimension of pre - treatment measuremen t

Testing Methods and Procedures

After the pre-treatment measurements of 24 test specimens for the first replicate, they
were sorted into three weathering exposure treatment groups, and each group had eight test
specimens. According to Appendix C: the order of weathering exposure in the weathering
chamber, for the first replicate, the eight test specimens for the semi-tropical climate without
water spray weathering condition (i.e., Florida) were exposed first. While these test specimens
were exposed in the weathering chamber, the rest of 16 test specimens, eight for the standard
conditioning (i.e., control) and eight for the semi-arid weathering condition (i.e., Arizona) were

put into the conditioning chamber right after the pre-treatment measurement (see Appendix C).
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For the eight test specimens that were exposed to the semi-tropical climate without water spray
weathering condition (i.e., Florida), four specimens were treated with perspiration and the other
four specimens were served as a control group, which were stored in the conditioning chamber.
The test method and the procedures of perspiration treatment for these four test specimens are

described in the following section.

Perspiration

Perspiration treatment for the four test specimens was applied using the following

procedures based on the AATCC TM 125 — Colorfastness to Perspiration and Light:

1) The artificial perspiration was prepared according to the AATCC TM 125 —
Colorfastness to Perspiration and Light. According to this test method, the artificial
perspiration solution perspiration solution contained 10 g of sodium chloride, 1 g
lactic acid, 1 g disodium hydrogen phosphate, and 0.25 g histidsine
monohydrochloride per liter of the solution. The solution was hand-stirred with a
glass rod to ensure even distribution. A pH meter was used to ensure the solution is
4.3 £0.2. Because artificial perspiration turns alkaline due to bacteriological
contamination (Vass, 1931; the Perspiration Fastness Subcommittee in AATCC,
1952), the artificial perspiration solution was prepared fresh for each perspiration
treatment.

2) The test specimens were placed in a petri dish that was 20 mm deep and 90 mm in
diameter. A prepared artificial perspiration solution was added to a depth of 15 mm in
the petri dish, and the four test specimens were soaked in the solution for 30 + 2 min
with occasional agitation and squeezing to ensure complete wetting.

3) After 30 £ 2 min, the test specimens were removed from the solution and each
specimen was passed through a laboratory wringer to remove excess solution. The
test specimens were weighed again to ensure it weights double its original weight.

The same perspiration procedures were applied to all the test specimens before they were

exposed to any type of weathering exposure treatment.
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Weathering Exposure

For the first replicate, after four test specimens treated with perspiration and four test
specimens without the perspiration treatment, these eight test specimens were exposed to the
semi-tropical climate without water spray weathering condition (i.e., Florida) condition. The test
methods and the detailed procedures of the weathering exposure treatment are listed in the
following:

1) The AATCC Test Method 169 — Weather Resistance of Textiles, Xenon lamp

exposure was followed for the weathering exposure test. A Q-Sun Xenon Test
Chambers Xe-3-HS was used to simulate the weather exposure conditions. Before the
first test is performed, the Q-Sun Xenon Test Chamber was calibrated and operated
for 20 hours to ensure the equipment was fully operational.

2) The eight test specimens were mounted in the exposure frame, and the face sides of
the test specimens were directly exposed to the radiant source.

3) Based on the AATCC Test Method 169 — Weather Resistance of Textiles, Xenon
lamp exposure, the conditions of light durations, relative humidity, black panel
temperatures, and level of irradiance for the three selected weathering exposure
conditions are listed in Table 3.3. Each exposure cycle is 120 minutes (2 hours). The
test method does not give a certain cycle that a specimen should be exposed to, only
suggesting at least seven days of exposure time (i.e. 7 x 24 hours = 168 hours). Based
on the pilot test result, the UPF values did not show significant change after 300
hours. Therefore, 20 hours (10 cycles) of exposure time was used to fulfill the
minimum requirement of 168 hours of exposure (20 hours x 15 laundering cycles =

300 hours).
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Table 3.3 Weathering Exposure Procedures in the Three Selected Weather Conditions

Liaht Durations | Water Relative Black panel / Black
Weather Condition g er ovele Spra Humidity | Standard Thermometer
percy bray (RH) temperature

Control .
(Standard C"Iztgg‘;;l‘isn?ark NSO rvzatser 65+2% | 21%1°C (70 £2 °F)
conditioning) pray
Semi-tropical climate . . o
without water spray Contmuou; light | No water 70 + 5% 77+3 oC
(Florida) (120 min) sprays (170 £ 5 °F)
Semi-arid climate Continuous light | No water 27 + 5% 77+3°C
(Arizona) (120 min) sprays (170 £ 5 °F)
Laundering

Once after all the eight test specimens had been exposed to the designated weathering

condition, they were put into two different washers (i.e., traditional washer and HE washer)

separately. The test specimens will be washed based on AATCC Test Method 135 —

Dimensional Changes of Fabrics after Home Laundering. The laundering procedures are as

follows:

1)

2)

3)

4)

A Maytag Automatic Washer of Model A806, which is qualified for AATCC
standard laundering conditions for traditional washers, was used to represent the
traditional washer, and a Whirlpool® Duet Sport” Front-Loading Washer Model
WFW8300SW was used to represent the front-loading HE washer.

Plain-woven fabrics were used as ballast and were added to the washer with the test
specimens to make a 4.00 & 0.13-pound (Ib) (1.8 = 0.06 kg) wash load.

Similar washer settings were used for the traditional washer and front-loading HE
washer. The traditional washer was set on regular wash, regular spin, warm wash,
warm rinse, and normal water level. In the case of the front-loading HE washer, the
washer was set on normal/casual wash, medium speed spin, and warm wash
conditions.

“2X Ultra Tide® Free” regular liquid laundry detergent was used for the laundering
in the traditional washer. For the front-loading HE washer, “2X Ultra Tide® HE” HE

liquid laundry detergent was used for the laundering. The amount of detergent used
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5)

6)

was determined by the manufacturer recommendation (i.e., fill the detergent to the
lower line of the cup for a medium load, for all washers).

After the four test specimens were washed in the traditional washer and the other four
test specimens were washed in the HE washer, these eight test specimens were
gathered together and placed in a MAYTAG Automatic Tumble Dryer of Model
DE&06 with the dialing set on a regular setting. The ballast fabrics in one of the wash
loads were dried together with the eight test specimens because if the ballast fabrics
in both loads were added into the dryer, the load sizes would be more than 4.00 +
0.13 pound (Ib), exceeding the test method requirement. For this reason, a random list
was prepared to show the ballast fabrics of which wash load was taken into the dryer
(see Appendix D). The total drying time was approximately 40 minutes. The wash
load was promptly removed from the dryer to avoid over-drying.

After one laundering and drying cycle, all these eight test specimens were removed
and immediately put in the conditioning chamber. After a minimum of six hours of
conditioning, these test specimens were gathered and measured in order to determine
the six fabric properties after one wash. The same laundering procedures were

repeated for up to 15 laundering cycles.

Data Analyses

The Statistical Analysis System (SAS) software was used to analyze the UPF rating of

each specimen. Two types of statistical analysis were used for the data analysis in this study. In
descriptive statistics analyses, mean was used to show the UPF value, fabric count, fabric
thickness, and fabric weight of the test fabric. In addition, mean was also used to show the UPF
value change, fabric count change, thickness change, weight change and color change of the test
specimens due to the four treatment factors (perspiration application, weathering exposures,
washing action of automatic home clothes washers, and repeated laundering). Percentage was
used to show the dimensional change of the test specimens after each treatment cycle. In the
inference statistics analyses, three factors, repeated measured ANOVA were used to test

Hypotheses 1 and 3 to 7 to examine the effects of the four treatment factors on the UPF value
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change as well as the five secondary dependent variables. A Multiple regression analysis was
used to test Hypothesis 2, and a model of the four treatment factors was developed to predict the
UPF value change. A confidence level of p <.01 was used to establish significance. The Tukey’s
Honestly Significant Difference Test (THSDT) was used to perform multiple comparisons

between group means.
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CHAPTER IV
RESULTS AND DISCUSSION

This chapter is organized into three parts. The first part lists all the findings, analyses of
the results and tests of hypotheses, which are organized based on the purposes of this study [i.e.,
the findings and analyses of the results of the primary purpose (i.e., UPF value change) are listed
first and the findings and analyses of the results of the secondary purpose (i.e., five fabric
properties) are listed in the second]. The second part lists the summary, and recommendations

are listed in the last part.

Findings

Descriptive Statistics
As explained in the measurement section in Chapter 3, the fabric characteristics
components are the average results of the total of 72 test specimens. The results are listed in the

table on the next page:

Table 4.1 Fabric Characteristics

UPF value Fabric count Fabric thickness Fabric weight
(warp x filling) (mm) (g /m2)
44.66
(Excellent UVR Protection) 107x70 0.248 130

Hypotheses Testing Results

In this section, the results of the study are presented based on the purposes of the study,
where the hypotheses related to the primary purpose (i.e., UPF value changes testing) are listed
in the first sub-section and the hypotheses related to the secondary purpose (i.e., the five fabric

properties) are listed in the second sub-section. Under the hypotheses in each section, the SAS
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codes used to analyze the particular hypotheses are also included, and the results of the

hypotheses are listed at the end of each sub-section separately.

Analyses of Primary Purpose — UPF Value Change

Hypothesis 1:  Perspiration application, weathering exposure, washing action of automatic

home clothes washers, and repeated laundering will influence the UPF value

change of the test specimens.

Table 4.2 Repeated Measures Analysis of Variance Testing of Fixed Effects on UPF

changes
Source df F
Weathering main effects (Whole plot) 2 679.57**
Perspiration main effects (Split- plot) 1 604.43**
Washing Action main effects 1 128.01**
Weathering x Perspiration interaction 2 230.71%*
Weathering x Washing Action interaction 2 7.89%*
Perspiration x Washing Action interaction 1 9.58%*
Weathering x Perspiration x Washing Action interaction 2 0.60
Repeated Laundering (Cycle) main effects (Repeated Measures) 15 32.05%*
Repeated Laundering x Weathering interaction 30 119.03**
Repeated Laundering x Perspiration interaction 15 5.32%*
Repeated Laundering x Washing interaction 15 1.57
Repeated Laundering x Weathering x Perspiration interaction 30 2.77**
Repeated Laundering x Weathering x Washing Action interaction 30 0.55
Repeated Laundering x Perspiration x Washing Action interaction 15 0.38
Repeated Laundering x Weathering x Perspiration x Washing Action 30 041

interaction

*p value < 0.01;** p value < 0.0001
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Hla: There is an interaction among the effects of the application of four treatment factors (i.e.,
perspiration application, weathering exposure, washing action of automatic home clothes

washers, and repeated laundering) on the UPF value change of test specimens.

When the interactions among perspiration, weathering exposure, washing action of
automatic home clothes washers, and repeated laundering on the UPF value change were
examined, the four-factor interaction (i.e., Repeated Laundering x Weathering x Perspiration X
Washing Action interaction) was not significant (F = 0.41, p = 0.9976) (see Table 4.1). However,
one of the three-way interactions was found significant (i.e., Repeated Laundering x Weathering
x Perspiration interaction with F'=2.77, p <0.0001) although the other three three-way
interactions [i.e., Weathering x Perspiration X Washing Action interaction (F = 0.60, p = 0.5512),
Repeated Laundering x Weathering x Washing Action interaction (F = 0.55, p = 0.9714) and
Repeated Laundering x Perspiration x Washing Action interaction (F = 0.38, p = 0.9804)] were
not significant. These results indicated that the influences of perspiration and weathering on UPF
value change were different in various laundering cycles. To further confirm this finding, a three-
way interaction figure was plotted and a significant interaction was found (see Figure 4.1). The
means and standard deviations for UPF value change as a function of the weathering,

perspiration, and repeated cycles are presented in Table 4.3. Therefore, Hla is supported.
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Table 4.3 Means and Standard Deviations for UPF value change by Weathering,
Perspiration, and Repeated Cycles

Weathering Conditions

Standard . .
L e Florida Arizona
Cycle Perspiration Conditioning
Mean SD Mean SD Mean SD F

No Perspiration  -1.04™ 270 -9.63™ 175 -10.19™ 3.07  31.17*

L with Perspiration -0.67** 1.76  -8.56™ 292  -935™ 309  27.93*%
5 No Perspiration ~ 2.08™  2.15 -13.74"™ 191 -13.14™ 192  97.62*
With Perspiration  2.50™  3.14 -1030%™ 1.67 -1041% 293  66.92*
3 No Perspiration ~ 2.71™ 330 -17.08™ 2.03 -1543"™ 235 146.32%
With Perspiration  2.94™ 177 -1231%» 230 -12.81™ 328  97.40*
A No Perspiration ~ 3.94™ 290 -1848"™ 129 -16.32™ 247 185.72%
With Perspiration  4.17>™  1.95 -1331%™ 247 -13.69™ 292  126.43*
. No Perspiration ~ 5.84™ 271 -21.39™ 172  -18.17™ 299  268.69*
With Perspiration  4.89™ 230 -13.94™ 3.13 -1431% 3.62 146.37*
6 No Perspiration ~ 5.88™ 221 -23.71™ 1.86 -20.15™ 243 317.03*
With Perspiration 538"  1.55 -1620% 245 -1586" 333  185.60*
. No Perspiration ~ 8.03™  2.04 -2550™ 148 -2127"™ 297  404.95%
With Perspiration  5.64% 172 -16.72" 350 -17.24™ 337  207.12%
g No Perspiration ~ 9.31™ 253 -26.69™ 1.69 -23.42™ 267 481.53%
With Perspiration 871 296 -17.80™ 3.55 -1821"™ 294 288.90%
9 No Perspiration ~ 11.79™ 3.18 -24.06™ 441 -2328™ 322  509.33*
With Perspiration  10.21™ 275 -18.16™ 3.07 -18.11% 3.10 325.13*
10 No Perspiration  11.81°™ 295 -27.86™ 1.75 -23.78™ 281 578.12%
With Perspiration 12.24™ 356 -1845% 335 -18.17™ 3.04 377.82%
1 No Perspiration ~ 13.33™ 491 -28.94"™ 171 -2531"™ 325  666.54*
With Perspiration 13.53™  3.03 -19.61% 275 -19.89™ 342  448.15*
1 No Perspiration ~ 13.57™ 325 -29.14™ 194 -2552™ 338 681.11*
With Perspiration 11.53™  2.06 -20.05% 3.54 -19.99% 299  402.74*
13 No Perspiration ~ 14.80™ 491 -29.69™ 178 -26.92™ 326 754.57*
With Perspiration  13.27™ 243  -20.02™ 292 -20.87™ 3.06 460.13*
14 No Perspiration ~ 12.99™ 325 -30.05™ 1.84 -2698™ 3.16 700.12%
With Perspiration 13.12™ 221 -18.98™ 433 -20.55™ 341  438.50%
15 No Perspiration ~ 14.58™ 329 -30.77™ 1.92 -27.51™ 3.55  776.99%

With Perspiration 13.74™ 251 -20.75™ 326 -20.96™ 324  484.46*

% In the same column, means with different superscript letters are significantly different at 0.01
level by THSDT. *” In the same row, means with different superscript letters are
significantly different at 0.01 level by THSDT. * p < 0.0001
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Plot of Mean UPF Change Over Time by Weathering x Perspiration
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Figure 4.1 Plot of Mean UPF Value Change by Weathering and Perspiration Combination
after Repeated Laundering

H1b: There is a difference in UPF values between the test specimens treated with and without
perspiration. The test specimens treated with perspiration will have a greater change in

UPF value than the specimens without treatment.

According to Maxwell and Delaney (2003), a significant three-way indicates that the
two-way interaction is not similar at each level of the third factor. Because three-way interaction
was found, a series of follow-up tests of using two-way ANOVA were performed to examine the
two-way interactions separately at each individual level of the third factor (i.e., the Repeated
Laundering x Weathering under the condition of with and without perspiration application,
Repeated Laundering x Perspiration at three levels of the Weathering Exposure, and Weathering
X Perspiration at 16 levels of Repeated Laundering). In order to understand the effect of
perspiration application, the Weathering x Repeated Cycle interaction was examined separately
for each level of perspiration application (i.e., with or without perspiration). The results showed
that significant differences were found. For test specimens stored in the Standard conditioning,

regardless of being treated with or without perspiration, no significant differences in UPF value
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change were found between 1% and 6™ cycle as well as from 8" cycle to 15" cycle. A significant
difference was found after seventh cycle. For all the test specimens, regardless of being exposed
to any of the weathering conditions (i.e., Florida and Arizona) and treated with or without
perspiration, significant differences in UPF value change were found after the second cycle (see
Figure 4.2). Those test specimens stored in the Standard conditioning showed positive changes in
UPF values as the number of laundering cycles increased, while those exposed to Florida and
Arizona conditions showed negative changes in UPF values as the number of laundering cycles
increased. A positive number of UPF value change indicates the UPF value has increased (i.e.,
UVR protection increase), while a negative number indicates that the UPF value has decreased
(i.e., UVR protection decreased). The proposed hypothesis stated that test specimens treated with
perspiration were expected to have greater UPF value change, and different results were found,
where test specimens treated with perspiration had a lower UPF value change. Based on these
results, Hypothesis H1b was rejected despite significant differences found between test

specimens treated with and without perspiration.
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Figure 4.2 Repeated Laundering x Weathering for Fixed Perspiration Interaction Plots

H1lc: There is a difference in the UPF values among the test specimens exposed to the
following three weathering conditions - (a) semi-tropical climates without water spray, (b)
semi-arid climates, and (c) control (i.e., standard conditioning). The test specimens

exposed to a semi-tropical climate condition will have the most UPF value change,
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followed by the test specimens exposed to a semi-arid climate condition, and then the test

specimens maintained in the standard textile testing condition.

Similar to Hypothesis H1b, a series of follow-up tests of using two-way ANOVA were
performed to examine the Perspiration x Repeated Cycle interaction and were examined
separately for each level of weathering exposure conditions (i.e., Standard, Florida, and Arizona
conditions). The results of THSDT showed that there was a significant difference in UPF value
change of test specimens exposed to different weathering conditions (see Figure 4.3). For those
test specimens stored in the Standard conditioning, regardless of being treated with and without
perspiration, the UPF value change showed significant increase after the first cycle (i.e., UPF
value increased as the number of repeated laundering cycle increased). For those test specimens
treated without perspiration, a significant difference between Florida and Arizona conditions was
found after fifth cycle. For those treated with perspiration, a significant difference was found
after second cycle. For test specimens that exposed to both weathering conditions (i.e., Florida
and Arizona), the UPF value change all showed significant increase as the number of cycle
increased (i.e., UPF value decreased as the number of repeated laundering cycle increased). In
addition, the test specimen treated without perspiration had a greatest change in UPF value
compared to those with perspiration treatment. For instance, for those test specimens exposed to
the Florida condition, the UPF value decreased the most compared to other groups. Based on

these results, Hlc is supported.
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Perspiration x Cycle (for fixed Weathering)
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Figure 4.3 Repeated Laundering x Perspiration for Fixed Weathering Interaction Plots

H1d: There is a difference in UPF values between the test specimens laundered in a traditional
washer and the test specimens laundered in a front-loading HE washer. The test
specimens laundered in the front-loading HE washer will have less UPF values change

than those laundered in the traditional washer.

When the effects of washing cycles on UPF value change was examined, two significant
interactions related to washing were found (i.e., Weathering x Washing Action interaction and
Perspiration x Washing Action interaction). These results indicated the effect of washing action
depends on the level of weathering and perspiration separately. For the reason, the effect of
washing action is discussed based on its interaction effects with perspiration and weathering
separately. For the interaction between Weathering and Washing action in the influence on UPF
value change, the means and standard deviations for UPF value change as a function of washing
action and weathering are presented in Table 4.4 and Figure 4.4. Because the interaction was
significant between washing action and weathering, a series of one-way ANOVA and THSDT
were performed to examine the differences between the two types of washing action. The results
showed that there was a significant difference in the UPF value change between the test
specimens laundered in a traditional washer and the test specimens laundered in a front-loading
HE washer for those that exposed to standard conditioning and Arizona, but there was no
significant difference for those that exposed to Florida. Similar analysis also conducted for the

Perspiration and Washing action interaction; however, no significant result was found in the
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one-way ANOVA and THSDT. Despite of no significant difference was found in the
Perspiration and Washing action interaction, the effect of washing action on UPF value change

was significant found under different weathering conditions. Based on these results, H1d was

supported.

Table 4.4 Means and Standard Deviations for UPF value change by Weathering and
Washing Action

Weathering Conditions

Star_u?argj Florida Arizona
Washing Action Conditioning
Mean SD Mean SD Mean SD F
Traditional Washer  7.44? 488 -20.541 6.94 -20.14? 6.14 643.53*
HE Washer 927° 592  -19.59* 6.69 -17.71° 527  652.38*

" In the same column, means with different superscript letters are significant different at 0.05
level by THSDT. *p value < 0.0001

Plot of Mean UPF Value Change Over Weathering by Washer
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Figure 4.4 Plot of Mean UPF Value Change Over Weathering by Washing Action
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Hle: There is a difference in UPF values between the test specimens before and after repeated
laundering cycles. The UPF value change of the test specimens will increase with the

increase of laundering cycles, up to 15 laundry cycles.

When the effects of repeated laundering cycles on UPF value change was examined, the
results showed that a significant three-way interaction among weathering, perspiration, and
repeated laundering was present (F'=2.77, p < 0.0001) (see Table 4.2). Subsequent analyses
demonstrated that there was a simple effect for repeated laundering, where all UPF value change
showed a significant difference among different cycles after the first laundering cycle. The UPF
value change decreased with the increase of the number of laundering cycles. In other words, the
UVR protection of the test specimens decreased with the increase of the number of laundering
cycles. Using THSDT multiple comparisons, significant differences in UPF value change were

found before and after each repeated laundering. Therefore, Hle is supported.

Analyses of Secondary Purpose — Fabric Count Change. Thickness Change, Weight Change,

Color Change, and Dimensional Change

Hypothesis 2: Perspiration application, weathering exposure, washing action of automatic home
clothes washers, and repeated laundering have no effect on the fabric count

change of the test specimens.

In textile studies, the fabric counts (i.e., the number of warp and filling yarns) of a fabric
are usually recorded separately. For this reason, the results of the fabric count are analyzed and
reported separately, where warp direction for fabric count change are discussed first, followed by

filling direction.
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Analysis of Fabric Count Change in Warp Direction

Table 4.5 Repeated Measures Analysis of Variance Testing of Fixed Effects on Fabric
Count Change in Warp Direction

Source df F

Weathering main effects (Whole plot) 7.93

Perspiration main effects (Split- plot) 7.13*

2

1
Washing Action main effects 1 17.34%**
Weathering x Perspiration interaction 2 39.58**
Weathering x Washing Action interaction 2 2.93
Perspiration x Washing Action interaction 1 5.35
Weathering x Perspiration x Washing Action interaction 2 0.57
Repeated Laundering (Cycle) main effects (Repeated Measures) 15 13.31**
Repeated Laundering x Weathering interaction 30 0.74
Repeated Laundering x Perspiration interaction 15 0.73
Repeated Laundering x Washing interaction 15 0.78
Repeated Laundering x Weathering x Perspiration interaction 30 0.63
Repeated Laundering x Weathering x Washing Action interaction 30 0.41
Repeated Laundering x Perspiration X Washing Action interaction 15 0.50
Repeatgd Laundering x Weathering x Perspiration x Washing Action 30 0.55
interaction

*p value < 0.01;** p value <0.0001

H2al: There is no interaction among the effects of the application of four treatment factors (i.e.,
perspiration application, weathering exposure, washing action of automatic home clothes

washers, and repeated laundering) on the fabric count change of the test specimens.

When the effects of four treatments on fabric count change in warp direction were
examined, the interaction between perspiration application and weathering exposure was
significant (F = 34.58, p < 0.0001) (see Table 4.5). This result indicated that the influences of
the perspiration application on fabric count change in warp direction were different in three

weathering conditions. Based on this result, H2al is rejected.
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H2b1: There is no difference in fabric count change between the test specimens treated with and

without perspiration.

Because a significant interaction between perspiration and weathering was found, a series
of one-way ANOVA were conducted to examine the effect of perspiration separately in each
weathering condition. The simple effect of perspiration showed that the fabric count change in
warp direction between the test specimens treated with and without perspiration were
significantly different at different weathering conditions (see Table 4.6 and Figure 4.5). For those
test specimens treated without perspiration, the THSDT results showed that significant
differences were found between standard conditioning and Florida, and between Florida and
Arizona (F=115.36, p < 0.0001); however, no significant difference was found between
standard conditioning and Arizona. A different result was found for those test specimens treated
with perspiration. The THSDT results showed that significant differences were found between
standard conditioning and Florida, and between standard conditioning and Arizona (F = 14.71, p
< 0.0001); however, no significant difference was found between Florida and Arizona. Based on

these results, the H2b1 is rejected.

Table 4.6 Means and Standard Deviations for UPF value change by Weathering and
Perspiration

Weathering Conditions

Standard Florida Arizona
Perspiration Conditioning
Mean SD Mean SD Mean SD F

No Perspiration -2.07"  1.09 -0.87° 1.11 -2.25° 1.07  115.36*
With Perspiration  -1.79°  1.08  -1.65 1.09  -2.17° 1.08 14.71%*

% In the same column, means with different superscript letters are significant different at 0.05
level by THSDT. *p value < 0.0001.
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Plot of Fabric Count Change (Warp) Over Weathering by Perspiration
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Figure 4.5 Mean Scores of Fabric Count Change in Warp Direction over Weathering by
Perspiration

H2cl: There is no difference in the fabric count change among the test specimens exposed to the
following three weathering conditions - (a) semi-tropical climates without water spray, (b)

semi-arid climates, and (c) control (i.e., standard conditioning).

The simple effect of perspiration showed that the fabric count change in warp direction
between the test specimens exposed in three weathering conditions were significantly different
with and without perspiration application (see Table 4.6 and Figure 4.6). As explained in the
previous section, when the perspiration was absent, the fabric count in warp direction exposed to
Florida had significantly changed the least and those exposed to Arizona had significantly

changed the most. Therefore, H2c1 is rejected.
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Plot of Fabric Count Change (Warp) Over Perspiration by Weathering
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Figure 4.6 Mean Scores of Fabric Count Change in Warp Direction over Perspiration by
Weathering

H2d1: There is no difference in fabric count change between the test specimens laundered in a

traditional washer and the test specimens laundered in a front-loading HE washer.

When the effect of washing action on fabric count change in warp direction was
examined, a significant difference was found (¥ = 17.34, p < 0.0001) (see Table 4.5). The results
showed that those test specimens laundered in traditional washers had less fabric count change in
warp direction (M = -1.69) compared to those test specimens laundered in HE washer (M = -

1.91). Therefore, H2d1 is rejected.

HZ2el: There is no difference in fabric count change between the test specimens before and after

repeated laundering cycles, up to 15 laundering cycles.

When the effect of repeated laundering on fabric count change in warp direction was
examined, a significant difference was found (¥ = 13.31, p < 0.0001) (see Table 4.5). When
examining the plot of Mean Fabric Count Change in Warp direction over cycle (see Figure 4.7),
it also showed that the trend of the fabric count change in warp direction fluctuated as the
number of laundering cycles increased, and the results are shown in Table 4.8. These results

indicated a significant difference found in fabric count change in warp direction after the second
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and third cycle. However, no significant difference was found between the first cycle, after the

fourth cycle and up to the 15™ cycle. Therefore, H2el is rejected.
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Figure 4.7 Plot of Fabric Count Change in Warp Direction by Repeated Laundering

Analysis of Fabric Count Change in Filling Direction

Table 4.7 Repeated Measures Analysis of Variance Testing of Fixed Effects on Fabric

Count Change in Filling Direction

Source df F
Weathering main effects (Whole plot) 2 2.81
Perspiration main effects (Split- plot) 1 0.81
Washing Action main effects 1 68.53**
Weathering x Perspiration interaction 2 5.67*
Weathering x Washing Action interaction 2 1.74
Perspiration x Washing Action interaction 1 3.57
Weathering x Perspiration x Washing Action interaction 2 2.42
Repeated Laundering (Cycle) main effects (Repeated Measures) 15 195.85%%*
Repeated Laundering x Weathering interaction 30 1.67
Repeated Laundering x Perspiration interaction 15 0.56
Repeated Laundering x Washing interaction 15 1.97
Repeated Laundering x Weathering x Perspiration interaction 30 1.12
Repeated Laundering x Weathering x Washing Action interaction 30 0.75
Repeated Laundering x Perspiration x Washing Action interaction 15 0.57
Repeated Laundering x Weathering x Perspiration x Washing Action 30 0.66

interaction

*p value < 0.01;** p value < 0.0001
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H2a2: There is no interaction among the effects of the application of four treatment factors (i.e.,
perspiration application, weathering exposure, washing action of automatic home clothes

washers, and repeated laundering) on the fabric count change of the test specimens.

When the effects of four treatments on fabric count change in filling direction were
examined, the interaction between perspiration application and weathering exposure (F'=5.67, p
< 0.01) was significant (see Table 4.7). These results indicated that the influences of the
perspiration application on fabric count change in filling direction were different in three

weathering conditions. Based on these results, H2a2 is rejected.

H2b2: There is no difference in fabric count change between the test specimens treated with and

without perspiration.

Because an interaction between perspiration and weathering exposure was found (F =
5.67, p <0.01), a one-way ANOVA was conducted to examine the simple effect of perspiration.
The result showed that no significance was found (¥ = 0.11, p = 0.7393). However, a different
scenario was found when plotting the fabric count change in filling over weathering by
perspiration (see Figure 4.8). The fabric count in filling direction of test specimens treated with
perspiration changed the most under the standard conditioning, and those test specimens exposed
to Arizona had the lowest fabric count change in filling direction. Based on these results, H2b2 is

rejected.

Table 4.8 Means and Standard Deviations for Fabric Count change in Filling Direction by
Weathering and Perspiration

Weathering Conditions

Standard
Perspiration Conditioning
Mean SD Mean SD Mean SD F

Florida Arizona

No Perspiration 5.27 1.43 5.16 1.22 5.09 1.30 0.83
With Perspiration  5.40*  1.38 5.11° 1.19 4.89° 1.22 7.52%

" In the same column, means with different superscript letters are significant different at 0.05
level by THSDT. *p value < 0.01.
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Plot of Fabric Count Change (Filling) Over Weathering by Perspiration
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Figure 4.8 Mean Scores of Fabric Count Change in Warp Direction over Perspiration by
Weathering

H2c2: There is no difference in the fabric count change among the test specimens exposed to the
following three weathering conditions - (a) semi-tropical climates without water spray, (b)

semi-arid climates, and (c) control (i.e., standard conditioning).

The ANOVA results and plots confirmed that no significant difference was found in
weathering for fabric count change in filling direction at alpha level of 0.01. However, an
interaction was found when examining the interaction plot (i.e., all three lines were not parallel)
(see Figure 4.9). For instance, test specimens that were stored in the standard conditioning,
regardless of being treated with or without perspiration, had the most fabric count change in
filling direction, while test specimens exposed to Arizona had the lowest fabric count change.

Therefore, H2c2 is rejected.
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Plot of Fabric Count Change (Filling) Over Perspiration by Weathering
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Figure 4.9 Mean Scores of Fabric Count Change in Warp Direction over Perspiration by
Weathering

H2d2: There is no difference in fabric count change between the test specimens laundered in a

traditional washer and the test specimens laundered in a front-loading HE washer.

When the effect of washing action on fabric count change in filling direction was
examined, a significant difference was found (F' = 68.53, p < 0.0001) (see Table 4.7). The results
showed that those test specimens laundered in traditional washers had less fabric count change in
warp direction (M = 5.32) compared to those test specimens laundered in HE washer (M = 4.98)
(see Figure 4.10). Therefore, H2d2 is rejected.
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Figure 4.10 Mean Scores of Fabric Count Change in Warp Direction over Perspiration by
Weathering
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H?2e2: There is no difference in fabric count change between the test specimens before and after

repeated laundering cycles, up to 15 laundering cycles.

When the effect of repeated laundering on fabric count change in filling direction was
examined, a significant difference was found (¥ = 195.85, p < 0.0001) (see Table 4.7). The
results showed that the fabric count change in filling direction significantly increased as the

number of laundering cycles increased. Therefore, H2e2 is rejected.

Plot of Fabric Count Change (Warp) Over Cycle
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Figure 4.11 Mean Scores of Fabric Count Change in Warp Direction over Perspiration by
Weathering
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Hypothesis 3:  Perspiration application, weathering exposure, washing action of automatic

home clothes washers, and repeated laundering have no effect on the thickness

change of the test specimens.

Table 4.9 Repeated Measures Analysis of Variance Testing of Fixed Effects on Thickness
Change

Source df F

Weathering main effects (Whole plot) 8.14

2
Perspiration main effects (Split- plot) 1 4.12
Washing Action main effects 1 201.65%*
Weathering x Perspiration interaction 2 0.47
Weathering x Washing Action interaction 2 3.40
Perspiration x Washing Action interaction 1 17.18%*
2

Weathering x Perspiration x Washing Action interaction 4.38
Repeated Laundering (Cycle) main effects (Repeated Measures) 15 9.21%%*
Repeated Laundering x Weathering interaction 30 3.45%*
Repeated Laundering x Perspiration interaction 15 1.49
Repeated Laundering x Washing interaction 15 2.55%
Repeated Laundering x Weathering x Perspiration interaction 30 0.96
Repeated Laundering x Weathering x Washing Action interaction 30 0.98
Repeated Laundering x Perspiration x Washing Action interaction 15 1.02
Repeatgd Laundering x Weathering x Perspiration x Washing Action 30 061
interaction

*p value < 0.001;** p value < 0.0001

H3a: There is no interaction among the effects of the application of four treatment factors (i.e.,
perspiration application, weathering exposure, washing action of automatic home clothes

washers, and repeated laundering) on the thickness change of the test specimens.

When the effects of four treatments on fabric thickness change were examined, the
interaction between Perspiration application and Washing action (FF=17.18, p <0.0001), the
interaction between Repeated laundering and Weathering (F = 3.45, p <0.0001), as well as the
interaction between Repeated laundering and Washing action (F = 2.55, p <0.01) were found
(see Table 4.90). This result indicated that the influences of the perspiration application on

thickness change were different in three weathering conditions. Based on this result, H3a is

rejected.
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H3b.: There is no difference in thickness change between the test specimens treated with and

without perspiration.

Because a significant interaction between perspiration and washing action was found (F =
17.18, p <0.0001) (see Table 4.9), a series of one-way ANOVA were conducted to examine the
effect of perspiration had on each level of washing action. The simple effect of perspiration
showed that the thickness change between the test specimens treated with and without
perspiration were significantly different at different levels of washing action (see Table 4.10 and
Figure 4.12). The THSDT results showed that for those test specimens treated with perspiration,
the thickness of test specimens that were laundered in a traditional washer were significantly
changed more than those laundered in a front-loading HE washer (F =7.15, p < 0.01). However,
no significant change was found in test specimens that were without the perspiration application

and laundered in a traditional washer. Based on these results, the H3b is rejected.

Table 4.10 Means and Standard Deviations for Thickness change by Perspiration and
Washing Action

Washing Action of automatic home clothes washers

Perspiration Traditional Washer HE Washer
Mean SD Mean SD F
No Perspiration 0.08° 0.03 0.07° 0.02 1.27
With Perspiration 0.08* 0.03 0.06" 0.02 16.58%*

" In the same column, means with different superscript letters are significant different at 0.01
level by THSDT. *p value < 0.0001.
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Plot of Thickness Change Over Perspiration by Washing Action
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Figure 4.12 Mean Scores of Thickness Change over Washing Action by Perspiration

H3c: There is no difference in the thickness change among the test specimens exposed to the
following three weathering conditions - (a) semi-tropical climates without water spray, (b)

semi-arid climates, and (c) control (i.e., standard conditioning).

Because an interaction between weathering and repeated laundering was found (F = 3.42,
p <0.0001), a one-way ANOVA was conducted to examine the weathering effects separately for
each repeated laundering cycle. The result of the simple effects showed that the mean scores of
thickness change were significantly different among different weathering conditions after the
first cycle (see Table 4.11 and Figure 4.13). Test specimens that were exposed to Florida
condition had the lowest thickness change while those test specimens stored in the standard

conditioning had the highest thickness change. Based on these results, H3c is rejected.
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Table 4.11 Means and Standard Deviations for Fabric Count change in Filling Direction
by Weathering and Perspiration
Weathering Conditions
Standard . .
Cycle Conditioning Florida Arizona
Mean SD Mean SD Mean SD F
1 0.07  0.02 0.06 0.02 0.07 0.02 2.91
2 0.08° 0.03  0.06° 0.02 0.07° 0.02 3.24
3 0.08  0.02 0.08 0.03 0.08 0.02 0.65
4 0.09  0.02 0.08 0.01 0.08 0.01 1.41
5 0.10  0.02 0.08 0.01 0.09 0.01 3.36
6 0.08  0.02 0.07 0.01 0.08 0.02 2.74
7 0.08* 0.03  0.07°  0.03 0.06° 0.02 3.98
8 0.09* 0.02  0.07°  0.01 0.07° 0.02 8.21%*
9 0.09* 0.02  0.07° 0.02  007° 0.01 7.64%
10 0.09* 0.02  0.07°  0.01 0.08° 0.01  14.10%*
11 0.09° 0.02  0.06°  0.01 0.07° 0.02  30.10%*
12 0.08%  0.02  0.06°  0.01 0.07° 0.02  11.77**
13 0.09* 0.01  0.06°  0.01 0.07° 0.01  38.10%*
14 0.08% 0.02  0.06°  0.01 0.06° 0.01  21.48%**
15 0.08% 0.02  0.06*  0.01 0.06° 0.01  27.00%*

" In the same column, means with different superscript letters are significant different at 0.05
level by THSDT. *p value < 0.001;** p value < 0.0001
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Figure 4.13 Mean Scores of Thickness Change over Cycle by Weathering
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H3d: There is no difference in thickness change between the test specimens laundered in a

traditional washer and the test specimens laundered in a front-loading HE washer.

Because a significant interaction between perspiration and washing action was found (F =
17.18, p <0.0001), a series of one-way ANOVA were conducted to examine the effect of the
washing action separately in each level of perspiration. The simple effect of washing action
showed that the thickness change between the test specimens laundered in a traditional washer
and a front-loading HE washer was significantly different at different levels of perspiration (see
Table 4.10 and Figure 4.14). The THSDT results showed that for test specimens that were
laundered in a traditional washer, those treated with perspiration had a higher thickness change
than those without perspiration treatment. However, a different scenario was found in test
specimens that were laundered in a front-loading HE washer, where test specimens treated with
perspiration had a lower thickness change than those without perspiration. Based on these results,

the H3d is rejected.

Plot of Thickness Change Over Washing Action by Perspiration
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Figure 4.14 Mean Scores of Thickness Change over Perspiration by Washing Action

H3e: There is no difference in thickness change between the test specimens before and after

repeated laundering cycles, up to 15 laundering cycles.

Because an interaction between weathering and repeated laundering was found (' = 3.45,
p <0.0001), a one-way ANOVA was conducted to examine the weathering effects separately for

each repeated laundering cycle. The result of the simple effects showed that a significant
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difference was found after eighth cycle among three weathering conditions (see Table 4.10 and

Figure 4.11). Based on these results, H3e is rejected.

Hypothesis 4:  Perspiration application, weathering exposure, washing action of automatic
home clothes washers, and repeated laundering have no effect on the weight

change of the test specimens.

Table 4.12 Repeated Measures Analysis of Variance Testing of Fixed Effects on Weight
changes

Source df F

Weathering main effects (Whole plot) 28.27%

2

Perspiration main effects (Split- plot) 1 8.29*

Washing Action main effects 1 231.40**

Weathering x Perspiration interaction 2 1.75

Weathering x Washing Action interaction 2 2.75

Perspiration x Washing Action interaction 1 0.22
2

Weathering x Perspiration x Washing Action interaction 0.43
Repeated Laundering (Cycle) main effects (Repeated Measures) 15 32.81%**
Repeated Laundering x Weathering interaction 30 1.12
Repeated Laundering x Perspiration interaction 15 0.85
Repeated Laundering x Washing interaction 15 2.39%
Repeated Laundering x Weathering x Perspiration interaction 30 1.06
Repeated Laundering x Weathering x Washing Action interaction 30 0.85
Repeated Laundering x Perspiration x Washing Action interaction 15 0.92
Repeate'd Laundering x Weathering x Perspiration x Washing Action 30 0.98
interaction

*p value < 0.01;** p value < 0.0001

H4a: There is no interaction among the effects of the application of four treatment factors (i.e.,
perspiration application, weathering exposure, washing action of automatic home clothes

washers, and repeated laundering) on the weight change of the test specimens.

When the effects of four treatments on fabric weight change were examined, an
interaction between repeated laundering and washing action was significant (¥ =2.39, p <0.01)

(see Table 4.12). This result indicated that the influences of the washing action on fabric weight
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change of the test specimens were different in various laundering cycles. Based on this result,

H4a is rejected.

H4b: There is no difference in weight change between the test specimens treated with and

without perspiration.

When the effect of perspiration on weight change was examined, a significant difference
was found (F = 8.29, p <0.01) (see Table 4.12). The results showed that test specimens treated
without perspiration had less weight change than those treated with perspiration. They were -
0.074 for the non-perspiration group and -0.079 for the perspiration treated group (see Figure
4.15). Therefore, H4b is rejected.

Weight Change by Perspiration

W/O Perspiration With Perspiration

0.00 -
-0.01 -
-0.02 -
-0.03 -
-0.04 -
-0.05 -
-0.06 -
-0.07 -
-0.08 -
-0.09

Weight Change

Figure 4.15 Mean Scores of Weight Change on Perspiration

H4c: There is no difference in the weight change among the test specimens exposed to the
following three weathering conditions - (a) semi-tropical climates without water spray, (b)

semi-arid climates, and (c) control (i.e., standard conditioning).

When the effect of weathering exposure on weight change was examined, a significant
difference was found (F'=27.36, p <0.001) (see Table 4.13 and Figure 4.16). The results
showed that test specimens stored in the standard conditioning had the smallest weight change,

and test specimens exposed to Florida conditions had the most weight change. The means and
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standard deviations for weight change as a function of weathering exposure are presented in

Table 4.13. Therefore, H4c is rejected.

Table 4.13  Means and Standard Deviations for Weight change by Weathering

Weathering Exposure Mean SD
Standard -0.064 * 0.059
Florida -0.087° 0.029
Arizona -0.078 ¢ 0.029

5.¢ In the same column, means with different superscript letters are significant different at 0.05
level by THSDT

Weight Change by Weathering
Weathering
Standard Florida Arizona
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= -0.08 -
-0.10

Figure 4.16 Mean Scores of Weight Change on Weathering Exposure

H4d: There is no difference in weight change between the test specimens laundered in a

traditional washer and the test specimens laundered in a front-loading HE washer.

Because an interaction between weathering and repeated laundering was found (F =
32.81, p <0.0001), a one-way ANOVA was conducted to examine the weathering effects
separately for each repeated laundering cycle. The result of the simple effects showed that the
mean scores of weight change were significantly different among different weathering conditions
after the first cycle (see Table 4.14 and Figure 4.17). Test specimens that were laundered in a
front-loading HE washer had a lower weight change than those laundered in a traditional washer.

Based on these results, H4d is rejected.
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Table 4.14 Means and Standard Deviations for Weight Change by Washing and Repeated

Cycles
Washing Action of automatic home clothes washers
Cycles Traditional Washer HE Washer

Mean SD Mean SD F
1 -0.039° 0.011 -0.027° 0.009 23.84*
2 -0.052° 0.010 -0.037° 0.010 69.10%*
3 -0.067? 0.011 -0.048° 0.012 51.59%*
4 -0.072° 0.011 -0.048° 0.012 71.21%*
5 -0.078* 0.010 -0.053° 0.013 86.00*
6 -0.085"° 0.012 -0.057° 0.014 85.00*
7 -0.092° 0.015 -0.063° 0.014 66.11*
8 -0.096° 0.014 -0.068"° 0.015 70.49*
9 -0.102° 0.016 -0.071° 0.016 71.44%*
10 -0.104° 0.016 -0.072° 0.015 73.48%*
11 -0.104*° 0.020 -0.072° 0.019 47.48*
12 -0.109° 0.018 -0.074° 0.018 65.24*
13 -0.109° 0.020 -0.074° 0.019 57.79*
14 -0.113*° 0.027 -0.082° 0.020 31.09*
15 -0.148* 0.163 -0.083° 0.022 5.60%*

% In the same column, means with different superscript letters are significantly different at
0.0001 level by THSDT. * p < 0.01, ** p <0.0001

Plot of Mean Thickness Change Over Cycle by Washing Action
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Figure 4.17 Mean Scores of Thickness Change over Cycle by Washing
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H4e: There is no difference in weight change between the test specimens before and after

repeated laundering cycles, up to 15 laundering cycles.

Because an interaction between weathering and repeated laundering was found (F = 3.42,
p <0.0001), a one-way ANOVA was conducted to examine the repeated laundering effects on
weight change separately for each type of washing action. The result of the simple effects
showed that, regardless of being laundered in either washer, the mean scores of thickness change
were significantly different between two types of washer after the fourth repeated laundering

cycle (see Table 4.14 and Figure 4.17). Based on these results, H4e is rejected.

Hypothesis 5:  Perspiration application, weathering exposure, washing action of automatic

home clothes washers, and repeated laundering have no effect on the color

change of the test specimens.

Table 4.15 Repeated Measures Analysis of Variance Testing of Fixed Effects on Color
change in Term of Delta E

Source df F

Weathering main effects (Whole plot) 1880.54**

2
Perspiration main effects (Split- plot) 1 5706.91**
Washing Action main effects 1 174.13**
Weathering x Perspiration interaction 2 1498.47%**
Weathering x Washing Action interaction 2 80.36**
Perspiration x Washing Action interaction 1 2.76
Weathering x Perspiration x Washing Action interaction 2 1.68
Repeated Laundering (Cycle) main effects (Repeated Measures) 15 4794.69**
Repeated Laundering x Weathering interaction 30 597.37**
Repeated Laundering x Perspiration interaction 15 52.22%*
Repeated Laundering x Washing interaction 15 5.74%*
Repeated Laundering x Weathering x Perspiration interaction 30 23.94%x*
Repeated Laundering x Weathering x Washing Action interaction 30 1.65
Repeated Laundering x Perspiration x Washing Action interaction 15 0.65
Repeate'd Laundering x Weathering x Perspiration x Washing Action 30 0.41
interaction

*p value < 0.01;** p value < 0.0001
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Hb5a: There is no interaction among the effects of the application of four treatment factors (i.e.,
perspiration application, weathering exposure, washing action of automatic home clothes

washers, and repeated laundering) on the color change of the test specimens.

When the effects of four treatments on the color change of Delta E were examined, a
three-way interactions [i.e., Repeated Laundering x Weathering x Perspiration interaction (F' =
30.22, p <0.0001)] was significant (see Table 4.16). This result indicated that the influences of
perspiration and weathering on UPF value change were different in various laundering cycles. To
further confirm these findings, the three-way interaction figure was plotted (see Figure 4.18), and

significant interactions were found. Therefore, H5a is rejected.
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Table 4.16 Means and Standard Deviations Delta E by Weathering, Perspiration, and

Repeated Cycles

Weathering Conditions

Standard . .
N N Florida Arizona
Cycle Perspiration Conditioning
Mean  SD Mean SD Mean SD F
L No Perspiration ~ 1.80™* 0.43  3.07™ 031 257 029 39.81*
With Perspiration 1.51™ 040 243" 027 228" 031 26.70%
5 No Perspiration ~ 2.42* 027 588™ 038 4.55% 031 345.79%*
With Perspiration 1.88% 041 447 % 035 3.90%  0.39 150.62%*
3 No Perspiration 272 039  8.08™ 023 6.04% 024 994.59*
With Perspiration 2.22%  0.41 6.19% 039 495% 037 320.06*
4 No Perspiration 3.10% 049 10.12™ 037  7.39% 029 981.86*
With Perspiration 2.74™ 0.51  7.74% 043 582% 044 356.21%
5 No Perspiration 3.40™ 039 11.81™ 030 850%™ 027 2046.50*
With Perspiration 3.00%  0.32 8.80% 0.62 6.81Y 029 549.80*
6 No Perspiration 358 038 13.68°™ 038 1022 037 2218.24*
With Perspiration 3.20% 0.40 10.08 % 0.48 8.36%  0.32 939.84*
7 No Perspiration 391%™ 045 15.02°™ 036 1121 035 2532.34%*
With Perspiration 3.62* 041 10.76 % 092  9.12% 026 461.81*
8 No Perspiration 421™ 051 1643™ 038 12.08° 039 2460.07*
With Perspiration 3.94*  0.51 12.12% 079 9819 025 679.70*
9 No Perspiration 445%™ 0.69 18.24 " 0.84 1328 0.27 1394.35*
With Perspiration  7.43* 1.11 13.40 % 119 10.77%  0.43 270.74%*
10 No Perspiration  4.53*™ 0.64 18.97 047 1400 035 2589.99*
With Perspiration 4.46™ 0.88 14.05 % 092 11.33% 037 501.35*
11 No Perspiration 491 0.83 19.78 042 1494 044 1956.06*
With Perspiration 4.75* 082 14.84 % 073 12249 0.32 760.16*
12 No Perspiration 4.84™ 0.75 2059 042 1561 039 2587.89*
With Perspiration 7.79*™ 0.73  15.63 % 049 12.83Y  0.28 1327.42%*
13 No Perspiration 496™  0.63 21.32"™ 035 16.14 0.46 3434.51*
With Perspiration 4.91* 0.75 16.12% 054 13.41% 031 1279.75%
14 No Perspiration 503" 0.69 21.58° 048 16.84 0.44 2904.68*
With Perspiration 5.07* 0.66 15.77 % 154 13.93% 0.3 410.86%*
15 No Perspiration ~ 5.20™ 0.71 22.17™ 052 1745 057  2510.36*
With Perspiration 525* 0.71 17.16 % 093 14.63%  0.40 1048.39*
a, b, c

significantly different at 0.01 level by THSDT. * p < 0.0001
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Plot of Mean Delta E Over Cycle by Weathering x Perspiration
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Figure 4.18 Plot of Mean Delta E by Weathering and Perspiration Combination after
Repeated Laundering

H5b: There is no difference in color change between the test specimens treated with and without

perspiration.

Because three-way interaction was found (i.e., Perspiration x Weathering x Cycle), a
series of follow-up tests using two-way ANOVA were performed to examine the two-way
interactions separately at each individual level of the third factor (i.e., Weathering x Cycle under
the condition of with and without perspiration application) (see Table 4.16). The results showed
that test specimens stored in the standard conditioning, regardless of being treated with or
without perspiration, no significant difference was found before and after repeated laundering.
For test specimens exposed to Florida condition, a significant difference was found after the first
laundering cycle, and test specimens treated with perspiration had a higher Delta E change than
those without perspiration. However, a different scenario was found in those exposed to the

Arizona condition, where a significance was only found after the second laundering cycle, and
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test specimens treated with perspiration had a higher Delta E change than those without

perspiration (see Figure 4.18). Based on these results, H5b is rejected.

HS5c: There is no difference in the color change among the test specimens exposed to the
following three weathering conditions - (a) semi-tropical climates without water spray, (b)

semi-arid climates, and (c) control (i.e., standard conditioning).

A series of follow-up tests using two-way ANOV A were also performed to examine the
two-way interactions separately at each individual level of the third factor (i.e., Perspiration x
Washing Action) under the exposure to three weathering conditions. The results showed that
significant differences were found in all test specimens that included treated and non-treated
perspiration treatment, regardless of being exposed to any weathering condition, all showed a
significant difference after the first cycle. In general, test specimens exposed to Florida condition
had the highest Delta E followed by those exposed to Arizona condition. Those test specimens
stored in the standard conditioning had the lowest Delta E (see Figure 4.18). Based on these

results, H5c¢ is rejected.

H5d. There is no difference in color change between the test specimens laundered in a traditional

washer and the test specimens laundered in a front-loading HE washer.

Because two-way interaction was found (i.e., Repeated Laundering x Washing Action), a
series of follow-up tests using two-way ANOVA were performed. The results showed that no
significance was found between the test specimens laundered in a traditional washer and the test
specimens laundered in a front-loading HE washer as the number of cycle increased. This can be

confirmed by looking at Figure 4.19. Based on these results, H5d is failed to reject.
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Table 4.17 Means and Standard Deviations for Delta E Change by Washing and Repeated
Cycles

Washing Action of automatic home clothes washers

Cycles Traditional Washer HE Washer
Mean SD Mean SD F
1 2.16 0.61 2.39 0.59 5.09
2 3.74 1.44 3.97 1.38 5.01
3 4.95 2.15 5.12 2.03 2.76
4 6.07 2.77 6.24 2.58 2.62
5 7.02 3.24 7.09 3.08 0.47
6 8.17 3.94 8.20 3.68 0.07
7 8.87 4.30 9.00 3.99 1.57
8 9.67 4.76 9.86 4.35 3.17
9 10.34 5.15 11.18 5.05 66.00**
10 10.94 5.49 11.51 5.24 30.16%*
11 11.59 5.76 12.24 5.38 39.46%**
12 12.08 6.10 12.69 5.72 34.95%*
13 12.62 6.33 13.00 5.95 14.05*
14 12.82 6.44 13.25 6.02 16.67**
15 13.35 6.66 13.94 6.28 32.44%**
*p <0.01, ** p<0.0001
Plot of Mean Delta E Change Over Cycle by Washing Action
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Figure 4.19 Plot of Mean Delta E Over Cycle by Washing Action
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HS5e: There is no difference in color change between the test specimens before and after

repeated laundering cycles, up to 15 laundering cycles.

Because an interaction between washing action and repeated laundering was found (F =
5.74, p < 0.0001), a one-way ANOV A was conducted to examine the repeated laundering effects
on Delta E change separately for each type of washing action. The result showed that the
significant differences between two washers were found after ninth cycle (see Figure 4.19).

Based on these results, H5e is rejected.

Hypothesis 6: Perspiration application, weathering exposure, washing action of automatic home

clothes washers, and repeated laundering have no effect on the dimensional

change of the test specimens.

Analysis of Dimensional Change in Warp Direction

Table 4.18 Repeated Measures Analysis of Variance Testing of Fixed Effects on
Dimensional change in Warp Direction

Source df F
Weathering main effects (Whole plot) 2 3.40
Perspiration main effects (Split- plot) 1 0.28
Washing Action main effects 1 193.53%%*
Weathering x Perspiration interaction 2 7.25%
Weathering x Washing Action interaction 2 2.06
Perspiration x Washing Action interaction 1 7.24%*
Weathering x Perspiration x Washing Action interaction 2 0.33
Repeated Laundering main effects (Repeated Measures) 15  753.37*%
Repeated Laundering x Weathering interaction 30 3.55%*
Repeated Laundering x Perspiration interaction 15 2.48%*
Repeated Laundering x Washing interaction 15 1.98*
Repeated Laundering x Weathering x Perspiration interaction 30 1.10
Repeated Laundering x Weathering x Washing Action interaction 30 1.01
Repeated Laundering x Perspiration x Washing Action interaction 15 0.65
Repeat?d Laundering x Weathering x Perspiration x Washing Action 30 1.00
interaction

*p value < 0.001;** p value < 0.0001
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H6al: There is no interaction among the effects of the application of four treatment factors (i.e.,
perspiration application, weathering exposure, washing action of automatic home clothes

washers, and repeated laundering) on the dimensional change of the test specimens.

When the effects of four treatments on the dimensional change in warp direction were
examined, four two-way interactions [i.e., Perspiration x Washing Action (F'=7.24, p <0.01),
Repeated Laundering x Weathering interaction (F = 3.55, p < 0.0001), Repeated Laundering x
Perspiration interaction (F' = 2.48, p < 0.01), and Repeated Laundering x Washing Action
interaction (F = 1.98, p <0.01)] were significant. These results indicated that the influences of
weathering, perspiration, and washing action on the dimensional change in warp direction were

different in various laundering cycles. Therefore, Hbal is rejected.

H6b1: There is no difference in dimensional change between the test specimens treated with and

without perspiration.

Because a significant interaction between perspiration and washing action was found (F =
7.24, p = 0.0074), a series of one-way ANOVA were conducted to examine the effect of
perspiration separately in each type of washing action. The simple effect of perspiration showed
that dimensional change in warp direction between the test specimens treated with and without
perspiration were not significantly different at different washing action conditions (see Table
4.22 and Figure 4.21). When examine the interaction plot, both lines were almost parallel, which

indicated little or no interaction found. Based on this reason, H6b1 is failed to reject.

Table 4.19 Means and Standard Deviations for Thickness change by Perspiration and
Washing Action

Washing Action of automatic home clothes washers

Perspiration Traditional Washer HE Washer
Mean SD Mean SD F
No Perspiration -8.10° 1.16 -7.75° 1.24 3.14%
With Perspiration -8.03° 1.07 -7.79° 1.13 1.43

" In the same column, means with different superscript letters are significant different at 0.01
level by THSDT. *p value < 0.01.
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Figure 4.20 Plot of Mean of Dimensional Change in Warp Direction over Perspiration by
Washing Action

H6cl: There is no difference in the dimensional change among the test specimens exposed to
the following three weathering conditions - (a) semi-tropical climates without water spray,

(b) semi-arid climates, and (c) control (i.e., standard conditioning).

Because an interaction between weathering and repeated laundering was found (F = 3.75,
p <0.0001), a one-way ANOVA was conducted to examine the weathering effects separately for
each repeated laundering cycle. The result of the simple effects showed that the mean scores of
thickness change were significantly different among different weathering conditions after the 5t
6th, 9th, lOth, llth, 13th, 14" and 15™ cycles (see Table 4.20 and Figure 4.21). Based on these

results, Hocl is rejected.
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Table 4.20 Means and Standard Deviations for Fabric Count change in Filling Direction

by Weathering and Perspiration

Weathering Conditions

Standard . .
Cycle Conditioning Florida Arizona
Mean SD Mean SD Mean SD F

1 505 0.36 -5.02 0.42 -5.17 0.29 15.97*

2 634  0.62 -6.21 0.57 -6.44 0.39 120.88%*
3 -6.67 053 -6.65 0.49 -6.83 0.49  281.49%
4 719 042 -7.30 0.48 -7.25 031  462.51%**
5 789 042  -755° 041 -7.74° 034  650.15%*
6 7.97% 041 -7.75° 036  -8.11° 0.46  953.78%*
7 -8.42  0.46 -8.25 0.40 -8.25 0.33  1106.69%*
8 849  0.45 -8.32 0.29 -8.24 0.45  1363.15%*
9 8.62% 047 -825° 033 -8.59° 037  1691.20%*
10 886 031 -840° 027  -8.66° 0.36  1898.12%*
11 9.02° 033 -821° 037 -854° 034  2067.79%*
12 866 045 -8.44 0.22 -8.67 0.42  2355.00%*
13 9.02* 025 -878° 040  -8.83° 0.36  2540.59%*
14 9.12* 030 -8.74° 039 -880° 0.41  2548.00%*
15 9.19* 033 -872° 026 -897° 0.36  2843.68%*

5.¢ In the same column, means with different superscript letters are significantly different at

0.01 level by THSDT. * p < 0.01, ** p < 0.0001
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H6d1: There is no difference in dimensional change between the test specimens laundered in a

traditional washer and the test specimens laundered in a front-loading HE washer.

Because a significant interaction between perspiration and washing action was found (F =
7.24, p = 0.0074), a series of one-way ANOVA were conducted to examine the effect of washing
action separately in each level of perspiration. The simple effect of washing action showed that
dimensional change in warp direction between the test specimens treated with and without
perspiration were not significantly different at different type of washing action (see Table 4.19).
When examining the interaction plot, a significant difference was found. For test specimens
laundered in a traditional washer, those treated with perspiration had a lower dimensional change
in warp direction than those without perspiration. However, a different scenario was found in
those test specimens laundered in a front-loading HE washer, where the perspiration control
group had a smaller change than those treated with perspiration. In addition, test specimens
laundered in the HE washer, regardless of being treated with or without perspiration, had less

dimensional change. Based on this reason, H6d1 is failed to reject.

Plot of Mean Dimensional Change (Warp) Over Washing by Perspiration
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Figure 4.22 Plot of Mean of Dimensional Change in Warp Direction over Washing Action
by Perspiration

139



H6el: There is no difference in dimensional change between the test specimens before and after

repeated laundering cycles, up to 15 laundering cycles.

Because an interaction between weathering and repeated laundering was found (F = 3.55,
p <0.0001), a one-way ANOVA was conducted to examine the repeated laundering effects on
the dimensional change in warp direction separately for each level of weathering condition. The
result of the simple effects showed that, no matter if laundered in either washer, the mean scores
of dimensional change in warp direction were significantly different among different weathering
conditions after 5™, 6, 9", 10™, 11™, 13", 14™ and 15™ repeated laundering cycles (see Table

4.20 and Figure 4.21). Based on these results, Hé6el is rejected.

Analysis of Dimensional Change in Filling Direction

Table 4.21 Repeated Measures Analysis of Variance Testing of Fixed Effects on
Dimensional change in Filling Direction

Source df F

Weathering main effects (Whole plot) 0.75

2

Perspiration main effects (Split- plot) 1 18.41%**

Washing Action main effects 1 5.19

Weathering x Perspiration interaction 2 15.22%

Weathering x Washing Action interaction 2 4.86*

Perspiration x Washing Action interaction 1 1.55
2

Weathering x Perspiration x Washing Action interaction 6.50%*
Repeated Laundering (Cycle) main effects (Repeated Measures) 15 15.61**
Repeated Laundering x Weathering interaction 30 3.23%*
Repeated Laundering x Perspiration interaction 15 1.73
Repeated Laundering x Washing interaction 15 0.90
Repeated Laundering x Weathering x Perspiration interaction 30 1.57
Repeated Laundering x Weathering x Washing Action interaction 30 0.92
Repeated Laundering x Perspiration x Washing Action interaction 15 0.49
Repeat?d Laundering x Weathering x Perspiration x Washing Action 30 0.93
interaction

*p value < 0.01;** p value < 0.0001
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H6a2: There is no interaction among the effects of the application of four treatment factors (i.e.,

perspiration application, weathering exposure, washing action of automatic home clothes

washers, and repeated laundering) on the dimensional change of the test specimens.

When the effects of four treatments on the dimensional change in filling direction were

examined, a three-way interaction (i.e., Weathering x Perspiration x Washing Action interaction

(F=6.50, p <0.01), and a two-way interaction (Repeated Laundering x Weathering interaction

(F=3.23, p <0.0001) were significant (see Table 4.21). To further confirm this finding, one

two-way interaction figure was plotted and a significant interaction was found (see Figure 4.23).

Therefore, H6a2 is rejected.

Table 4.22 Means and Standard Deviations for Dimensional Change in Filling Direction by

Weathering, Perspiration, and Repeated Cycles

Weathering Conditions

. Standard i .
Perspiration ini?gzg Conditioning Florida Arizona
Mean SD Mean SD Mean SD F
Without Traditional  0.46 ™ 0.46 0.33° 0.52 0.44° 0.38 0.08
Perspiration HE 041% 0.37 0.12° 0.43 0.36° 0.34 0.97
With Traditional  0.69* 0.40 0.50° 0.47 0.71° 0.48 3.66
Perspiration HE 0.52% 0.35 0.57° 0.47 0.58° 0.37 0.53

" In the same column, means with different superscript letters are significantly different at 0.01
level by THSDT. ¥ In the same row, means with different superscript letters are significantly

different at 0.01 level by THSDT.
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Figure 4.23 Plot of Mean Dimensional Change in Filling Direction Over Perspiration by
Weathering

H6b2: There is no difference in dimensional change between the test specimens treated with and

without perspiration.

Because three-way interaction was found (i.e., Perspiration x Weathering x Washing
Action), a series of follow-up tests of using two-way ANOVA were performed to examine the
two-way interactions separately at each individual levels of the third factor (i.e., Weathering x
Washing Action under the condition of with and without perspiration application). In the case to
understand the effect of perspiration application, the Weathering x Washing Action interaction
was examined separately for each level of perspiration application (i.e., with or without
perspiration). The results showed that significant differences were found in all weathering and
washing action combination conditions except for those test specimens that stored in the standard
conditioning and laundered in a HE washer, regardless of being treated with or without
perspiration, which showed no significant difference (see Figure 4.24). Based on these results,
the H6b2 is rejected.
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Plot of Mean Dimensional Change (Filling) Over Perspiration by
Weathering and Washing Action Combinations
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Figure 4.24 Plot of Mean Dimensional Change in Filling Direction by Weathering and
Perspiration Combination after Repeated Laundering

H6c¢2: There is no difference in the dimensional change among the test specimens exposed to
the following three weathering conditions - (a) semi-tropical climates without water spray,

(b) semi-arid climates, and (c) control (i.e., standard conditioning).

Because three-way interaction was found (i.e., Perspiration x Weathering x Washing
Action), a series of follow-up tests of using two-way ANOVA were performed to examine the
two-way interactions separately at each individual levels of the third factor (i.e., Perspiration x
Washing Action) under the exposure to three weathering conditions. The results showed that
significant differences were found in those test specimens that treated with perspiration and
laundered in a traditional washer, regardless of exposed to either Florida or Arizona condition,
had a higher dimensional change in filling direction compared to those stored in the standard

conditioning (see Table 4.23 and Figure 4.25). Based on these results, the H6c2 is rejected.

143



Table 4.23  Slice Perspiration by Weathering and Washing Action Combinations Results

Perspiration Washmg df SS MS F
Action
. Without Traditional 1 0.19 0.09 0.50
Weathering  pergpiration HE 1 2.30 1.15 6.39*
With Traditional 1 8.66 433 24.04**
Perspiration HE 1 1.25 0.63 3.48

*p value < 0.01;** p value < 0.0001

Plot of Mean Dimensional Change (Filling) Over Weathering by
Perspiration and Washing Action Combinations
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Figure 4.25 Plot of Mean of Dimensional Change in Filling Direction - Weathering by
Perspiration and Washing Action Combinations

H6d2: There is no difference in dimensional change between the test specimens laundered in a

traditional washer and the test specimens laundered in a front-loading HE washer.

Because three-way interaction was found (i.e., Perspiration x Weathering x Washing
Action), a series of follow-up tests of using two-way ANOVA were performed to examine the
two-way interactions separately at each individual levels of the third factor (i.e., Weathering x
Perspiration) under the exposure to three weathering conditions. The results showed that
significant differences were found in those test specimens treated with perspiration, exposed to
Florida and laundered in a traditional washer had a higher dimensional change than those test

specimens that received the same treatments (i.e., treated with perspiration and exposed to
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Florida) but laundered in a front-loading HE washer (see Table 4.24 and Figure 4.26). Based on
these results, the H6d2 is rejected.

Table 4.24  Slice Perspiration by Weathering and Washing Action Combinations Results

Weathering ~ Vvashing df ss MS F
Action
Standard Traditional 1 0.12 0.12 0.69
o Conditioning HE 1 0.39 0.39 2.19
Perspiration cloriqa | Traditional 1 0.30 0.30 1.67
HE 1 0.43 0.43 7.97*
Arizona Traditional 1 0.23 0.23 1.30
HE 1 0.74 0.74 4.09
*p value <0.01
Dimensional Change (Filling) - Washing by Perspiration and
0.8% Weathering Combinations
)
£ 07%
© 0.6%
[ =
o
5 05%
=
& 0.4%
g
g 03%
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Washing Action =¢=="Traditional == HE

Figure 4.26 Plot of Mean of Dimensional Change in Filling Direction - Weathering by
Perspiration and Washing Action Combinations

H6e2: There is no difference in dimensional change between the test specimens before and after

repeated laundering cycles, up to 15 laundering cycles.

Because an interaction between weathering and repeated laundering was found (F = 3.23,
p <0.0001), a one-way ANOVA was conducted to examine the repeated laundering effects on

the dimensional change in filling direction separately for the each level of weathering condition.
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The result of the simple effects showed that, no matter laundered in which washer; the mean
scores of dimensional change in warp direction were significantly different among different
weathering conditions after 8, 10, 11, 13, 14, and 15 repeated laundering cycle (see Table 4.26
and Figure 4.27). Based on these results, H6e2 is rejected.

Table 4.25 Means and Standard Deviations for Fabric Count change in Filling Direction
by Weathering and Perspiration

Weathering Conditions

Standard . )
Cycle Conditioning Florida Arizona
Mean SD Mean SD Mean SD F
1 0.27 0.13 0.23 0.10 0.23 0.11 0.11
2 0.31 0.11 0.31 0.15 0.29°¢ 0.10 0.02
3 0.47% 0.16 0.44° 0.13 0.47°¢ 0.16 0.03
4 1.01% 0.25 0.93° 0.33 0.83°¢ 0.46 1.29
5 0.49* 0.41 0.59° 0.41 0.45°¢ 0.29 0.89
6 0.30 0.54 0.60° 0.26 0.45°¢ 0.47 3.67
7 0.49% 0.53 0.50° 0.37 0.67°¢ 0.44 1.72
8 0.41°% 0.51 0.42° 0.39 0.90°¢ 0.53 13.28%*
9 0.40° 0.43 0.60° 0.39 0.67°¢ 0.55 3.12
10 0.34 0.53 0.39 0.50 0.66°¢ 0.47 5.10%
11 0.45% 0.42 0.67° 0.35 0.81°¢ 0.45 5.61*
12 0.55% 0.42 0.68° 0.33 0.78°¢ 0.41 2.14
13 0.33 0.52 0.54° 0.34 0.87°¢ 0.36 12.52%*
14 0.27 0.49 0.46° 0.48 0.66°¢ 0.47 6.16*

15 0.40*  0.50 0.72° 0.23 0.72 0.40 5.75%

%5¢ In the same column, means with different superscript letters are significant different at 0.01

level by THSDT. * p < 0.01, **p < 0.0001
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Plot of Mean Dimensional Change (Filling) Over Cycle by Weathering
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Figure 4.27 Mean Scores of Dimensional Change in Filling Direction over Cycle by
Weathering

The relationship between the changes in five fabric properties and the change in UPF value

Based on the results of the correlation test, all fabric properties showed significant
correlation with UPF values change except for fabric count change for warp direction (see Table
4.30). Fabric count change for warp direction, Delta E, and Dimensional change in filling
direction showed a negative relationship with UPF value change. In addition, fabric thickness
changes and fabric weight change showed a positive relationship with UPF value change. In
particular, the Delta E showed a strong linear relationship with UPF values change, there is a
possibility that changes of Delta E after the treatments application lead to the changes of UPF
values. Because strong correlation does not imply causation and this study could not confirm the

relationship between these variables, further research is needed in this area.
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Table 4.26 Correlation coefficient for UPF values change and five fabric properties

UPF FC W FC F Thickness Weight Delta E DC W DC F

UPF 1.00000 -0.1268 0.0007 0.3342 0.2745 -0.7998 0.16020 -0.24707
p-value <.0001 0.9776 <.0001 <.0001 <.0001 0.4963 <.0001
FC W 1.00000 0.0952 0.0933 -0.0661 0.1799 -0.0704 -0.0321
p-value 0.0017 0.0021 0.0298 <.0001 0.0208 0.2913
FC F 1.00000 0.1179 -0.4122 0.4163 -0.8198 0.1221
p-value 0.0001 <.0001 <.0001 <.0001 <.0001
Thickness 1.00000 0.00145 -0.3232 -0.1528 -0.0828
p-value 0.9621 <.0001 <.0001 0.0065
Weight 1.00000 -0.4384 0.4605 -0.1325
p-value <.0001 <.0001 <.0001
Delta E 1.00000 -0.4734 0.1656
p-value <.0001 <.0001
DC W 1.00000 -0.0962
p-value 0.0015
DC F 1.00000

p-value

Note: FC_W = Fabric count change in warp direction; FC_F = Fabric count change in filling direction; DC_W = Dimensional change
in warp direction; DC_F = Dimensional change in filling direction.

148



Summary and Conclusion of the Study

There are two purposes in this study. The primary purpose is to examine the effects of
perspiration application, weathering exposures, washing action of automatic home clothes
washers, and repeated laundering on the UVR protection of a NC lightweight cotton fabric. The
secondary purpose of the study is to test the effects of the four treatment factors on the five fabric
properties (i.e., fabric count change, thickness change, weight change, color change and
dimensional change ), and the relationship of these fabric properties on UPF value change after
being treated with these four treatments. Based on the purpose and objectives of the study, a
split-plot repeated measures experimental design was used, where the whole plot treatment was
the weathering exposure and the combination of perspiration and washing action comprised the
sub-plot treatments in order to understand the effects of repeated laundering on the UVR
protection. Except for the control group, all test specimens were laundered after being treated
with the three treatment factors (i.e., perspiration, weathering exposure, and washing action), and
this process was repeated 15 times. The UPF value change and the changes of the five fabric
properties of these treated test specimens were measured before laundering, and after each
laundering cycle.

The results showed perspiration, weathering exposure, washing action, and repeated
laundering significantly influenced UVR protection of a NC lightweight cotton fabric. The
effects of perspiration on UPF value change depended on the levels of weathering conditions and
the number of laundering cycles. Under the Standard textile testing condition, regardless of being
treated with or without perspiration, no significant difference in UPF value change was found as
the number of laundering cycles increased. For test specimens that were exposed to Florida and
Arizona conditions, a significant difference in UPF value change was found. Test specimens that
were treated with perspiration, regardless of being exposed to Florida or Arizona condition, had a
greater change in UPF value than those treated without perspiration. The fabric exposed to
weather, such as Florida and Arizona, showed significant differences in UVR protection
depending on the levels of perspiration application and the number of laundering cycles. Test
specimens stored in the Standard conditioning, regardless of being treat with or without
perspiration, had a significant difference than those exposed to Florida and Arizona conditions as
the number of laundering cycles increased. However, for test specimens that were exposed to

Florida and Arizona conditions, the UPF value change was decreased as the number of
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laundering cycles increased. In addition, test specimens exposed to Florida conditions and treated
without perspiration, had a greater change in UPF value than those exposed to Arizona condition
and without perspiration as the number of laundering cycles increased. Repeated laundering
increased the fabric UVR protection and fabric laundered in a traditional washer showed
significant increase in UVR protection than those laundered in a traditional washer as the number
of laundering cycles increased. Finally, the effects of repeated laundering on UPF value change
depended on the levels of weathering conditions and perspiration application. All test specimens,
regardless of being treated with or without perspiration and exposed to any type of weathering
conditions, showed a significant difference after 1* cycle. For those stored in the Standard
conditioning, regardless of being treated with or without perspiration, showed a significant
increase in UPF value change as the number of laundering cycles increased (i.e., the UVR
protection increased). However, for those exposed to either Florida or Arizona conditions,
regardless of being treated with or without perspiration, showed a significant decreased in UPF
value change as the number of laundering cycles increased (i.e., the UVR protection decreased).

For the results from the secondary purpose, perspiration, weathering exposure, washing
action, and repeated laundering significantly influenced fabric count, fabric thickness and fabric
weight. However, perspiration treatment had no significant effect on the dimensional change in
warp direction of test specimens, and washing action had no significant effect on the dimensional
change in filling direction of the test specimens, as well as both Delta E and Delta L of color
change. Because the changes of fabric count, fabric thickness, fabric weight, and dimensional
change did not have a strong relationship (i.e., low correlation) with fabric UPF value, it can be
inferred that the changes of these fabric properties might not lead to the changes of UVR
protection of a NC lightweight cotton fabric. In addition, perspiration, weathering exposure, and
repeated laundering significantly influenced Delta E (-0.79) of color change. Because this Delta
E had a strong relationship (i.e., high correlation) with fabric UPF value change, it can be
inferred that the changes of this fabric property might lead to the changes of UVR protection of a
NC lightweight cotton fabric.
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Implications

The findings of the current study have implications for the consumers, apparel and textile
industry. It means that NC cotton has a better UVR protection than conventional cotton. The
worst UPF value change of the current study was found in the fabric exposed to Florida
weathering without perspiration treatment and laundered in a traditional washer, where the UPF
value was about 13 after 15 repeated laundering cycles. Despite having a minimum number, UPF
15 is required for a textile to claim it is sun protective clothing; this result of this study is far
beyond that a common white cotton T-shirt, which only has a UPF 7 when dry and a UPF 5
when wet. In this study, the details means for UPF values of the test specimen by perspiration,
weathering exposure, washing action of automatic home clothes washers, and number of
laundering cycles are listed in Appendix E.

The implications to the apparel and textile industry are also suggested from the findings
of this study. Apparel and textile industries, which include retailers and manufacturers, should
become aware of the importance of the UVR protection provided by the NC cotton. NC cottons
bring a premium to growers as the raw NC cottons have a higher price than conventional cottons.
The environmental friendly charatetistic of the fiber also helps in lowering the production cost.
By providing lower cost products to the retailers, the retailers could promote specially designed
UPF label clothings to the market at a reasonable price. With the increase of public awareness
related to the environmental issue and sun protection, the incidence of UVR related illness, such

as skin cancer, may eventually be reduced.

Recommandation for Future Research

Based on the results of the past literatures and the experiment presented in current study,

several recommendations are suggested for future studies:

1) Many prior studies compared the effects of perspiration, weathering exposure,
washing action, and number of laundering cycles on various fabric properties. The
current study extends the understanding of the influence of perspiration, weathering

exposure, washing action, and number of laundering cycles on UVR protection of NC
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cotton. The results showed that all independent variables had a significant effect on
UPF. However, a conclusion regarding the effect of all these variables cannot be
made based solely on one study. Further studies are needed in this area. In this study,
only one color of NC cotton was tested. The effects of treatments may or may not be
the same as the result of this study for NC cotton with other colors, such as dark
brown and green. In future research, NC cotton with other colors, such as green and
dark brown, may need to be included to examine whether the results are consistent
with the current study. In addition, other fabric types, such as polyester blend, which
is commonly used for summer clothing, should be examined in future study.
Household fabric softeners have been commonly applied to textile products in home
laundering (Consumer Reports, 1999). Kim, Stone, Crews, Shelley, and Hatch (2004)
and Rohwer and Eckhardt (1998) had examined the effect of laundry detergents on
the UVR protection of fabrics. Previous research also demonstrated that fabric
porosity can affect fabric UPF. Cotton fabric usually shrinks on repeated laundering,
which might affect porosity, thickness, and consequently UPF. However, no study
has examined the effect of household fabric softeners on the UVR protection.
Furthermore, no study was found in examining the effect of fabric softener on NC
cotton, and therefore, it would be interesting to study the UVR protection
performance of NC cotton to fabric softener. If the overall UVR protection of NC
cotton could be further improved via fabric softener treatments, the NC cotton might
be preferable to regular cotton for summer clothing as it is more environmentally
friendly in the processes of cotton plant growing and fabric production. Apparel and
textile firms could include sun-protective clothing made of NC cotton in their
merchandise assortment to accommodate the increased interest of public awareness

related to sustainability and environmental issues.
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APPENDIX A: Coding System for Whole Plot Treatment Groups

Weathering Exposure

S = Standard condition

F = Semi-tropical w/o water spray (Florida)
A = Semi-arid (Arizona)

Fabric Swatch Number Repeat Group Number Weathé(l;inn(% tlizgr?osure
1 2 F
2 1 A
3 3 S
4 1 S
5 3 A
6 1 F
7 2 A
8 2 S
9 3 F
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APPENDIX B: Random Codes for Specimen Cutting Plans

o Washin
Iéepeat Test Column | Row | Perspiration Actiong . Cut
roup | Specimen # 4 (P=with treatment) (T=traditional) Replicate Plan
# # (N=w/o treatment)
(H=HE)

1 1 12 5 P T 1 A
1 2 1 4 P H 1 A
1 3 16 2 N T 1 A
1 4 11 1 N H 1 A
1 5 21 8 P T 2 A
1 6 5 6 P H 2 A
1 7 8 7 N T 2 A
1 8 17 3 N H 2 A
2 1 3 7 P T 1 B
2 2 23 2 P H 1 B
2 4 18 4 N T 1 B
2 6 9 6 N H 1 B
2 1 19 1 P T 2 B
2 8 14 8 P H 2 B
2 3 7 3 N T 2 B
2 8 13 5 N H 2 B
3 1 15 4 P T 1 C
3 2 24 1 P H 1 C
3 3 20 5 N T 1 C
3 4 6 7 N H 1 C
3 5 10 2 P T 2 C
3 6 4 8 P H 2 C
3 7 22 6 N T 2 C
3 8 2 3 N H 2 C
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APPENDIX C: The Order of Weathering Exposure in Weathering Chamber

e The order list in Appendix C is organized by repeat group set, where the first repeat group
will start first, followed by the second repeat group, and then the third repeat group.

e The second column is “Treatment cycle.” Each repeat group will go through 15 treatments
cycles because there will be a total of 15 laundering cycles.

e The third column is “Types of Weathering Exposure.” Because only one weathering chamber
is available, and each repeat group contains two weathering exposure treatments, the test of
one type of weathering (e.g., semi-tropical climate without water spray such as the climate in
Florida) will be conducted first, and then the test of the other type of weathering (e.g., semi-
arid such as the climate in Arizona) will follow. However, the order can be different. For
example, the test of the semi-arid (Arizona) climate condition may become first and then
semi-tropical (Florida) climate follows. Because these two weathering exposure treatments are
acting like a pair for each repeat group, it is listed as “paired.”

Treatment Types of Weathering Exposure
Order Repeat Group Cycle Paired

1 1 1 Florida Arizona
2 2 1 Arizona Florida
3 3 1 Florida Arizona
4 1 2 Arizona Florida
5 2 2 Florida Arizona
6 3 2 Arizona Florida
7 1 3 Arizona Florida
8 2 3 Florida Arizona
9 3 3 Florida Arizona
10 1 4 Arizona Florida
11 2 4 Florida Arizona
12 3 4 Florida Arizona
13 1 5 Arizona Florida
14 2 5 Arizona Florida
15 3 5 Arizona Florida
16 1 6 Florida Arizona
17 2 6 Florida Arizona
18 3 6 Arizona Florida
19 1 7 Arizona Florida
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20 2 7 Arizona Florida
21 3 7 Florida Arizona
22 1 8 Arizona Florida
23 2 8 Arizona Florida
24 3 8 Florida Arizona
25 1 9 Arizona Florida
26 2 9 Florida Arizona
27 3 9 Florida Arizona
28 1 10 Arizona Florida
29 2 10 Florida Arizona
30 3 10 Arizona Florida
31 1 11 Florida Arizona
32 2 11 Arizona Florida
33 3 11 Florida Arizona
34 1 12 Arizona Florida
35 2 12 Florida Arizona
36 3 12 Arizona Florida
37 1 13 Arizona Florida
38 2 13 Florida Arizona
39 3 13 Florida Arizona
40 1 14 Florida Arizona
41 2 14 Arizona Florida
42 3 14 Arizona Florida
43 1 15 Arizona Florida
44 2 15 Florida Arizona
45 3 15 Florida Arizona
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APPENDIX D: The Order of Ballast Fabrics Taken from the Washer and Put into the
Dryer

This appendix shows the random list of taking ballast fabrics from one of the washer to be dried
together with the test specimens in the dryer.

The total number of laundering loads is 135 because each repeat group contains three different
weathering exposure treatments, and there are 15 laundering cycles Therefore, there are 45
laundering loads for each repeat (3 weathering conditions x 15 laundering cycles = 45 laundering
loads per repeat group). There are three repeat groups in this study. Therefore, the total number
of laundering loads is 135 (45 laundering loads per repeat group x 3 repeats groups = 135 loads).

Laundering | Repeat | Types of Weathering | Treatment Types of Washer that
Load Group Exposure cycle Ballast Fabrics Taken from
Number
1 1 Florida 1 Traditional
2 1 Standard conditioning 1 HE
3 1 Arizona 1 Traditional
4 2 Arizona 1 Traditional
5 2 Standard conditioning 1 HE
6 2 Florida 1 HE
7 3 Florida 1 Traditional
8 3 Standard conditioning 1 HE
9 3 Arizona 1 Traditional
10 1 Arizona 2 HE
11 1 Standard conditioning 2 Traditional
12 1 Florida 2 Traditional
13 2 Florida 2 Traditional
14 2 Standard conditioning 2 HE
15 2 Arizona 2 HE
16 3 Arizona 2 Traditional
17 3 Standard conditioning 2 Traditional
18 3 Florida 2 Traditional
19 1 Arizona 3 HE
20 1 Standard conditioning 3 HE
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21 1 Florida 3 Traditional
22 2 Florida 3 HE
23 2 Standard conditioning 3 HE
24 2 Arizona 3 Traditional
25 3 Florida 3 HE
26 3 Standard conditioning 3 Traditional
27 3 Arizona 3 HE
28 1 Arizona 4 HE
29 1 Standard conditioning 4 Traditional
30 1 Florida 4 HE
31 2 Florida 4 HE
32 2 Standard conditioning 4 Traditional
33 2 Arizona 4 Traditional
34 3 Florida 4 HE
35 3 Standard conditioning 4 HE
36 3 Arizona 4 HE
37 1 Arizona 5 Traditional
38 1 Standard conditioning 5 Traditional
39 1 Florida 5 HE
40 2 Arizona 5 Traditional
41 2 Standard conditioning 5 HE
42 2 Florida 5 Traditional
43 3 Arizona 5 HE
44 3 Standard conditioning 5 Traditional
45 3 Florida 5 HE
46 1 Florida 6 HE
47 1 Standard conditioning 6 HE
48 1 Arizona 6 Traditional
49 2 Florida 6 Traditional
50 2 Standard conditioning 6 Traditional
51 2 Arizona 6 Traditional
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52 3 Arizona 6 HE
53 3 Standard conditioning 6 HE
54 3 Florida 6 Traditional
55 1 Arizona 7 Traditional
56 1 Standard conditioning 7 Traditional
57 1 Florida 7 HE
58 2 Arizona 7 Traditional
59 2 Standard conditioning 7 Traditional
60 2 Florida 7 Traditional
61 3 Florida 7 Traditional
62 3 Standard conditioning 7 Traditional
63 3 Arizona 7 HE
64 1 Arizona 8 HE
65 1 Standard conditioning 8 HE
66 1 Florida 8 Traditional
67 2 Arizona 8 Traditional
68 2 Standard conditioning 8 HE
69 2 Florida 8 Traditional
70 3 Florida 8 Traditional
71 3 Standard conditioning 8 HE
72 3 Arizona 8 Traditional
73 1 Arizona 9 Traditional
74 1 Standard conditioning 9 HE
75 1 Florida 9 Traditional
76 2 Florida 9 HE
77 2 Standard conditioning 9 Traditional
78 2 Arizona 9 Traditional
79 3 Florida 9 Traditional
80 3 Standard conditioning 9 HE
81 3 Arizona 9 HE
82 1 Arizona 10 HE
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83 1 Standard conditioning 10 Traditional
84 1 Florida 10 Traditional
85 2 Florida 10 HE
86 2 Standard conditioning 10 Traditional
87 2 Arizona 10 HE
88 3 Arizona 10 Traditional
89 3 Standard conditioning 10 Traditional
90 3 Florida 10 HE
91 1 Florida 11 Traditional
92 1 Standard conditioning 11 HE
93 1 Arizona 11 HE
94 2 Arizona 11 Traditional
95 2 Standard conditioning 11 HE
96 2 Florida 11 HE
97 3 Florida 11 HE
98 3 Standard conditioning 11 Traditional
99 3 Arizona 11 HE
100 1 Arizona 12 HE
101 1 Standard conditioning 12 Traditional
102 1 Florida 12 HE
103 2 Florida 12 Traditional
104 2 Standard conditioning 12 Traditional
105 2 Arizona 12 HE
106 3 Arizona 12 Traditional
107 3 Standard conditioning 12 HE
108 3 Florida 12 HE
109 1 Arizona 13 Traditional
110 1 Standard conditioning 13 HE
111 1 Florida 13 Traditional
112 2 Florida 13 HE
113 2 Standard conditioning 13 Traditional
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114 2 Arizona 13 HE
115 3 Florida 13 Traditional
116 3 Standard conditioning 13 HE
117 3 Arizona 13 HE
118 1 Florida 14 HE
119 1 Standard conditioning 14 Traditional
120 1 Arizona 14 Traditional
121 2 Arizona 14 HE
122 2 Standard conditioning 14 HE
123 2 Florida 14 HE
124 3 Arizona 14 Traditional
125 3 Standard conditioning 14 HE
126 3 Florida 14 HE
127 1 Arizona 15 Traditional
128 1 Standard conditioning 15 Traditional
129 1 Florida 15 HE
130 2 Florida 15 Traditional
131 2 Standard conditioning 15 HE
132 2 Arizona 15 HE
133 3 Florida 15 Traditional
134 3 Standard conditioning 15 Traditional
135 3 Arizona 15 HE
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APPENDIX E: The Means for UPF values of the test specimen by Perspiration, Weathering Exposure, Washing Action of

Automatic Home Clothes Washers, and Number of Laundering Cycles.

Perspiration | Weathering VX?:StT(;Eg eyl
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

No Standard Traditional | 44.41 | 42.62 | 47.11 | 46.54 | 47.96 | 48.60 | 48.73 | 51.29 | 53.66 | 55.43 | 54.31 | 56.09 | 55.80 | 57.28 | 54.39 | 56.70
HE 4290 | 42.61 | 44.61 | 46.87 | 48.28 | 50.64 | 49.97 | 51.92 | 53.50 | 56.25 | 56.98 | 57.88 | 59.15 | 59.12 | 59.89 | 59.64

Florida Traditional | 44.82 | 34.20 | 30.81 | 27.07 | 25.87 | 23.06 | 26.13 | 19.06 | 17.71 | 20.74 | 16.14 | 15.28 | 14.70 | 14.31 | 13.95 | 13.37

HE 4451 | 35.88 | 31.04 | 28.11 | 26.51 | 23.50 | 27.69 | 19.27 | 18.23 | 20.46 | 17.47 | 16.17 | 16.34 | 15.64 | 15.28 | 14.42

Arizona Traditional | 45.33 | 35.11 | 32.56 | 30.74 | 29.26 | 26.68 | 28.81 | 23.63 | 22.07 | 22.03 | 21.48 | 19.71 | 19.54 | 17.92 | 18.19 | 17.56

HE 4391 | 35.60 | 32.27 | 29.51 | 29.21 | 28.08 | 29.69 | 24.94 | 22.18 | 22.50 | 22.06 | 20.78 | 20.53 | 19.33 | 18.96 | 18.53

Yes Standard Traditional | 44.28 | 43.52 | 46.94 | 46.90 | 48.51 | 48.86 | 49.14 | 49.59 | 53.50 | 52.25 | 54.93 | 56.19 | 55.37 | 56.61 | 56.58 | 57.50
HE 4410 | 4351 | 46.45 | 47.37 | 48.21 | 49.31 | 49.85 | 50.07 | 52.31 | 56.55 | 57.94 | 59.24 | 56.07 | 58.30 | 58.04 | 58.35

Florida Traditional | 44.21 | 35.99 | 33.31 | 31.46 | 30.60 | 29.20 | 20.24 | 27.52 | 26.65 | 25.78 | 25.92 | 24.18 | 23.42 | 23.29 | 24.31 | 23.49

HE 4473 | 35.83 | 35.04 | 32.85 | 31.72 | 31.87 | 21.66 | 27.99 | 26.69 | 26.84 | 26.13 | 25.55 | 25.43 | 25.60 | 26.67 | 23.95

Arizona Traditional | 45.88 | 35.79 | 35.22 | 32.37 | 31.82 | 30.94 | 25.83 | 27.56 | 26.69 | 26.81 | 26.78 | 24.50 | 24.70 | 23.60 | 24.10 | 23.37

HE 4498 | 36.38 | 34.81 | 32.87 | 31.66 | 31.31 | 24.96 | 28.82 | 27.76 | 27.83 | 27.74 | 26.59 | 26.19 | 25.54 | 25.66 | 25.56
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