ABSTRACT

VAIDYA, SAVIASACHI . A New Test Method for Sweat Management to Evaluate Wear Comfort

by MeasuringAbsorption Rate, Wicking Rate and Drying Rate of Texti({@&nder Dr. Kavita

Mathur and Dr. Warren Jasper).

This research aims to develop a new test method for validating wear comfort by assessing sweat
management performance textiles It will measure concurrently the absorption rate, vertical
wicking rate, and drying rate of test specimens. A comparative analysis will be conducted using
the same lot of specimens tested with the new method alongside results from a certifjgatyird
laboratory using the existing manual test method. These current test mé&hedseveral

challenges regarding accuracy, psemn, repeatability, and reproducibility, as well as a lack of a

coherent strategy to integrate absorption, wicking, and evaporation into a unified standard.

The systematic and integrated approach of this research facilitated the development of a novel
international testing methodology designed to assess the sweat management capabilities of fabrics.
Wear comfort perception and performance metrics across vanatesials and constructions were
determined by data analysis using a larger sample size of specimens. Furthermore, this evidence
based testing system will enable fabric manufacturers and retailers to objectively validate
manuf act ur er s 0 reloydostdriogriransparenayi, accoyntahility,and consumer trust

in textile performance standards. Future research could be conducted by testing different types of
fabrics with variable blends of fibers and yarns used, different veigtknit and woven fabric
structures used ithe sportswear/athleisure industry.

Chapter 2 introduces how to address the limitations of current testing methodologies by
systematically analyzing the root causes of inaccuracies and inconsistencies in existing datasets.
Building upon this investigative foundation, a novel testing metlogyadhas been developed that

employs contemporary digital technologies, saline solution, fluorescent dye, and black light for



dark fabrics. This innovative approach promises to enhance the objectivity of data collection,
thereby improving the reliability and validity of the results obtained.

Chapter 3discusseghe Motivation, which addressesitmral research gaps and limitations in
current test methods.

Chapter 4iscusses thproposed methodology, which establishes a comprehensive framework for
setting performance benchmarks for sweat management and wear comfort in textile garments. This
study also introduces stringent criteria for pass/fail outcomes pertinent to test sgedintengh

this investigation, the research not only contributes to the academic discourse on textile
performance testing but also offers practical implications for the textile industry, aiming to
enhance standards for quality and performance evaluation.

Chapters introduces an innovative test protocol to rigorously evaluate the performance of textile
specimens after subjecting them to at least 5 vaaskdry cycles, thereby eliminating potential
contaminants. The volume of saline is preciselgasuredy weighing the syringe to ensure
consistency across experimental conditions.

Saline absorption is quantified over time using a combination of video recording techniques and
comparative analysis of the specimens' original and wet weights. The determination of drying rate
is achieved by calculating the variation between wet and dighis within a thirtyminute
timeframe. All experimental data are digitally recorded in-tiéa¢ to enhance the accuracy and
reliability of findings.

Wicking behavior is meticulously measured, recorded, and validated through digital means, with
reattime charts generated to facilitate data visualization and interpretation. This methodological

framework not only advances the understanding of the intenadbetween specimens and saline



solutions but also establishes a comprehensive protocol for evaluating material performance within
a controlled environment.

Chapter 6 discusses statistical analysis and theigima DMAIC approach, along with design of
experiments to address research gaps, data analysis, and the utilization of measurement tools and
measurement system analysis.

Chapter7 discusses the resultfe efficacy of digital test methodologies for evaluating the
performance characteristics of various textile specimens under indoor environmental cgnditions
and concludes whether our hypothesis is suppofited findings indicate that the experimental
results obtained are not only accurabeit also exhibit a high degree of repeatability and
reproducibility. Specifically, theexperimentsreveal that both polyester and nylon specimens
demonstrate superior absorption, wicking, and drying rates across all tested fabric types, including
108, 144, and 208eedle flatknit and terryknit circular knit fabrics. These results underscore the
potertial of digital testing methodologies in advancing textile science and highlight the functional

advantages of synthetic fibers in diverse environmental settings.
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CHAPTER 1: INTRODUCTION

The buildup of sweat can lead to discomfort, which is why textile colleges, universities, brands,
designers, manufacturers, and suppliers are committed to developing yarns and products that meet
sweat management standards. This dedication is crucial tweetig|at consumers experience
optimal comfort and satisfaction. Recent advancements in yarns and fabrics focus on enhancing
sweat absorption and transport properties, thereby improving wear comfort during physical
activity. Sweat glands are distributedatighout the human body, and sweat is primarily composed

of water and salt; its primary purpose is to help regulate body temperature. As sweat evaporates
from the skin's surface, this cools the body, providing a sense of comfort. Normal sweating occurs
due to various factors, including high temperatures, physical exertion, emotional stress,
consumption of hot or spicy foods, and illness. Increased sweating can be attributed to conditions
such as obesity, all stages of diabetes, menopause, and hyperhith@sisdy sweats to dissipate

heat and maintain thermal balance. Various testing methods, such as absorbency, wicking, and
drying, alongside standards set by organizations such as AAFACTQC Home- Textile
Research, Test Methods, and Education since 192#.), ASTM ASTM International-
Standards Worldwiden.d.), and ISOISO- International Organization for Standardization.d.)

are utilized to evaluate fabric performance. These testing methods are condwteldisively

ISO 17025certified laboratories equipped with sophisticated and expensive instruments.
Manufacturers of these instruments often assert that their products offer superior accuracy
compared to competitors.

The predominant expectation concerning the performance of athletic apparel is centered around
the notion of comfort. However, assessing comfort for athletes presents a significant challenge that

can be approached through two distinct methodologies. Tdtarfirolves market and consumer



research, wherein f eedbuilzdioniofgshe praduct. The toesdmef r o m
research method, while valuable, is not without limitations. Conversely, the second approach
advocates for implementing rigorous quantitative testing, wisiducceeded by wear testing to
confirm and validate the product's comfort before market introduction.

The construct of comfort has experienced a notable evolution in its perceived significance,
transitioning into an established expectation among consumers across a diverse array of apparel.
This paradigm shift is observable in garments expressly tailor@thjsical exertion and everyday

attire. As such, comfort has emerged as a critical factor in the design and selection of various
clothing categories, including but not limited to innerwear, outerwear, and garments intended for
both indoor and outdoor actiies.

his research aims to implement a newly developed testing method that assesses specimens'
absorption, drying, and wicking properties concurrently under uniform environmental conditions.
This will be achieved using a specially designed test instrumentifeatwstormtailored software

and a digitized methodology to streamline data collection and enablémeatiata recording
alongside visual analytics. This system will enable the seamless transmission of test results through
Electronic Data Interchange (EDor integration with web applications, mobile applications, or
other computing platforms. The resultant data will yield invaluable insights into fabric
performance concerning sweat management and comfort levels, as determined through the metrics
of absoption time, drying rates, and wicking capabilities. This initiative is underpinned by a
commitment to generating precise, repeatable, and reproducible data obtained from tests conducted
in both controlled indoor laboratory settings amdloor environmentsSuch rigor in data
acquisition is imperative for establishing trustworthy benchmarks for fabric performance under

diverse conditions. Furthermore, this novel testing methodology addresses gaps in the deficiencies



of existing individual test methods, an absence of a sweat management test method, and the
availability of concurrent testing, objective data, and video evidence, enhancing the automation of
testing processes and incorporating-teak data collection andsualization. Currentlythere is

a lack of concurrent methodologies tima¢etthese criteria, underscoring the significance and
innovation of this research endeavor.

The primary objectives of this study are to:

1. Conceptualize and create an innovative testing instrument, alongside custom software
development, to facilitate data recording utilizing digital objective evidence.

2. Conduct a comprehensive quantitative comparative analysis of test data derived from a
third-party laboratory and tests performed in this study using a new test procedure and
instrument, focusing on thedoor environments

3. Attain precision, consistency, and reproducibility in the results of testing procedures
worldwide.

This study will utilize 108, 144, and 28®edle circular knitting machines to evaluate two distinct
knit constructions: Flaknit and Terryknit. Additionally, the study will encompass two types of
fabric, specifically Polyester and Nylon, to ascertaggbrformance characteristics and variations
inherent to each material and knitting technique.

Significance of this study:

The findings of this study are expected to contribute to the establishment of a novel international
test methodology for assessing fabrics' sweat management capabilities. Furthermore, the results,
supported by digital objective evidence, aim to enhancemstahding of consumer values

regarding comfort alongside a comprehensive evaluation of the product's relative comfort level.



This research will also empower retailers, such asMéat, to objectively validate the comfort

claims presented by manufacturers.



CHAPTER 2: LITERATURE REVIEW

New technological innovations and advancements are continually emerging to meet and surpass
consumer expectations of the athletic wear and apparel industry. Continuous filament yarns are
now available in various crosections, featuring uniquely designgatns with deep grooves or
channels along the fibers' longitudinal axis. These channels facilitate sweat movement, enhancing
moisture management in athletic fabrics and ultimately increasing comfort. Among the latest
developments is the 4DG cressction,which was created through a collaboration between
Clemson University and Fiber Innovation Technology. (4DG TM, n.Hibef Innovation
Technology n.d.) Several other crosgctions have also been introduced, including Serrated,
Square with void, Dog Bone, Flat Oval with Convolutions, Trilobal, and Hellmse (Sabir,

2018) as shown in Figure 2.1.

Square Dog Flat, oval with
Serrated with void bone Round convolutions Trilobal Hollow-core

Figure 2-1. Different types of fiber crossectiongSabir, 2018)



Recent advancements in spinneret technology, particularly introducing spinnerets featuring
multiple crosssectional geometries, represent a significant innovation in producing continuous
filament yarn. This novel approach involves the simultaneous extrusiotwo or more
monofilaments with distinct crossectional profiles within a single yarn. Such innovations aim to
enhance the efficacy of sweat management properties, thereby improving the overall performance

of textile materials in applications requigimoisture management.

Trilobal & 4DG

Cross-section
Spinneret

Figure 2-2. Spinneret with multiple crossectiongoriginal figure created by the author)

New yarns, including bcomponent, trcomponent, quadomponent, and muitomponent spun
yarns, are developed through various yarn esessions, staple lengths, yarn types, and deniers
(Figures 2.3 and 2.4Yhese distinct staple fibers are blended in blowers and subsequently spun
into yarn. Multtcomponent yarn fabrics represent an innovative advancement to enhance textiles'

sweat management performance.



Dog Bone

Flat,oval
with convolutions

Serrated
Hollow-Core
Square with Void

~ Round
Trilobal

Figure 2-3. Quad component spun yaoriginal figure created by the author)



Circular knit seamless textile fabrics are widely utilizeddctivewear activitieslue to their vital

role in managing sweat between the skin and the surrounding environment. The ability of these
fabrics to absorb and expel sweat effectively can have a significant impact on overall comfort.
Fabrics with low absorbency or high sweapdlent characteristics can impede the efficient
wicking of sweat away from the skin, resulting in discomfort.

The phenomenon of discomfort resulting from the evaporation of perspiration is intensified during
physical activities, such as exercise and sports activities, as well as in elevated ambient
temperatures. Moreover, this issue is particularly pronounced gindividuals with specific
medical conditions, including hyperhidrosis or diabetes (Tang, Chau, et al), 20bSequently,

the evaluation of textiles concerning their absorption rates, sweat spreading (commonly referred
to as wicking rate), and evaporation (or drying rate) performance is crucial for the optimization of
sportswear, functional apparel, and healtbeelated products.

To improve these performance parameters, significant advancements have been made in yarn
technology by scientists, researchers, academic institutions, and scholars in the field. Designers
are integrating these innovations into textile products, leadingaterials with absorption,
spreading, and evaporation rates that surpass the sweating rate. These advancelndircular
seamless textiles offer consumers enhanced comfort, delivering cooling and dryingdeffiects
activeweamctivities, exercise, or even in situations of sweating due to medical conditions.

To achieve optimal sweat management, the fabric specimen must demonstrate a high absorption
rate as the initial step in transferring moisture from the body to the textile. Additionally, the fabric
should effectively distribute the absorbed sweat in akdfions, utilizing both ifplane and
transplanar wicking. kplane wicking controls the area of the fabric affected by sweat, while

transplanar wicking moves moisture away from the skin, thereby diminishing the sensation of



wetness. The quicker the absorbed sweat spreads in both directions, the greater the evaporation or
drying rate will be.

2.1 Market Trend

In November 2023, the Centers for Disease Control and Prevention published the National
Diabetes Statistical Report, revealing that 136 million adults in the United States are currently
living with diabetes or prediabete¥hese individuals have a greater preference for wearing
comfortable apparel Fur t her more, the NPD Groupds consum
the year ending in 2022, the combined market for outerwear ($15 billion) and innerwear socks ($8
billion) designed for athletes seeking faster cooling through advanced fabriowsert® reached

a total of $23 billion(Figure 2.5)
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Figure 2-4. Market trend data for the year ending 2088ck Market Jun22, n.d.)

The market trend report underscores significant aspects of outerwear and innerwear, reflecting a
market value of $23 billion. This market is segmented by product types, which inckldesT

tank tops, sports bras, leggings, tights, shorts, socks, anslesves.



The report indicates a rising trend of women engaging in workouts, athletics, and sports, resulting
in a heightened demand for speirispired aesthetics and comfortable clothing. Consumers are
seeking apparel that does not cling to the skin, maintaimsessy and is suitable for both indoor
andactivewear activitiesThis shift in consumer preferences has prompted major players in the
sportswear industry, such as Nike, Adidas, Patagonia, Puma, Lululemon, Under Armour, Walmart,
Columbia, Asics, Fila, Mizum Li-Ning, and others, to continually innovate new yarns and fabrics.
Brands are delving into innovations in yarn technologies and testing methods that align with
consumer comfort needs. For instance, Nike employ$-Driechnology, Under Armour features
CoolGear and HotGear, Hanes offers Gbdl Puma implements DryCELLand Adidas has
ClimaCool.

Presently, the testing methods used by thady laboratories were established decades ago to
evaluate fabric performance in production wet processes. New sweat management test methods
have been developed to support these advancements by measurintjoaysagking, and drying

rates to determine comfort levels during physical activity.

2.2 Sweating

The human body expertly regulates its temperature, using specialized nerve cells in the skin's outer
layer to sense environmental changes. These fluctuations in temperature can arise from various
factors, including physical activitynigh heat stress, or medical conditions such as diabetes or
hyperhidrosis.

There are three primary types of sweat glafiigure 2.6) eccrine, apocrine, and apoeccrine.
Eccrine sweat glands are widely distributed across the body, found on both glabrous areas (like the
palms and soles) and nghabrous areas (such as hairy skin). In contrast, apocrine sweat glands are

primarily locatedn the axilla (armpits), breasts, face, scalp, and perineum.
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Eccrine sweat glands are responsible for the majority of sweat excretion, making them essential for
thermoregulation. They truly function as "the human body's natural cooling system," efficiently
releasing and distributing sweat over a large surface érise akin, thereby effectively cooling

the body. In contrast, apocrine and apoeccrine glands produce significantly less sweat, as these

glands are limited to specific body areas.

H

Eccrine gland

‘ Apocrine gland

Figure 2-5. Eccrine gland sweat excretigBaker, 2019)

Shahzad and Jiang (Shahzad et al., 2023) conducted a study to evaluate the properties of various

dripping, and drying

fabrics concerning their sweat absorption, spread, evaporation,
characteristics. The predictive model developed serves as a refereneedrirfor guiding this

study'sexperimental data collection and subsequent analysis.

Table 2-1. Example of data records

Yarn Needle| Knit | Specimen ml of wet time to ml absorption
Type count | Type Dry saline weight | absorbed| absorbed rate
Weight | deposited ml/sec
Polyester| 144 Flat 4.38 2 6 6 1.62 0.27

The quantification of saline solution absorption is ascertained through the following relationship:

D wwi £¢10dd Q0 0 QI w Equation 21
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Where Mabsorb represents the mass of liquid absorbed in the fabric, Mwet denotes the mass of
fabric after absorption, and Mdry represents the dry weight of the fabric. The test method sections
mention formulas for measuring wicking rate and drying rate.

According to the quantitative data elaborated below, eccrine glands secrete an avd@dge of
milligrams of sweat per square centimeter per minutewhich translates tt.8 gramsof sweat

per 10 square centimeters per minute. When the nerve cells in the skin signal sweating, the glands
release this amount. To replicate this human sweat rate, this study applied 2 grams of saline

solution per 10 square centimeters of fabric.

B
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20 40 60 80
Predicted Whole-Body Sweat [Na*] (mmol/L)

Figure 2-6. Predicted wholdody sweat chafBaker et al., 2016)

Predicted WholdBody Sweat [Na+] (mmol/L) predicted wheledy sweat sodium concentration
(Panel B) in 506 skHkport and endurance athletes during training/competition in a wide range of

environmental conditions. The vertical line represents the meaa.val
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Site Density (glands.cm™)  Surface area (%)  Surface area (cm®)  Gland count  Gland mass (g)  Gland length (m)

Head 186 743 13425 250021 Ba 1.5314
Hand (palm) 518 181 3270 169478 59 10381
Hand (dorsal) 165 283 514 85,153 0 5216
Forearm 104 5.98 1,080.5 112836 39 6911
Upper arm 91 82 1485.2 134858 47 826.0
Axilla 84 1.08 1962 16472 06 1009
Chest 54 760 13740 129,742 45 7947
Abdomen 102 747 1,349.7 138315 48 8472
Back 103 1242 2,244 231408 a1 14174
Buttocks 37 509 ey 3375 12 206.7
Thigh 69 19.86 35884 245,594 86 15128
Leg 57 13.66 2468.2 141299 49 8655
Foot {sole) 4497 290 240 260354 9. 1.594.7
Foot (dorsal) 119 164 657 78272 27 4754
Totals 18,0702 2028954 no 12427

All calculations are normalised to the unisexual, morphological reference adult (70.0 kg, 1.702 m, body surface area 1.807 m? [116]). Relative surface areas were
obtained from Yu et al. [110), with absolute hand and foot areas from Yu and Tu [117] and Hsu and Yu [118). Assumptions: The chest and abdomen were
assumed 1o be 50% of the anterior trunk; the anterior neck was added to the chest; each adlla was estimated to be 60% of palmar size, and this was subtracted
from the chest; the posterior neck was added to the back. Calculations: Glandular mass calculations were based upon a mean mass of 35 pg [7]. Glandular length
(6.1 mm}) was based upon a secretory coil length of 3.5 mm long [54] and the assumption that the downstream duct is 75% of this length [3].

Figure 2-7. Data of regional distribution of physiologically active eccrine sweat glands
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The sweating rate is highest at the beginning when nerve cells detect an increase in body
temperature. The sweating rate gradually decreases as the body cools down, and the skin reabsorbs
some sweat during this cooling process.

Functional textiles and wearable materials are created using innovative yarns produced through
infusion technology, either during the manufacturing of masterbatches or throughout the extrusion
process. A widely used technique involves the application dficomponent spun yarns,
combined with various topical treatments, to enhance the physiological comfort of the human
body. To assess properties such as wettability, absorption, wicking, spreading, evaporation, and
drying, a range of characteristics is ngosly tested. Eccrine sweat primarily consists of water
and sodium chloride (NaCl). Sweat composition can vary significantly between individuals,
influenced by factors such as environmental conditions, physical activities (like exercising or

walking), andvarious medical conditions.

Evaporation

P 0 N 0 R

¥ Wick
—e Garment
| ) | 2

sweat gland

Figure 2-9. Absorption, wicking, and evaporation procéssginal figure created by the author)

Sweating is essential for cooling the human body when hot weather or exercise causes body
temperature to rise. Sweating is the bodyé6s
loss through the skin, either when sweat evaporates or is absortasdC(®! | NIH News in

Health, n.d.Figure 2.10).
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Skin surface contamination
+ Shedding of desquamated skin cells

+ Substances present in/produced by
keratinocytes (e.g., iron, calcium,urea,

cytokines, cortisol, amino acids, potassium) Secretions from sebaceous glands (lipids) and

apocrine glands (lipids, proteins, sugars, ammonia)

« Substances left on skin after evaporation
of insensible transcutaneous water loss

Sweat collection system

(e.g., absorbent patch, sweal
pouch, arm bag, etc.)
Microenvironment under
collection system (4 skin

temperature, moisture
accumulation)

Evaporation of water and volatile ,
constituents (e.g., ethanol and some
organic acids) of sweat

Residual sweat in duct ————+ N
( ~
o

,’// //
Eccrine gland 7

Sweat flow rate

Primary sweat secreted
into secretory coil of
eccrine gland

Substances produced by the
sweat gland (e.g., lactate,
urea, cytokines)

Figure 2-10. Physiological and methodological factors impacting the sweat collected on the skin éafemes& Wolfe, 2020)

The normal human body temperature is 98 degrees Fahrenheit. When the internal body
temperature starts to rise, the hypothalamus signals the eccrine sweat glands to cool the body by
producing sweat. When the pores are open, the eccrine glands releasmaigeadsily on the

skin, helping to cool the body down. If sweat dries and sticks to the skin, it can make it harder for
the eccrine glands to release sweat, leading to discomfort. However, once sweat is absorbed from
the skin and the body is cooled dowime person feels more comfortalffégure 2.11) Fabrics

with high absorbency and wicking properties enhance this comfort level. (Baker & Wolfe, 2020)
ost sweat is produced on the soles of the feet, and the amount varies between resting conditions
and physical activities. To optimize fabric performance, this research is focused onandoor
activewearactivities. If the fabric performs well and meets the specifications needed to keep the
skin dry inactivewear conditionst is assumed that it will perform even better in indoor or resting

conditions.
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Currently, typical methods for testing moisture management properties of fabrics may not
accurately replicate human sweat management. These testing methods are designed for individual
assessment s. For example, the fHp(Tang dhaurdtow Wa
al., 2015)was developed in a laboratory to characterize the transplanar -stahe wicking

properties of fabrics using gravimetric and image analysis techniques.

Anot her method is the fAGravimetric Absorption
Properties of HeaResistant Workwear FabricEffects of Hydrophilic Finishes and Hygroscopic

Fiber Blends ProQuest, n.a@vhere a fabric sample is placed on a horizontal test plate with a small

hole or porous plate connected to a water reservoir, the weight change of the reservoir is then
measured in a controlled laboratory environment.

Additionally, tests such as the Transverse Wicking Porous Plate test and the Demand Wettability
Apparatus are employed to examine the wetting properties of fabric specimens (Harnett & Mehta,
1984)(Buras et al., 1950). In these tests, the fabric is placed horizontally, and water is fed from
below using a tube linked either to a capillary tube (for the Transverse Wicking Porous Plate test)

or to a burette (for the Demand Wettability Apparakigure2.12). The position of the meniscus

is recorded manually.

\

|

i\ <

™~
Figure 2-11 Fabric Wettability Tester
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Various other testing equipment and methods have been developed for laboratory settings,
including the Demand Wettability Instrument, Dynamic Absorbency Measurement Technique
(DAMT), AbsorptionWicking Apparatus, Horizontal and Radial Wicking Tests, and th
Transverse Fabric Wicking Testedll these tests are conducted in a controlled laboratory

environment, often referred to as OECD Tletesting.

2.3 Sweat Management

2.3.1 Absorption

The absorbency test method was developed in 1954 to assist in textile wet processes, ensuring that
dyeing and finishing recipes were prepared accurately based on fabric absorbency. Since its
creation, the test method has undergone several revisions, sheeoent being in 2019 by the
AATCC Committee RA63. Option B was published in the 2004 AATCC/ASTM compilation of
procedures and guidelines for textile products, withROI8 and MMTSO01 added to AATCC

TM79.

This test method determines the water absorbency of yarns, fabrics, and garments. To conduct the
test, a drop of water is allowed to fall from a fixed height onto the taut surface of a test specimen.
The time it takes for the drop of water to lose itstliggflection and change to a dull, wet spot is
recorded. (TM79 RA63 AATCC, 2018)

The AATCC 79 test method is used to evaluate fabric absorption and transport properties during
wet processes such as dyeing, finishing, and printing. The amount of moisture absorbed by clothing
significantly impacts comfort. When sweat accumulates, itceaise a fabric to cling to the skin,
leading to friction and increased fatigue, particularly during intense workouts or iR high

temperature activities. (Tang et al., 2014)
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TM79 is also effective for fabrics made from synthetic yarns with various-semt®ns, such as
trilobal and hollow designs. These types of fabrics exhibit higher compression and, as a result,
demonstrate better absorbency compared to fabrics madediwoih crosssection synthetic yarns.
Absorbency is defined as the transplanar penetration of liquid into the fabric. In specimens with
higher compression, the wetting of fibers occurs as the air is displaced due to treectiossl
shapes and the intetean between the fiber and the liquid. This creates mechanisms such as
spreading, immersion, and capillary penetration. (Erik Kissa, 1981)

The wettability or absorbency test is measured in accordance with AATCC79, ISO 20158
(1ISO20158 absorption, 20),&r BS4554 test methods. Teeperimental setup is shownkigure

2.12.

In this test method, a 0.2 ml drop of water is delivered from a fixed height onto the test specimen.
The time taken for the water to be absorbed or to disappear from the surface is used as a measure
of the specimen's wettability. A shorter absorption timdicates better wettability. If the

absorption time exceeds 60 seconds, the test is terminated, and the specimen fails the evaluation.

Burette

Figure 2-12. Fabric absorption proce¢8ATCC 79)
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AATCC TM79 OptionrA is themost usedbsorbency test in the industry because it allows for the
accurate and precise determination of both the rate of water flow (drops per milliliter) and the
height above the specimen (in millimeters). However, there are some limitations to this test. For
instance, the results can vary depending on which side of the fabric is tested. While water
absorbency can provide insights into comfort, users of AATCC TM79 should be aware that these
test results should not be the sole criterion for assessing comfort.

Interpretation of results may be affected by whether the face or back of the fabric is tested.
Additionally, AATCC TM79 exclusively uses distilled water; using any other liquids can lead to
results that are not comparable. Furthermore, it is unclear howeslts from AATCC TM79

would compare to those from other absorbency testing methods.

O i £1 n arese Equation 22

2.3.2 Gravimetric absorbency testing system (GATS)

This is another type of testing method used to evaluate absorbency. A machine at North Carolina
State Universityds College of Textiles measur
replenished amount of liquid moisture oegperiod Several test instruments have been developed

based on the GATS (Generalized Absorbency Test System), with the Allasso Absorbency
Analyzer (AAA) being one of the recently introduced devigegure 2.14) The ISO 9073L2 test
method(ISO 907312, 2002) outlines a procedure for assessing the absorbency of fabrics when

one side is in contact with a liquid while under mechanical pressure. This test is designed to
facilitate the comparison of absorbent materials, such as nonwovensgdbes mot simulate the

in-use conditions of finished products. (ISO 94723 2003
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Allasso Absorbency Analyzer

MK Systems, Inc.

Figure 2-13. Different types of Gravimetric Absorbency Testing SystéBmurce: picture taken by the author at NC State
University laboratory)

There are several international standard test methods that use GATS for testing absorbency in the

laboratory environment.

2.3.3 Forced Flow Water Transport Tester (FFWTT)

There are other testing methods and equipment that use the GATS principle for measuring
absorption, such as the #fAFor ce.dTadg] Ghau, et er T

2015)(Figure 2.15)
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Schematic diagram of the Spontaneous Uptake Water Transport Tester. This diagram shows the hardware
configuration of the instrument. It consists of a balance and a camera of which the water absorption property of
the sample was characterised by gravimetric and image analysis technique.

Figure 2-15. Spontaneous Uptake Water Transport Te§ang, Wu, et al., 2015)



2.3.4 Summary of absorption test methods

Table 2-2. Summary of different absorption test methods

Test Purpose Amount of Measures Limitations
Method liquid
AATCC | Absorption 0.2 milliliters | Absorption rate | The specimen is not
TM79 performance for required to be prewashed
wet processes prior to testingNot
applicable to measure
comfort for sweat
management
GATS Measure the ability continuous | Measures the | Not applicable to measure
of fabric to absorb amount of comfort for sweat
a continuously liquid absorbed | management
replenished over time
amount of liquid
moisture oven
period
FFWTT | Uses GATS continuous | Measures the | Not applicable to measureg
principle for amount of comfort for sweat
measuring liquid absorbed | management
absorption over time
SUWTT | Absorption & continuous | Track and rate | Used for moisture
transport of direction of | management.
properties of fabrig water
movement
within a fabric

2.3.5 Moisture Management

Moisture management refers to the capacity of textiles to swiftly and effectively transport
moisture away from the skin, thereby enhancing comfort, and it is measured in seconds. To
evaluate a fabric's ability to transfer moisture, moisture managemesstes¢ employed to

assess its performance in liquid absorption and distrib(figure 2.17) The most widely used

testing method for this purpose is AATCC TM195, which focuses on determining the liquid
moisture management properties of fabrics. (TM195 RA63 AATCC, 2017)

This test method assesses, evaluates, and classifies the liquid moisture management properties of

textile fabrics. Human comfort perception is significantly influenced by how well clothing fits
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and its dryness level. Relying exclusively on the results from the "Moisture Management Test"
may be misleading, as discussed in section 13 of the AATCC/ASTM International technical
supplement. Furthermore, this method may not be suitable for materiblsavkiigh overall
absorbent capacity, as noted in section 5.4 of AATCC TM195. Another limitation of this test
method is the variety of moisture management testers available on the market, each claiming to

be the best.
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Moisture management testing is conducted using a single drop of water in a controlled laboratory
environment, following the AATCC TM195 test method from 200M195 RA63 AATCC,

2017) Different laboratories may employ various testing devices.

The ability of a fabric to absorb and transport sweat away from the skin is highly desirable for
ensuring comfort and enhancing the performance of products such as sportswear, performance

clothing, disposable hygiene materials, and medical products.

Table 2-3. Grading Table of all Indices

Grade
Index 1 2 3 4 5
Wetting time (sec Top =120 20-119 5-19 3-5 <3
Bottom 2120 20-119 5-19 3-5 <3
Absorption rate (%/sec) Top 0-9 10-29 30-49 50-100 > 100
Bottom 0-9 10-29 30-49 50-100 > 100
Max wetted radius (mm) Top 0-7 8-12 13-17 18-22 »22
Bottom 0-7 8-12 13-17 18-22 > 22
Spreading speed (mm/sec) Top 0.0-09 1.0-19 20-29 30-40 >4.0
Bottom 0.0-09 10-19 20-29 3.0-4.0 >4.0
One-way transport capability (R) <-50 -50-99 100 - 199 200 - 400 > 400
Overall Moisture Management Capability (OMMC) 0.00-0.19 0.20-0.39 0.40-0.59 0.60-0.80 >0.80

2.3.6 Limitations of the current Moisture Management Test methods

There are several models of test equipment available, and each manufacturer claims that their
equipment is superior to the others. If the equipment is improperly cleaned, the risk of human error
increases. Additionally, there is no correlation between ttn@snanagement testing and sweat

management.

25



Table 2-4. Summary of Moisture Management Test Method

Test Purpose Amount Measures Limitations
Method of liquid
AATCC | Moisture 0.22ml Wetting time, | The specimen is not required to b
TM195 | management absorption rate| prewashed prior to testing.
testing wetted radius | Too many models and versions of
instruments.

Not applicable to measure comfor
for sweat management

Results may exhibit variability in
data from one specimen to anothe

2.4 Wicking

Wicking refers to the movement of liquids, such as sweat and water, through textile fabric via
capillary action. In laboratory testing, distilled or deionized water is typically used at a temperature
of 21 £ 2°C (70 £ 4°F). Various traditional and advantest methods are utilized by laboratories
worldwide to assess this phenomeiiBigure 2.18)

The first step in any testing method is to wet the fabric to determine its liquid absorption capacity,
which is evaluated using the AATCC TM79 test meth@iM79 RA63 AATCC, 2018) This
original testing method for measuring the absorbency of textiles was developed to assist textile
dyeing and finishing mills in understanding the impact and efficiency of fabric preparation for wet
processing. Subsequent absoibetests are performed following this initial evaluation. (TM79
RA63 AATCC, 2018) The British standard testing method BS4554 for the wettability of textile
fabrics, intended primarily for fabrics containing hydrophilic fibers, is also applicable forgesti

the absorbency of garments.

Option B was introduced in 2004 to acknowledge variations from the original procedure that
designers, developers, brands, and retailers have used to assess the ability of garment materials to
absorb and retain liquids, specifically sweat, and water. THREGXATM197 test method relies on

an observatioibased technique. For the test, a specimen sample measuring 10 = 1.0 mm is
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mounted in an embroidery hoop with the side to be tested facing up. The specimen's surface should
be flat and wrinkledree while ensuring that the fabric structure is not stretched or distorted. A
specified medicine dropper is held approximately 100 movethe test specimen, and a drop of
water is then delivered. The time it takes for the drop of water to disappear is measured as an
indication of the fabric's wettability. If the water absorption time exceeds 60 seconds, the test is
terminated, and the sglt is recorded as a failure.

When a series of open glass capillary tubes with progressively smaller diameters is submerged in
a bowl of water, an intriguing phenomenon occurs: the height to which the water rises within the
tubes inversely correlates with their diameter. This observaibased on the understanding that,
within a waterair-glass system, water exhibits a greater affinity for the glass surface than for air.
As a result, there is a preferential molecular interaction that favors water adhering to the glass
instead of remaing exposed to air. This capillary action mirrors the behavior found in absorbent
materials, such as sportswear fabrics, which effectively draw in sweat when in contact with skin.
Generally, as the weight of the fabric decreases, the diameter of tHeegames smaller, leading

to an increased wicking distance and a higher wicking (ldemes, 2016)

M < Nl < I3 < Iy < [I5

Air

FWL

Figure 2-17. A general example of a watair-glass system, the smaller the radius of the tubes, the higher the water rises against
gravity.
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The phenomenon of wicking height, or liquid capillary rise, demonstrates a significant relationship
with capillary diameter. Specifically, it is observed that wicking height increases in capillaries with
smaller diameters compared to those with larger eiara. This leads to the conclusion that the
wicking rate is inversely proportional to the diameter of the yarn, emphasizing the crucial role of
capillary dimensions in governing liquid movement through porous media.

In this study, we investigated three different yarn diameters and confirmed an inverse relationship
between the needle count of knitting machines and the yarn diameters. Specifically, as the diameter
and weight of the fabric specimens increased, the needi of the knitting machines decreased.

In our research, we knitted the larger diameter yarns on machines with 108 needles, while the
smallest diameter yarn was knitted on a machine with 200 needles. Additionally, this study utilized

two distinct yarnypes: Nylon and Polyester.

241 Measuring Wicking Distance and Wi cking Rat

Image processing techniques leverage the principles of photogrammetry and computer vision.
These methods involve utilizing a reference object (blank specimen) and comparing the pixel count
that represents it against an actual measurement ruler. Thisetbstdniocuses on calibrating a
specimen mounted on a frame that includes a millirstale ruler. By employing
photogrammetry and computer vision system, this approach accurately determines the number of
pixels per millimeter in the specified area. Thadst uses a custom red saline solution; the
fluorescent red saline is specifically applied for darker specimens, while the hue, saturation, and
value (HSV) color model is used to gauge the intensity of red pixels. Here, hue represents the pure

color, saturai on i ndicates the colordés intensity or
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light or dark the color is. This methodology effectively addresses the challenge of accurately

capturing height, even as the color becomes lighter with increasing height.

0o — Equation 2.3

The wicking rate (w) is determined in the fitted model by taking the derivative of height with
respect to time. This study plots height and time data. Due to the inconsistencies associated with
knitted fabric® such as pilling, varying knit patterns, andhert variationd the wicking height

may be linear with time. Therefore, a fitting model is necessary to obtain accurate height
measurements. The purpose of curve fitting is to analyze the data and extract relevant physical
parametergVon Meerwall, 1976 he model demonstrates a strong fit to the data, particularly in
terms of reproducibility, as all charts from nine specimens of the same fabric exhibit similar
trajectories, confirming the reproducibility. Furthermore, selecting multiple data points yields

superimposed results, with observed variances ranging from 3 to 4 millimeters.
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2.4.2 Vertical wicking (current test method)

Vertical wicking of fabric is measured using the test method AATCC TM197, which was
developed in 2011 by the AATCC committee RA63, (TM197 RA63 AATCC, @18l has
undergone several revisions since. This test method evaluates the wicking rate (distance per unit
of time) and the ability of vertically aligned fabric specimens to transport liquid along and through
the material. Distilled or deionized water isedsto measure the liquid's travel along the fabric
specimen. The process is visually observed, and the time is manually recorded at specific intervals.
There are two options for measuring the wicking rate using this test method:
Option A(Figure 2.19) Measure time at a given distance:
1. Determine which side of the fabric will be tested and mark it.
2. If prewashing is required, perform the washing, then dry and condition the fabric.
3. Cut all specimens to a size of at least 100 + 5 mm from the selvage, specifically 165 + 3
mm by 25 + 3 mm, with the long dimension parallel to the chosen fabric direction.
- For length direction testing, align the long dimension of the template with the warp
yarns (Wales).
- For width direction testing, align the long dimension of the template with the filling
yarns (Courses).
4. Using a marking pen with soluble ink, mark intervals at 5 + 1 mm, 20 £ 1 mm, and every
10 £ 1 mm up to 150 + 1 mm or more.

5. Time how long it takes to reach the marked distance.
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This structured approach ensures accuracy in evaluating the fabric's wicking properties.

Straight pin line

_ Second test line

0 mm)
150mm
First test line
0 mm)
20 - Water level line
mm (5 mm)

! Bihm

== 25 mm -=|

Figure: Vertical wicking specimen marking and vertical alignment test configuration.

Figure 2-18 AATCC TM197 Vertical wicking test materia{Source: TM197 RA63 AATCC2018)

Option B involves measuring the water rise at specific intervals to maintain consistency with
specimen dimensions and conditioning as outlined in Option A. Place a ruler vertically against the
back of the elongated pan inside the box, ensuring that inésube bottom. Monitor and record

the water level in millimeters at the following time intervals: 2 £ 0.1 minutes, 10 + 0.1 minutes,
and 30 + 0.1 minutes.

The vertical wicking rate is calculated by dividing the wicking distance by the wicking time for
that distance

W = d/t Equation2.3
Where:

W = wicking rate, mm/s
d = wicking distance, mm

t = wicking time, seconds
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The shorperiod rate for Option A is determined based on either the time it takes to reach the 20
+ 1 mm line or the distance that the water has wicked in 5.0 = 1 minutes. Option Bisestamtt

rate is based on the distance the water has wicked in @.D minutes. The longeriod rate is
calculated differently for each option. Option A is based on the time it takes to reach the 150 £ 1
mm line or, if that line has not been reached, the distance the water has wicked in 30 + 0.1 minutes.
For Option B, tle longperiod rate is determined by the distance that the water has wicked in 10.0

+ 0.1 minutes.

Wicking rate is measured in millimeters per second to assess fabric performance in wet processes.
This includes evaluating Personal Protective Equipment (PPE) functions, such as synthetic blood

absorption or penetration, and the performance of medicdetekke gauze.

2.4.3 Limitations of the Vertical Wicking Test method:

A Dark fabric colors, prints, and designs may pose challenges during testing.
A The procedure manually measures the distance that water rises from the cut edge of a
specimen.

A The results obtained from this test do not indicate comfort levels for consumers.

2.4.4 Horizontal wicking

Horizontal wicking of fabrics is measured using AATCC TM198 (TM198 RA63 AATCC, 2020)
developed in 2011 and revised in 2Q&gure 2.20) This test method evaluates the ability of
horizontally aligned fabric specimens to transport liquid (either distilled or deionized water) along
and through the material. The rate at which the liqrastelsthrough the specimen is visually
observed, manually timed, and recorded at specific intervals. This collected data is used to

calculate the horizontal wicking rate.
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Five fabric specimens, each measuring 200 mm x 200 mm £ 5 mm, are aligned with the fabric
selvage or the longitudinal alignment of the garment panels. Prior to testing, the specimens are
conditioned for at least 4 hours in a laboratory setting with a teriyve of 21 + 2°C and a relative

humidity of 65 + 5%.

Burette — Tip of burette 10 mm above
specimen surface

Iy

|
d

Embroidery hoop with

200 x 200 mm specimen
Lo ~ x

Beaker — 2L to accommodate
152 mm diameter embroidery hoop

Horizontal Wicking alignment test configuration

Figure 2-19. Horizontal wicking test configuration

The horizontal wicking rates calculated using the formula

W “pIt p ¢ ¥0 Equation 24
Where:

W = Horizontal wicking rate, mm?2 / second
d1 = Wicking distance in the length direction in mm
d2 = wicking distance in the width direction in mm

t = wicking time in seconds

33



2.4.5 Limitation of horizontal wicking test

This test is primarily designed for fabrics that can absorb the full 1 ml volume of the test liquid
without pooling on the surface or allowing any dripping. Testing dark fabric colors, prints, and
designs may be challenging. Additionally, the results abthifrom this test do not reflect the

fabric's comfort level. The relationship between the results of vertical and horizontal wicking tests

is also not well understood.

Table 2-5. Summary of different Wicking test methods

Test Purpose Amount | Measures Limitations
Method of liquid
AATCC | Evaluate the Touching | Vertical The specimen is not required to
TM197 | vertical distance 5 mm of | distance be prewashed prior to testing.
travel of liquid of | specimen| travelled in | Limited number of data points
vertically aligned time taken.
fabric

Not applicable to measure
comfort for sweat management.

AATCC | Evaluate the 1.0 £ 0.1 | The distancg The specimen is not required to
TM198 | horizontal distance | mL liquid be prewashed prior to testing.
travel of liquid of spreads in
horizontally aligned width and | Not applicable to measure
fabric length comfort for sweat management.
direction
2.5 Drying

Drying refers to the process of removing or evaporating liquid absorbed by fabric. Traditionally,
drying has been assessed using various characteristics such as drying rate, drying time, or other
related parameters. However, there is no universally actsfatedard test method for measuring

the drying capabilities of specific fabrics. Sustainability claims often promote the rapid drying of

fabric in drying machines, which can result in lower energy consumption. Line drying, which
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involves hanging garments outdoors, allows moisture to evaporate as water vapor; this method
offers a strong sustainability advantage since it does not consume electrical energy.

Modern clothes dryers utilize heated, forced hot air for drying. Some household dryers operate
using electric resistance heating, where heat is generated by the dissipation of electrical energy
through a resistive element. Others are-g@sered, using natal gas as their energy source.
Common test methods for evaluating drying rates are currently conducted in laboratory settings,
typically using 0.2 ml of water for these assessments. However, there is no established correlation

between the amount of sweatd the 0.2 ml of water used in testing.

2.5.1 Test Method for Determination of Moisture Drying Rate

The ISO 17617 test method outlines a procedure for assessing the narigiogeproperties of
various types of textile fabric. This standard includes three opfiagsres 2.242.23) In Method
Al, a specimen is suspended vertically from a frame that is supported by a balance underneath.

(ISO 17617 Drying rate, 2014)

Key: 1 = Specimen, 2 = balance

Figure 2-20. ISO 17617 Drying test configuration

In method A2, a specimen is placed on d pgm balance. In both A1 and A2 options, the
specimen is exposed to the test environment on both sides.
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Key: 1 = Specimen, 2 = balance, 3 = hanging frame

Figure 2-21. Drying configuration with scale on the bottom

In method B, a specimen is placed flat in a dish that sits on a top pan balance, only exposing its

uppermost surface to the environment.

Keys: 1 = specimen, 2 = moisture, 3 = petri dish, 4 = balance

Figure 2-22. Drying configuration with specimen exposed
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The results obtained using methods Al and A2 are comparable; however, the results are not
similar to the results from method B for the same specimen. Therefore, this test method is

unsuitable for determinintipe drying rate of textilem other forms, such as loose fibers or yarn.
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2.5.2 Evaluation of absorption and quick drying of textiles

The evaluation of absorption and quick drying is conducted according to GB/T 2PERR1In

the GB/T 21655 test method, 0.2 ml of water is dropped onto the fabric surface, and the weight of
the wet fabric (mO0) is recorded. The fabric is then placedstaradard atmosphere for 30 minutes

to dry. After this period, the wet fabric (m30) is reweighed. The drying rate is calculated using the
following equation and is expressed as grams of water loss per hour (GB/T 22668.English

PDF (GBT21655.22008)i Sales@ChineseStandard.Net (Field Test Asia Pte. Ltd.), n.d

Ol ®wdPQ wp MR Equation 24

2.5.3 Test method for drying time of textiles: Moisture analyzer

In the AATCC TM199 test method, the drying time of textiles using a moisture analyzer is
evaluated at a preselected elevated temperature of 37° = 2° C (99 = 4°F) with a gravimetric
moisture analyze(Figure 2.24) (TM199 RA63 AATCC, 2018)Ten round specimens, each
measuring 70 £ 1 mm, are cut diagonally across the width of a sample. This approach ensures that
different combinations of length and width yarns are represented in the specimens. The moisture
retention and the amount of wateride added, measured in milliliters, are calculated using the
formulas provided below.

D€ Qi YQOMe b QéE+—2zp T Equation 25

Where W1 = dry weight, in grams, W2 = saturated weigh, in grams

z

W

Equation 26
Where y = amount of water to add in ml; x = moisture retention and W1 = dry weight of specimen

in grams
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Water is evenly applied over the surface using an electronic motorized pipette. Next, place the
wire screen on top of the specimen and start the analyzer. The moisture analyzer or software will

automatically end the test once the selected endpoint isegkach

Specimen with wire screen in gravimetric moisture analyzer

Figure 2-23. Specimen with wire screen in gravimetric moisture analyzer

Limitations include this test method being performed in4stemdard textile testing conditions,

and this test can be performed at various temperature settings of the moisture analyzer. This
method is limited and not applicable to fabrics with absorbency time gtieateBO seconds. The
results obtained by this test are not a measure of comfort.

2.5.4 Test Method for drying rate of textiles at their absorbent capacity usinghe Airflow
method

The AATCC TM200 test method for determining the drying rate of textiles involves assessing
their absorbent capacity through an air flow met{feigure 2.25) This test measures the drying

rate based on the evaporation rate that occurs when textiles reach their approximate absorbent
capacity (the maximum amount of liquid a material can hgdy1200 RA63 AATCC, 2017)

(Figure 2.26)

Three specimens measuring 15 x 15 £ 3 cm should be cut from the right, center, and left areas of

the sample or from different sections of the garment, such as the sleeve, back, and front. Use paper
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towels measuring 5 x 14 cm, preferably colored light blue, as the paper will show a color change
when wet.

First, measure the dry temperature of each specimen and record the readings (follow steps 10.1 to
10.5 of the procedure). Next, dispense water at a constant delivery rate of 0.2 + 0.0016 mL/s (refer
to steps 10.6 to 10.8). The maximum volume of water ithabsorbed by the textile without

passing through and wetting the paper towel is known as the absorbent capacity (Vm).

Water leaked through specimen 10 pagper towe |

Different views of the apparatus used to perform test
Figure 2-24. Different views of equipment used to perform AATCC TM 200 tes

Position the IR
thermocouple probe in the middle of the specimen 1 cm above the surface, let the specimen dry

until the temperature returns to dry specimen temperature recorded per step 10.5
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Calculate the drying rate (R) using the formula below:

Y —F Equation 27
Where R = Drying rate, in milliliter per hour; V = volume of water used in milliliter
Drying time = end timé start time in hours

—— 25.0

S Sample
Start Time
End Time
reeeees SLOPE 1
------- SLOPE 2

Temperature (°C)

120

Time (s)

Plot of R(mL/h) versus ¥V (mL)

Figure 2-25. AATCC TM200 Drying time plot

2.5.5 Test method for drying rate of fabrics usingthe heated plate method

The AATCC TM201 test method for the drying rate of fabrics using the heated plate method
determines the drying rate of a fabric exposed to a prescribed volume of water while in contact
with a heated plate set at 37°C (99(Hpures 2.27 and 2.28ppecimens are prepared by cutting

15 X 15 + 0.5 cm of fabric samples fraime right, center, and left locations across the sample
width, or in the case of a garment sleeve, back and front, in the case of circular knit fabric, slit, the

specimen lengthwise, in tlrase of socks or hosieffilM201 RA63 AATCC, 2014)
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Heated plate testing apparatus

Figure 2-26. AATCC TM201 Heated plate testing apparatus

Turn on the temperature controlled for the flexible heater and fan to let metal plate temperature
stabilize to 37 £ 1°C, place test specimen on the metal plate for five minutes to allow the specimen
to equilibrate to the metal plate temperature, apply=@203 milliliter of water, the start time is

when the specimen comes in contact with the water, collect and record the temperature every
second until temperature returns to the initial temperature.

Calculate the drying rate (R) using the following equation:
Y — Equation 28
Where R = drying rate in milliliter/hour; V = volume of water used in milliliter and

Drying time = end timé start time in hours

Plot temperature versus time to determine dry time
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Plot of temperature versus time to determine dry time

Figure 2-27. AATCC 201 Drying time plot

2.5.6 Limitations of drying test methods:

This test method is conducted under controlled laboratory conditions with a specific amount of
water. However, there is no correlation between the results of this test and the fabric drying rate
in conditionedndoor environmentsThere are multiple standard test methods, each considered

effective for measuring the drying properties of fabrics.
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Table 2-6. Summary of different fabric drying test methods

Test Purpose Amount | Measures Limitations
Method of liquid
ISO Determine 0.3£0.01| Drying Tests cannot be performed if water is
17617 | moisture ml of rate not absorbed.
drying rate. | water The specimen does not need to be
prewashed before testing.
This does not apply to measuring
comfort for sweat management.
Several different test method standarc
can be used to determine drying rate.
GB/T Evaluation of | 0.2 ml Drying Tests cannot be performed if water is
21655 | absorption rate not absorbed.
and quick The specimen does not need to be
drying of prewashed before testing.
textiles This does not apply to measuring
comfort for sweat management.
Several different test method standarc
can be used to determine drying rate.
AATCC | Determine Amount Moisture | The results obtained by this test do ng
TM199 | drying time absorbed | retention | measure comfort, which is beyond the
moisture by and drying| scope of this test method.
analyzer. specimen | time to The specimen does not need to be
for one original prewashed before testing.
minute. weight. Between laboratory precision has not
been established.
AATCC | Determine Maximum | Drying This method is not for testing the dryin
TM200 | drying rate of | volume of | rate rate for sock, hosiery or circular knit
textiles at water fabrics.
their absorbed The specimen does not need to be
absorbent by prewashed before testing.
capacity. specimen Absorbency time greater than 30
without seconds cannot be tested.
passing The results obtained by this test do ng
through measure comfort, which is beyond the
and scope of this test method.
wetting Between laboratory precision has not
the paper been established.
towel.
AATCC | Determine the| 0.2 £ Drying The specimen does not need to be
TM201 | drying rate of | 0.003 ml | rate prewashed before testing.

fabric while in
contact with a
heated plate.

Between laboratory precision has not
been established.

This does not apply to measuring
comfort for sweat management.
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2.6 Research Gaps

The textile and apparel industry has been continuously striving for innovation, research, and
development (R&D) to create new yarns, fabrics, and topical treatments. such as Sorbtek by UniFi
(UniFi, n.d.) and AEGIS Vesta by Scentry Reviy@icroban, n.d.) These sophisticated
technological fabrics claim to enhance comfort during wear by incorporating several essential
characteristics, such as improved absorbency, a faster rate of liquid distribution, and quicker drying

times.

A variety of technical standard organizations, such as AATCC, ASTM, ISO, BSI, JIS, and BIS,
offer a range of international testing standards for these materials. However, the simultaneous
measurement of absorption rate, drying rate, and wicking rate diglite instruments presents a
significant opportunity to evaluate sweat management. This approach could effectively address

existing gaps in current testing methods and provide a clearer understanding of garment comfort.

1. The existing testing methods were designed to evaluate fabric performance in
manufacturing processes; however, measuring comfort falls outside the scope of these test
methods.

2. The current testing protocols do not require specimens to begsteed (to remove
contaminations) prior to conducting tests.

3. Between laboratory precision has not been established.

4. Various instrument models are available for measuring Moisture Management,
Absorption, and Drying Rate, with each manufacturer claiming superiority over its

competitors.
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5. Manual testing is subject to human errors.

6. Limited amounts of measurement data make accurate rate predictions difficult.

The primary objective of this research is to develop testing methods that enable automatic digital
readings, yielding objective evidence that can be reviewed at any time. The data collected and
recorded will be in real time, ensuring accuracy, reliabifityd repeatability across laboratories

worldwide. This test aims to assess the garment's sweat comfort level by concurrently measuring

absorption, wicking, and drying rates within the same environment.
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CHAPTER 3: MOTIVATION

This research addresses critical gaps and limitations i tevoratory test methods. This study
developed a simplified testing sgp,ahi ghl y accurate and repeatabl
Management . o0 This method measures a combinat.
sweat and correlates these factors to the comfort performance of garments. This research aims to
create a newesting method that evaluates the combined properties of sweat absorption,
transportation, and evaporation in fabrics. This includes examining the initial contact of sweat with

dry fabric, the time taken for the fabric to absorb sweat, and how quicklyffantively the sweat

spreads in all directions across the fabric. Additionally, this stisdgssethe drying rate, which

is crucial for wear comfort.

Figure 3-1. Sweat management (Sweating, absorption, wicking, and evapor@aunrceoriginal figure created by the author)

This test method can be performed anywhere in the waetghrdless of geographical location,

and it has an impact on environmental conditions, and itotdain consistent and accurate
outcomes. Developing this new testing approach will provide accurate measurements of the sweat
management function of fabrics made from continuous filament yarns with variousectissis

and spun yarns created from difat staple fibers with diverse deniers, crssstions, and staple
lengths. Currently, there is notémnational standard fdesting combinedactors such as fabric
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absorbance, sweaticking or spreading, and sweat drying after sweat has spread. This motivates
me to create a new international standard test method that will measure these factors accurately
and repeatablyregardless of location. Additionally, this test method measures the rate of
evaporation from the fabric simultaneously as sweat is absorbed. This increases the potential for

the fabric to absorb more sweat while maintaining continuous comfort.
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CHAPTER 4: RESEARCH METHODOLOGY

4.1  Purpose

This research aims to develop a new, consistent, repeatable, and reproducible test method for
measuring the combined effects of sweat absorption, transfer, and evaporation rates in textiles.
This method aims to evaluate the functional aspects of fabritocprfiocusing on the three "F's"

(fit, form, and tinction) and highlighting advancements in fabric technolo@ftegure 4.1)

Figure 4-1. Fit, Form, Function cycle

Moisture in clothing is the most significant factor contributing to discomfort during wear. The
presence of sweat increases friction between the fabric and the skin, leading to a clingy and
uncomfortable sensation. The newly designed garment utilizesatimevechnological yarns and
constructions that not only meet algoexceed the intended sweat management design, providing
physiological comfort to the body. The human body must maintain its core temperature between
97°F and 98.6°F for proper physiological functioning. When the body exceeds this temperature or
feels heatthe eccrine sweat glands activate and produce sweat. Clothing designed with effective

sweat management properties helps absorb, spread, and evaporate sweat through the fabric,
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keeping the skin feeling dry and cool, and allowing the body to return to its comfortable

temperature of 97°F. This ultimately enhances overall comfort.

Figure 4-2. Sweating and absorption

4.2 Objectives

The objectives of this study are as follows:

a) Develop a Tiei2 test method for sweat management that combines simultaneous testing of
sweat absorption, transport, and evaporation.

b) Conduct testing, verification, and validation of new test methods to measure repeatability
and reproducibility.

c) Perform a comparative analysis between the new sweat management test method and 1ISO
17025certifiedthird-party laboratory results, using the same specimen for both tests.

d) Evaluate and provide objective evidence when testing-clzidced and printed fabrics
using luminescent or fluorescent dye under black light.

e) Address the limitations of existing test methods discussed in Chapter 2 of the literature

review.
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f) Conduct fabridevel testing on circular knit fabrics, including flat knit and terry knit
constructions, regarding their sweat management capabilities.

This new testing method will be applicable to innovative fabrics made from various synthetic

yarns with different crossections, including spun yarns made from diverse staple fibers and

lengths. This will also encompass bicomponent to guoadponent yarnsas well as fabrics

created from blends of yarns. As illustratedrigure 4.3, these innovative fabrics effectively

absorb, spread, and evaporate sweat, helping keep the skin dry and enhancing the wearer's

comfort.

Figure 4-3. Comfort due to fabric performan¢€ource:ooriginal figure created by the author)

4.3 Exploration of Hypothesis

There is a direct relationship between consumer satisfaction and the products the consumer will
purchase, particularly in the apparel textile industry. This relationship involves-berusit or
costreward analysis, where behavioral achievement depentlee motivation and ability of both
consumers and producers. The fundamentals ofbeostfit analysis and behavior achievement

are detailed in social exchange theory and the theory of planned behavior. This study employs
guantitative methods and newlgwkloped testing procedures to evaluate the performance of the

products offered to consumers. The results of functional performance tests will indicate how
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consumers rate functional satisfaction with the product, which in turn will influence their brand
loyalty or intention to switch brands. Brands, manufacturers, and retailers focus on developing
apparel that meets specific desires and needs. While testingntty occurs in laboratory
environments, the apparel is ultimately used in everydegr settingsTo test the hypothesis

related to "Sweat Management” as the dependent variable, this study examines three independent
variables: absorption rate, wickingte, and drying rate. This utilizes an experimental design
involving three types of fabrics made using Polyester, Nylon, and Cotton yarn.

Hypothesis 1 Absorption rate: Whenwearing a garment, the amount of sweat absorbed from

the body in gjiven time is the almsption rate of the fabric.

Il n this study, it i's hypothesized that t he a
Management 0 test met hod has a higher absorpt

absorption rate measuring test method.

O i £1 1 arese Equation4.1

H1: The absorption rate of fabric measured usi
a higher absorption rate and accuracythan usingthe current absorption rate measuring test

method.

Hypothesis 2Wicking rate: i W s the spreading of sweat after being absorbed from the body to

all directions in the fabric through capillary action in a given time. In this study, it is hypothesized
that the wicking rate of fabric measuighed usin
wicking rate and accuracy than using the current wicking rate measuring test methods.

W =dhit Equation4.2
Where:

W = wicking rate, mm/s
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d = wicking distance, mm
t = wicking time, seconds
H2: Wicking rate performance of fabric using
higher Wicking rate and accuracy than using the current wicking rate measuring test
methods.
Hypothesis 3 Drying rate i Riethe amount of sweat evaporated from the fabric in a given time.
This study hypothesizes thae dryingr at e measur ed usi ngmdih8Bdhasat Mar
a higher Drying rate and accuracy thhat usingcurrent drying rate measuring test methods.
Y —FF Equation4.3
Where
R = Drying rate, in milliliter per hour;
V = volume of water used imilliliters

Drying time = end timé start time in hours (or minutes)

H3: The drying rate performance of fabric usi

a higher Drying rate and accuracy than thatmeasured usingcurrent drying rate measuring

Absorption Rate
N

test methods

H1

Sweat

Mananamaont

~a
Wicking Rate |—— H2 —»

H3

: e
Drying Rate

Figure 4-4. Hypothesis Mode{Source:original figure created by the author)
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4.4 Materials and Method
Three types of yarids Polyester, Nylon, and Cotténare used to make circular knit fabric samples
using 108, 144, and 200 needle knitting machines. This study uses two types of knit constructions:

Flat knit and Terry knit. Flat knit is the simplest constiarciand gives the thinnest construction.

.
.
Y
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2
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ARN: &‘? R ;_' SRREDREENE SR

Figure 4-5. Flat Knit constructior(Source: sample picture taken by the author)

Terry Knit is also called cushion; terry loops around the entire fdbakinglike a towel. This

can be bulky.

Figure 4-6. Terry Knit constructior(Source: sample picture taken by the author)
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Table 4-1. Yarns used by needle count of knitting machines

Specimen

Reference Type Needle count Fiber content Knit type
Ref#3 Cotton 10/1 108 97% Cotton Black Welt| Terry
Ref#b TS179927 Cotton 16/1 144 97% Cotton Terry
Ref#6 TS174954 Nylon 20D 2/70/24 108 Nylon Terry
Ref#6 TS174954 Nylon 20D 2/70/24 108 Nylon Flat
Ref#7 TS174961 Nylon 20D 2/70/34 144 Nylon Terry
Ref#7 TS174961 Nylon 20D 2/70/34 144 Nylon 70707 Flat
Ref#8 TS174962 Nylon 20D 2/70/24 200 Nylon Terry
Ref#8 TS174962 Nylon 20D 2/70/24 200 Nylon Flat
Ref#11 TS179145| Nylon PA11 70/34 200 Nylon Flat
Ref#ll TS179145| Nylon PA11 70/34 200 Nylon Terry
Ref#12 TS174959 | Polyester 1/150/34 108 100%Poly Flat
Ref#12 TS174959| Polyester 1/150/34 108 100%Poly Terry
Ref#13 TS174960 | Polyester 20D 2/70/24 200 100%Poly Flat
Ref#13 TS174960 | Polyester 20D 2/70/24 200 100%Poly Terry
Ref#l14 TS174958 | Polyester 20D 2/70/24 144 100%Poly 70709 Flat
Ref#14 TS174958 | Polyester 20D 2/70/24 144 100%Poly Terry
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CHAPTER 5: TEST METHOD

5.1 Forward

Innovative apparel products specifically tailored for the health and fithess sector, as well as for
casual everyday use, necessitate the assessment of wear comfort through a comprehensive
evaluation of key fabric properties, namely absorption rate, wickatg, and drying rate
associated with sweat characteristics. This study aims to develop a testing methodology that
concurrently measures these parameters, which have gained significant importance in determining
fabric performance and consumer satisfaction

Established testing standards from recognized organizations, including the American Association
of Textile Chemists and Colorists (AATCC), the American Society for Testing and Materials
(ASTM), and the International Organization for Standardization (I$@ylitionally evaluate
absorption, wicking, and drying rates in isolation within controlled laboratory settings. However,
the proposed methodology introduces an innovative approach that utilizes custom software in
conjunction with a Raspberry Pi platformada highresolution Camerto facilitate simultaneous
assessment.

This novel testing framework operates by quantifying wicking performance through the
measurement of pixels per millimeter, while absorption and drying rates are determined via precise
digital timing and the utilization of a Mettler scale, capable of m@aguveight with up to five
decimal digits of accuracy. By employing this comprehensive testing protocol, the study aims to
enhance the characterization of wear comfort performance in garments, ultimately contributing to

the advancement of apparel technglagthe health and fitness industry.
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5.2 Purpose and Scope

This test method is intended to verify and validate wear comfort through the assessment of sweat

management performance in test specimens. It involves measuring the combined absorption rate,

wicking rate, and drying rate of apparel. This method is appidakiextiles made from arfiper
contentand construction, including woven fabrics, flatbed knits, circular knits, andvogan

fabrics. The test can be conducted in indoor environments or controlled laboratory conditions.

5.3 Principle

A Fabric Weight: This is measured in grams per square meter. A specimen can be any size, such
as one meter by one meter, 10 centimeters by 10 centimeters, or 12.5 centimeters by 8
centimeters.

A Absorbency Rate:To determine the absorbency rate, first weigh the dry textile specimen and
record its weight. Next, using a syringe, drip two milliliters of colored saline solution onto the
specimen. Measure the time taken for the entire saline solution to be absorbexteatite
absorption time. The maximum contact time between the sample and the saline solution should
not exceed 60 seconds. After absorption, weigh the specimen again; the difference in weight
will indicate the amount of saline solution that has beenrbbdo

A Drying Rate: After completing the absorbency test, hang the specimen on a drying frame for a
duration of 30 minutes. Following thigme, weigh the specimen again. The weight loss is
determined by subtracting the weight of the specimen after drying for 30 minutes from the
absorbed weight. The drying rate is reported in milliliters evaporated in 30 minutes (ml/min),
milliliters evaporated @r second (ml/sec), and milliliters evaporated in one hour (ml/hour). This
calculation yields information on the volume of sweat that has evaporated and the percentage

of moisture retained.
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A Wicking rate: The wicking rate is assessed using specimens that measure between 80 and 100
millimeters in width and over 300 millimeters in length. To ensure they remain straight and do
not curl, the specimens should be mounted on a steel frame. A Raspberry Pi,itl@ugtiom
software, is employed to measure the sweat traveling vertically upward, taking readings up to
six times per second until the height reaches 101 millimeters or 600 seconds elapse, whichever
occurs first. The wicking rate is then calculated bydilng the distance traveled by the time in

seconds.

5.4 Terminology

A Fabric is a planar structure made from yarns or fibers and can be produced through knitting,
weaving, or norwoven methods.

A Sweat Managementefers to the controlled movement of sweat from the skin surface to the
environment through the fabric.

A Absorbencyis the ability of the fabric to take in and retain sweat or water, which affects the
comfort of textiles against the skin. Hydrophilic fibers readily absorb moisture.

A Moisture-wicking fabric quickly absorbs and moves sweat away from the body to the
atmosphere through drying or evaporation.

A Wicking Rate is the speed at which liquid travels through the textile specimen.

A Drying Rate: indicates the change in volume per unit time of a liquid evaporating from the
textile.

A Moisture retention i is measured by taking a dry weight of a specimen, then submerging the
dry specimen in two milliliters of saline solution for 60 seconds and weighing the specimen

again after that duration. The difference in weight represents the milliliters of sweatdetali
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A Weight lossi is defined as the difference between the saturated weight of a specimen and its

weight after drying, measured at predetermined intervals (every 5 minutes).

5.5 Safety Precautions

These safety precautions are provided for informational purposes only. They are intended to

supplement the testing procedures and do not encompass all possible safety measures. The user is

responsible for applying safe and proper techniques when handiilegias involved in this test

method. Manufacturers must be consulted for specific information, such as Safety Data Sheets

(SDS) and other recommendations. Additionally, all OSHA standards and regulations must be

reviewed and adhered to. Always wear appaie safety and personal protective equipment

during testing.

5.6 Uses and Limitations

A The absorption, wicking, and drying of sweat, saline solution, distilled water, or deionized water
(including tinted or dyed solutions) through a fabric can be influenced by various factors,
including fiber type, fabric construction, exhaustion in theriggprocess, topical treatments,
chemical processing, or a combination of these elements.

A Testing the wicking properties of dacklored fabrics can be challenging; however, using
soluble fluorescent ink of a contrasting color or employing an infrared thermal imaging camera
can improve the visibility of the marks.

A Similarly, assessing the wicking properties of curled fabrics can be difficult. Using stainless

steel needles can help keep the fabric straight during testing.

5.7 Apparatus, Reagents and Materials

A Saline solution, distilled water, or deionized water.
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A Watersoluble food coloring for white fabrics or watssluble fluorescent dye (Telon
Rhodamine MB) for dark printed fabrics.

A Calibrated Scale that can weigh up to 1000 grams.

A Stopwatch or digital timer.

A Tape or ruler, millimeters graduations.

A Wicking and drying test instrument.

Figure 5-1. Vertical Wicking and Drying FixturéSource:ooriginal instrument picture taken by the author)
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Figure 5-2. Mounting frame to ensure the specimen never curls and stays immersed in saline (@dutioeoriginal
instrument picture taken by the author)

A Erlenmeyer flask or elongated pan.

A Pipette and syringe.

A Scissors and round blade fabric cutter, base to cut fabric.

A Weight with hooks that hold the specimen into the elongated pan with saline solution.

A Binder clips to hold the specimen on the top.

A One hundred millimeters wide and two hundred fifty millimeters long template to cut specimen.

A Disposable gloves, eyewear protective glasses, and aprons.
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Figure 5-3. Stainlesssteel Frame to keep the Mounted Specimen Stré&hirce:original instrument picture taken by the
author)

5.8 Specimens

A Wash specimens for a minimum of three home laundry and dry them.

A Determine the fabric side that will touch the skin and mark the specimen as the side to test. If
the testing is to be performed after laundering, use permanent ink marking on the fabric side
chosen for testing.

A Use clean areas and gloves when handling test specimens.

A Specimen size for wicking is 100 mm wide and a minimum of 185 mm long (+3 mm). Specimen
size for Absorption and drying is 100 mm X 100 mm (£3 mifle weightof 2700 mm X 100
mm *100 will provide the GSMGrams per Square Meter (¢fimveight of the specimen with

a measurement tolerance of (3 mm).
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A According to the size described above and shown in the figure beldd, specimens for

wicking, 9 specimens for absorption, and drying.

Figure 5-4. Absorption & Drying Specimen Wicking Speciméource:woriginal instrument picture taken by the author)

5.9 Conditioning

Since testing is performed standardenvironmendl conditions no conditioning is required.

5.10 Absorption Rate Testing Procedure
A Perform all tests in the standard Indoor or laboratory environment for testing
A Mark each 10 cm x 10 cm specimen in numerical order.
A Weigh The Frame and record the weighthefframe in grams. When usirige Mettler scale,
the weight is transferred automatically.
A Mount the test specimen on the frame and weigh the frame + test specimen, record the weight.
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Weight of specimen = (weight of frame + specimeii)weight of frame

A Add two milliliters of saline solution using the syringe all over the specimen. Measure the time
starting from when the drop of saline solution is started to drop, spread 2 milliliters of saline

solution all over the specimesmd when all the saline solution has completed absorption, record

Equation 51

it as thestop time. Record the total time of absorption for each specimen.

A Weigh the specimen to determine the total saline solution absorbed.

Weight of saline solution absorbed = wet weight of speciménweight of specimen

Equation 52
A Record the data as shown in the example shown below.
Table 5-1. Example of data for calculating the absorption rate
Needle ny mi Wet mi absorb absorption
Reference count Construct Yarn Weight dep weight absorbed time rate
grams grams seconds| ml/time sec
TS1749591 108 Flat knit | Polyester| 4.56 2 6.27 1.71 8 0.21
TS1749592 108 Flat knit | Polyester| 4.47 2 6.25 1.78 8 0.22
TS1749593 108 Flat knit | Polyester| 4.4 2 6.26 1.86 8 0.23
TS17495%4 108 Flat knit | Polyester| 4.46 2 6.21 1.75 7 0.25
TS1749595 108 Flat knit | Polyester| 4.47 2 6.23 1.76 8 0.22
TS1749596 108 Flat knit | Polyester| 4.52 2 6.26 1.74 8 0.22
TS1749597 108 Flat knit | Polyester| 4.46 2 6.24 1.78 8 0.22
TS1749598 108 Flat knit | Polyester| 4.45 2 6.27 1.82 8 0.23
TS1749599 108 Flat knit | Polyester| 4.56 2 6.26 1.7 8 0.21
Average 4.48 6.25 1.77 7.8 0.23
Std dev 0.05 0.02 0.05 0.45 0.01
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Dry Weight Wet Weight

Figure 5-5. Dry weight and absorption weight after 2ml addition of saline solution(examg
(Sourceoriginal instrument picture taken by the author)

5.11 Drying Rate Testing Procedure
A Leave the wet specimen frothe absorption test in open air next to the Mettler scale on the
frame as illustrated in Figuke6 below.

A Start the digital timer set for 30 minutesddry the specimen in thepen air for 30 minutes.
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Figure 5-6. Drying Fixture(Sourceoriginal instrument picture taken by the author)

A When the timer reaches 30 minutes, weigh the specimen + frame, record the weight of frame
+ specimen, the weight data provides informatiarthe amount of saline solution evaporated,

and thedata is recorded in the computer.

Table 5-2. Exampleof data for calculating drying rate

Dry
weight
in
Dry Wet ml grams mi Drying Drying
Needle Const Weight ml weight | abso 30 evaporated| Ratein | Ratein
Reference count ruction yarntype | grams | Deposit | grams | rbed mins per 30 mins| mL/min | mL/hr.
TS1749591 108 Flat knit | Polyester | 4.56 2 6.27 171 5.29 0.98 0.033 1.96
TS1749592 108 Flat knit | Polyester | 4.47 2 6.25 1.78 5.34 0.91 0.030 1.82
TS1749593 108 Flat knit | Polyester 4.4 2 6.26 1.86 5.32 0.94 0.031 1.88
TS17495%4 108 Flat knit | Polyester | 4.46 2 6.21 1.75 5.32 0.89 0.030 1.78
TS17495% 108 Flat knit | Polyester | 4.47 2 6.23 1.76 5.37 0.86 0.029 1.72
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TS174959% 108 Flat knit Polyester 4.52 2 6.26 1.74 5.38 0.88 0.029 1.76
TS1749597 108 Flat knit Polyester 4.46 2 6.24 1.78 5.24 1 0.033 2
TS1749598 108 Flat knit Polyester 4.45 2 6.27 1.82 5.28 0.99 0.033 1.98
TS174959 108 Flat knit Polyester 4.56 2 6.26 1.7 5.26 1 0.033 2
Flat
Average knit Polyester 4.48 6.25 1.77 5.31 0.94 0.03 1.88
Flat
Std dev knit Polyester 0.05 0.02 0.05 0.05 0.05 0.00 0.10
Calculations:
R=V/Drying time TS1749591 = (6.275.29)/30 =0.033hinute Equation 53

Where R =drying rate in ml/minute; V= volume of water evaporated (wet wiewéight

after drying); Drying time = 30 minutes = 0.5 hour

Specimen 2 Dry Weight Weight with 5ml sweat Weight after 30 min drying

Figure 5-7. Dry weight, Weight after absorption and weight after 30 minutes of drying (exa(Sglejce:original instrument
picture taken by the author)

5.12 Wicking Distance and Wicking Rate Testing Procedure
A The rate at which liquid flows (distance per unit of time) through and along a fabric specimen
is digitally meticulously recorded every 1/6 of a second, continuing until it either reaches 101

millimeters or hits the 608econd mark.
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A The number of pixels per millimeter is determined using a Raspberry Pi equipped with a 16mm
1:1.4 lens. This pixel density is crucial for the software, which accurately calculates the
distance traveled by the colored dye every 1/6 second.

A Cut at least nine specimens, each measuring 185 + 3 mm in length, and either 80 mm or 100 +
3 mm in width, as shown in the specimen figure 5.4.

A Mount the specimen on the 80 mm or 100 mm frame depending on the specimen width.

Figure 5-8. Vertical wicking fixture with the specimen mounting fra(8@urce:original instrument picture taken by the author)

A Dissolve red food coloring dye in saline solution and shake the solution to ensure the food
coloring is dissolved. This saline solution is used for white and-tiglired fabrics

A Fluorescent dye combined with Black light is the definitive method for measuring the wicking
properties of dardcolored specimens.

A Pour the red saline solution confidently into the tray, filling it just above the marked line.
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Figure 5-9. Fluorescent Dye and Black Ligfourceoriginal instrument picture taken by the author)

5.13 Digital Calibration and Wicking Test Procedure

A To ensure optimal testing results, complete five home laundry and drying cycles of the prepared
specimens to be tested.

A Condition the specimens by leaving them open in the appropriate environment, whether
laboratoryor indoorsenvironmentdepending on where the testing will take place.

A Fill the tray with colored saline solution.

A Hang the frame in its position on the test instrumamdturn on the light on the table lamp.

A Turn ON the Raspberry Pi Computer.

A Click on Start Wicking (Green Tab).

A The calibration screen box will pop up. The specimen on the frame with the red box will show
on the screen. Click on the red line of the box that needs adjustamehise the number

keyboard area to scroll the red line as required.
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A The bottom redline is set at zero, the top redline of the box is set to the maximum height, and
read the readings of the top of the box in millimeters.

APress figd once the red box is completed per

..‘_." - Hsh - e
p resize, drag center to move. Press 'q' to quit

Figure 5-10. Calibration Box

A A pop-up box will appear to save height in mm; please enter the height in millimeters and click
OK.

A In the top right corner of the sweat management screen, a message will display stating
“calibrating." Please note that this process may take some time.

A After the message changes to "Calibration complete,” aupopox will appear with the
message "Start tracking".

A Place the red dye container in its designated location, and then click the "Yes" button to begin

the tracking process while also placing the frame with the specimen into the red dye.
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Figure 5-11. Vertical Wicking Tracker Screen Shot

Geometry of Wicking Test

1 mm = 2.194 pixels
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A The wicking tracker will monitor and record data, provide-teaé video of the rising liquid,
display a reatime chart, and summarize the process once the wicking tracking is completed.

A The wicking rate is calculated continuously using the formula
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W =d/t Equation 5 4
Where:
W = wicking rate in mm/s,
D = wicking distance in mm and
T = wicking time in seconds.
5.14 Pass Fail Criteria
A PassC 2ml of saline solution absorbed in 20 seconds or earlier.
A Pas<C Wicking distance reached 101 mm in 600 seconds or earlier.
A PasC mi ni muai®o fmlid of saline evaporated in 30.
5.15 Results and Conclusion
A Absorption C Passf the specimerabsorls 2 ml in 20 secondand has ambsorption rat®

0.1 ml/second

Table 5-3. Example of Test Result of Absorption

Enter Operator Name Sachin

Specimen description 200 Needle Nylon Flat Knit#2

Weight Frame 32.57308 grams

t of Frame + Specimen 35.74

Weight of wet specimen | 37.67822

Absorption time 4 seconds

Absorption Rate (37.6782235.74)/4 = 0.48ml/sec

A Wicking C Pass wicking test if height to reach 101 millimeters in 600 seconds or less time
andwicking rate 0f00.16 ml/second

A Drying C pass test€ Drying rate of 1.3 mi/hour
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CHAPTER 6: STATISTICAL ANALYSES
6.1 Data Analysis Tool
This project assessed the limitations of the manual AATCC TM197 vertical wicking test, AATCC
79 Absorption test, and AATCC 191 Drying rate test, demonstrating that an automated vision
based method offers superior precision, accuracy, repeatabilitypdusibility, and data
resolution. The manual testing approach relies on operator observation and documentation of three
fixed measurements in the vertical wicking test at two, ten, and thirty minutes. This manual process
introduces significant variabilityabor costs, and low reliability. In contrast, the automated testing
method collects data continuously at 0s&gond intervals, minimizes human error, and enhances
the statistical modeling of wicking behavior. Through a structured Six Sigma analigspspojbct
confirmed that the automation of vertical wicking tests represents an improvement over the current
manual standard. Furthermore, it suggests that through standardization and the establishment of
streamlined procedural guidelines, the automatethaud could become a viable ngpneration
industry standard for vertical wicking testing. The automated Absorption test and drying test utilize
a Mettler scientific balance linked to a computer, allowing for direct data transfer and calculations
carriedout by software, ensuring accuracy and minimizing errors.
6.2 Statistical Approach:
a. The Fishbone Method, also known as the Ishikawa or eageffect diagram, along
with root cause analysis, serves as a systematic approach for identifying, organizing, and
visualizing potential root causes of issues. The analysis conducted duringsthrend
second experiments facilitated the identification of effective solutions. The subsequent
implementation of these solutions culminated in highly accurate and consistent test results,

thereby demonstrating the efficacy of the applied methodologies.
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Figure 6-1. The Fishbon&hart

b. Voice of the Customer: The wear comfort needs of the customer are translated into
measurable test results. In this study, the pass or fail criteria are determined based on the
thresholds achieved by the product in terms of absorption rate, wicking retdryamg
rate. If the product exceeds the established threshold rates, it passes the test for wear

comfort requirements; if it falls below these thresholds, it fails the test.

6.3 Measurement Tools:

In this research, two principal data sources were examined: internal automated data collected via
a sweat management automated testing method, and external data obtained frorpaatyhird
testing laboratory at the Manufacturing Solutions Center.

Internal automated data is collected from the Sweat Management test instrument software. This
data was gathered using an automated \based sweat management system in asiten
laboratory. The automated camera captured data over a duration of Gsec6@ds (10 minutes),

with a sampling frequency of 1/4 second, resulting in approximately 3,600 to 1,200 data points per

test.
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In contrast, the external manual data was obtained from the Manufacturing Solutions Center, where
the test operators recorded three fixed measurements at 120 seconds, 600 seconds, and 1,800
seconds. This data collection was done visually and recorded yanith only three specimens
analyzed per fabric/fiber/knit combination, leading to a total of 12 external reports (6 fiber/fabric
combinations multiplied by 2 knits).

The manual testing method gathers only three data points and relies on visual inspection, which
provides significantly lower resolution and accuracy. On the other hand, the internal automated
data collects 100 times more data per second, offering highesion and reducing the potential

for human error.

6.4 Measurement System Analysis

The integrated calculation functionality within the software facilitated the evaluation of standard
deviation for key metrics, specifically the absorption rate, wicking rate, and drying rate.
Furthermore, it automatically generated comprehensive chartsalfornine specimens
simultaneously upon the conclusion of the experiment.

The statistical analysis conducted in this study provides robust evidence that the automated vision
based testing method significantly enhances precision when compared to the existing manual
testing standard. Moreover, the sweat management testing meiypddemonstrated
consistency, repeatability, and reproducibility in the results obtained across all nine specimens of
the product. These findings underscore the effectiveness of the automated approach in improving

testing rigor and reliability.
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CHAPTER 7: RESULTS AND DISCUSSION

7.1 Measuring Absorption, Drying, and Wicking Rates

This studycomprises

A

A
A
A

7.2

Three types of yarn, viz. polyester, nylon, and cotton.

Three different needle count knitting machines: 108 needles, 144 needles, and 200 needles.
Two types of knitting constructiowiz., flat knit and terry knit

Performed testing dhe samespecimens at an ISO 17028rtified testing laboratory in a

laboratory environment and using our new combination test method.

Improvements Made Based on Root Cause Analysis:

Automated testing methodologies were employed to generate comprehensive reports on vertical

wicking distance and vertical wicking rate, utilizing a computer vision system with specialized

software. The tests were conducted according to an automatedtesbfrensuring precision

and reproducibility in the obtained measurements.

A

Absorption and drying rates were measured using a custom frame, a Raspberry Pi with
specialized software, and a Mettler Scientific balance.

The weight of the frame is first recorded in the software.

The test specimen is mounted on the frame, and the weight of the specimen plus frame is
recorded in the software.

Two milliliters of saline solution was deposited over the specimen mounted on the frame,
and the absorption time is recorded.

The weight of the specimen, plus the frame, plus the absorbed saline solution, was recorded

using the scientific balance.
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A

A

After the absorption process, the frame is removed and placed on a table next to the Mettler
Scientific balance for 30 minutes. The weight of the frame and specimen after 30 minutes
of drying was recorded.

Absorption rate and drying rate are calculated and reported by the software.

The measurement process for vertical wicking rate underwent significant upgrades:

A

> > > >

>\

The dye concentration was increased from three percent to five percent to enhance visibility
as the liquid rises in height.

A custom instrument was fabricated, using stainless steel frames to mount the specimens.
Adjustable rails are employed to secure the focus of the camera and specimens as needed.
A customized stainlessteel platform was created to stably mount the camera.

Calibration of the specimen is performed using a blank specimen mounted on the frame,
by counting pixels in a selected rectangular area through custom software.

After the specimen is calibrated, it undergoes wicking rate testing.

After completing the testing, wicking height and wicking rate charts will be generated,

along with a report containing the data.

7.3 Test Results, Chartsand Data Tablesare listed in Appendix A

An example of the findings is presented below, with comprehensive results detailed in Appendix

A. The data confirm repeatability and consistency, demonstrating a standard deviation of less than

0.05 across all product types examined. The charts illustoherence among all nine specimens

concerning absorption rate, wicking rate, and drying rate. Additionally, both wicking rate and

height measurements display uniformity across all nine specimens. A total of 324 tests were

conducted, with supplementary ass®ents carried out specifically for brandeghirts and

leggings.Figures 6.1, 6.2, and 6.3 display automatic tracking and recording of test data using a
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Mattler scientific balance and a Raspberry Pi connected with arésghutioncamera, recording
data in the software.

. 0
\ Found a balance. serial_number
|zl B 137284

C523137284 €523 ||
erial Number:

I4 A "C523137284"

Device Identification Number: I10 A "MX105-C52
3137284"

Software material number: I5 A "30747366G"
Enter operator name: om

Enter notes:

Weigh Frame: [

.’ir
y \ ar\

Weigh Sample Wet:

38.22292

Weigh Sample Dry:

38.20996

{'Date': ' 11 19 2025 10 21 21', 'Operator': 'o
m', 'Notes': '', 'Frame_Weight': 33,15161, 'Fra
me+Fabric_Weight': 36.36373, ‘Sample_Wet_Weight
‘i 38.22292, 'Sample_Dry_Weight': 38.20996}
Save data [y/n]?: i

DL
»
1

Figure 7-1. Absorption Test
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Figure 7-2. Wicking Test

7.3.1 Absorption rate and Drying rate test results

Table 7-1. 108 Needle Nylon Sweat Management Absorption and Drying Rate Test Results

Absorption Rate
Reference 108PA Absorption Rate 3rd party lab Drying Rate SM| Drying Rate 3rd
Flat knit SMTest ml/sec ml/sec Test ml/hour party lab ml/hour
TS174954 0.32 0.0034 0.62 0
TS174954 0.33 0.0036 0.62 0
TS174958 0.33 0.0038 0.66 0
TS174954 0.32 0.0035 0.7 0
TS174956 0.32 0.0035 0.64 0
TS174956 0.34 0.0222 0.58 0
TS174954 0.33 0.0000 0.7 0
TS174958 0.32 0.0042 0.66 0
TS1749549 0.32 0.0000 0.7 0
Average 0.3256 0.0049 0.653333
Std Dev 0.0073 0.0067 0.042426
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Absorption Rate 108 Needle Nylon Flatknit Sweat Management
test vs 3rd party lab test
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Figure 7-3. Absorption Rate 108 Needle Nylon Flat Knit
Drying Rate 108 Needle Nylon Flatknit Sweat Management test
vs 3rd party lab test
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Figure 7-4. Drying Rate 108 Needle Nylon Flat Knit
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Figure 7-5. Wicking Rate and Hight Chart
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CHAPTER 8: SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

8.1 Summary

This studydescribes aew test method to validate wear comfort by assessing-samaaigement
performance in apparel. This new test concurrently measures the absorption, wicking, and drying
rates of the test specimen. The current test methods are separate and face seevagdhath
accuracy, precision, repeatability, and reproducibility, as well as a lack of a coherent strategy for
integrating absorption, wicking, and evaporation into a unified standard. To address the
shortcomings of the current test method, this study developed a novel instrument and test
methodology that eliminates reliance on subjective human judgment. The Sweat Management test
method adheres to rigorous protocol for fabric conditioning and calibration using digital imaging
technology. This technodfy uses custordesigned software to facilitate digitized data collection,
reattime data recording, and data output. As well as graphical visual analytics.

This approach aims to achieve exceptional levels of accuracy and precision. Additionally, this
study employs a comprehensive data science approach to data management, integrating data
collection, analysis, visualization, and storage into our strategyffemtige sweat management
testing.

The following methodologyasused to achieve the objectives of this research:

1. Instrument and Software Development Desigred anddevelopedan innovative testing
instrument and custom software to facilitate automation, digitized data recording, and
analysis.

2. Experimental Framework: The sample set for this study was systematically developed to
comprehensively characterize material properties and evaluate their impact on moisture

management performance. The experimental design incorporated two fiber types (Nylon
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8.2

and Polyester), three yarn sizes (70 denier with three different filament ¢o82§s18,

and 64), three needle sizes (108, 144, and 200 needle circular knitting machines), and two
fabric constructions (Flgtnit and Terryknit). Using these parameterSetstudy produced

a diverse matrix of fabric specimens to ensure robust and comparative analysis across
material and structural variations.

In total, 324 tests were performed, encompassing nine specohezach Nylon and
Polyester fabric The resulting dataset was analyzed based on four key performance
metrics: absorption rate, vertical wicking rate, vertical wicking height, and drying rate.
These metrics collectively providea detailed understanding of how fiber composition,
knitting structure, and machine gauge affect the moisture management capabilities of

textile materials.

. Comparative Quantitative Evaluation: Using the samples developedcomprehensive

comparative analysis of data obtained from Hpadty laboratories and those generated

through the new test procedure under an indoor environment was conducted

. The passfail criteria for the Sweat Management test: A specimen is deemed to pass

the assessment if it demonstdhin absorption rate exceeding 0.13 mL per second, a
vertical wicking rate of at least 0.16 mm per second, with a maximum test time of 600
seconds, or height reaching 101mm, whichever comes first, and an average drying rate of
0.9 mL per hour oveB0 minutes. These thresholds are essential for evaluating the

specimen's efficacy in sweat management and overall wear comfort performance.

Conclusion

Key Findings:

The following sections are the essential points learned in this research.
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Please note that identical specimens were knitted from the same lot of each type of yarn and needle
count. These specimens were tested at a-ffarty laboratory for absorption, vertical wicking,

and drying rates. Additionally, they were evaluated ushmg Nlew Sweat Management test
method. The results from both the thpdrty lab and the Sweat Management test are described

below.

8.2.1 Absorption Rate

The analysis of the average absorption rates obtained from the sweat management test indicates
high consistency, repeatability, and reproducibility, as evidenced by standard deviations of less
than 0.05 across all specimens. Furthermore, results fromgegtier brands' products using the

same sweamanagement methodology corroborate these findings. Notably, the comparative
evaluation reveals that the average absorption rates measured through the sweat management test
exceed those recorded by a thpakty laboratory, despite utilizing identical specimens from the

same batch. This disparity supports our hypothesis (H1) regarding the reliability of absorption rate
measurements within this testing framework, thus affirming the validity of the sweat managemen

test method as an effective tool for assessing absorption rates.

Table 8-1. Comparison of average absorption rates between a sweat management test aipaudytiada test of the exact same

product
Sweat Management Averag 3rd Party lab Average
Reference absorption rate absorption rate

108 PA Flat 0.3256 0.0049

108 PA Terry 0.3267 0.0017

108 PET Flat 0.3278 0.0016
108PET Terry 0.3289 0.0042

144 PA Flat 0.3588 0.0108

144 PA Terry 0.32 0.0175

144 PET Flat 0.3244 0
144 PET Terry 0.3233 0.006

200 PA Flat 0.33 0.0467
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200 PA Terry 0.3244 0.0329
200 PET Flat 0.33 0.0926
200 PET Terry 0.3244 0.01463

Average Absorption rate all yarn type and needle count
Sweat Management test versus Third party lab test

0.4 0.3588

0.35 0.3256 0.3267 0.3278 0.3289 032 0.3244 0.3233 0.33 (03244 0.33 (03244

0.3

0.25

0.2

0.15

Average Absorption rate

0.0926
0.1

0.0467 10
0.05 0.0108 0.0175 ' 01463
0.0049 0.0017 0.0016 0.0042 O- o  0.006
0

108 PA 108 PA 108 PET108PET 144 PA 144 PA 144 PET144 PET200 PA 200 PA 200 PET200 PET
Flat  Terry Flat Terry Flat  Terry Flat  Terry Flat  Terry Flat  Terry

Yarn type and needle count

= Sweat Mgmt Average absorption rate === 3rd Party lab Average absorption rate

Figure 8-1. Average Absorption rate of all yarn types and needle count Sweat Management test verquarfihat test

8.2.2 Drying Rate

The analysis of the average drying rates obtained from the sweat management test indicates high
consistency, repeatability, and reproducibility, as evidenced by standard deviations of less than
0.05 across all specimens. Furthermore, results from tedtieglwrands' products using the same
sweatmanagement methodology corroborate these findings. Notably, the comparative evaluation
reveals that the average drying rates measured through the sweat management test exceed those
recorded by a thirgbarty labor#ory, despite utilizing identical specimens from the same batch.

This disparity supports our hypothesis (H3) regarding the reliability of dingtegmeasurements
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in this testing framework, thereby affirming the validity of the sweahagement test method as

an effective tool for assessing drying rates.

Table 8-2. Comparison of average drying rates between a sweat management test anpaatthiath test of the exact same

product
Sweat Management Averag 3rd Party lab Average Dryin
Reference dying rate rate

108 PA Flat 0.6533 0
108 PA Terry 0.5577 0
108 PET Flat 0.8178 0.2606
108PET Terry 0.7111 0.2606

144 PA Flat 1.106 0.2589
144 PA Terry 0.826 0.258
144 PET Flat 1.115 0.2631
144 PET Terry 0.8088 0.2631

200 PA Flat 1.29 0.4636
200 PA Terry 1.16 0.4636
200 PET Flat 1.18 0.4977
200 PET Terry 1.075 0.4977

Average Drying rate all yarn type and needle count
Sweat Management test versus Third party lab test

14 1.29
o 116 1.18
o
21
go.s 0.6533 -
© 0.6 : 0.4636 0.4636 0.4977 0.4977
©

T 0.4 0.2606 0.2606 0.2589 0.258 0.2631 O.ZW

S
<02 0o S
0
108 PA108 PALOS PETLOSPET144 PA144 PAL44 PET44 PETR00 PA200 PA200 PEZ00 PET

Flat Terry Flat Terry Flat Terry Flat Terry Flat Terry Flat Terry
Yarn type and needle count

= Sweat Mgmt Average dying rate === 3rd Party lab Average Drying rate

Figure 8-2. Average Drying rate for all yarn types and needle count Sweat Management test verspaimhiab test
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8.2.3 Vertical Wicking Rate

The analysis of the average wicking rates obtained from the sweat management test indicates high
consistency, repeatability, and reproducibility, as evidenced by standard deviations of less than
0.05 across all specimens. Furthermore, results from textieg brands' products using the same
sweatmanagement methodology corroborate these findings. Notably, the comparative evaluation
reveals that the average wicking rates measured through the sweat management test exceed those
recorded by a thirgbarty labwatory, despite utilizing identical specimens from the same batch.

This disparity supports our hypothesis (H2) regarding the reliability of wialdtegmeasurements

in this testing framework, thereby affirming the validity of the sweahagement test nietd as

an effective tool for assessing drying rates.

Table 8-3. Comparison of average vertical wicking rates between a sweat management test afphatyHab test of the exact
same product

Sweat Management 3rd Party lab
Average Wicking Rate Average Wicking

Reference mm/sec rate mm/sec
108 PA Flat 0.1435 0.04
108 PA Terry 0.1412 0.04
108 PET Flat 0.1371 0.03
108PET Terry 0.1344 0.03
144 PA Flat 0.2131 0.12
144 PA Terry 0.21 0.14
144 PET Flat 0.2152 0.03
144 PET Terry 0.202 0.03
200 PA Flat 0.2411 0.15
200 PA Terry 0.2449 0.1
200 PET Flat 0.2177 0.11
200 PET Terry 0.79 (101mm) 0.12
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Average Vertical Wicking rate all yarn type and needle count
Sweat Management test versus Third party lab test

0.3

0.2411 0.2449
0.25

0.2152 0.2177
0.2131 .21 -
0.2

Average Vertical Wicking Rate

g5 0143501412 01371 ¢33 - 0.14 0.15 -
0.1 .
005 004

0

108 PA 108 PA 108 PET108PET 144 PA 144 PA 144 PET144 PET200 PA 200 PA 200 PET200 PET
Flat Terry Flat Terry Flat  Terry Flat Terry Flat Terry Flat Terry

Yarn type and needle count

= Sweat Management Average Wickingrate mm/see===3rd Party lab Average Wicking rate mm/sec

Figure 8-3. Average Vertical Wicking rate for all yarn types and needle count Sweat Management test versus Third party lab test
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CHAPTER 9: LIMITATIONS

9.1 Limitations and future studies

Despite the implications of the findings, this study is not without limitations that warrant further
investigation.

Firstly, there are safety concerns associated with the testing of dark colors, asatt100 light

(black light) was employed during the experiments. The exposure to ultraviolet light poses
potential safety risks, highlighting the need for a redesighetesting apparatus. This redesign
should incorporate a protective layer to mitigate UV exposure and ensure the safety of all
individuals involved in future studies.

Second, the present study is founded on a comprehensive analysis of a total of 351 specimen tests
conducted. This sample size is deemed satisfactory; however, it is imperative that further testing
be undertaken utilizing a variety of yarn blends and fatmicstructions to enhance the robustness

of the findings.
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Absorption rate and Drying rate test results

Tablel. 108 Needle Nylon Flat Knit Sweat Management and 3rd Party Lab Test Results

Absorption Rate
Reference 108PA Absorption Rate 3rd party lab Drying Rate SM| Drying Rate 3rd
Flat knit SMTest ml/sec ml/sec Test ml/hour party lab ml/hour
TS174954 0.32 0.0034 0.62 0
TS174954¢ 0.33 0.0036 0.62 0
TS174958 0.33 0.0038 0.66 0
TS174954 0.32 0.0035 0.7 0
TS17495%6 0.32 0.0035 0.64 0
TS17495%6 0.34 0.0222 0.58 0
TS174954 0.33 0.0000 0.7 0
TS174958 0.32 0.0042 0.66 0
TS1749549 0.32 0.0000 0.7 0
Average 0.3256 0.0049 0.653333
Std Dev 0.0073 0.0067 0.042426

Absorption Rate 108 Needle Nylon Flatknit Sweat Management
test ws 3rd party lab test

=]
I

453 2.32 -33 Bl 032 1.32 B33 03z 1.32
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.25
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Rerea_
L0034 0.0036 0.003E 20035 0up03s5 2LO0a L
i)
TE174054-1 TE174954-2 T5174954-3 TS174054-4 TS174054-5 TS174954-6 TE174954-7 TS174054-8 T=174054-9
= Absorption Rate Sh-Test mifsec Absorption Bate 3rd party lab milfsec

Figure 1. 108 Needle Nylon Flat Knit Sweat Management Absorption and 3rd Party Lab Absorption Rate Comparison
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Drying Rate 108 Needle Nylon Flatknit Sweat Management test
vs 3rd party lab test

Q.66 Q.66

0.38

T5174954-1 TE174054-2 T5174954-3 T5174654-4 T5174954-5 T5174554-6 TE174054-7 T5174954-E T5174654-9
== Drying Rate 5h-Test ml/hour == Dirying Rate 3rd party lab mihour

Figure 2. 108 Needle Nylorrlat Knit Sweat Management Drying Rate and 3rd Party Lab Drying Rate Comparison
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Table 2. 108 Needle Nylomerry Knit Sweat Management andd®PartyLab TestResults

Absorption Rate
Reference 108PA Absorption Rate 3rd party lab Drying Rate SM| Drying Rate 3rd
Terry knit SMTest ml/sec ml/sec Test ml/hour party lab ml/hour
TS174954 0.33 0.0000 0.5 0
TS1749548 0.33 0.0000 0.44 0
TS174958 0.33 0.0042 0.5 0
TS174954 0.32 0.0000 0.46 0
TS17495% 0.32 0.0000 0.56 0
TS17495%6 0.33 0.0041 0.66 0
TS174954 0.33 0.0000 0.64 0
TS174958 0.32 0.0036 0.58 0
TS1749549 0.33 0.0038 0.68 0
Average 0.3267 0.0017 0.557778
Std Dev 0.005 0.0021 0.088569
Absorption Rate 108 Needile Nylon Terryknit Sweat
Management test vs 3rd party lab test
0.35 033 033 ?EE‘H—-?E—:—_""'TE'H“-'—-—-E:‘"‘_:_:-
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1 2 3 4 5 £ 7 B 3
== Absorption Rate 5M-Test mifse=c == Absorpticn Bate 3rd party lab milfsec

Figure 03. 108 Needle NylomTerry Knit Sweat Management Absorption and 3rd Party Lab Absorption Rate Comparison
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Drying Rate 108 Needle Nylon Terryknit Sweat Management test
vs 3rd party lab test
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Figure4. 108 Needle Nylon Terry Knit Sweat Management Drying Rate and 3rd Party Lab Drying Rate Comparison

Table 3. 108 Needle Nylon 3rd Party Absorption and Drying Rate Test Results

Absorbency:
* Test Method for Absorbency of Textiles - AATCC TM79-2010e2(2018)e - Option A

TS174954 (70703 108 N Creora Recycled Nylon)Testing.xlsx

Testing Results:
Sample Prep: Original/As Received State

Area Tested: Top of Foot Sole of Sock
Inside (Next to Skin) Qutside Inside (Next to Skin) Qutside
Specimen 1 59 sec 9 sec DNA sec 49 sec
Specimen 2 56 sec DNA sec DNA sec DNA sec
Specimen 3 52 sec 48 sec 53 sec 56 sec
Specimen 4 57 sec DNA sec DNA sec 52 sec
Specimen 5 57 sec 51 sec DNA sec DNA sec
Average 56.2 sec * sec * sec * sec

*Absorbency varies along length of specimen

Page 3 of 8
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Drying Rate - Heated Plate Method:

» Test Method for Drying Rate of Fabrics: Heated Plate - AATCC TM201-2012(2014)e2

Testing Results:

Drying Rate
Specimen 1 n/a mL/hr
Specimen 2 nfa mLihr
Specimen 3 na/ mLthr

Average] #DIV/O! mLihr

Machine did not provide a reading for
these specimens

Volume of Water Drying Time Drying Time Drying Time
Specimen 1 N/A seconds n/a minutes n/a hours
Specimen 2|  0.2000 mL N/A seconds n/a minutes n/a hours
Specimen 3 N/A seconds n/a minutes n/a hours

Testing Information:

+ Sample tested in original/as received state
+ Side of the specimen to be next to the skin was placed against the metal plate

* Test solution is distilled water

+ Tested at 37" + 1°C (the skin surface temperature at which the human body starts to perspire)

* Instrument air flow  1.5m/sec

» Fabric conditioned prior to testing per ASTM D1776
+ Sample brought to moisture equilibrium; Testing Conditions: 21°C (= 2°C) and 65%RH (+ 5%RH)

TS174954 (70703 108 N Creora Recycled Nylon)Testing. xlsx Page 4 of 8
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Table 4. 108 Needle Polyester Flat Knit Sweat Management Absorption and Drying Rate Test Results

Absorption Rate
Reference 108PE Absorption Rate 3rd party lab Drying Rate SM| Drying Rate 3rd
Flat knit SMTest ml/sec ml/sec Test ml/hour party lab ml/hour
TS174954 0.33 0.0033 0.66 0.2702
TS174954 0.33 0.0038 0.76 0.2528
TS174958 0.32 0.0000 0.7 0.2588
TS174954 0.33 0.0000 0.82
TS17495%6 0.33 0.0000 0.84
TS17495%6 0.32 0.0039 0.84
TS174954 0.33 0.0033 0.86
TS1749548 0.33 0.0000 0.9
TS174959 0.33 0.0000 0.98
Average 0.3278 0.0016 0.8178 0.2606
Std Dev 0.0044 0.0019 0.0987 0.0088

Absorption Rate 108 Needle Polyester Flatknit
Sweat Management test vs 3rd party lab test
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Figure 5. 108 NeedléPolyesterFlat Knit Sweat Management Absorption and 3rd Party Lab Absorption Rate Comparison
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Drying Rate 108 Needle Polyester Flatknit Sweat
Management test vs 3rd party lab test
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Figure 06. 108 NeedlePolyestefFlat Knit Sweat Management Drying Rate and 3rd Party Lab Drying Rate Comparison
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Table 5. 108 NeedlePolyesteiTerry Knit Sweat Management and 3rd Party Lab Test Results

Absorption Rate
Reference 108PE Absorption Rate 3rd party lab Drying Rate SM| Drying Rate 3rd
Terry knit SMTest ml/sec ml/sec Test ml/hour party lab ml/hour
TS174954 0.33 0.0039 0.72 0.2702
TS174954 0.33 0.0043 0.54 0.2528
TS174958 0.33 0.0033 0.68 0.2588
TS174954 0.33 0.0029 0.7
TS17495%6 0.32 0.0042 0.66
TS17495%6 0.33 0.0039 0.7
TS174954 0.33 0.0033 0.8
TS1749548 0.33 0.0071 0.8
TS174959 0.33 0.0048 0.8
Average 0.3289 0.0042 0.7111 0.2606
Std Dev 0.0033 0.0012 0.0843 0.0088

Absorption Rate 108 Needle Polyester Terryknit
Sweat Management test vs 3rd party lab test
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Figure 7. 108 Needle Polyestdierry Knit Sweat Management Absorption and 3rd Party Lab Absorption Rate Comparison
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Drying Rate 108 Needle Polyester Terryknit SM
testvs 3rd party lab test
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Figure 8. 108 Needle Polyester Terry Knit Sweat Management Drying Rate and 3rd Party Lab Drying Rate Comparison
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Table 6. 108 Needle Polyester 3rd Party Absorption and Drying Rate Test Results

Absorbency:
* Test Method for Absorbency of Textiles - AATCC TM79-2010e2(2018)e - Option A
Testing Results:
Sample Prep: Original/As Received State
Area Tested: _ T:?p of Foot . . S::b_le of Sock _
Inside (MNext to Skin) QOutside Inside (Next to Skin) Qutside
Specimen 1 60 sec 51 sec 51 sec 51 sec
Specimen 2 53 sec 60 sec 46 sec 60 sec
Specimen 3 DNA sec DNA sec 60 sec 28 sec
Specimen 4 DNA sec DNA sec 68 sec 42 sec
Specimen 5 DNA sec DNA sec 48 sec 59 sec
Average * sec * sec 54.6 sec 48.0 sec
*Absorbency varies along length of specimen
TS174959 (70705 108 N Creora Recycled Polyester) Testing.xlsx Page 3 of 8
Drying Rate - Heated Plate Method:
* Test Method for Drying Rate of Fabrics: Heated Plate - AATCC TM201-2012(2014)e2
Testing Results:
Drying Rate
Specimen 1 0.2702 mLthr
Specimen 2 0.2528 mL/hr
Specimen 3 0.2533 mUthr
Average| 0.2588 mLihr
Volume of Water Drying Time Drying Time Drying Time
Specimen 1 2665.00 seconds 44 4167 minutes 0.7403 hours
Specimen 2 0.2000 mL 2848.14 seconds 47.4690 minutes 0.7912 hours
Specimen 3 284206 seconds 47.3677 minutes 0.7895 hours

Testing Information:
+ Sample tested in original/as received state

+ Side of the specimen to be next to the skin was placed against the metal plate
* Test solution is distilled water
* Tested at 37" + 1°C (the skin surface temperature at which the human body starts to perspirg)

* Instrument air flow

1.5misec

+ Fabric conditioned prior to testing per ASTM D1776
+ Sample brought to moisture equilibrium; Testing Conditions: 21°C (= 2°C) and 65%RH (= 5%RH)

TS174959 (70705 108 N Creora Recycled Polyester) Testing.xlsx

Page 4 of 8
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Table 7. 144 Needle Nylorrlat Knit Sweat Management Absorption and Drying Rate Test Results

Absorption Absorption Drying Rate | Drying Rate
Reference Rate SMrest | Rate 3rd party SMTest 3rd party lab
144PA Flat knif ml/sec lab ml/sec mi/hour mi/hour
TS1749611 0.38 0.0095 1 0.2537
TS174962 0.37 0.0036 0.88 0.2505
TS174961 0.38 0.0051 1.12 0.2726
TS174964 0.33 0.0000 1.28
TS174965 0.39 0.0000 1.08
TS17496%6 0.31 0.0125 1.08
TS17496477 0.38 0.0167 1.16
TS174968 0.38 0.0250 1.2
TS174960 0.31 0.0250 1.16
Average 0.358888889 | 0.010828338| 1.106666667| 0.258933333
Std Dev 0.0325747 0.009740227 | 0.116619038| 0.011943338

Absorption Rate 144 Needle Nylon Flatknit SM

testvs 3rd party lab test
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Figure 9. 144 NeedleNylon FlatKnit Sweat Management Absorption and 3rd Party Lab Absorption Rate Comparison
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Drying Rate 144 Needle Nylon Flatknit SM test vs
rd party lab test
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Figure 10. 144 NeedleNylon FlatKnit Sweat Management Drying Rate and 3rd Party Lab Drying Rate Comparison
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Table 8. 144 Needle NylorTerry Knit Sweat Management Absorption and Drying Rate Test Results

Absorption Absorption Drying Rate | Drying Rate
Reference Rate SMrest | Rate 3rd party SMTest 3rd party lab
144PA Terry kn ml/sec lab ml/sec mi/hour mi/hour
TS1749611 0.32 0.0000 0.68 0.2537
TS174962 0.33 0.0000 0.72 0.2505
TS174968 0.28 0.0000 0.82 0.2726
TS174964 0.32 0.0000 0.84
TS174965 0.32 0.0000 0.84
TS1749656 0.33 0.0333 0.92
TS17496477 0.32 0.0400 0.78
TS174968B 0.33 0.0182 0.96
TS174960 0.33 0.0667 0.88
Average 0.32 0.017575758 | 0.826666667| 0.258933333
Std Dev 0.015811388 | 0.024253785 0.09 0.011943338

Absorption Rate 144 Needle Nylon Terryknit SM

testvs 3rd party lab test
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Figure 11. 144 Needle NyloTerry Knit Sweat Management Absorption and 3rd Party Lab Absorption Rate Comparison
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Drying Rate 144 Needle Nylon Terryknit SM test vs
3rd party lab test
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Figure 12. 144 Needle NyloTerry Knit Sweat Management Drying Rate and 3rd Party Lab Drying Rate Comparison
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Table 9. 144 Needle Nylon 3rd Party Absorption and Drying Rate Test Results

Absorbency:

* Test Method for Absorbency of Textiles - AATCC TM79-2010e2(2018)e - Option A

Testing Results:
Sample Prep: Originall/As Received State
Area Tested: Top of Foot Sole of Sock
Inside (Next to Skin) Qutside Inside (Next to Skin) Qutside
Specimen 1 21 sec 16 sec DNA sec 6 sec
Specimen 2 55 sec 12 sec DNA sec 5 sec
Specimen 3 39 sec 8 sec DNA sec 11 sec
Specimen 4 DNA sec 8 sec DNA sec 3 sec
Specimen 5 DNA sec 15 sec DNA sec J sec
Average * sec 11.8 sec #DIVIO! sec 56 sec
* Absorbency varies along length of specimen
TS174961 (70707 144N Recycled Nylon)Testing.xlsx Page 3 of 8
Drying Rate - Heated Plate Method:
* Test Method for Drying Rate of Fabrics: Heated Plate - AATCC TM201-2012(2014)e2
Testing Results:

Drying Rate

Specimen 1| 0.2537 mUthr

Specimen 2| 0.2505 mLthr

Specimen 3| 0.2726 mLihr

Average|]  0.2589 mLthr
Volume of Water Drying Time Drying Time Drying Time
Specimen 1 2838.24 seconds 47 3040 minutes 0.7884 hours
Specimen 2|  0.2000 mL 2874.55 seconds 47.9092 minutes 0.7985 hours
Specimen 3 2640.91 seconds 44.0152 minutes 0.7336 hours

Testing Information:
+ Sample tested in original/as received state

+ Side of the specimen to be next to the skin was placed against the metal plate

+ Test solution is distilled water
« Tested at 37" £ 1°C (the skin surface temperature at which the human body starts to perspire)

* Instrument air flow .1 Smisec

« Fabric conditioned prior to testing per ASTM D1776
+ Sample brought to moisture equilibrium; Testing Conditions: 21°C (+ 2°C) and 65%RH (= 5%RH)

TS174961 (70707 144N Recycled Nylon)Testing.xlsx

Page 4 of 8
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Table 10. 144 Needle Polyesté&ilat Knit Sweat Management Absorption and Drying Rate Test Results

Absorption | Absorption Rat¢ Drying Rate| Drying Rate
Reference 144PE Rate SMest| 3rd party lab SMTest 3rd party lab
Flat knit ml/sec ml/sec mi/hour mi/hour
TS1749584 0.33 0 1.14 0.2593
TS17495& 0.32 0 1.16 0.2735
TS174958 0.33 0 1.06 0.2565
TS174958! 0.33 0 1.16
TS17495% 0.33 0 1.04
TS17495% 0.32 0 1.18
TS17495¢% 0.32 0 1.06
TS174958 0.32 0 1.08
TS174959 0.32 0 1.16
Average 0.324444444 1.115555556| 0.2631
Std Dev 0.005270463 0.054569018| 0.009114823

Absorption Rate 144 Needle Polyester Flatknit SM

test vs 3rd party lab test
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Drying Rate 144 Needle Polyester Flatknit SM test
vs 3rd party lab test
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Figure 14. 144 NeedldPolyester Flaknit Sweat Management Drying Rate and 3rd Party Lab Drying Rate Comparison
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Table 11. 144 Needle Polyestdierry Knit Sweat Management Absorption and Drying Rate Test Results

Absorption | Absorption Rat¢ Drying Rate| Drying Rate
Reference 144PE Rate SMest| 3rd party lab SMTest 3rd party lab
Terry knit ml/sec ml/sec mi/hour mi/hour
TS174958 0.33 0.0000 0.8 0.2593
TS17495& 0.33 0.0000 0.82 0.2735
TS174958 0.28 0.0000 0.78 0.2565
TS174958! 0.33 0.0000 0.78
TS17495% 0.33 0.0000 0.8
TS17495% 0.33 0.0222 0.84
TS17495¢% 0.32 0.0167 0.82
TS174958 0.33 0.0095 0.82
TS174959 0.33 0.0077 0.82
Average 0.323333333] 0.00623389 | 0.808888889  0.2631
Std Dev 0.016583124] 0.00845375 | 0.020275875| 0.009114823
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Figure 15. 144 Needle Polyester Flat Knit Sweat Management Absorption and 3rd Party Lab Absorption Rate Comparison
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cSM test vs 3rd party lab test
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Figure 16. 144 Needle Polyester Flat Knit Sweat Management Drying Rate and 3rd Party Lab Drying Rate Comparison
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Table 12. 144 NeedldPolyestei3rd Party Absorption and Drying Rate Test Results

Absorbency:
* Test Method for Absorbency of Textiles - AATCC TM79-2010e2(2018)e - Option A

Testing Results:
Sample Prep: OriginallAs Received State
Area Tested: Top of Foot Sole of Sock
Inside (Next to Skin) QOutside Inside (Next to Skin) Qutside
Specimen 1 DNA sec DNA sec DNA sec 9 sec
Specimen 2 DNA sec DNA sec DNA sec 12 sec
Specimen 3 DNA sec DNA sec DNA sec 21 sec
Specimen 4 DNA sec DNA sec DNA sec 26 sec
Specimen 5 DNA sec DNA sec DNA sec 30 sec
Average|] #DIV/O! sec #DIVI0! sec #DIVI0! sec 19.6 sec
TS174958 (70709 144n Creora Recycled Polyester)Testing.xlsx Page 3 of 8
Drying Rate - Heated Plate Method:
* Test Method for Drying Rate of Fabrics: Heated Plate - AATCC TM201-2012(2014)e2
Testing Results:
Drying Rate
Specimen 1 0.2593 mLihr
Specimen 2| 0.2735 mL/hr
Specimen 3]  0.2565 mL/hr
Average] 0.2631 mUhr
Volume of Water Drying Time Drying Time Drying Time
Specimen 1 2776.92 seconds 46.2820 minutes 0.7714 hours
Specimen 2|  0.2000 mL 2632.27 seconds 43.8712 minutes 0.7312 hours
Specimen 3 2806.94 seconds 46.7823 minutes (0.7797 hours

Testing Information:
» Sample tested in original/as received state

+ Side of the specimen to be next to the skin was placed against the metal plate

+ Test solution is distilled water
+ Tested at 37" + 1°C (the skin surface temperature at which the human body starts to perspire)

+ Instrument air flow

1.5misec

+ Fabric conditioned pﬁ'a}"{a"'i:ééﬁ'ﬁa per ASTM D1776
+ Sample brought to moisture equilibrium; Testing Conditions: 21°C (+ 2°C) and 65%RH (+ 5%RH)

TS174958 (70709 144n Creora Recycled Polyester)Testing.xlsx

Page 4 of 8
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Table 13. 200 Needle Nylon Flat Knit Sweat Management Absorption and Drying Rate Test Results

Absorption
Absorption Rate 3rd Drying Rate| Drying Rate
Reference | Rate SMrest| party lab SMTest 3rd party
200PA Flat kni ~ ml/sec ml/sec mi/hour lab mi/hour
TS174954 0.33 0.050 1.28 0.3831
TS1749548 0.33 0.067 1.26 0.4904
TS174958 0.33 0.050 1.28 0.5173
TS174954 0.33 0.040 1.32
TS17495%6 0.33 0.033 1.26
TS17495%6 0.33 0.050 1.3
TS174954 0.33 0.050 1.32
TS174958 0.33 0.040 1.28
TS174959 0.33 0.040 1.32
Average 0.3300 0.0467 1.291111111 0.4636
Std Dev 0.0000 0.0097 0.024720662 0.07100063

Absorption Rate 200 Needle Nylon Flatknit S

test vs 3rd party lab test
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Figure 017. 200NeedleNylon Flat Knit SweatManagemenand 3rd Party Lab Absorption Rate Comparison
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Drying Rate 200 Needle Nylon Flatknit SM test vs

ard party lab test
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Figure 18. 200NeedleNylon Flat Knit Sweat Management Drying Rate and 3rd Party Lab Drying Rate Comparison
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Table 14. 200 Needle NylorTerry Knit Sweat Management Absorption and Drying Rate Test Results

Absorption
Reference Absorption Rate 3rd Drying Rate| Drying Rate
200PA Terry| Rate SMrest| party lab SMTest 3rd party
knit ml/sec ml/sec mi/hour lab mi/hour

TS174954 0.33 0.011 1.18 0.3831
TS1749548 0.33 0.022 1.16 0.4904
TS174958 0.28 0.012 1.14 0.5173
TS174954 0.33 0.040 1.16
TS17495%6 0.33 0.050 1.18
TS17495%6 0.33 0.033 1.16
TS174954 0.33 0.029 1.18
TS174958 0.33 0.050 1.16
TS174959 0.33 0.050 1.14

Average 0.3244 0.0329 1.162222222  0.4636

Std Dev 0.0167 0.0158 0.015634719 0.07100063

Absorption Rate 200 Needle Nylon Terryknit SM
test vs 3rd party lab test
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Figure 19. 200 Needle Nyloerry Knit Sweat Management and 3rd Party Lab Absorption Rate Comparison
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Drying Rate 200 Needle Nylon Terryknit SM test vs
3rd party lab test
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Figure 20. 200 Needle NyloTerry Knit Sweat Management Drying Rate and 3rd Party Lab Drying Rate Comparison
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Table 15. 200 Needle Nylon 3rd Party Absorption and Drying Rate Test Results

Absorbency:
* Test Method for Absorbency of Textiles - AATCC TM79-2010e2(2018)e - Option A
Testing Results:
Sample Prep: Original/As Received State
Area Tested: Top of Foot Sole of Sock
Inside (Next to Skin) Qutside Inside (Next to Skin) QOutside
Specimen 1 4 sec 4 sec 19 sec 6 sec
Specimen 2 3 sec 4 sec 9 sec 7 sec
Specimen 3 4 sec 5 sec 17 sec 4 sec
Specimen 4 5 sec 5 sec 5 sec 4 sec
Specimen 5 6 sec 4 sec 4 sec 6 sec
Average 4.4 sec 4.4 sec 10.8 sec 5.4 sec
TS174962 (70711 200N Creora Recycled Nylon)Testing.xlsx Page 3 of 8
Drying Rate - Heated Plate Method:
* Test Method for Drying Rate of Fabrics: Heated Plate - AATCC TM201-2012(2014)e2
Testing Results:
Drying Rate
Specimen 1 0.3831 mL/hr
Specimen 2] 04904 mL/hr
Specimen 3] 05173 mL/hr
Average] 04636 mL/hr
Volume of Water Drying Time Drying Time Drying Time
Specimen 1 1879.10 seconds 31.3183 minutes 0.5220 hours
Specimen 2|  0.2000 mL 1468.01 seconds 24 4668 minutes 0.4078 hours
Specimen 3 1391.90 seconds 23.1983 minutes 0.3866 hours

Testing Information:

+» Sample tested in original/as received state

* Side of the specimen to be next to the skin was placed against the metal plate

* Test solution is distilled water
* Tested at 37° + 1°C (the skin surface temperature at which the human body starts to perspire)

* Instrument air flow "‘II:Sm.fse«::

« Fabric conditioned prior to testing per ASTM D1776
+ Sample brought to moisture equilibrium; Testing Conditions: 21°C (+ 2°C) and 65%RH (+ 5%RH)

TS174962 (70711 200N Creora Recycled Nylon)Testing.xlsx

Page 4 of 8
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Table 16. 200 Needle Polyester Flat Knit Sweat Management Absorption and Drying Rate Test Results

Absorption

Reference | Absorption Rate 3rd | Drying Rate Drying Rate

200PET Flat| Rate SMest party lab SMTest 3rd party
knit ml/sec ml/sec mi/hour lab ml/hour

TS174954 0.33 0.100 1.18 0.5185
TS174954 0.33 0.100 1.18 0.4635
TS174958 0.33 0.100 1.18 0.5111
TS174954 0.33 0.100 1.18
TS17495%6 0.33 0.100 1.18
TS17495%6 0.33 0.067 1.18
TS174954 0.33 0.067 1.18
TS174958 0.33 0.100 1.18
TS1749549 0.33 0.100

Average 0.3300 0.0926 1.1800 0.4977

Std Dev 0.0000 0.0147 0.0000 0.0298

Absorption Rate 200 Needle Polyester Flatknit SM
test vs 3rd party lab test
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Figure 21. 200 NeedldPolyesterFlat Knit Sweat Management and 3rd Party Lab Absorption Rate Comparison
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Figure 22. 200 NeedléPolyesterFlat Knit Sweat Management and 3rd Party Lab Absorption Rate Comparison
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Table 17. 200 Needle Polyestdierry Knit Sweat Management Absorption and Drying Rate Test Results

Absorption
Reference Absorption Rate 3rd Drying Rate| Drying Rate
200PET Terr] Rate SMest party lab SMTest 3rd party
knit ml/sec ml/sec ml/hour lab ml/hour

TS174954 0.33 0.200 1.06 0.5185
TS174954 0.33 0.200 1.06 0.4635
TS174958 0.28 0.200 1.08 0.5111
TS174954 0.33 0.200 1.08
TS17495%6 0.33 0.050 1.08
TS17495%6 0.33 0.100 1.06
TS174954 0.33 0.200 1.1
TS174958 0.33 0.067 1.08
TS1749549 0.33 0.100

Average 0.3244 0.1463 1.075 0.4977

Std Dev 0.0167 0.0655 0.014142136  0.0298

cSM test vs 3rd party lab test
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Figure 023. 200 Needle Polyestdrerry Knit Sweat Management and 3rd Party Lab Absorption Rate Comparison
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Table 18. 200 Needle Polyester 3rd Party Absorption and Drying Rate Test Results
* Test Method for Absorbency of Textiles - AATCC TM79-2010e2(2018)e - Option A

Testing Results:
Sample Prep: Original/As Received State
Top of Foot Sole of Sock
Area Tested: - _p - - - -
Inside (Next to Skin) Qutside Inside (Next to Skin) Qutside
Specimen 1 2 sec 3 sec 1 sec 2 sec
Specimen 2 2 sec 3 sec 1 sec 1 sec
Specimen 3 2 sec 2 sec 1 sec 3 sec
Specimen 4 2 sec 2 sec 1 sec 2 sec
Specimen 5 2 sec 2 sec 4 sec 4 sec
Average 2.0 sec 24 sec 1.6 sec 24 sec
TS174960 (70713 200N Creora Recycled Polyester)Testing.xlsx Page 3 of 8
Drying Rate - Heated Plate Method:
* Test Method for Drying Rate of Fabrics: Heated Plate - AATCC TM201-2012(2014)e2
Testing Results:
Drying Rate
Specimen 1 0.5185 mL/hr
Specimen 2 0.4635 mL/hr
Specimen 3 0.5111 ml/hr
Average 0.4977 mL/hr
Volume of Water Drying Time Drying Time Drying Time
Specimen 1 1388.50 seconds 23.1417 minutes 0.3857 hours
Specimen 2 0.2000 mL 1553.43 seconds 25.8905 minutes 0.4315 hours
Specimen 3 1408.65 seconds 23.4775 minutes 0.3913 hours

Testing Information:
= Sample tested in original/as received state

= Side of the specimen to be next to the skin was placed against the metal plate
* Test solution is distilled water
* Tested at 37" + 1°C (the skin surface temperature at which the human body starts to perspire)

* Instrument

air flow  1.5m/sec

« Fabric conditioned pﬁi‘.':'r"to"téétiﬁﬁ per ASTM D1776
* Sample brought to moisture equilibrium; Testing Conditions: 21°C (+ 2°C) and 65%RH (+ 5%RH)

TS174960 (70713 200N Creora Recycled Polyester)Testing.xlsx

Page 4 of 8
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Figure.25. 108 Needle Nylon Terry Knit Wicking Height and Rate Vx Time
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