ABSTRACT

KIM, HEY-SANG. Capillary Phenomena in Textiles with Continuous Microfluidic Flow (Under
the direction of Dr. Stephen Michielsen and Dr. Emiel DenHartog).

Wicking phenomena in fabrics are driven by capillary action, which is affected by the fiber
parameters, yarn structures and liquid properties. By developing a better wicking performance
fabric, we can improve physiological comfort by removing liquid from the sweating source
through capillary channels as well as faster evaporation. Even though the liquid transport in the
void space between fibers within a yarn (or in-between yarns) is known to be the most critical
phenomenon in fabric wicking, typical wicking test methods, such as vertical wicking test and
gravimetric absorbency testing, cannot explain the role that yarn-level wicking plays within the
fabric. For this reason, we developed a new method called ‘Single—pore Wicking Evolution
Apparatus for Textiles (SWEAT)’ test to investigate liquid transport in fabrics based on within-
yarn and yarn-to-yarn transfer wicking. This SWEAT test was conducted by supplying continuous
liquid flow to a single yarn within the fabric. In order to mimic human sweating phenomenon, this
SWEAT test method avoided the flooding liquid stage by controlling flow rate to be similar to a
single sweat gland and by choosing a similar diameter of liquid source to sweat gland pore size.
By controlling liquid flow rate, we evaluated wicking phenomena of fabrics with image analysis
for quantitative measurement. We have successfully measured directional wicking rates and
individual yarn wicking performance, which has not yet been explained in this area. Additionally,
we found liquid movement in knit fabrics follows the time—wicking length superposition principle:
liquid wicks within a single yarn initially, subsequently it spills over to adjacent yarns through
contact points, but the wicking rate in adjacent yarns is identical to the initial course yarn.
Furthermore, we found that the graph of the sum of the total wicking lengths of all yarns of a fabric

follows a “one minus an exponential of time” curve trendline which takes into consideration the



liquid rates of feeding, storage, and evaporation. The experimental graph finally reaches a plateau
stage without further increase of the wicked area because the supplied liquid flow amount matches
the evaporation amount from the wetting area. A better understanding of wicking performance
with this SWEAT test method promises to provide a predictive model of wicking performance
fabrics and should result in a large contribution to textile industry including sportswear, military

apparel and textile printing.
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CHAPTER 1. Introduction

Liquid movement in yarn is driven by capillary action, which is governed by the fiber
parameters, yarn structure and liquid characteristics. For a better understanding of liquid transport
mechanisms, knowledge of yarn structure based on fibers and fabric structure as well as their
surface energies are critical. However, capillary action in porous media, particularly fibrous
materials, is complicated by many additional factors, including void space between fibers (or in-
between yarns), twist level, tension and contact with adjacent yarns, which all affect the wicking
phenomena simultaneously.

For example, the diameter of a single yarn in knit fabric varies depending on the location.
That means other yarn features such as twist level, tension and contact points with adjacent yarns
are subject to change even within a single yarn. Furthermore, we need to consider not only liquid
movement within a yarn but also yarn-transfer wicking since the liquid in a yarn can spill over to
the adjacent yarns through their contact points. For those reasons, it seems to be almost impossible
to anticipate wicking performance of textiles based on their structures and material properties.

Even though many models have been developed to understand capillary action in complex
porous materials in various fields, there are only a few attempts in the textile field starting from
plain woven fabrics [1, 2], which have relatively simple structures rather than knitted fabrics.
However, much more research is still needed to develop an empirical model of fabrics to predict
wicking performance.

Additionally, liquid transport in textile fabrics is one of the critical factors affecting
physiological comfort. When we wear clothes, clothing creates a macro-environment between the
skin and clothing. Depending on the ambient environment, macro-environment of the textile

fabrics is generally hotter and more humid than the ambient environment. For this reason, clothing



generally represents a layer of insulation and imposes a barrier to heat transfer. Especially during
exercise, however, textile fabrics can also hinder sweat evaporation from the skin and increase
skin and core temperature. Furthermore, when clothing interferes with evaporation of sweat from
the wet skin, the efficiency of body cooling is reduced [3]. The rate of water evaporation of sweat
from the skin is dependent on the textile-related factors including wettability and permeability of
the clothing, and the micro-environmental conditions such as temperature (depending on the
ambient temperature and the metabolic heat produced during exercise), humidity, the air velocity,
and skin-clothing-ambient air pressure [4]. In addition to the insulating properties in textile fabrics,
the effect of clothing on evaporation of sweat is of critical concern because it affects thermal
comfort [5]. Moreover, those various factors correlate with each other, and it is hard to investigate
wicking performance in sweating circumstance considering the correlation effects.

Even though typical wicking performance test methods for textiles, such as vertical
wicking test (AATCC 197 [6]) and the Moisture Management Test (AATCC 195 [7]), are simple
and easy to compare between substrates, they cannot explain wicking mechanism in sweating
circumstances. Those methods are conducted with infinite reservoir or limited but still large
amount of liquid (i.e. liquid droplet) so those methods do not represent human perspiration
circumstances with continuous microfluidic flow from sweat pores. Also, when we compare
fabrics” wicking performance with those typical methods, sometimes the results were opposite
between infinite reservoir and limited amount of liquid. That means we do not fully understand
wicking mechanism in textiles yet, so many steps remain to find out how to improve wicking
performance of textile substrates.

Therefore, first a better wicking performance test method must be developed, which

mimics a sweating situation. Furthermore, in order to develop a better wicking performance fabric,



we need to identify the fundamental influences on liquid transport mechanisms and determine
which parameters are most critical. When we drop a small amount of liquid on a fabric surface,
the liquid droplet moves through capillary channels during the wicking phenomenon. Therefore,
there are three categories to consider in terms of wicking in textile substrates: 1) within-a-yarn
wicking based on the channels in-between fibers, 2) yarn-to-yarn transferring toward adjacent
yarns, and 3) capillary bridge effect between skin and textiles. Although wicking mechanism of
fabrics are directly derived from those three factors, there has only been a feeble attempt to
understand each factor as well as the relationships among them.

In this study, we have attempted to develop a better wicking measurement system called
SWEAT test to understand capillary channel relationships in textiles as well as to mimic sweating
phenomenon starting from a single sweat pore. Because this measurement system suppled
continuous microfluidic flow with the similar rate of a single sweat pore, we could investigate how
the liquid flow moves within-a-yarn and through yarn-to-yarn transfer in a sweating situation.
Also, we will measure the directional wicking rate of individual yarns and the wetting area changes
over time with this new wicking measurement method in order to predict the wicking length of a
yarn as well as when the liquid spills over from the yarn to adjacent yarns. Furthermore, wicking
performance depends on the diameter of capillary channels and the surface energy of liquid and
textile substrate. With the new measurement system, we should find out which factors are critical
to capillary action of textiles and the relationship between factors. Those experimental results from
a new measurement system will help us to understand the capillary mechanism in textile fabrics
as well as to develop a predictive model based on void space in-between fibers and in-between

yarns. This capillary action model should enable rapid textile product development because the



model should enable us to determine the ideal fiber- and yarn-level capillary channels to improve

wicking performance.



CHAPTER 2. Research Outline

In order to understand wicking performance in textiles, generally the following keywords
have been considered: 1) wetting vs. wicking, 2) in-plane vs. trans-planner wicking, 3) yarn-level
vs. fabric-level wicking, 4) wicking between two plates to simulate sweating circumstance
between skin and a fabric, 5) saturation level, 6) physiological comfort, and 7) wicking test
methods. Those key factors will be reviewed in Chapter 3. Even though many studies have been
performed for each keyword in textile field, it is still hard to determine conditions to fabricate the
ideal type of wicking performance textiles under realistic human sweating circumstance.

In terms of typical wicking performance test methods for fabrics, because they use either
infinite reservoir or limited but large amount of liquid (i.e. droplet), they have significant
limitations to represent human sweating circumstance in which the activated sweat glands generate
continuous liquid flow during exercise [8, 9]. For this reason, we developed a better measurement
system, which releases continuous microfluidic flow to simulate liquid perspiration generated from
a single sweat pore. If we can understand wicking mechanism of complicated capillary structures
in textiles through our new test method, we might predict liquid movement of fabrics considering
material properties and fabric structures, and we could control wicking performance depending on
various applications by controlling major influence factors. For these reasons, our primary research
goal in this study is to understand wicking performance of fabrics under realistic human sweating
situations.

Firstly, precedent studies regarding wicking performance in fabrics will be introduced in
Chapter 3 for overview of capillary phenomena in porous media. And then, a new measurement
system will be proposed to simulate human sweating circumstances with continuous liquid flow

considering human sweat rate and gland diameter in Chapter 4. With the new test method, liquid



transport performance will be analyzed through visual investigation based on within-a-yarn and
yarn-to-yarn transfer wicking performance in Chapter 4 and 5. Additionally, we will discuss the
wicking mechanism principles in textiles to explain how liquid moves in knitted fabrics based on
our experimental data from our new measurement system in Chapter 5. In Chapter 6, we will
introduce a new textile wicking theory from analyzing of the wicking performance data through

the SWEAT test method.



CHAPTER 3. Overview of Capillary Phenomena in Porous Media

3.1. Wetting and Wicking
3.1.1. Wetting

Wetting and wicking phenomena in textiles is important to describe liquid transport in the
capillary channels. While both wetting and wicking properties affect manufacturing processing as
well as the overall wear comfort, there is a clear distinction between these two terms. Wetting is
the initial process involved in liquid spreading on the solid substrate. Because a liquid that does
not wet a substrate’s surfaces cannot wick thorough a fabric, wetting is a prerequisite for
wicking[10]. Since wettability of textiles is the potential of a surface to be wetted by liquid, the
surface wettability (generally referred to as hydrophobicity and hydrophilicity) is determined by
the balance of surface energy in the interface between air, liquid, and solid materials (fiber or
fabric)[10]. Wettability is the initial behavior of a fabric, yarn, and fiber when brought into contact
with a liquid. It also describes the interaction between the liquid and the substrate prior to the
wicking phenomenon. Specifically, solid-liquid interface replaces solid-vapor interface during the
wetting process. When a liquid is in contact with a flat solid surface and a vapor at the same time,

the forces involved in equilibrium are described by the Young-Dupré equation[11]:

Y €0S 0 = Vsy — Vsi (3-1)
Here, 6 is the static contact angle (CA) and v, ¥, and y; are the interfacial tensions between
the liquid and vapor phase (or the surface tension of the liquid phase), the solid and vapor phase
(or the surface energy of the solid surface), and the solid and liquid phase, respectively. In Young’s
equation, the magnitude of 6 is determined by the thermodynamic equilibrium of the surface free

energy at the solid-liquid-vapor interfaces for flat surfaces.



When liquid wets a rough surface, there are two possible wetting status, Wenzel and
Cassie-Baxter (Figure 3-1). In the Wenzel state, liquid fully wets every area of the rough surface.
However, in the case of the Cassie—Baxter state, pockets of air are trapped during liquid wetting,
forming a liquid-solid—air composite interface. Based on these theoretical models, many studies
have tried to find the relationship between the contact line radius and contact angle considering

experimental results [12-14].

OO0

Wenzel Cassie-Baxter
Figure 3-1. Water droplets on flat solid surface (left), Wenzel state (middle), and Cassie—Baxter

state (right) [15, 16].

3.1.2. Wicking and Capillary Force

The liquid transport mechanism in which liquid is driven into a porous system by capillary
forces is termed wicking. Wicking is a result of spontaneous wetting in a capillary system, i.e.
capillary forces are caused by wetting. Wetting process is affected by the surface structure of the
fibrous assembly i.e. fibers, yarn, and woven/nonwoven/knitted fabrics. For a liquid to move
through a porous medium, wetting process of the material surfaces is essential before being
transported through a capillary by means of capillary action.

Capillary motion is the ability of a liquid to flow through narrow spaces without the
assistance of, or even in opposition to, external forces such as gravity. However, even though the

8



direction of both gravity and a capillary channel decides wicking rate and height, most of the
studies have been done in vertical wicking mode by investigating the maximum wicking height in
a cylindrical tube dipped vertically in an infinite reservoir. However, depending on the amount of
liquid as well as the direction of gravity and capillary pressure, the wicking performance, including
the wicking rate and the wicking area, is determined. Especially for wicking performance of
textiles during exercise, the liquid source may simply be each sweat gland on the skin surface, so
it is not an infinite reservoir but continuous microfluidic flow during exercise. Additionally, the
value of capillary force should vary depending on the location on the skin, such as armpit, back
and shoulder, due to the direction of capillary force and local flow rate.

Capillary phenomena, arising from the capillary force, depends upon the wetting
characteristics of both liquid and solid substrate of a capillary channel. Specifically, capillary
action occurs when the adhesion to the walls is stronger than the cohesive forces between the liquid
molecules. Depending on the relative strength of cohesive and adhesive force, a fluid tends to be
raised or suppressed in a vertical capillary tube. The curvature of the liquid inside the narrow
capillary channel will lead to pressure difference with the relatively flat surface outside of the
capillary channel. A pressure difference between air and liquid forms the curved interface, where
the pressure at the concave side of the interface is greater depending on the radius of curvature and
the surface tension of the fluid. Inside of the capillary channel, the liquid with surface tension (y)
attains an equilibrium of capillary forces. Specifically, the inertial force is the mass of the fluid in
the capillary channel multiplied by its acceleration. And this inertial force is then equal to the sum
of all the forces acting on the fluid as it rises in the channel through capillary action. The capillary
force draws the fluid into the capillary channel, and viscous as well as gravitational forces work in

opposition [17].



If we assume capillary action is derived from capillary force and surface tension only, the
fluid rises inside the narrow channel to a height (h) until the surface tension forces balance the
weight of the fluid. In a capillary tube whose diameter is small compared to the capillary length,
the leading meniscus (within the tube) is a portion of a sphere. Considering a hemispherical
meniscus (radius R) as shown in Figure 3-2 (a), a curved liquid—air interface indicates a pressure

difference across the interface. The pressure difference, AP, at the interface, causes the liquid

interface to rise in the capillary tube until the weight of the suspended column of fluid balances
the capillary force. Equation (2) can be used to describe the rise of fluids in a capillary tube when

the surface tension forces ((27R)y) balance the weight of the fluid (APg,,f(TR?)):

(2rR)y = APsurf (T[RZ)
(3-2)

_ 2ycosOg
r

. _ 2y _ 2y
. APsurf — R T
cosbOf

r

where y is surface tension, r is the tube radius, and then, the radius of curvature R becomes

cos O
(Figure 3-3).
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Figure 3-2. (a) The free body diagram of half a droplet[18, 19], and (b) the capillary rise in a

narrow cylindrical tube [19, 20]. *R is a radius of curvature of a hemispherical meniscus.
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Under the assumption of vertical capillary channel and infinite reservoir, most previous
studies have focused on investigating the maximum wicking height at the equilibrium state. In
order to get the value of wicking height, the capillary pressure P, (= APg,,) is defined as the
pressure difference across the interface, or the pressure difference between air (gas phase) P, and
water B, (liquid phase) at a level with height of h from the top free surface of liquid as follows:

APy = Fy — Pi(h) = P, — B, (h) (3-3)
For example, for hydrophobic materials the capillary pressure is negative (P,, > P,) as their contact
angle is larger than 90°.

In Figure 3-3, the pressure at point B (located at height h at z = 0) is P,. The pressure
difference between point A and B is purely hydrostatic so the point B is bearing the weight of a

liquid column of height (h). Expressing the equilibrium of pressures gives:

P, = P(0) =R, (h) + Py, (3-4)
Py = pgh (3-5)

6
APsurf:Pc:Pa_Pw(h):pgh:my (3-6)

where the capillary pressure is P, and hydrostatic pressure is Py,. For vertical wicking, when a thin
vertical tube is immersed in a liquid at one end, the liquid rises vertically inside the tube under the
effect of capillary forces (Figure 3-3). Capillary forces cause the liquid to overcome the downward
gravity forces and it makes the liquid rise upwards until hydrostatic pressure balances capillary
pressure in equilibrium.

Eq. 3-6 derived from Eqs. 3-4 and 3-5 is Jurin’s law. It explains that the equilibrium height

can be expressed as

11



B = 2y cosOg
pgr

3-7)

in which h is the liquid height, p is the liquid density (mass per unit volume), g is the gravitational
acceleration, and r is the tube radius. The height reached by the liquid is inversely proportional to
the radius of the tube. Also, rapid wicking through the capillary channels is mainly associated with
larger diameter capillary channels. This property, usually referred to as Jurin’s law, concluded that
the liquid goes up in the tube if the surface energy of the dry wall is larger than that of the wetted
wall by using the principle of minimum energy. Most previous studies of wicking in textiles have
investigated the maximum wicking height based on Eg. 3-7 but it is not clear how to define the

capillary channel radius in textiles considering the various ranges of channel size i.e. the distance

between fibers or between yarns.

Figure 3-3. The hydrostatic pressure drop between points B and A offsets the Laplace pressure at

point A.[21]

For the capillary phenomenon to occur, free energy has to be gained and the work of

penetration has to be positive. In other words, when the interfacial energy of the fiber surface in

12



contact with vapor yg,, exceeds the interfacial energy between the liquid and the fiber surface yg;,

the capillary phenomenon occurs.

Wp =Ysy — VYsL (3-8)
in which the work of penetration W, is a measure of the energy required for capillary penetration.
The liquid rises in a channel if W, > 0. When the liquid rises in the channel, the system gains
potential energy due to the elevation of a volume of liquid, and then loses capillary energy because

of the reduction of the surface energy.

NN < IR < k3 < rs < s

Air

FWL

Figure 3-4. A general example of water-air-glass system depending on the radius of channel [22].

Moreover, a capillary bridge may form between two rigid bodies and is also governed by
the interfacial curvature between the two phases. According to Laplace—Young equation [11, 23-

26], the capillary pressure is:

1 1
APsurf = Y(R_l + R_Z) (3-9)
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where y is the surface tension, R; and R, are the principal radii of curvature of liquid surface in
two planes. In the special case of a spherical surface, the liquid-gas interface has radius of curvature
R and the two radii are identical (i.e. R, = R;)

A liquid film placed between two parallel plates and that wets the plates makes them very
adhesive, so it is difficult to separate the plates (Figure 3-5 (a)). In between two plates, it is
observed that the meniscus of liquid has a round shape in order to minimize the free energy. Based
on Laplace’s law at the free interface, there is an equation for the vertical radius (R',) and the

contact angle (6) (Figure 3-3).

T h
RIZ Sil’l(E — 6) = E

h
R = 3-10
27 2cos@ ( )

From Laplace’s law (Eq 3-9), the capillary pressure at the parallel plates is as follows:

2cos0
h

1
APsurf =Y (R_,1 + ) (3-11)

Because the horizontal radius (R';) is much larger than R, (Ri — 0), the capillary pressure is
1

approximately:

2ycos 6

APsurf ~ (3'12)
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Figure 3-5. (a) Film of water between two glass plates and (b) calculation of the vertical curvature.

[27]

Additionally, the critical factor of wicking performance of fabrics is how fast liquid can
move away from sweating source site. The wicking volume rate at which liquid moves through a

porous channel is related to the driving force by Poiseuille’s law:

4

nr
=—APdt 3-13
av =g (3-13)

where r = effective radius of the pore, n = liquid viscosity, x = distance within the pore, and AP =
effective pressure gradient. Poiseuille’s law explained that at a given temperature, water flow
through tubes in porous media is inversely proportional to the length of the tube and directly
proportional to the pressure gradient and to the fourth power of the tube diameter. Based on
Poiseuille’s law, we can anticipate the velocity of liquid flow under certain structural conditions
in porous media.

The rate of liquid penetration through a capillary channel is Eq. 3-13 by assuming the
steady-state flow and according to Poiseuille’s law expressing the balance between viscous forces
and capillary and hydrostatic forces (neglecting inertial effect). The relationship between the liquid

volume and height is given by:
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dV =r’mdh (3-14)
The difference between capillary P. and hydrostatic pressure P, allows calculating the pressure

drop (AP).

_ 2ycosbg

AP — pgh (3-15)

By substitution of Eq. 3-14 and 3-15 to Eq. 3-13, the penetration rate is transformed into:

4
_ 2 _mr (ZYCOSHE_ )
dV =r‘mdh Bnh pgh)dt
(3-16)
~dh  7r? (2ycos€E h)
“dt 8nh r P9

Assuming that the hydrostatic pressure can be neglected in case of flow under capillary pressure,
Eq. 3-17 can be rewritten as follows:

dh rycosbg
— = -17

dt 4n (3-17)

The Lucas-Washburn equation is obtained after the integration of Eq. 3-17 with the initial
condition (h= 0 at t=0).

ry cos Oy ,

hZ
2n

(3-18)

The study by Marmur (1992) is quite interesting and his approach can apply to textile
substrates because he investigated capillary penetration considering the thickness of porous media
(Figure 3-7) as well as nonuniformity in the pore size distribution[28]. Figure 3-6 (a) shows the
P,, (liquid phase) at a level with height of h (Eq. 3-9) will be changed to pgl sin 8, depending on

the tilt angle, 8,. Also, he investigated the relationship between the substrate thickness and surface
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wettability to explain wicking phenomena as shown in Figure 3-6. Depending on the pore size, it
has two competing effects: small pores imply high driving forces for penetration but has a lower
penetration rate than big pores. That’s because the increased driving force in small pore brings
with it an increased viscous resistance. Consequently, the initial stages of penetration must be
derived from a relatively rapid penetration through large pores. Furthermore, he explained that
when the liquid reservoir is finite, the liquid may redistribute itself at later stages by flowing from
the large pores into the small ones. That effect is called the redistribution.

Kissa (1981) found the kinetics of drop penetration into paper with the wetting area, A on

time [29]:

A = mR? = kt?3 (3-19)
where k is a proportionality constant which depends on the properties of the paper and liquid.
According to Lucas-Washburn equation (Eq. 3-18), unidirectional wetting into a paper strip from
an infinite reservoir is proportional to time. With comparison results among infinite, limited liquid
and a droplet, Marmur pointed out the penetration and displacement of small liquid reservoirs
depends on the reservoirs curvature, and not only on the contact angle, as had been previously
believed (Figure 3-8). Even though he could not find the exact reason for that, it would be very
important for textile wicking performance test. Although a single sweat pore supplies microfluidic

flow over times, typical vertical wicking method has been widely used.
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Figure 3-6. (a) Penetration of a small drop into a capillary. (b) the final equilibrium situation for

6, < 90°. (c) the final equilibrium situation for 8, > 90° [28].

100 L R 28 I ] ' L A B B [ LB BRI ' | g0 SR I I'TTT Ll .

@ F NO PENETRATION 3

Q0 [orsa FRETRATIO . _ . — — — — -JE

(1) % 80 F <

© 3 5

zzﬁzz j 70F -
@ g : ?

Z s0f 3

s ro 5k :
3) < S0F -
B, & :
7 O 40 H -E
e g 30§ :
() Z 20 ‘f
ZW? 10 COMPLETE PENETRATION -
(o B B onl e S B N SR LK WY Y Wi B NP UR T WX oS ab ay ) 1:
8.0 0.2 0.4 0.6 0.8 1.0

DIMENSIONLESS THICKNESS
(a) (b)

Figure 3-7. (a) Stages of drop penetration into a thin porous medium. (b) “phase diagram” for

penetration of a drop into a thin porous medium [28].
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Figure 3-8. Kinetics of penetration into paper from an infinite liquid reservoir, the theoretical

prediction of the radial capillary model, a limited liquid reservoir, and a drop [28].

Wicking in fabric substrates is caused by external forces or by capillary forces and the
transport of a liquid into a capillary channel is generally referred to as in-between yarns and fibers.
For example, when we shed sweat, capillary force is important in order to remove moisture away
from textile fabrics. The transport of liquid has been one of the popular subjects in previous studies
with various fabric types, but most studies have focused on which factors affect the vertical
wicking height. Specifically, previous studies in the textile field have been conducted as focusing
on the relationship between vertical wicking height and yarn structure such as twisting and cross-

sectional shape [30-34]. Generally, wicking phenomenon occurs when a liquid wets fiber
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assembled with capillary spaces and goes through the spaces between them. The resulting capillary
forces drive the liquid to move through the capillary spaces. Wicking can be visualized as a
spontaneous displacement of a solid-air interface with a solid—liquid interface in a capillary system
such as in the vertical wicking height test. Assuming a simple case (i.e. wicking in a capillary
tube), the area of the liquid—air interface across the capillary is very small relative to the area of
the wetted capillary wall. In this case, we can assume that the tube does not change its shape (i.e.
swelling) during the wicking. Therefore, we could say that the only considerable change is the
increase of the solid-liquid interface and decrease of the solid-air interface.

Based on an understanding of wicking phenomenon in textiles, the goal of this paper is to
establish direction on how to control the liquid transport mechanism in order to quickly remove
moisture away from textile fabrics through liquid flow pathways. In the following review, we will
discuss the factors that might affect liquid movement in textiles. Also, further studies are necessary
regarding how to design the improved liquid transport system in textiles in order to improve

physiological comfort.
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3.2. Wicking in Porous Media
3.2.1. In-plane wicking

The moisture absorption capacity of fibers (hygroscopy), as well as their surface properties
(hydrophilicity or hydrophobicity) are very important parameters to determine the wicking
properties of a fabric. In terms of yarn-level, the geometric configuration of the pore structures
(inter- and intra-yarn capillaries) play a determinant role on liquid transport. For wear comfort of
a textile, both its trans-planar and in-plane wicking properties are important. Trans-planar wicking
means the liquid movement through thickness of fabric i.e. perpendicular to plane of fabric.

Typical wicking behavior tests of textile fabrics are operated with a fabric strip, suspended
vertically or horizontally with one end dipped into infinite liquid reservoir, and thus are in-plane
wicking experiments. To investigate the fabric wicking performance, either how much time it takes
for the liquid to reach a certain level or how far the height of the advancing liquid front can go is
recorded as a function of time. For instance, to conduct the vertical wicking test, a vertically
suspended fabric strip is placed on the fixed clamp to make one end of fabric strip immersed into
the infinite liquid reservoir, and the masses of fabric and wicking height versus time are recorded
separately. The fabric mass increases with time passed because of the moisture absorption. Water
also transits through the thickness of a fabric in its plane and the rate of uptake of water is recorded.
Even though the vertical wicking measurement by the gravimetric technique is easy to perform,
this test cannot determine the exact quantity of liquid absorbed by the fabrics at different heights
(the degree of saturation level). Thus, the testing results have limited implication to clothing
comfort.

Simile and Beckham (2012) developed a new wicking test because the results from

numerous wicking tests, including strip, spot, plate, siphon, moisture management, or trans— planar
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liquid transport tests, do not allow for predictive design of fabrics with defined wicking behavior
(Figure 3-9). The new integrated upward-—horizontal-downward test provides intrinsic quantitative
descriptors of fabrics that can be used to predict wicking behavior. These descriptors are capillary
pressure (P.) and permeability (k) as functions of saturation (S). Wicking tests were conducted on
single strips of hydrophilic-treated polyester mesh knit fabrics manufactured for performance
athletic apparel. A single fabric strip was positioned to allow sequential upward, horizontal, and
downward wicking of fluid from an infinite reservoir. The upward segment governs the liquid
saturation, the horizontal section is analyzed to predict capillary pressure from Laplace equation
using the Washburn equation, and the downward segment is investigated to determine permeability
from Darcy’s equation. Through this UHD test method, saturation—capillary pressure—
permeability (S — P. — k) relations were determined for this hydrophilic polyester fabric.

From this study, the average effective capillary radii of the substrate was calculated from
the horizontal slopes using Lucas-Washburn equation (Eq. 3-18). And these radii were used to
calculate capillary pressures using the Laplace equation (Eq. 3-9). However, the effective capillary
radius value is not well defined because the capillary radius size in a fabric has a broad range in a
fabric. Also, they assumed the same saturation level for each sample because they converted the
weight changes by absorbing liquid to wicking length under the assumption that the wicked length
is just the mass of water times a constant. However, in reality, even a fabric strip has various
saturation levels which can be verified from the diverse range of color intensity at different heights.
For example, Figure 4-5a shows when one end of a fabric strip was immersed into infinite dye
solution, the color intensities between inside of a blue and a green circle are different even in the

fabric strip.
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Figure 3-9. (a) Horizontal-downward wicking data, wicking length vs. time, and (b) horizontal
wicking data, wicking length vs. the square root of time, for a single knit fabric at upward wicking
heights (h) of 1.5, 2.5, 3.5, and 4.5 cm, corresponding to saturations of 0.87, 0.78, 0.74, and 0.69,
respectively.

*Data were measured as mass vs. time but are plotted as wicked length vs. time.

Several techniques, including measuring and image processing, are available to investigate
wicking behavior of textiles. The most common method is measuring wetting area manually or
using image processing software as shown in Figure 3-10. Even though the advanced technique
enables us to extract information easily and automatically by counting pixels [35] and with the
edge-enhanced image [36], we need to think about whether typical wicking mode such as vertical

wicking and dropping liquid is relevant to sweating situation with continuous microfluidic flow.

23



Figure 3-10. Manual method for measuring wicking area (left). [35, 37] (a) Results of the

morphological segmentation technique and (b) the region merging technique.[36, 37]

24



3.2.2. Trans—planar wicking (Through-thickness wicking)

Unlike wicking in the lengthwise direction, transverse wicking is the transmission of water
through the thickness of a fabric, which is perpendicular to the plane of the fabric. Compared to
longitudinal wicking, transverse wicking is more important because the mechanism of removal of
liquid perspiration from the skin involves its movement through the fabric thickness. However,
transverse wicking is more difficult to measure than longitudinal wicking. Because the distances
involved in transverse wicking are very small, a liquid may transverse the thickness of fabric in
less than second [38]. For these reasons, we will discuss which factors might influence the
transverse wicking in porous media.

Miller and Tyomkin [39] suggested a sensitive gravimetric method, which is able to
measure the rate and total amount of liquid uptake in the perpendicular direction to the plane of
fabric. This study shows that liquid entry into a fabric pore happens in essentially all cases when
the pore walls are curved. Conventionally liquid entry movement will occur only when the
advancing contact angle is less than 90°. However, this study insisted that, especially for fibrous
materials, almost all pores have a splayed opening with a concave meniscus formation.

When a liquid front contacts with the entrance of a pore (Figure 3-11a), if the advancing
angle is greater than 90° (Figure 3-11c), it is not possible to make the liquid rise up. The convex
meniscus shape would produce a pressure gradient opposing the uptake direction. The only way
the liquid steps into a pore is to produce a concave meniscus as shown in Figure 3-11d. For this,
the contact line of a pore needs to move into the pore to some extent. The liquid front advances
continue, keeping a balance between the concave pressure gradient (which gets smaller as it moves

into the pore) and the opposing gravity effect of the elevated liquid.
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It is important to understand that the formation of a concave meniscus exerts a driving
force for the liquid to move into the porous medium and the contact angle is less than 90°. This
study suggested the instrumentation to investigate the pore entry phenomenon considers the two
key features: 1) investigation of a negative pressure gradient to act against spontaneous uptake,
and 2) a rapid response and continuous measurement of mass uptake for wicking.

This research suggested a sensitive gravimetric method in order to investigate the liquid
uptake in the perpendicular direction to a fabric (transverse wicking) through theoretical approach.
Because most of the studies in the textile field have focused on vertical wicking, this study is
noteworthy. Furthermore, if we want to know the liquid transport mechanism in textiles, firstly we
should consider how a single liquid droplet moves into the space in fabrics rather than how far the

liquid is absorbed through fabrics based on vertical wicking height.
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Figure 3-11. Entry of a liquid into a fabric pore: (a) liquid surface just before contact with the
pore; (b) when liquid surface is contacting the pore, the angle between liquid and solid surface

becomes 6. = 1809, (c) not possible with convex meniscus; (d) allowable mode of liquid entry [39].

Trans-planar wicking is the transport of liquid through the thickness of a fabric. The
apparatus consists of a horizontal plate fed with liquid from liquid flow tube upward to the surface
of plate. The most popular trans—planar wicking test is moisture management test (MMT, AATCC
195[7]). MMT investigates changes in electrical resistance with seven concentric sets of pins for

each of upper and lower side of fabric in order to evaluate moisture absorption rate. According to
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the amount of liquid fed, the upper surface of the plate would be kept damp, thereby simulating a
perspiring skin surface. Because perspiration wicks from the skin through a fabric to external
environment, through-thickness wicking is critical to clothing comfort. However, if we want to
develop a better wicking performance fabric, which can move sweat liquid faster and further, it is
more related to in-plane wicking effect than trans-planar wicking because transport distance

through the fabric thickness is much shorter than that on fabric surface (in-plane).

3.2.3. Yarn-level Wicking

Depending on the relative amount of liquid used and the setting of the liquid-fabric
contact, the typical wicking performance testing can be divided into two groups: wicking from an
infinite liquid reservoir and wicking from a limited amount of liquid (usually a single droplet
wicking into a fabric).

When we release a drop of water on a textile fabric, wetting starts on the surface of fabrics
[40]. However, depending on droplet volume and substrate wettability, we could investigate
wicking and/or flooding phenomenon. When droplet volume is more than substrate can absorb
during the observation time, the remaining liquid floods on the surface.

After a liquid drop spreads under capillary forces, the water drop fills large openings by
penetration through the whole fabric. If a fabric is thoroughly wet, wicking phenomenon begins
into the yarn structure. Moreover, generally the liquid transport mechanism in textile fabrics
depends on the wetting behavior of the whole yarn rather than the influence of individual fiber
materials [41]. For these reasons, the liquid movement in yarn structure has been studied in the

textile research field.

27



To simulate sweating, typical wicking tests of textiles use an infinite reservoir via
immersing the fabric end or a limited volume by dropping liquid onto the fabrics. However, during
strenuous exercise humans start to sweat and generate sweat flow continuously. In capillary theory,
the smaller pore sizes generate higher capillary pressures and thus increase the liquid spreading
distance. The capillary action is determined by the interaction of the liquid and the fabric materials
through the liquid properties such as viscosity and surface tension, and by the geometric structure
of the pores. The size and shape of the fibers, as well as their alignment have an effect on the
geometry of the void spaces or pores through which the liquid is transported. Furthermore, the
inter-fiber pore should have the proper dimensions to provide sufficient capillary pressure,
interconnection pathways to transport the liquid, and overall porosity to retain the liquid. Water
transport as well as absorbency in a fibrous material depends on the fiber-water interaction and the
geometric configuration of the fibrous materials.

Rajagopalan, Aneja [34] developed a mathematical model of surface-tension-driven flow
in capillaries of arbitrary cross-section to predict liquid rise in fiber bundles of specified void
fraction, fiber shape, and size. Through previous studies, mathematical models have been derived
by considering liquid rise in vertical cylindrical capillaries using a macroscopic force balance
approach. However, in this study, they have compared the analytical model with the computational
fluid dynamic model, Poly-flow, and with consideration of the shape factor to prove the
computational model’s validity against the previous studies. Even though this research insisted
that they have extended the analysis to more complex geometrics, the difference between the
previous and this study is only the consideration of the shape factor as a function of void fraction.
Additionally, because they considered the shape factor for both an analytical and a computational

model, it seems like that is natural consequence to have excellent agreement between these two
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models. Furthermore, because this shape factor usually depends on the shape of the flow geometry
and not on its size, they claimed the shape factor can be calculated by capillary-related equations
for laminar and pressure-driven axial flow by putting the value of this factor into the equations.
According to the models, the maximum liquid height increases by decreasing the void area
between the filaments in vertical wicking while the initial rate of penetration decreases.

Although this study derived mathematical capillary models of arbitrary cross-section, these
models were based on a unit cell considering the homogeneous cross-section and the flow direction
for unidirectional fibers. For understanding the capillary action in textile fabrics thoroughly, we
also need to consider fiber bundles as well as yarn bundles. However, this study only considered
a single yarn structure consisting of fiber bundles in an axisymmetric plane.

Nyoni and Brook [30] extended the wicking behavior of fabrics to the influence of the
yarns including structural features such as twist, diameter and tension through experiments with
nylon 6.6 continuous filament yarns in unsaturated, saturated and dry zones. Generally, the yarn
specific volume decreases with increase of twist, which would result in the disruption of the
continuity, length, and orientation of the capillaries. However, this study showed that at low twist
levels, the diameter increased with increase in twist while in medium and highly twisted yarns,
increasing the amount of twist led to a decrease in diameter (Figure 3-12a). Moreover, Figure 3-
12b shows that when the yarn twist level was increased, the wicking performance decreased due
to the reduction of capillary space available. After that twist level, the wicking performance
increased again due to spiral wicking along the capillaries following a helical path of less tension
near and on the surface of the yarn. Additionally, due to insignificant liquid diffusion into the
nylon filaments, swelling was not observed. So, we can assume the capillary action is closely

connected with the degree of twist in a yarn.
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When they explained the relationship between the retention period of wet yarn and evaporation
time, they claimed yarn weight loss was determined by the liquid dispersion through the yarn
structure. Although there was an insignificant difference in liquid uptake for all wicking time
intervals (i.e., 15, 30, 45 and 60 min), an inevitable question comes to this study result for the rapid
drying for yarn after wicking for 60 min compared to that for 45 min. Longer retention period
generally has more liquid loss but this experimental study cannot provide a valid reason for the

exceptional cases.
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Figure 3-12. (a) Effect of twist on yarn diameter, and (b) the effect of twist level on yarn wicking

performance of continuous filament yarns[30].

Wang, Zha [31] studied the effects of twist and monofilament cross-section shape on the
wicking height through experiments with polyester filament yarns. With the increase of twist, the
wicking height goes up until the maximum height is reached, and then it descends with further
increase of the twist (Figure 3-13a). The results of this research are in disagreement with the earlier
study [30]. In the wicking comparison between two different cross-sections such as five-leaf and

circular cross-section, the wicking height of the yarns with circular cross-section is obviously
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higher than that with five-leaf cross-section under the same twist levels (Figure 3-13b).
Furthermore, the wicking of the low-stretch yarn is much larger than that of the parallel-drawn
yarn at the same twist levels (Figure 3-13c). For these experimental results, we can make a
conclusion that twist level, cross-sectional shape, and processing style would affect the wicking
properties of yarns. This study asserted that low-stretch yarns have more curls and pores between
them, thus this yarn is difficult to be packed closely with a favorable structure for the capillary
effect. However, from this experimental result, it is hard to understand what the fundamental

reason for the effect of cross-sectional shape on the liquid movement is.
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Figure 3-13. Effect of (a) twist, (b) cross-section, and (c) texturing on wicking height of yarns[31].

Sengupta and Murthy [32], [33] have found that wicking phenomenon was highly
sensitive to the structure/twist of ring and open-end spun yarns[32], and the twist of circular- and
trilobal-filaments[33] in two articles. In the former study[32] of this group, viscous rayon staple
fiber (0.17 mg/m, 41mm) was spun to 32.8 tex ring spun and open-end yarns with the different tex
twist factors (i.e. 23.95, 28.75, 38.32, 47.90 and 57.48 respectively). They investigated the vertical
wicking height for ring and open-end spun yarns according to the twist level with a test length of

30 cm of the yarn. For the ring spun yarns, the wicking time increased steeply as the twist level
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rose, whereas for the open-end spun yarn the increase was gradual (Figure 3-14a). The results of
overnight vertical wicking height also showed a similar trend (i.e. for any given twist, open-end
yarn wicked more than ring-spun yarns) (Figure 3-14b).

From these results, we can determine that highly twisted yarns have a lower wicking
tendency than soft-twisted yarn, and also the wicking time increases as the twist increases.
However, what they found does not agree with the previous study’s result[31] that the wicking
height goes up until an optimum twist level, and then it descends with the increase of the twist.

In the latter study[33] of this group, polyester yarns of 68 circular- or trilobal-filaments
were textured with the different spin finishes. Air-jet texturized yarns were produced with the
texturing parameters of 33.3% overfeed, 9kg/cm? air pressure 30m/min speed under both dry and
wet texturing condition. Figure 3-14c shows the trilobal-filament yarns have better wicking
properties than circular-filament yarns at the same percentage of floats and arcs. They explained
that presence of long drawn out loops like floats and arcs offers less tortuous path for the liquid
movement, so higher percentage of floats and arcs results in higher wicking height. It is closely
related to the relationship between wicking and core diameter of textured yarns that yarns of
trilobal-filaments have faster wicking rates than circular-filament yarns (Figure 3-14c). The
increase in core diameter with an increase of long drawn out loops (floats and arcs) provides more
spaces in the cores and less tortuous path to the liquid to travel. In this study, the trilobal-filament
yarn had a larger core diameter (0.388 mm) compared to that of the circular filament yarn (0.326
mm). This study insists that the inherent bulkiness of trilobal-filament may be the reason for the
better wicking rate in trilobal- filament yarns.

Even though this research studied the relationship between wicking and texturing, this

study focused more on textured yarn itself by explanation of core diameter for bulkiness and
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surface loops. Based on the other study result [31], it appears that their highest twist level is not
over an optimum twist level of their yarns. This may be why they did not observe the decrease of
wicking height, which is derived from insufficient capillary force. However, based on bulkiness
and surface configuration, we can assume the fraction of capillary space between yarns over

liquid—occupied space might be the fundamental reasons to induce wicking behavior.
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Figure 3-14. Effect of twist factor on (a) wicking time, (b) wicking height [32], and (c) relationship
between equilbrium wicking height and percentage of floats and arcs for wet- and dry-textured

yarns with and without spin finishing [33].

In order to investigate capillary penetration of liquid, numerous studies used the
macroscopic observation of vertical wicking height with the infinite reservoir of test liquid or
water. When fabrics absorb sweat from a body, however, the liquid movement starts at a drop
rather than relatively infinite amount of liquid. Therefore, in order to control the liquid movement
in textiles for a better physiological comfort, previous studies should have considered the droplet

amount of water movement first instead of vertical wicking height.
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Furthermore, from these previous studies regarding the relationship between yarn
structure and liquid movement, we know there is simultaneous occurrence of wetting, wicking,
liquid dispersion or retention and evaporation. In order to control the complicated liquid transport
mechanism considering time and pathway of liquid flow in textile fabrics, we also need to
understand the capillary action in yarns. From these studies, liquid transport mechanism is
determined by the liquid’s properties, fiber parameters, yarn structure including twist, fiber cross-
section, tension, and texturing, and textile structure including geometric configurations of the void
space. However, even though we figured out the several factors which affect liquid movement, we
still do not know exactly why these factors have an effect on liquid transport mechanism in textiles.

For a better understanding of liquid movement in textiles, we need to know why these
factors influence liquid transport mechanisms and which parameters are the most critical ones.
Focusing on the factors related to the capillary space, there are three categories: 1) fiber parameters
which represent the mechanisms between fibers, 2) the yarn structures related factors which focus
on the liquid movement between yarns, and 3) the textile structure related factors which are
interested in the mechanism at the point of contact between skin and textile. Based on these three
categories, we need to reconsider new approach for liquid transport mechanisms by extending the
research regions to other fields.

Most studies in liquid movement have only focused on the fragmentary experimental
result without the consideration of the whole wicking process to reach to a maximum wicking
distance. However, in this study, they provided a new model considering the integrated imbibition
phenomenon from adsorption up to complete saturation. In order to control liquid movement in
textiles, the liquid—vapor interfacial configurations should be a priority during transition from

adsorption to capillarity.
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Much research considering the influence factors of liquid movement in porous media, have
considered liquid—vapor configuration, interfacial area, and saturation state. For this reason, from
these studies we can get a better understanding of liquid movement in textiles. However, textiles
have more complicated structure than porous media because their structure is based on fibers,
yarns, and the capillary space between fibers and yarns. We should keep the textile structure in
mind: yarn is a long continuous length of interlocked fibers, and yarn is the basic component of
weaving or knitting textiles. Even though Lee, Nam [42] considered the void space and throats as
the interconnection between pores in porous media, textiles have more complex void space

between fibers and yarns respectively and in combination.
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3.2.4. Between Two Plates

With a continuous supply of liquid, we could investigate whether a capillary bridge forms
between skin and fabric when the wet fabric sticks to the skin. Especially for textile substrates, a
capillary bridge affects the wicking mechanism as well as brings discomfort[43]. However, only a
few studies have examined capillary bridges between a fabric and another material and none of
them have investigated how the capillary bridge would affect wicking through a fabric.

Wang, et al.[44] studied symmetric and asymmetric capillary bridges between a parallel
surface with glass and fabrics. Considering the liquid volume, separation distance between
surfaces, and the advancing or receding contact angles, they investigated the shape of capillary
bridge between parallel surfaces where the effect of gravity could be ignored. Figure 3-15a shows
the profile of the bridge can be determined using only one quadrant because the concave capillary
bridge between identical parallel surfaces is symmetric about the X- and Z-axes. However,
different parallel surfaces make asymmetric bridge, which can be separated into two regions, as
shown in Figure 3-15b, the upper half of a symmetric bridge and the lower half of a different
symmetric bridge. They found excellent agreement between theory derived from the profile
information and experimental results with the microliter-level liquid i.e. ~1, ~ 2 and ~5 pl.
However, in the case of wicking performance fabrics, which are hydrophilic substrates, the
capillary bridge would be only formed at a certain spot where a fabric becomes fully wet. Capillary
bridge can also supply liquid to a fabric instead of sweat gland, so it could change wicking

phenomenon as compared to when there is no capillary bridge wicking.
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Figure 3-15. Schematic diagram for (a) a liquid bridge between identical parallel surface and
definition of symbols and (b) an asymmetric liquid bridge between different parallel surfaces. The

profile can be separated into a combination of two different symmetric half bridges[44].

Luo, Heng [45] studied the behavior of a liquid drop between two nonparallel plates, which
may be fixed or movable relative to each other. Unlike other previous studies, this study proved
through theoretical and experimental investigation that when the two plates are fixed, a liquid drop
may not necessarily fill the corner of the two plates. Moreover, this research demonstrated that a
liquid drop may fill the corner if more liquid is added to the drop or when the top plate is lifted.
Additionally, this research suggested a physical model to interpret the shifting effect of a liquid
drop when the drop is squeezed and relaxed between two nonparallel plates. This proposed model
indicates that when none of the leading and trailing edges are pinned, the difference of liquid
pressures on two edges creates a horizontal flow. This flow makes a liquid drop move from the
trailing edge (edge 2 in Figure 3-16) to the leading edge (edge 1 in Figure 3-16). Consequently,
after a processing cycle (squeezing and relaxing processes), a liquid drop translates toward the

plate corner.
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Figure 3-16. Cross-sectional schematic of a liquid drop placed between two nonparallel plates[45].

Note that [,, was defined as the distance between o and a1, and [; as the length of a; and a..

In terms of experiment in this study, water drops were placed between two non-parallel
SiO,—coated Si plates. Water volume is not mentioned but they said the drop size is much smaller
than the distance between edge 1 and o. The flow directions were observed for different conditions
of a liquid drop position and tilt angle between the non-parallel plates. The values of 6, (receding
angle) and 6, (advancing angle) were measured to be 50° and 67° separately. When [; was more
than 5 times larger than 1,,, a water drop was found to be stationary as shown in Figure 3-17a. This

study proved that [, was increased while L, was reduced in order to achieve a new balance between

pw1 (liquid pressure at edge 1) and p,,, (liquid pressure at edge 2). From Figure 3-17b, when [;
was increased from 6.0 to 8.5 mm and [,, was reduced from 13.0 to 10.0 mm, the drop started to
move toward o until it finally filled the corner. In Figure 3-17(c-1) and (c-2), a stationary drop
moved toward o at the beginning but after adding more water it suddenly stopped. If a was
increased from 7.2 to 17.2°, the drop began to move again and eventually filled the corner (Figure
3-17(c-3) and (c-4)).

From all of these tests, they figured out that the water drop was observed to stay or to move for
filling the corner rather than continuing to move away from the corner. This study uniquely

considered the situation of adding more liquid after starting the liquid movement. If we consider
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sweat dripping continuously, it has a different wicking phenomenon from that with a single liquid

drop.
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Figure 3-17. (a) When 1,/ [, > 5.1, a water drop was at rest. (b) A water drop was initially at rest.

And then when water was added to increase [;, the drop started to move toward the apex edge, and
finally filled the corner. (c) A water drop was initially at rest, and after water was added and the

top plate was lifted up, and finally filled the corner. The scale bars represent 6 mm.

Xu, Lan [46] studied the behavior of droplets trapped in geometric structure in order to
investigate the directional droplet movement through a V-shaped groove, which is folded from a
copper sheet. The V-shaped grooves are controlled by surface wettability of the inner wall and the
cross sectional angle of the groove shape. The groove inner walls were treated with a self-
assembled monolayer (SAM) of n-octadecyl mercaptan, chemical etching.

Compared to this study, the previous research[45] only considered that the droplet
transport proceeds toward the corner for the immersed state. However, this study demonstrated
liquid movement from the immersed state to the suspended state on the surface having different
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wettability derived from roughened and smooth surfaces. Therefore, we can assume that these
factors including the state of a liquid and the surface wettability might be critical to control the
liquid movement in textiles.

Figure 3-18(a-1) shows that when the cross sectional angle of the groove decreased, the
suspended droplet departed from the groove bottom as the droplet volume increased. From the
liquid movement, depending on the change of a droplet shape and the cross-sectional angle, it
could be helpful to control the liquid transport mechanism to move the liquid away from skin.
Specifically, for the etched SAM having hydrophobic characteristics, the transition from
immersion to suspension (IM-to-SU) occurred around $ = 106° (Figure 3-18(a-1)). However, the
SU-to-IM transition occurred around § = 109° (Figure 3-18(a-2)). Furthermore, the results in
Figure 3-18(b-2) with smooth surface show that the droplet departed from the groove bottom with
decreasing 3, which is the same trend as for the etched surface.

This phenomenon is in contrast with the studies conducted by Prakash, Quéré [47] for the
shorebirds’s case in which they use their long beaks to drink water. In this shorebird case, the beak
acts as a VV-shaped groove, and the droplet is transported from the tip of the beak into the mouth
as the shorebird closes its beak. However, Xu, Lan [46] demonstrated that the droplet moving
direction changes when the surface wettability of the groove inner wall is modified from
hydrophilic (Shorebird beaks) to superhydrophobic (Etched SAM groove). Furthermore, this study
explained the droplet resting mode is not only controlled by 8 and 6, but also by the contact angle
hysteresis derived from surface wettability i.e. this makes the difference of immersion and

suspension in Figure 3-18a and b.
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Figure 3-18. IM-to-SU and SU-to-IM resting mode transitions for (a) the Etched SAM and (b)
Smooth SAM grooves as 3 changed. (c) Schematic diagram of a droplet in the stable IM mode
depending on B (the cross sectional angle) and 6 (the apparent contact angle of the groove inner

wall) 6.

3.2.5. Saturation-level

Since Washburn’s equation presents linear dependence of square of wicking height in the
tube versus time (h vs. /t)[48], it has been applied to numerous studies regarding wicking
performance of various porous substrates for a long time. Despite the analytical strength of
Washburn equation, it has several limitations. Firstly, Washburn equation assumes the porous
media is a bundle of cylindrical capillary tubes that have the same radius. According to Washburn
equation, the rate of liquid transport is a constant for the penetration of a given liquid into a bundle
of fibers, which has a characteristic value of radius, called the average effective capillary radius
[41]. Besides the radius of channel, liquid transport rate also is affected by yarn construction
features including size, number of fibers, fiber size, alignment, twist, and crimp as they control the
level of the inter-fiber capillaries producing higher wicking rates[41]. Because the complexity of

yarn structure makes it hard to predict the fluid movement in textile fabrics, it is not acceptable to
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apply Washburn equation to textiles’ substrate to explain wicking performance of them.
Furthermore, movement of liquid through pores could cause shifting and swelling of fibers as well
as changes in the pore structure so these changes may make it more difficult to understand wicking
mechanism.

Additionally, the Lucas-Washburn model supposes complete saturation of a substrate
behind the wetted front. However, in many of the porous materials used, there is a broad pore size
distribution, and the porous material behind the visible wetted front is not fully saturated as shown
in Figure 3-19. Because liquid can move through capillary channels, the void spaces between fibers
or yarns determine wicking performance [49]. Especially since textile substrates have diverse
range of void spaces between fibers within a yarn (or in-between yarns), it is hard to investigate
the saturation level with wicking performance. Furthermore, Washburn model does not consider

slip effect at solid—liquid interface as well as gravity force.
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Figure 3-19. Schematic of fluid transport through a rectangular strip of porous material. Planes

indicate positions of cross-sectional areas during transport of a perfectly wetting fluid in a porous

material. (A) Cross-sectional areas for a strip of material with a single effective pore size show
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complete saturation behind the visible wetted front, L1. (B) The cross-sectional areas of a material
with three different pore sizes show a position-dependent saturation behind the visible wetted

front, L1. The wetted front positions for the two larger pore sizes, L2 and L3, are also shown [50].

From a macroscopic viewpoint, the capillary pressure in porous media can be expressed as
a function of the wetting or non-wetting phase saturation. The curvature of the liquid—gas interface
generally increases with the volume content of the non-wetting phase due to the limited pore space
available. The Leverett J-function J(S) is a typical equation to explain the correlation between the
macroscopic capillary pressure and the phase saturation in porous media. The Leverett /-function

can be expressed in terms of the water saturation S,,, as follows:

K
Pc (E)l/z

el (3-20)
ocos b,

](Sw) =

where K is the absolute permeability and ¢ is the porosity. Because J(S,, ) is a monotonic
increasing function of the water saturation, the pressure of liquid water increases with S,,,.

Lee, Nam [42] studied the water transport mechanisms through a pore-network model in
hydrophobic gas diffusion layers (GDLs) of polymer electrolyte membrane fuel cells. This study
considered the microscale behavior of liquid movement in pores and through throats
(interconnections between pores). Based on modeling, this study proved the water saturation
distribution in GDLs has a concave shape along the flow direction through the invasion percolation
process. For hydrophobic porous media, liquid water does not wet the surface because more energy
is required for wetting. For this reason, non-wet space in large pores remains to reduce the contact
area with hydrophobic surfaces (Figure 3-20b). In hydrophilic porous media, however, the liquid

water behavior is exactly opposite to that in hydrophobic media. Because the liquid was absorbed
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well into the surface, the formation of liquid films preferentially resides in smaller pores as shown
in Figure 3-20a.

As mentioned in eq. 3-20, J(S,,) is a monotonic increasing function of the water
saturation, and the pressure of liquid water increases with the water saturation (S,,). As a result,
the macroscopic transport of liquid occurs from a higher saturation region towards a lower
saturation region as shown in Figure 3-20c. The capillary pressure in porous media is governed by
the interfacial curvature between the two phases derived from saturation level. For this reason,
liquid flow is affected by the capillary pressure in the pores, the entry pressure, viscous pressure,

and the voids, as well as the saturation distribution.
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Figure 3-20. The microscopic configuration of liquid water in (a) hydrophilic and (b) hydrophobic

porous media, and (c) the macroscopic water transport due to a saturation gradient [42].

In this study, the authors focused on how macroscopic transport of liquid occurs from a
higher saturation region towards a lower saturation area based on capillary pressure. It is important
for the liquid movement in textiles to understand transverse wicking rather than longitudinal
movement in length direction of fibers or yarns. In order to control liquid movement to quickly

remove moisture away from fabrics for evaporation, we need to focus on the liquid uptake in the
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perpendicular direction to a fabric through transverse wicking. From this study, we can assume the
configuration of a single liquid droplet during transverse wicking and why the liquid movement
occurs in transverse direction.

Tuller, Or [51] studied adsorption and capillary condensation in porous media focusing
on pore spaces through a theoretical approach and modeling. The conventional models of liquid
distribution, flow, and transport mechanism have limitation. Specifically, from the conventional
models, the liquid movement has been explained in partially saturated porous media through a
bundle of cylindrical capillaries. Additionally, the traditional capillary model does not consider
the dominant contribution of adsorptive surface forces and liquid films in the low saturation state.
This new model considered the liquid—vapor interfacial configurations from adsorption to capillary
dominated imbibition unlike the conventional models for partially saturated states. Based on the
new model, we can have a better understanding of liquid configuration and movement in porous
media. This study also considered the individual contributions of adsorptive and capillary forces
until a complete saturation as shown in Figure 3-21d. The pore space geometry with surface area
is also considered in this new realistic model. New pore space geometry composed of an angular
pore cross section (or capillary) are connected to slit-shaped spaces with internal surface area (for
adsorption). Figure 3-21 shows liquid—vapor interfacial configuration during transition from
adsorption to capillary dominated imbibition. At low absorption state, thin liquid films coat pore
and slit walls. Some liquid is held behind liquid—vapor interfaces at the corners and it contributes
to capillary forces (Figure 3-21a). With increasing the amount of liquid, liquid films thicken to a
point where the slits spontaneously fill up with liquid (capillary condensation (Figure 3-21b)). A
further increase in liquid amount results in a further increase in film thickness within the pore. And

a reduction in the radius of curvature of liquid—vapor interfaces continues until they contact and
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form an inscribed circle (Figure 3-21c). Consequently, the pore spontaneously fills up (snap off)

to complete saturation (Figure 3-21d).
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Figure 3-21. Schematic diagram of liquid-vapor interfacial configurations during transition from

adsorption to capillary dominated imbibition in the unit cell: (a) Liquid films adsorbed on pore and
slit walls and liquid held in corners due to capillary forces at low matric potentials, (b) spontaneous
slit fill up (capillary condensation), (c) pore snap off, and (d) full unit cell[51].

*Note that the pore width (L) and the proportions of exposed surfaces (determined by the slit width

aL and the slit length BL) are considered.

3.2.6. Effect of Wicking Properties on Physiological Comfort

The main task of textiles and clothing is to protect the human body from weather
conditions with sufficient comfort consisting of physiological, psychological and physical aspects,
regardless of the type of activity [52, 53]. Performance fabrics, especially moisture wicking ones,
are engineered to keep the skin dry during vigorous athletic activities. As keeping the skin dry
especially during cold weather sports, the wearer does not lose heat unnecessarily by having wet
skin. Clothing comfort has two main aspects which combine to create a subjective perception of
satisfactory performance: 1) sensorial comfort and 2) thermophysiological (thermal) comfort [52].
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Sensorial comfort relates to the interaction of the clothing with the sense of the wearer,
particularly with the tactile response of skin. The main mechanical and surface properties of fabrics
that influence the sensorial properties of fabrics are tensile, bending, shearing and thickness.
Because this subjective assessment treats fabric hand as a psychological reaction obtained from
the sense of touch, the assessment of the fabric handle is carried out subjectively by individual
judges[54]. The most widely recognized and used around world is probably the Kawabata’s Hand
Evaluation System of Fabrics (KES-F) system to measure the fabric handle properties
objectively[55].

Thermophysiological comfort relates to the way clothing buffers and dissipates metabolic
heat and moisture[52]. When insensible perspiration is continuously generated by the body during
normal wearing state, steady heat and moisture vapor fluxes are created as maintaining
thermoregulation and a feeling of thermal comfort. In this state, the clothing becomes a part of the
steady state of thermoregulatory system by dissipating heat and moisture. However, in transient
wear conditions, derived from heavy sweating and intermittent pulses caused by strenuous activity,
sensible perspiration and liquid sweat occur. In this case, human body must maintain normal body
temperature by maximizing heat loss. Clothing features a wicking fabric that pulls sweat away
from the sweat generating spots, where it can quickly evaporate into the environment, and thus it
produces a cooling effect. For this reason, how fast and how far sweat liquid goes through capillary
channels within fabric is critical for developing a better wicking performance textile. The behavior
of functional clothing in normal and transient wear condition can be predicted by fabric properties’
measurement, including moisture transport, water vapor permeability, and thermal insulation.
Generally, the sweating guarded hot plate method (ASTM F 1868), simulating the heat and

moisture transfer from the body surface through clothing material toward the environment, allows
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us to measure evaporative and thermal resistance, relating to comfort characteristics of the
garment[56].

For sweating guarded hotplate method (Figure 3-22), a 30.5 cm x 30.5 cm fabric sample
is mounted on a square porous plate, which is heated to maintain a constant temperature of 35 °C
(approximately human skin temperature) and controlled at 65% relative humidity. Air speed
generated by the air flow hood is 1 + 0.05 m/s and DI water is fed to the surface of the porous plate
to measure the evaporative resistance of the sample. The plate temperature is measured by the
sensor sandwiches directly underneath the plate surface. After the system reaches steady state,
total thermal resistance of the fabric is calculated by the following [57, 58]:

R
et H

where :

R, = total evaporative resistance provided by the fabric and boundary air layer, m?kPa/W
A = test area, m?

ps = Water vapor pressure at the plate surface, kPa

Do = Water vapor pressure of the air, kPa

H = electrical heating power, W
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Figure 3-22. (a) Schematic diagram of sweating guarded hot plate and (b) top view of

measurement unit of sweating guarded hot plate [56].

The water vapor pressure at the fabric surface at the steady state is assumed to be equal to
the saturation vapor pressure at 35°C. If the fabric is saturated with water, the amount of power
required to maintain it at constant temperature is related to the rate at which water evaporates from
the surface of the plate and diffuses through the fabric. Likewise, the intrinsic evaporative

resistance of the fabric (R,f) is obtainable by subtracting the evaporative resistance provided by

the boundary air layer (R,;), which can be measured by conducting a test on the bare plate without

a fabric over the liquid barrier[56].

Rer = Ret — Rep (3-22)

Sweating is a bodily function that helps to maintain body temperature by tightly controlled
self-regulatory mechanisms. At the initial stage of athletic activity, the human body produces heat
and a certain amount of water vapor. If the heat production is higher than the heat loss, the body
usually starts to produce liquid sweat secreted by the sweat glands on the skin. However, when

higher-sweat rate makes sweat liquid dripping down the sweating torso due to the over saturation
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of a fabric, there is no more available contribution towards the wet heat loss from this perspiration
[59].

Even though the sweating guarded hot plate method allows us to compare evaporative
resistance between fabrics, we should remember that the evaporative resistance value of the sample
is derived from a fully saturated fabric. However, in order to improve wicking properties, the
functional fabrics could remove liquid away from sweating source as well as evaporate faster
before getting into the saturation-level. For this reason, we tried to develop a new measurement
system which can investigate wicking behavior of fabrics focusing on the initial wicking stage
before the fabric become saturated.

In terms of physiological comfort, the relative humidity, the sweat rate and the material
composition of fabrics will affect how much heat can be transferred due to evaporative cooling
effect. Primary motivation to develop functional textiles with moisture wicking properties is to
improve the physiological comfort by optimizing moisture management especially for intense

athletic activity.
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3.2.7. Limitations of Current Textile Wicking Test Methods

Several equations have been used in many textile studies to analyze wicking performance
in quantitative ways (Table 3-1). Usually, these precedent studies have proceeded with typical
liquid moisture management property tests of textiles, and then, tried to investigate data through
the various equations, shown in Table 3-1. However, those wicking-related equations were not
designed for the wicking performance of fabrics under the human sweating circumstance but
generally for a straight capillary channel with a constant circular cross-section in contact with an
infinite reservoir. However, fabrics have complex capillary channels due to their own structure
such as knit and woven. Specifically, the twist level and the cross-sectional area of a yarn within
a fabric keep changing over the locations within the fabric. For example, Lucas-Washburn
equation has been frequently used for the vertical wicking test with a fabric strip because this test
is conducted with infinite reservoir. Even though the average effective capillary radius of a
substrate can be calculated through Lucas-Washburn equation and wicking experimental data, this
radius does not have any particular significance for the textile substrate. Even though the capillary
channel from the calculated radius is assumed as a circular shape in the equations, the actual liquid
in the capillary channels of a textile substrate exists in an effective medium space between fibers
of arbitrary shape and with arbitrary arrangements, shown in Fig. 5-6. Additionally, the typical
wicking test methods may not represent human sweating because those methods are conducted
with either infinite reservoirs or limited, but large amounts of liquid (Table 3-2). However, because
human sweat is generated from each sweat gland with a continuous flow, continuous liquid flow
should be used for the wicking performance test of apparel.

From microscopic video analysis of the vertical wicking as shown later, we found that

liquid moves along individual yarns within a fabric, even though the wicking length of a fabric
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strip seems to be a single line from a distance, as assumed in the standardized tests. However,
because typical test methods focus on either the whole-fabric-level or the single-yarn-level, these
textile wicking methods could not explain the yarn-level wicking within a fabric. For this reason,
we found that we need a better wicking test method, which can simulate realistic human sweating
circumstance (i.e. by using continuous liquid flow) as well as investigate the yarn-level wicking
within a fabric. We believe that this new method should be able to explain how liquid is transported
in fabrics based on within—a—yarn and yarn-to—yarn transfer wicking, which has not previously
been reported. If we could measure the wicking performance along all individual yarns within a
fabric, we might find the wicking principle in textiles and it might help to predict the wicking

performance of fabrics.
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Table 3-1. Wicking performance-related equations and their assumptions.

Wicking-related equations

Assumptions/ limitations

Laplace equation

AP=ycosH(Ri+Ri)
1 2

o If Ry =R,, a capillary channel has a
perfectly circular cross-sectional shape
e In case of a capillary channel contacting

(eq. 3-9)
with infinite reservoir
Poiseuille e Assumed liquid flow through a long
equation AP = 8nhQ straight cylindrical pipe of constant cross
(eq. 3-13) mir4 section [60]
e Assumed a cylindrical capillary channel in
contact with an infinite reservoir [61]
e Neglect both gravity and inertia [62]
Lucas—quhburn , TYycos Og e For textile substrates, ‘r’ is the average
equation L= 2n effective radius determined from the wicking
(eq. 3-18)

length and assumed to be constant for a given
type of textile, but it does not have any actual
meaning

Darcy equation

e Assumed a cylindrical capillary channel in
contact with an infinite reservoir [61]

k: permeability
dL o
d—td: constant downward wicking rate

&: fabric porosity

= (1 -~ ”f—*’) x 100%
Pfiber

H; : Total wicking distance

Phyaro: hydrostatic pressure

P.: capillary pressure

Saturation level

S = Mfluid

ViotalX pXe

e Defined as the fraction of the void spaces
that is filled with a liquid in a porous media

e For textile substrates, the saturation level is
not constant because as wicking length
increases capillary pressure increases due
to the saturation level of the fabric
decreasing

S: saturation
Myyiq: fluid mass
p: fluid density
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Table 3-2. Limitations of typical fabric wicking test methods.

Substrate
scale

Wicking
mode

Wicking test
method

Liquid
source
type

Limitations/ assumptions

Fabric

In-plane

Vertical
wicking

Horizonal or
transverse
wicking

Integrated
upward-
horizontal-
downward
(UHD)
wicking [63]

Infinite
reservoir

e Focus is on finding textile substrates’
absorbency from infinite reservoir

e Vertical wicking method was introduced to
evaluate the instantaneous absorbency of
commercial surgical gauzes

e Due to using infinite reservoir, there is no
relationship with human

circumstance

sweating

e Cannot explain the yarn-level wicking within
a fabric

e Lucas-Washburn equation is not appropriate
for fabrics because the capillary channels of a
fabric are not straight cylindrical pipes of a
constant cross-section

e Wicking phenomenon only from big pores

¢ Due to using infinite reservoir, no relationship
with human sweating circumstance

e Cannot explain the yarn-level wicking within
a fabric

e Tries to provide fabric characteristics such as
capillary permeability, and
saturation from sequential directional wicking

pressure,

with infinite reservoir

e Wicking data are collected not visually as
wicking distance but gravimetrically with
fabric weight changes

¢ Due to using infinite reservoir, no relationship
with human sweating circumstance

e The average effective capillary radius can be
obtained but it does not have actual meaning
because of complexity of textile wicking
channels

e Even in a certain fabric strip, the saturation
level would vary depending on the wicking
length
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Table 3-2. (continued)

e Use the limited but still much larger amount
of liquid (i.e. a single droplet) instead of
infinite reservoir

Still much larger amount compared to the

In-plane D.roplet Single realistic human sweat situation
wicking Droplet | ¢ Measure wicking area with the edge-
enhanced image without consideration of
individual yarn wicking within a fabric and
textile structure
e Use multiple droplets instead of continuous
In-plane/ Moisture . liquid flow
trans- Management | Multiple | o Eyaluate wicking performance of textiles
. planar* Test droplets from total 220 pl liquid dispensed for a period
Fabric (MMT [7]) of 20 sec
e Use a sintered glass with fine pores instead of
a single hole to supply fluid to the system
e Measured only the weight of water drawn
toward a textile substrate from an infinite
Gravimetric reservoir through a tube connected to a porous
Absorbenc .
) Testing ' Inﬁmte? . Eztfﬁit:tion in the textile structures
reservoir
System e Does not focus on how far liquid can move
(GATS) through a substrate and in-plane wicking
o After taking 0.01g liquid absorption in less
than 10 sec, evaporation test with air flow is
conducted for 1000 sec
Infinite | ® Cannot apply the yarn-level wicking test
' . reservoir result to the fabric-level wicking performance
Asingle Yarn-level Slngle yam because there is a big gap between a single
yam wicking yarn (thread) itself versus the yarn within a
Droplet fabric
e Focuses on heat loss from liquid evaporation
Sweating lful‘:?:regci derived from the wetting area of a fabric
Fabric - guarded hot substrate
plate arrllioqlilr;;of e Cannot explain wicking performance of

textiles specifically
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*Accumulative one-way transport capability: the difference between the area of the liquid
moisture content curves of the top and bottom surfaces of a specimen with respect to time: [Area

(Upotton — Utop)]/total testing time.
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CHAPTER 4. New Wicking Measurement System to Mimic Human Sweating Phenomena
with Continuous Microfluidic Flow

4.1. Needs for a New Wicking Measurement System

When typical wicking test methods were conducted with infinite reservoirs or limited, but
large amounts of liquid, such as a droplet, the wicking test results for fabric construction
parameters among various textile substrates varied widely and could even have opposite
dependencies for the different test methods. For example, in the upward-horizontal-downward
(UHD) wicking test with infinite reservoir, a polyester knit fabric provided by EASTMAN, Inc.
took ~ 30 min to reach the end of the horizontal direction while a commercial polyester fabric
required only ~7 min to arrive the same distance (Table 4-1) (Specific yarn/fabric information can
be found in Fig. 5-1). However, when a 1 ul droplet was placed on the fabric surface, the
EASTMAN knit made a considerably bigger wetting area than the commercial polyester fabric. If
the wicking performance results vary with the type of test methods and we did not know which
method is more appropriate, that means we still do not understand the textile wicking mechanism
thoroughly. Additionally, when humans sweat, it is nothing like infinite reservoir or a droplet,
rather human sweat is a slow continuous flow generated from sweat glands. Therefore, a better
wicking test method should be established to mimic realistic human sweating circumstances by

supplying a continuous liquid flow at an appropriate rate to the fabric substrate.
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Table 4-1. Wicking performance comparison between the usage of infinite reservoir and droplet.

Wicking EASTMAN Polyester Interlock Knit Commercial Polyester Interlock Knit
test (Flat multifilament yvam. course direction) (Textured varn, course direction)
7 min 15 nun min 7 min 15 min 30 mun

Upward-
honzontal-
downward

(UHD)
wickmg*

13.3 cm

3 mmn

Droplet
wicking
(1 pul)

* Fabric strips for the UHD test were 2.5 cm width and ~18 cm length, which is enough for both

upward and horizontal segments of 5 cm respectively and the downward sections of at least 5 cm.

4.2. Introduction

Over the past 95 years, many studies have been performed to understand capillary action
in complex porous materials in various fields expanding on the Lucas—Washburn equation, which
is based on straight capillary channels with an infinite reservoir. However, there are only a few
attempts to understand capillary action in the textile field, starting with plain woven fabrics [1, 2],
which have a relatively simple structure compared to knitted fabrics that are usually worn close to
the skin. Those previous studies have tried to separate in—plane wicking (lengthwise direction)
from trans—planar liquid movement (through thickness direction —away from skin) on fabrics [64-
67].

Liquid movement in fabrics is driven by capillary action, which is governed by substrate
material, capillary channel structure, and liquid characteristics [34, 68]. While it is easy to calculate

the rising height of capillary liquid through a single round straight capillary channel, understanding
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liquid transport mechanisms of textiles is much more complicated as no such single round channels
exist. Even within a single yarn within a fabric, the diameter of a single yarn and the direction of
the capillary channels in a yarn keep changing due to yarn twist and fabric construction properties
[69]. Many other factors, including void space between fibers and/or in—between yarns, twist level,
tension and contact points with adjacent yarns, also affect wicking phenomena simultaneously.
Therefore, a better understanding of wicking performance requires a comprehensive knowledge of
fabrics: raw material property, fiber—, yarn—, and fabric—structure.

Even though understanding of textile wicking performance is very complicated, typical
wicking performance test methods for textiles, including the Vertical Wicking of Textiles
(AATCC 197 [70]), the Liquid Moisture Management Properties of Textile Fabrics (AATCC 195
[7]) and the Horizontal Wicking of Textiles (AATCC TM 198 [71]), assume an average material
and simply neglect important structural factors (i.e. the details of yarn wicking). All current test
methods do not represent human sweating on the skin, which exhibits continuous liquid flow from
sweat pores (5—45 nl/min/gland [72]) because these methods are conducted with either infinite
reservoirs or limited, but large amounts of liquid, which cannot be generated from a single sweat
gland on short time scales (i.e. within minutes). Additionally, typical test methods cannot explain
the wicking mechanisms based on within—a—yarn and yarn—to—yarn liquid movement since the
large amount of liquid simply overwhelms - ‘floods’ - the fabric wicking phenomena in a split-
second. When comparing fabrics’ wicking performance from those typical methods, sometimes
the results were opposite between infinite reservoir test and limited amount of liquid test. Such
inconclusive and even contradictory results have been discussed widely in industry, yet limited

literature is available. The pilot data in our lab suggested that much of the detailed wicking

59



processes were not fully understood. Therefore, many steps still remain to find out how to improve
wicking performance of textile substrates.

The concept of the current vertical wicking method was introduced over a century ago by
Hall who, working as a physician, was interested in finding the best absorbency product from
commercial surgical gauzes [73]. In his study, he measured the weight difference between a dry
and wet gauze strip (6 x 0.5 inch?). To make a strip wet, the double end of the gauze strip was
immersed into infinite water, to the depth of one—quarter of an inch for 60 sec. In 2011, the exact
same concept of the current wicking test was confirmed as the nonwoven standard method to
evaluate absorbency of nonwoven substrates for wipes, diapers and feminine hygiene products
(INDA NWSP 010.1.R0 (15) Nonwoven Absorption). The vertical wicking test method was
originally made for fabric absorption and has been used in nonwoven field to evaluate how much
liquid a nonwoven substrate may have absorbed from an infinite reservoir within a specified
amount of time. Due to this background, it may be expected that the current vertical wicking test
with infinite reservoir is an inappropriate test to investigate textile comfort on the assumption of
human sweating circumstance because human sweat is a slow continuous flow (5—-45 nl/min/gland
[72]) generated by each of the sweat glands, unlike infinite reservoir. After five decades from
Hall’s study, the longitudinal and transverse wicking test was firstly used for textile comfort to
examine the ability of wool fabrics” moisture transport in sweating circumstance [74]. In 2011, the
vertical wicking method became the AATCC standard method TM 197 called Vertical Wicking
of Textiles [70]. This wicking test of textiles has been most extensively used by industry as the
typical wicking performance test method for textile comfort ever since.

Because a full understanding of fabric—level wicking should start with an understanding of

wicking at the yarn—level, most previous yarn wicking performance studies in textile field have
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been performed with a single yarn [30, 31, 33]. Those studies have explained the relationship
between wicking length and yarn-level properties such as twist level and cross—sectional shape
[30, 31, 33]. However, single—yarn wicking performance results cannot be applied to that of
fabric—level because various factors are subject to change even in a single yarn: the diameter of a
single yarn within the fabric [69], the twist level, the yarn tension and the contact points with
adjacent yarns. For these reasons, in order to understand yarn—level wicking within a fabric
structure, not only liquid movement within—a—yarn but also yarn—to—yarn transfer wicking should
be considered. We postulate here that the liquid in a yarn spills over to the adjacent yarns through
the contact points, resulting in fabric—level wicking based on yarn—level liquid movement.
Although it still seems quite challenging to predict wicking performance of textiles in high detail,
due to their complexity, understanding within—a—yarn and yarn—to—yarn wicking would be a key
factor to predict liquid movement considering textile structures and materials.

In the study described below, we aimed to develop a better wicking measurement system,
‘Single—pore Wicking Evolution Apparatus for Textiles (SWEAT)’, to understand wicking
mechanisms in textiles as well as to mimic realistic human sweating generated from a single sweat
pore. With this new measurement system supplying continuous microfluidic flow, with a similar
liquid flow rate to a single sweat pore of human body, we studied the liquid transport within—a—
yarn and through yarn— on a scale that is realistic for human sweating. Also, we anticipated to
measure directional wicking rate by individual yarn and wetting area changes over time. The
wicking experimental results from the new measurement system should help to further understand
the liguid movement mechanisms through textiles. A better understanding of fabric wicking
mechanism should enable us to develop the optimized wicking performance fabrics with the ideal

fiber— and yarn—level capillary channels.
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4.3. Experimental Section
4.3.1. Fabric Substrates

Two types of commercial blended interlock knit fabrics were used as substrates: 1) cotton—
polyethylene blended and 2) polyester—polyethylene blended as shown in Figure 4-1. Cotton yarn
(dtex: 197 g/10 km), polyethylene yarn (dtex: 222 g/10 km, 80 filaments/yarn), and polyester yarn
(dtex: 233 g/10 km, 68 filaments/yarn) were blended for these two interlock knit fabrics which
resulted in 215 g/m? for the fabric weight for the cotton—polyethylene blended and 231 g/m? for
the polyester—polyethylene blended fabric, respectively. To compare wicking performance in non-
blended fabrics, a 100% cotton twill fabric (186 g/m?, Style No. 494, Testfabrics Inc.) and a

commercial 100% cotton interlock knit fabric (dtex: 148 g/10 km, Cotton Inc.) were used.

=== Cotton == PET
= PE == PE

Figure 4-1. (a) Interlock knit structure with a single course yarn layout in magenta color, repeating
unit of (b) the cotton and polyethylene blended, and (c) the polyester and polyethylene blended

interlock knit.
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4.3.2. Dye Solution for Wicking Length Indicator

Dye solutions were prepared for wicking performance indicator by dissolving brilliant blue
G (BBG, Ca7H4sN3NaO7S>, pure, Sigma-Aldrich), brilliant blue R (BBR, CssH44N3NaO7S;, pure,
DysStar), and rose Bengal (RB, C20H2Cl4lsNa20s, dye content 95%, Alfa Aesar) respectively in
deionized water.

In order to indicate wicking distance of fabrics visually, three types of dye were used: two
typical types of wicking indicator dyes, including brilliant blue G and R, and a water-soluble dye,
called ‘rose Bengal’. Since previous studies used 0.6wt% brilliant blue solution as a wicking
performance indicator [75], we chose similar concentration levels for making dye solutions
ranging from 0.2 wt% to 0.6wt%. Considering rose Bengal dye has 10wt% solubility in water, in
this experiment, 0.2, 0.4, and 0.6wt% dye solutions were used after overnight stirring in order to

make sure dye dissolved into water completely.

4.3.3. Vertical Wicking Test

According to the vertical wicking test (AATCC 197 [70]), wicking ability of a fabric strip
was analyzed under 21 + 1°C and 65 + 2%RH condition. Each fabric was cut into 25 mm—-wide
and 250 mm-—Ilong strips and suspended vertically with the lower 5 mm of the specimen immersed
into the infinite reservoir at the test starting time. The test method to investigate a fabric wicking
performance allows for two different approaches, either how much time it takes for the liquid to
reach a certain level or how far the height of the advancing liquid front travels as a function of
time. In this study, the wicking length of liquid was recorded after 30 min of water spreading.

Specimens were tested in both course and wale directions.
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4.3.4. Droplet Wicking Test

We evaluated the Liquid Moisture Management Properties of Textile Fabrics (MMT,
AATCC 195 [7]) method, which uses a pump to supply total 220 pl of multiple liquid droplets for
20 sec. The moisture management tester equipment produces 11 + 1 droplets for 20 sec instead of
continuous flow (i.e. a droplet volume of MMT is the range of 18.3— 22 pl). These multiple
droplets are supplied to the fabric specimen with direct contact instead of allowing the droplets to
fall onto the fabric. Because even a single droplet from the MMT test (i.e. 18.3-22 pl) still wicks
in a short time, it is hard to investigate the wicking progress regarding how liquid moves through
the textile substrate. For this reason, we decided to reduce the volume of a droplet down to 4 pl
(~fifth part of a droplet volume of the MMT) in our experiment because we assumed the smaller
volume might allow us to observe wicking phenomena more precisely than bigger volume.
Furthermore, a 4 pl droplet, used for our modified version of the MMT test, has been used in many
textile studies to investigate surface wettability for various substrates from hydrophilic to
hydrophobic fabrics (i.e. contact angle) [76-78]. We made the droplet in contact with the surface
of the fabric sample to simulate the typical test condition, and then analyzed wicking performance
over time. This adapted MMT droplet wicking test was conducted at the controlled conditions at

21 + 1°C and 85 £ 5 %RH to prevent evaporation during the experiment process.

4.3.5. New Measurement System: Single—pore Wicking Evolution Apparatus for Textiles
(SWEAT) Test

In order to mimic the human sweat phenomenon, a new measurement system was
developed to investigate yarn—level wicking behavior within a fabric. Figure 4-2 shows a 10 pl

glass syringe (Hamilton Company) and a 33-gauge needle with a customized needle tip (outer
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diameter: 210 um, inner diameter: 108 um, Hamilton Company), which has a similar inner
diameter to a sweat gland pore (inner diameter of eccrine sweat gland at the skin surface: 60-80
um [79]). A micro syringe pump (Micro4, World Precision Instruments, Inc) was used to supply
continuous nanoliter flow (50 nl/min). To simulate the sweat flow generated from a single sweat
pore with a needle, a certain point in a single yarn within a fabric was picked with a needle. The
microfluidic liquid was injected continuously through this single point. The needle was tilted
approximately 1° to prevent it from touching a fabric except at the very tip (Figure 4-2). The
experiment of the SWEAT test system was conducted at controlled conditions at 21 + 1°C and 85
+ 5 %RH to reduce evaporation during the experiment. Furthermore, the required space for the
SWEAT test equipment setting (40x20x30 cm?) is small enough to fit into a glove box or bag to

control humidity and temperature.

4.3.6. Wicking Performance Measurements

The wicking performance of the fabric samples was recorded as a video file using a
microscope camera. Captured pictures were taken from video files (1, 30 sec, 1, 5, 10, 20, 40, and
120 min after wicking started). For the directional wicking length analysis from the captured

pictures, ImageJ 1.51u (National Institute of Health) was used.
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. Polmt Style \
In the glove bag 1°tilted needle
Temp.: 20+ 1°C e
Humidity: 85 + 5% RH I‘-‘ ' e
| Syringe pump |
J

Top view scheme

Figure 4-2. SWEAT test experimental setup with top view scheme and actual captured image.
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4.4. Results and Discussions

The wicking behavior of a solid substrate is controlled by both the surface energy and the
geometric surface of the capillary channel. To investigate wicking performance of a fabric
substrate using an indicator dye solution the dye must not affect liquid movement in a fabric
specimen. Before starting wicking tests, the dye solutions described in the Experimental Section

were tested to determine an appropriate dye for textile wicking tests.

4.4.1. Preparation of Wicking Indicator with Dye Solution

The indicator dye solution for wicking performance must have good visibility, and the dye
solution must have no or negligible affinity between liquid and a fabric. If an indicator solution
has high affinity to a fabric, it could lead to erroneous wicking lengths. In addition, it could deplete
the dye from the solution and separate from the water. Additionally, the dye solution should have
a similar surface tension to human sweat because the wicking performance test in textiles is
supposed to mimic realistic sweating.

To find an appropriate dye solution, three kinds of dyes, described in the Experimental
Section, were compared: brilliant blue—R, —G, and rose Bengal. Even though typical dye solutions
used for visual indicators in textiles are brilliant blue-R and -G, those dyes were found to lag
behind the actual advancing water front after 3 h in a fabric strip test (Upward—horizontal—
downward test (UHD) [63]). Because both typical dye solutions separated from deionized water,
they were excluded from further consideration. However, the rose Bengal dye did not exhibit
water—dye separation over a 4 h—long UHD wicking test. Since the rose Bengal dye has 10%
solubility in water, 0.2, 0.4, and 0.6wt% dye concentrations in solution were prepared as previous

studies used 0.6wt% brilliant blue solution as a wicking performance indicator [75]. After
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overnight stirring, the rose Bengal dye solution was used to assure that the dye dissolved in water
thoroughly. In terms of dye solution affinity with a fabric, Figure 3 shows that the wicking rate of
the brilliant blue—R and —G showed slightly slower rates than that of deionized water. However,
the wicking rate of the rose Bengal solution was within experimental error range of the deionized
water rate. Thus, rose Bengal was used in the remainder of this study.

Electrolyte concentration in sweat depends on a variety of factors: exercise intensity,
environmental condition, heat acclimation status, aerobic capacity, genetic predisposition, body
size/composition, sex, diet and hydration status [56, 80]. Sweat composition also varies
considerably even within and among individuals [81]. For these reasons, we tried to choose a
solution which has the most similar level of surface tension to deionized water. Table 1 shows that
the 0.6 wt% rose Bengal dye solution has a surface tension of 71.4 £ 0.3 mN/m, which is similar
to that of distilled water (72.9 + 0.2 mN/m). After comparison of different concentrations of the
rose Bengal dye solution from 0.2 to 0.6 wt%, we found that the 0.6wt% rose Bengal solution had
the same range of surface tension as 0.2 and 0.4 wt% solutions (surface tension of 0.2wt%: 71.6 +
0.4, 0.4wt%: 71.6 + 0.7 mN/m). Moreover, the 0.6wt% solution had better color visibility than
lower concentration solutions and a similar level to typical brilliant blue dye solutions shown in
Figure 4-4. Based on affinity, surface tension and visibility comparison, the 0.6wt% rose Bengal

dye solution was selected as our experimental wicking performance indicator.
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—m— DI water
—eo— BBG
—4A— BBR

Avg. velocity of wicking flow (cm/min)

Liquid flow length (cm)

Figure 4-3. Affinity investigation through wicking flow rate comparison among deionized water
(DI), 0.6 wt% dye solutions of rose Bengal dye, brilliant blue G (BBG), and brilliant blue R(BBR).
The captured picture shows wicking rate comparison, from left, deionized water, and two of the

rose Bengal dye solutions.

Table 4-2. Surface tension of dye indicator solutions including deionized water (DI), rose Bengal

dye (0.2, 0.4 and 0.6 wt%), brilliant blue G (BBG), and brilliant blue R(BBR).

Surface Tension DI water Rose Bengal BBG BBR
(mN/m) 02wt% | 04wt% | 0.6wt% | 06w | 06wt
Average 72.9 71.6 71.6 71.4 69.7 70.7

S.D. 0.2 0.4 0.7 0.3 2.1 0.8
| |

/
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Rose Bengal Brilliant Blue G Brilliant Blue R
(Alfa Aesar) (Sigma-Aldrich) (DyStar)

Figure 4-4. Dye solution visibility on fabric substrates with 0.6 wt% of (a) rose Bengal, (b)

brilliant blue G, and brilliant blue R.

4.4.2. Wicking Performance from Vertical Wicking Test

Vertical wicking test method is operated with a fabric strip, suspended vertically with one
end dipped into an ‘infinite’ reservoir, and thus focuses on in—plane wicking performance. This
vertical wicking measurement by the gravimetric technique has been widely used in the textile
field, because it is easy to compare the wicking length and/or velocity among various fabrics with
the results accumulated over many years.

However, as mentioned in the Introduction Section, because the current vertical wicking
method was not originally designed to mimic human sweating, it has brought more issues. Figure
5 shows that this method cannot measure the exact front wicking length absorbed by the fabrics,
because the wicking length is considerably different at each time, even within a single strip.
Furthermore, color intensity was changed even in a single strip depending on different heights
since the fabric strip absorbed various levels of saturation. The saturation levels decreased as the
vertical distance traveled by liquid increased, as seen by the comparison of the color intensity
inside of two circles with lower and higher spots in Figure 5. In the vertical wicking test, the

wicking length from vertical wicking method is defined as the extent of wicking. However, the
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results from the vertical wicking test have limited implication because it does not explain which
factors affect wicking mechanism of a fabric considering fabric structure and yarn—level properties.

Because the experimental test results of the vertical wicking test cannot help to understand
wicking phenomenon in textiles, many previous studies have attempted theoretical approaches
through the Lucas—Washburn equation [48]. As mentioned in the Introduction Section, the Lucas—
Washburn equation has been used to find the effective capillary radius, r, based on the relationship
between wicking length and time of a fabric strip (h — t) in the vertical wicking test from infinite
reservoir [63, 82, 83]. However, this procedure is prone to criticism because the Lucas—Washburn
equation has been applied to the penetration of liquid into the complex textile substrates by
assuming fabrics consist of assemblies of straight cylindrical capillaries. For this reason, even
though a single capillary radius, called the effective capillary radius, r, was calculated from the
Lucas—Washburn, it cannot be interpreted as applying to an actual three dimensional structure of
a fabric with two different levels of capillary sizes: in-between-yarns and in-between—fibers. In
textiles, liquid goes within—a—yarn as well as yarn—to—yarn transferring, which causes differences
in wicking behavior depending on the strip directions (warp/weft for woven or course/wale for

knit) and the fabric structures, not in simple straight capillary channels.
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(b)
Figure 4-5. The variation of wicking length within a strip as well as the degree of saturation based

on color intensity is shown for the vertical wicking test results on the interlock knit fabrics after
30 min: (a) the wale direction, (b) the course direction of cotton and polyethylene blended fabric,

(c) the wale and (d) the course direction of the polyester and polyethylene blended fabric.

4.4.3. Wicking Performance from Droplet Wicking Test

Depending on the relative amount of liquid used and the nature of the liquid—fabric contact,
the typical wicking performance test methods can be divided into two groups: wicking from an
infinite liquid reservoir and wicking from a limited amount of liquid. Using a single droplet on a
textile substrate is a common method for limited, but relatively large amounts of liquid when
compared to a single sweat gland. When a drop of liquid is released onto a textile fabric, wetting
starts on the surface of the porous medium [40]. Wetting is a prerequisite for wicking because a
liquid cannot move through capillary channels without wetting [10]. After a liquid drop is placed
on a fabric, the liquid drop fills large channels (openings) first, followed by wicking into relatively
small channels (i.e. void space within a yarn). However, depending on droplet volume and
substrate wettability, the flooding phenomenon can be investigated with or without the wicking

stage. If the droplet cannot be absorbed by a substrate instantly, the remaining liquid floods on the
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surface which does not proceed along capillary channels (at the initial stage as shown for
hydrophilic yarn of the cotton—polyethylene blended fabric in Table 4-3).

The most popular standard method using a limited amount of liquid is AATCC TM 195
called the Liquid Moisture Management Properties of Textile Fabrics [7]. Even though this test
method assumes that the wetting area from multiple droplets would make a perfect circular shape
with the concentric sensor setting, Table 4-3 shows that the actual wetting area was not a round
shape, and it was determined by the fabric structure and the yarn types. Additionally, comparing
the supplied liquid amount of this test equipment to the human sweating circumstance (sweat flow
rate: 5-45 nl/min/gland [18]), the condition of this typical test method is very far from realistic as
it is not from flow and combines a wide range of sweat glands at a much faster flow than actual
sweat rate (660000 nl/min/gland, shown in Table 4-4).

Another critical issue about the droplet wicking test is that the wetting area depends on
where the droplet was placed on a fabric. Despite being the same fabric, wicking performance may
change considerably depending on the initial contacting location (i.e. droplet falls into void space
in-between yarns or onto a hydrophobic/hydrophilic yarn). Table 4-3 shows that while a droplet
placed on hydrophilic yarn wicked through instantly, that on hydrophobic yarn just sat on the same
spot without wicking even in the identical fabric, for the cotton—polyethylene blended fabric. For
this reason, each selection of the contacting spot on fabrics may lead to different test results
especially for blended fabrics.

In some test methods, instead of placing a liquid droplet directly on a specimen, the liquid
is dropped from above a fabric substrate, such as in the adjusted test method of AATCC TM 198
called Horizontal Wicking of Textiles [71]. Depending on the dropping height and the volume,

various factors were affected: impact time and position, contact line edge position, wetted length
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on the impact surface and drop apex height, which resulted in changes of wicking behavior [84].
Table 5 shows that the size of the wetting area changed depending on various droplet volumes on
the 100% cotton fabric (1.5, 2, 3 and 4 pl).

In terms of the droplet wicking analysis, generally, the wetting area and the wicking rate
are measured. Most common methods are to measure the wetting area manually (i.e. by drawing
the edge line of wetting area) or using image processing software. The more advanced imaging
techniques enables us to extract information easily and automatically by counting pixels on the
edge-enhanced image [36]. However, because wicking from a droplet happens in a minute and
starts from more than one single yarn simultaneously, it is almost impossible to observe the liquid
movement within—a—yarn and yarn—to—yarn transferring accurately with the current methods.
Although the droplet wicking test is a more relevant method to realistic human sweating than the
vertical wicking from an infinite reservoir, still the wicking test with a droplet could not explain
how to improve wicking performance of fabrics on the basis of fabric structure and yarn properties.
Furthermore, as long as typical wicking methods use infinite reservoir or limited, but large

amounts of liquid, any of these test methods cannot be expected to simulate human sweating.
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Table 4-3. Wicking performance comparison from dropping liquid (4ul) on the cotton—
polyethylene, and the polyester—polyethylene blended interlock fabrics by picking hydrophilic or

hydrophobic yarns independently.

Cotton and polyethylene blended Polyester and polyethylene blended
Picked
yarn Hydrophilic yarn Hydrophobic yarn Hydrophilic yarn Hydrophobic yarn
type
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Table 4-4. Characteristic comparison between human sweat gland pore and testing methods,
including the vertical wicking test (AATCC 197), the moisture management test (MMT, AATCC

195) and the SWEAT (Single—pore Wicking Evolution Apparatus for Textiles) test with a needle.

) Wicking rate
Diameter Flow rate L
comparison
Sweat gland pore 60-80 um [79] 5 —45 nanoliter/min [72]
Vertical .. . 2.2 mm/sec
Typical Wicking Infinite reservoir (20 mm/ 9.16 sec)
test
method MMT 660000 nanoliter/min Top: 7.7 mm/sec
(220 pl /20 sec) Bottom: 7.6 mm/sec
T
SWEAT 33 gauge Outer inner 50 nanoliter/min Avg 0.16 mm/sec
test needle 210pm 108 um (4.0 mm/24 sec)

+
Results from multifilament polyester interlock knit fabric.

it o
Average value from all four directions.

4.4.4. Wicking Performance of New Measurement System, SWEAT Test (Single—pore Wicking
Evolution Apparatus for Textiles)

Table 4-5 shows that when a continuous microfluidic flow (50 nl/min) was supplied to a
single point of a specific course yarn within the knit fabric, the flow progressed by wicking along
yarns. Liquid movement within—a—yarn as well as yarn—to—yarn transfer was observed, which had
not yet been described in the textile literature. In fact, despite having identical substrates,
comparing Table 4-5 to Table 4-3 and Figure 4-5, it is obvious that the wicking performance of
the fabric specimens is highly influenced by the specific wicking test method chosen, especially
depending on how the liquid is supplied to a fabric specimen. The yarn—level liquid movement
within a fabric was investigated by the SWEAT test for the first-time.

The purpose of current wicking test methods is to evaluate liquid transport properties in

fabrics. However, it is almost impossible to understand yarn wicking performance through those
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methods as they force the wicking to happen from an infinite reservoir or even a droplet that is
much larger than a single yarn. Thus, yarn-level liquid movement within a fabric (i.e. how liquid
moves along a yarn and transfers to other yarns) cannot be explained. In order words, without
understanding of wicking mechanism thoroughly, we cannot develop a better wicking performance
substrate or control liquid movement in textiles. Furthermore, typical test methods do not represent
realistic human sweating conditions, because in reality liquid sweat generated from each single
gland is a continuous microfluidic flow instead of infinite reservoir or limited but large amount of
liquid such as droplet which are used for all current test methods.

Table 4-5 shows that depending on the property of the yarn picked by the needle, different
shapes of the wicking area were observed, within identical substrates. For example, when the flow
was supplied to a hydrophilic yarn of the polyester—polyethylene blended fabric, every other yarn-
column became wet because the liquid flow went along hydrophilic yarns only (the polyester—
polyethylene structure is shown in Figure 4-7b). However, the liquid flow, starting from a
hydrophobic yarn, passed along both hydrophilic and hydrophobic yarns, possibly because the
resistance to flow within hydrophilic yarns was bigger than the required pressure for transferring
to other yarns.

With the SWEAT test, the wicking rate of each course yarn can be investigated
individually because the fabric wicking performance was recorded as a video file. Figure 4-6
shows how the wetting area expanded in all directions in the droplet wicking method (e.g. MMT)
and the SWEAT test, respectively. While the larger droplet in the MMT method spreads very
rapidly initially, the continuous flow from the SWEAT system exhibits a more gradual growth,
with different wetting areas at the same final volume. Compared to the total liquid volume used in

MMT (i.e. 220 pl), a4 pl droplet used in this study is 55 times smaller. However, it is still hard to
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investigate liquid transport within-yarn and yarn-to-yarn transfer wicking because the fabric
wicking, even from these small droplets, is still extremely fast and sometimes flooding occurs,
resulting in discernible spreading across yarns. Figure 4-6 shows that with the 4 il droplet wicking
method on the polyester—polyethylene blended interlock fabrics, the liquid reached the maximum
wicking length after ~5 min (the wicking length of the course direction: 6.6 mm, for the wale
direction: 4.4 mm), whereas the 50 nl flow from the SWEAT test took 80 min to arrive at the same
level for all directions (Table 4-3 and 4-5). With this SWEAT test, the speed that the liquid moves
along an individual course yarn and when liquid transfers to adjacent yarns can be analyzed as the
liquid moves along yarns. For this reason, this SWEAT test seems more appropriate to explain
wicking mechanisms of yarns within a fabric for both in—plane wicking as well as trans—planar
liquid movement. Eventually, this methodology would facilitate development of an empirical
model on how liquid moves through a yarn and transfers to adjacent yarns. Wicking mechanisms
in textiles could thus be studied and controlled under conditions that closely resemble
physiological conditions and further investigate how these realistic wicking processes may affect
human thermal and tactile comfort.

Moreover, the SWEAT method avoided the flooding stage by controlling flow rate and
choosing a similar diameter of liquid source to human sweat gland pore size. Supplying liquid to
the hydrophilic yarn of the cotton—polyethylene blended fabric, compared to Table 4-3, Table 4-5
showed that all liquid flow was taken into the fabric specimen without flooding. Based on recorded
wicking videos, liquid transport phenomenon of fabrics can be analyzed for quantitative
measurement, and the level of saturation of substrates can be investigated based on the color
intensity. Table 4-6 shows that the wicking performance on the 100% cotton twill and interlock

knit fabrics with the SWEAT test and the droplet wicking test, individually. Even though the liquid
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amount used for both tests was identical, wicking performance varies depending on the test method.
The color of wetting area from the SWEAT test is much darker than the center color from the
droplet test, while the size of wetting area from the SWEAT is smaller. Generally, the saturation
of a substrate is determined by comparing the corresponding volume of the liquid amount to the
expected void volume of the substrate [46]. Table 4-6 shows the saturation level of the droplet test
is lower than the SWEAT test and is less than 100% because only the smallest pores can be
completely saturated while the larger pores have not filled yet. For the droplet wicking test, the
color around edge of the wetting area is lighter than the center at an early stage but it has slowly
evened out as time passed.

With this SWEAT test method, the directional wicking rate and the individual yarn
wicking performance of the knit fabrics could be determined (Figure 4-6 and 4-7). Figure 7(b)
shows that ‘C(0)’, denotes the yarn that is picked by the needle of SWEAT system and provided
with continuous liquid flow. ‘C(1)’ is the closest adjacent yarn to C(0) and an ordinal number
keeps increasing in this way. Figure 4-7 (a) shows that the individual yarn’s wicking performance
did not follow the Lucas-Washburn law (eq 18) because the slope value was not constant when
wicking length was plotted versus the square root of time. According to these experiments, with
liquid movement along individual yarns under realistic human sweating circumstance, wicking
performance should be understood as how liquid moves within a yarn and transfers to adjacent
yarns. A better understanding of wicking performance with this SWEAT test method promises to
provide a predictive model of wicking performance fabrics and should result in contributions to
the textile industry to improve wicking in products, including sportswear, military apparel and

textile printing.
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4 ,'::'/ —m— Course right (50 nanoliter/min flow)
a --0-- Course left (50 nanoliter/min flow)
—@— Wale top (50 nanoliter/min flow)

Wicking length (mm)
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Figure 4-6. Wicking rate comparison of between the SWEAT test (50 nanoliter/min) and the
droplet wicking (4ul) on the polyester—polyethylene blended interlock fabric. Wicking rate of the
SWEAT test is obtained from four directions with the needle’s hole as a center (in the inserted
picture on the top right) when a hydrophilic yarn picked from the polyester—polyethylene blended
interlock fabric: course direction—right (red solid line) and —left (red dotted line), and wale
direction— top (blue solid line), —bottom (blue dotted line). Wicking rate of dropping method is

determined by the average rate of course direction and wale direction, respectively.
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Figure 4-7. (a) Individual yarn wicking performance within the polyester—polyethylene blended
interlock fabric with the continuous flow rate through the SWEAT test (50 nanoliter/min) with the
square root of time. (b) In the schematic of the interlock knit structure, ‘C(0)’ denotes the yarn
picked by the needle of SWEAT system, and ‘C(1)’ is the closest adjacent yarn to C(0). After 120

min, the result of wicking performance is shown in (c).
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Table 4-6. Wicking performance comparison between the SWEAT test (flow rate: 50

nanoliter/min) and the droplet wicking test (1.5, 2, 3, and 4 ul). TPicture was taken after 5 min.

10 min

30 min

(15ul)

(4uh)
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4.5. Conclusions

An ideal wicking performance test for textile comfort is supposed to mimic the realistic
human sweating circumstance by continuous microfluidic flow generated from sweat glands.
Wicking performance is composed of two criteria: liquid movement within—a—yarn and yarn-to-
yarn transferring within a fabric which result in liquid sweat transport from each sweat gland pore
through textile substrates. In order to simulate human sweating generated from a single sweat gland,
the SWEAT test was developed with a constant microfluidic flow of 50 nl/min, similar to sweat
flow rate from a single sweat gland. A 0.6wt% of rose Bengal dye solution was chosen as a wicking
performance indicator, based on surface tension and affinity between a fabric and dye solution.
When the liquid flow was supplied to a single point of a course yarn within the interlock knit fabric
through the SWEAT test, liquid movement could be observed within—a—yarn and yarn-to-yarn
transfer wicking, which had not yet been observed by other typical measurement methods. If we
can understand wicking mechanism principle based on within—a—yarn and yarn-to-yarn
transferring, that means we could control liquid transport in textiles as well as develop a better
wicking performance textile. Additionally, this SWEAT test method avoided the unrealistic
flooding liquid stage by controlling flow rate and choosing a similar diameter of liquid source to
sweat gland pore size. Without this flooding effect, it allows us to investigate individual yarn
wicking performance since in terms of the SWEAT test liquid movement along capillary channels
in textiles is fully derived from a continuous liquid flow.

It is also important to note that the wicking performance results from the vertical wicking
and the droplet wicking methods (i.e. AATCC 195 [7] and AATCC 197 [70]) in common use
today, are inappropriate to determine physiological responses of fabrics to local sweating. To

develop an empirical model to explain wicking mechanism in textiles in response to human
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sweating, the SWEAT test presented here seems much more appropriate and should be evaluated

further.
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CHAPTER 5. Time-wicking Length Superposition for Textiles

5.1. Abstract

In order to mimic realistic human sweating, a continuous microfluidic flow is supplied to
only a single yarn at a single point within the fabric substrate at similar flow rates to a single sweat
gland. This new test method, which we refer to as ‘Single—pore Wicking Evolution Apparatus for
Textiles (SWEAT) test, allows us to investigate yarn—level wicking performance within a fabric
because liquid moves along yarns and transfers to adjacent yarns in a fabric state instead of making
a circular wetting area. Here, we conducted the SWEAT test on knit fabrics characterized by
different yarn properties (i.e. textured yarn and flat filament yarn) and knit structures such as single
jersey and interlock knit. While fabric wicking performance of the textured yarn occurs randomly
and is unpredictable, a fabric with the flat yarns shows the same wicking length (1) for each
individual yarn as a function of time (t). These results validate that time—wicking superposition
principle could be applied to the liquid movement of each individual yarn within a knit fabric:
liquid wicks within a single yarn initially, subsequently it spills over to adjacent yarns through
contact points, but the wicking rate in adjacent yarns is identical to the initial course yarn,
providing that the relationship between wicking length and time is derived from intrinsic
characteristics of yarn properties and textile structures. Moreover, the wicking rate of individual
yarn do not follow the Lucas—Washburn equation where the wicking height is proportional to the
square root of time because the wicking rate of an individual yarn has stopped when liquid transfers
to adjacent yarns. These results indicate that the SWEAT test could be used to predict wicking rate

and eventually to control liquid movement in complex porous media.
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5.2. Introduction

Understanding of liquid transport in textile substrates is important not only for textile
comfort but also many applications in various fields, including the life science industries for
pharmaceuticals and biomedicine (such as drug delivery and detection) and wearable devices [85-
87]. Over the past 30 years, a number of studies in the textile field have been performed to
investigate the single yarn wicking performance from an infinite reservoir. These studies have tried
to understand the relationship between wicking performance of a single yarn and various yarn
properties such as twist level and cross—sectional shapes, because an understanding of yarn—level
wicking should be easier than that of fabric [30, 31, 33]. These studies found that the yarn—level
characteristics of a single yarn would affect wicking length. However, we found that we could not
apply the yarn-level wicking result to the fabric—level wicking performance because there is a big
gap between a single yarn (thread) itself versus the yarn within a fabric. In a fabric, various yarn
features, including diameter, twist level, tension and contact points with adjacent yarns, are subject
to change constantly depending on each location on the yarn and on the fabric structure (i.e. knit
and woven).

For fibrous material such as knit and woven fabrics, main factors of wicking performance
are substrate material and capillary channel structure. While most of the studies have been done
based on a straight channel with a fixed radius, textile substrates have two different levels of void
space size: 1) microscale for the void space in-between fibers within a yarn and 2) mesoscale for
the space in-between yarns. In addition, the void size distribution within a yarn is broad and
changes constantly along the yarn’s length.

In the study described below, we aimed to investigate wicking performance of fabric

substrates based on the yarn-level liquid transport within a fabric through a new wicking
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measurement system, ‘Single—pore Wicking Evolution Apparatus for Textiles (SWEAT)’. By
supplying continuous microfluidic flow to a single point of a certain yarn within a fabric substrate,
we could examine the liquid transport within—a—yarn and yarn—to—yarn transfer wicking in realistic
human sweating circumstances. If we can find a certain principle which can explain the wicking
behavior of fabrics with complicated capillary channels, we might anticipate wicking performance
and establish a predictive model, which should result in a large contribution to many industrial

fields especially textiles, nonwovens, and printing on those substrates.

5.3. Experimental Section
5.3.1. Fabric Substrates

EASTMAN flat filament polyester yarn (84 denier or 9.3 x 107 g/m, 220 filaments/yarn)
were knitted to make a single jersey knit and an interlock knit (fabric weight: 139.7 g/m?, 42
yarns/inch in course and 43 yarns/inch in wale direction) at EASTMAN Chemical Company
(Kingsport, TN) (Figure 5-1 (a — ¢)). Commercially available textured polyester yarns (70 denier
or 7.8 x 10 g/m, 72 filaments/yarn) were obtained and knitted for a single jersey knit and an
interlock knit (fabric weight: 122.5 g/m?, 46 yarns/inch in course and 42 yarns/inch in wale
direction) at the Knitting Lab of EASTMAN Chemical Company (Kingsport, TN) (Figure 5-1 (d
— 1)). All fabric was treated with a commercial wicking agent of Feran ICE (Rudolf Group,
Germany) to improve moisture management properties. The creation of homogeneous fabrics with
well-controlled yarn tension is critical for the reproducibility of the experiments reported in this
paper.

According to our previous study, 0.6 wt% rose Bengal dye (RB, C20H2ClslsNa2Os, dye

content 95%, Alfa Aesar) was dissolved in deionized water with stirring overnight and used in
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these experiments for wicking performance indicator (solution surface tension y =71.4 + 0.3

mN/m).

Figure 5-1. EASTMAN flat filament polyester yarns were knitted for a single jersey knit for (a)
top view from microscope, and (b) SEM image of the cross-section of course direction in the
interlock knit fabric. Yellow circle in (b) and (e) displays individual yarn within a fabric.
EASTMAN flat filament yarn has (c) a unique cross-sectional shape of EASTMAN flat filament
yarn with 220 filaments per this yarn consist of 44 subunits (orange circle) with 5 filaments.
Commercial textured polyester yarn was knitted for a single jersey knit for (d) top view and (e)
SEM image of the cross-section of course direction in the interlock fabric. A commercial polyester

fabric has (f) the circular shaped filaments.
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5.3.2. Upward-horizontal-downward Wicking Test

In order to investigate wicking performance of fabric—level, the upward-horizontal-
downward (UHD) wicking test was conducted with infinite reservoir based on the method of
previous researches.[63, 88, 89] Fabric strips of 2.5 cm width and ~18 cm length, were sufficient
for both upward (k) and horizontal segments (H;) of 5 cm respectively and the downward sections
(D) of at least 5 cm. The fabric strips were carefully cut with long axes parallel to courses and
wales separately. An apparatus was constructed using metal laboratory rods to conduct the UHD
wicking test on these fabric strips according to the schematic shown in Figure 4-2. The framework
to support the fabric strip was constructed for the accurate length of each direction. The fabric strip
was positioned on the framework and both ends of the fabric strip were clipped onto a rod
suspended into the reservoir at the position that kept the fabric end immersed into infinite reservoir
without touching the reservoir container. A small load was placed at other end of strip to keep it
taut for all three segments. For our experiment, we used a 0.4 g plastic clip placed on each side of
the fabric because the plastic had no effect on liquid transport through the fabric strip. It is
important that the small load should not affect textile structure especially for knit fabrics to prevent
altering the wicking performance of the stretched fabrics due to changes of the void spaces in—
between yarns/ fibers and the yarn tension. The laboratory rods at both ends of horizontal segment
of 5 cm supported a wet fabric strip during wicking progressed by preventing drooping of the
fabric sample. One end of fabric close to infinite reservoir is submerged at the start of a wicking
experiment. Three video cameras recorded wicking performance to face the fabric strip from all
three directions. The entire setup for the UHD wicking test was placed in a laboratory glove box
to protect the fabric strip from air currents, and to control temperature as well as humidity (21 + 1

°C, 90 £ 5 %RH) to reduce evaporation during wicking performance experiment.
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[ Balance

Downward

Figure 5-2. (a) Schematic of Upward-horizontal-downward (UHD) wicking test. From (b) the
actual UHD wicking test setup in a glove box, wicking performance of a fabric strip is recorded
from three video cameras for the views of (ci) upward (h), (cii) horizontal (H;), and (ciii)

downward (D) segment, respectively.

5.3.3. Droplet Wicking Test

In the droplet test, a small square fabric sample (10 cm x 10 cm) was placed on an
embroidery hoop ring (inner diameter: 6 cm) without tension and secured to the hoop with rubber
ring. A 1 ul droplet of 0.6 wt% rose Bengal dye solution was placed on the fabric surface at the
identical spot with the SWEAT test to compare wicking performance between two test methods.
By using a 10 ul glass syringe (Hamilton Company), a droplet directly contacted a substrate

surface to prevent dropping effect derived from the dropping height. Rose Bengal dye solution was
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used to increase the contrast between wetted and dried fabric for image analysis purposes. From
the previous study, we found a 0.6 wt% rose Bengal dye solution does not affect the water wicking
performances on fabrics based on surface tension and affinity between a fabric and dye solution.
Droplet wicking tests were recorded as a video from the top view to visualize fluid flow
paths using Mighty scope 5M digital microscope (Aven Inc.; Ann Arbor, MI) with eScope
software (Tektronix, Inc.; Beaverton, OR). Firstly, a ruler was placed on a fabric along the course
direction of a substrate for the calibration during wicking performance analysis, and it was
removed before starting wicking test. The captured images from the recorded video files were
analyzed with ImageJ 1.51u software (National Institute of Health; Rockville, MD) to determine
the wicking length for both course and wale directions as a function of time. The wicking length
from the liquid droplet was calculated to obtain the average value for each direction, assuming that
the fabric would have homogeneous structure for the upper and lower sides for course direction,
and for the left and right side for wale direction. This droplet wicking test was conducted inside of
a globe bag to control conditions for 21 + 1 °C and 90 £ 5 %RH to reduce evaporation during the

experiment process.

5.3.4. Single—pore Wicking Evolution Apparatus for Textiles (SWEAT) test

Single—pore Wicking Evolution Apparatus for Textiles (SWEAT) test has been developed
to simulate realistic human sweating generated from each sweat gland pore by using a 10 ul glass
syringe (Hamilton Company) and a 33-gauge needle with a customized cut needle tip to hold a
yarn. The SWEAT test allows us to investigate yarn—level wicking performance within a fabric by
picking a certain point in a single yarn within a fabric with a needle. The dimension of needle

(outer diameter: 210 um, inner diameter: 108 um, Hamilton Company) was chosen to have a
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similar inner diameter to sweat gland pore (inner diameter of eccrine sweat gland at the skin
surface: 60-80 um).[79] In order to supply a continuous nanoliter—level flow (50 nl/min) to a
certain point of a picked yarn, a micro syringe pump (Micro4, World Precision Instruments, Inc)
was used. The needle was placed to be parallel to course direction in order to pick a yarn within a
fabric substrate and tilted approximately 1° to prevent it from touching a fabric except at the very
tip to inject liquid. The SWEAT test system was placed inside of a glove bag made of a clear film
to control temperature and humidity for the specified condition to reduce evaporation during

experiment: 21+ 1 °C and 90 + 5 %RH.

5.4. Results and Discussion

Polyethylene terephthalate ((C10HgOa4)n, PET), commonly known as polyester, is one of the
most popular textile materials because it has excellent mechanical properties for apparel such as
high tenacity, wrinkle free characteristics, and considerable durability for wash and wear [90].
However, because polyester fabrics have poor wicking performance, it is critical for apparel
materials to improve their moisture management properties. Thus, after wicking agent treatment,
polyester has been widely used for performance athletic apparel.

In this study, wicking performance of polyester knit fabrics with two different yarn types,
including flat multifilament yarn and textured yarn, were compared according to three wicking test
methods: 1) UHD test with infinite reservoir, 2) droplet wicking test with limited amount of liquid,
and 3) SWEAT test through continuous microfluidic flow.

The wicking performance from the UHD wicking test shows that liquid moves faster on
the commercial polyester interlock fabric rather than the EASTMAN interlock fabric (Table 4-1

and 5-1). In terms of the UHD test, a commercial polyester fabric takes ~15 min to reach the
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downward segment (i.e. 13 — 14 cm section from the surface of infinite reservoir), while the
EASTMAN fabric requires ~100 min to arrive at the same distance. Because the commercial
polyester fabric consists of textured yarns, this commercial fabric has larger and randomly oriented
void spaces in-between fibers compared to EASTMAN flat yarn (Top view comparison: Figure 5-
la vs. d, and cross-sectional view comparison: Figure 5-1b vs. €). When one end of a fabric strip
was immersed into infinite reservoir, capillary channels with big radius keep taking liquid from
infinite reservoir and then, redistributing towards adjacent capillary channels. For this reason, a
substrate with bigger channels could wick faster than a substrate with smaller channels when

unlimited liquid is supplied to a wide area covering many void channels simultaneously.

Table 5-1. Wicking length comparison over time from the Upward-horizontal-downward wicking
test on polyester interlock knit fabrics, including the EASTMAN flat yarn fabric and a commercial
textured yarn fabric for 7, 15, 30, and 100 min (unit: cm, [the range] : the range of wicking length

of > 4 times repeated tests at the certain time).

Time 7 min 15 min 30 min 100 min
Substra
EASTMAN 5.3 6.7 8.7 13.3
fabric [4.8— 5.6] [6.0— 7.3] [7.8—9.2] | [12.7—13.6]
Commercial 9.7 13.5 15.4
PET fabric | [9.4—10.2] | [13.3—14.1] | [15.1—15.8]

However, the wicking performance results from droplet wicking test is completely opposite

to the UHD test: with the limited amount of liquid, liquid of microliter—scale droplet moves further

on the EASTMAN fabric with smaller capillary channels than the commercial fabric with bigger
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channels (Figure 5-3). The only difference between the UHD test and the droplet wicking test other
than the test configuration is the amount of liquid supplied by using either infinite reservoir or the
limited amount. However, due to inconsistency between two wicking test methods, we do not
know which method is appropriate for textile comfort. In terms of the droplet wicking test,
sometimes flooding occurs when either the flow rate or the liquid volume exceeds the threshold
value of textile substrates [91]. Furthermore, when the droplet contacts on the surface of a fabric,
it covers several course yarns and void spaces in-between yarns. Therefore, wicking begins from
the whole contacting area between a fabric and a droplet, which means that liquid movement is
initiated from several yarns as well as the space between yarns. For this reason, it is almost
impossible to differentiate between the liquid movement along yarns and the wicking from the
large void spaces. Another critical issue to investigate wicking performance of textiles is flooding
effect. Without flooding, the liquid is spontaneously transported through capillary channels along

yarns.

5.4.1. Time-wicking Length Superposition

In terms of the SWEAT test, when a continuous flow (50 nl/min) was supplied to a certain
point of a single yarn, within-a-yarn and yarn-to-yarn transfer wicking can be observed over time
starting from the single contacting point with the needle (Figure 5-4). Because liquid movement
for each individual yarn within a fabric is visually traceable due to the dye solution, how fast liquid
moves along a yarn and when liquid spills over towards adjacent yarns can be observed. Figure 5-
5b shows that the slope value of wicking length of individual yarn is not constant over square root
of time, which means that the liqguid movement mechanism of textiles cannot be explain by the

Lucas-Washburn equation in which the wicking length is directly proportional to the square root
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of time (I « +/t). While the Lucas-Washburn equation (eq. 3-18) assumes that wicking phenomena
are controlled by viscosity and the driving forces (i.e. Laplace pressure) from infinite reservoir
without restriction of the quantity of liquid, the flow rate of the SWEAT test is restricted by the
syringe pumping speed (i.e. feed rate, 50 nl/min in this study). Therefore, the Lucas-Washburn
equation is not applicable for the SWEAT test. As the time increases, the wicking length increases,
then stops increasing for a while when liquid spills over to the closest adjacent yarns. As time
continues, the wicking length increases again until it finally reaches a plateau (Figure 5-5a) where
there is a balance between evaporation and liquid supply rate.

However, the slope of initial wicking length graph for each individual yarn seems identical,
even though the wicking of individual yarn starts at different times. To identify each individual
course yarn within a fabric, ‘C(0)’ denotes the yarn that is picked by the needle of the SWEAT
system and provided with continuous liquid flow. ‘C(%1)’ is the closest adjacent yarn to C(0) and
an ordinal number keeps increasing in this way. Specifically, C(+1) represents two course yarns
for the nearest upper (+1) and lower (—1) course yarn from C(0), shown in Figure 5-5a. In order
to check if the slope value of each individual yarn was identical or not, the wicking graph of each
individual yarn from Figure 5-5b was translated toward the wicking start point of the C(0) yarn
parallel to the x-axis (time-axis) in order to align the same wicking start points for all graphs, as
shown in Figure 5-5c¢. Figure 5-5c, derived from Figure 5-5b, presents that the initial slope values
of individual yarns are considerably identical, especially in the first few minutes. In order words,
although each of course yarns have different wicking starting points, the wicking mechanism of
all course yarns within the fabric substrate are equal to each other. There appears to be the time—
wicking length superposition principle: liquid wicks within a single yarn initially, subsequently it

spills over to adjacent yarns through contact points, but the wicking rate in adjacent yarns is
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identical to the initiated course yarn. Consequently, the fabric is a collection of yarns which are
used as capillary channels for wicking purposes. This time-wicking length superposition principle
has the substantial potential to anticipate the liquid movement in textiles. If we know the wicking
performance of any individual yarn, liquid movement of other yarns within a fabric substrate might
be predictable.

It is important to note that the wicking results of textiles with a constant supplied flow rate
from the SWEAT test were not observed because typical wicking test methods such as the vertical,
horizontal, and UHD test do not explain within-a-yarn and yarn-to-yarn transfer wicking.
Additionally, the experimental data from the SWEAT test cannot be explained by the well-known
Lucas—Washburn equation (Figure 5-5b) because the wicking length graph over time shows how
liquid spills over to adjacent yarns as well as how fast liquid moves along a yarn without a constant
slope value. Based on Lucas-Washburn equation (Eg. 3-18), some textile studies have tried to
calculate the average effective capillary radius (r) by using a constant slope value between wicking
length and square root of time [63, 92]. However, the average effective capillary channel size
means nothing to textile fabrics because even the capillary channel radius of a yarn within a fabric
keeps changing due to the own structure. Furthermore, Almoughni et. al. (2015) has tried to narrow
the space between theoretical and experimental investigation in capillary flow along yarns but they
cannot examine the actual liquid location in the cross-section of yarns in their experiment. Even
though the parallel fibers within the certain yarn cross-section area are aligned evenly, they found
that liquid in textiles theoretically gets settled in an effective medium space between fibers with

arbitrary arrangements, shown in Fig. 5-6 [93].
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Dropping Liquid Test (1 pl) soc  3sec IMIA . Substrate: Ierock knt
With the limited amount of liquid m;-'—|—[ [—|I-> - Temp:2012°C

+ Humidty: 85 + 5% RMH
3 min

1 sec

| Commercial PET | | Eastman fabric |

Figure 5-3. Wicking performance comparison from the droplet wicking test (1 ul) on the
EASTMAN interlock knit fabric with flat filament yarns and a commercial PET interlock knit

fabric.

Single Point Measurement System ] R
With continuous microfiluidic liquid (50 nanoliter/min) . '

Figure 5-4. Wicking performance comparison from the SWEAT test (continuous flow rate:
50nl/min) on the EASTMAN interlock knit fabric with flat filament yarns and a commercial PET

interlock knit fabric.
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Figure 5-5. Apparent wicking length of EASTMAN single jersey knit from the SWEAT test
(continuous flow rate: 50nl/min): (a) apparent wicking length over time, (b) apparent wicking
length over square root of time. And (c) shows the wicking length graph of each course yarn over
square root of time (L — /t) overlap each other when the graph of each yarn’s wicking is shifted
to place all starting points at the wicking beginning point of the C(0) yarn in order to check the

time-wicking length superposition principle.
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Even though the properties of a single yarn within a fabric, including diameter, twist level,
tension, and contact points with adjacent yarns keep changing depending on location due to textile
structures, the wicking performance of each individual yarn follows the time—wicking length
superposition principle: the wicking performance of the first yarn (i.e. C(0)), which is picked with
the needle, is same as all other yarns (C(i), ‘1’ is the number to indicate how close to the initial
yarn. From wicking videos, we found that liquid transferred to adjacent yarns only at the direct
contact points with adjacent yarns instead of transferring through the relatively big void space in-
between yarns. That means that the liquid flow probably wicks through capillary channels in-
between fibers or peripheral region around fibers (Figure 5-6). It can explain why every other
column of the EASTMAN interlock knit became wet. That’s because a wet yarn of an interlock
knit fabric went through the two layers of interlock knit structure and the liquid along the wet yarns
was transferred to adjacent yarns with contact points (Fig 5-7c and d). Therefore, we know liquid
moves along yarns (open space inside of a yarn) and spills over to adjacent yarns only through
their contact points instead of using the big void spaces between yarns. Even though we know that
the actual cross-sectional shape of the capillary channel of textiles is not circle, it is hard to examine

what the capillary channels look like in a yarn and how big they are (i.e. capillary channel area).

Liquid

200 0%
Fibre 4 /////// //////// ////1///‘.
<<% I D

7
06
()

Figure 5-6. Theoretical schematic illustration of liquid moving in yarn [93].
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The time-wicking length superposition principle for individual yarn wicking performance
can be explained further, if we make four assumptions: 1) all liquid goes into yarns (in-between
fibers), 2) the yarn diameter and the porosity in a yarn is constant, 3) each individual yarn in a
fabric has same structure within a fabric, and 4) the saturation level of individual yarn is considered
equally.

Figure 5-7b shows the apparent wicking length and the actual wicking length of individual
yarn. The actual wicking length was defined to analyze the wicking performance based on the
actual yarn length. The wicking performance of EASTMAN fabric with multifilament flat yarns
shows the time-wicking superposition principle. However, when a continuous liquid was supplied
to a commercial polyester knit fabric with the textured yarn, wicking performance becomes
unpredictable and random because of uneven, widely varying capillary channel size obtained from
texturing (Figure 5-8). However, the knit with flat yarns without texturing (i.e. EASTMAN single

jersey knit and interlock knit) shows symmetric wetting area for both course and wale direction.
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Figure 5-7. (a) Actual wicking length presents the yarn length considering textile structures, but
apparent wicking length is the shortest distance from the wicking start point (yellow circles shows
the contacting points within a fabric). (b) shows wicking performance based on actual wicking
length over time. (c) shows that the contacting point of the interlock knit fabric and (d) the actual
yarn-to-yarn transfer wicking happens through the connecting point in-between yarns. For the

interlock knit fabric, every other column becomes getting wet due to the contact points.
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Figure 5-8. Wicking performance comparison from the SWEAT test (continuous flow rate:
50nl/min) on a commercial textured PET single jersey, EASTMAN single jersey knit, and

EASTMAN interlock knit fabrics.

5.5. Conclusion

For textile comfort, typical test methods are conducted with either infinite reservoirs or
limited, but large amounts of liquid without considering realistic human sweating condition.
Wicking behavior tests of textile fabrics are performed with a fabric strip, suspended vertically/
horizontally or in integrated three directions (i.e. UHD test) with one end dipped into infinite liquid
reservoir. Also, with limited amount of liquid (i.e. a droplet), how fast and how far liquid can move
are investigated as a function of time. However, because human sweating is a slow continuous
flow generated from each sweat gland, the results from either infinite reservoir or a droplet cannot
represent that of human sweating. Furthermore, sometimes the wicking performance comparison
results were completely opposite between infinite reservoir test and limited amount of liquid test
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due to the quantity of liquid supplied. That means that with the conventional wicking test methods,
we still cannot understand the wicking mechanism of textiles thoroughly and we need to develop
a better wicking test method to mimic human sweating. If not, we might be obsessed with the
meaningless value such as the average effective capillary radius in order to understand liquid
transportation of textiles in the wrong way.

In order to mimic realistic human sweating, a new measurement system called the SWEAT
test was developed by supplying a continuous microfluidic flow to only a single yarn at a single
point within the fabric substrate at a similar flow rate to a single sweat gland. Thanks to the
SWEAT test system, we found that liquid movement in yarns in our knit fabrics could not be
explained by Lucas-Washburn equation, but it followed the time-wicking length superposition
principle: liquid wicked within a single yarn initially, subsequently it spilled over to adjacent yarns,
and the initial wicking rate in adjacent yarns was the same as the first course yarn but with a time
offset equal to the spill-over time. When liquid spills over to adjacent yarns, transferring occurred
only at the connecting point instead of the big void space in-between yarns. If liquid movement
along yarns (i.e. within—a—yarn and yarn—to—yarn transfer wicking) can be predicted based on the
time—wicking length superposition principle, wicking performance might be controlled depending

on various application purpose.

104



CHAPTER 6. New Textile Wicking Theory
6.1. Wicking Performance in Fabrics

Continuous liquid flow in the SWEAT test allows the yarn-level wicking within a fabric to
be investigated through within-a-yarn and yarn-to-yarn transfer wicking. Based on the actual
wicking length results, we analyzed them in order to find a principle that can explain liquid
movement mechanism in textiles. Consequently, we found that the time-wicking length
superposition principle in textile wicking: liquid moves along a single yarn initially, subsequently
it spills over to adjacent yarns through their contact points, but the wicking rate in adjacent yarns
is identical to the initial yarn. Interestingly, even though the actual wicking length of individual
yarn increases in the initial stage, it finally reaches a plateau stage without further increase in
wicking length. Therefore, in this chapter, we would try to develop an equational model which
explain the experimental results of the wicking phenomenon of knit fabrics by supplying
continuous liquid flow.

The capillary pressure to pull liquid through a capillary channel is driving force as reflected
in the Laplace equation (eq. 3-9). However, this spontaneous liquid movement is retarded by the
dragging force, or back pressure, through a capillary channel by the Poiseuille flow (eq. 3-12)
[94]. When continuous liquid flow with the certain pump rate was supplied to the single point of
a yarn within a fabric, the liquid movement was started at the first course yarn (i.e. C(0)) with
which the needle picked. In the case of the SWEAT test, while the capillary pressure is independent
of the amount of liquid supplied to the capillary channel (i.e. each course yarn), the back pressure
derived from Poiseuille equation increases as the wicking length increases. Because the back
pressure gets larger as the wicking length of the first yarn increases, the wicking length of the first

course yarn slows or even stops, shown in Fig. 6-1a. However, because the continuous liquid flow
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kept supplying liquid through the first course yarn, the liquid must build up within the first yarn,
and then, transfer to the adjacent yarns (i.e. C(-1) or/and C(+1)) through the direct contact points.
The mean flow in the first course yarn is increased due to transfer to C(-1) or/and C(+1), resulting
in increasing wicking length a little bit more in the initial yarn (i.e. C(0)) [95]. Until the back
pressure of the integrated capillary channels becomes equal to the capillary pressure in individual
yarn, the liquid moves along C(-1) or/and C(+1). Then again, liquid would spill over adjacent
yarns, and so forth. However, as the wet area increases, the amount of evaporation also increases
until the evaporation rate and feed rate are equal. At this time, the wet area of the fabric does not

get any bigger.

6.2. SWEAT Theory of Wicking in Textiles

Due to the complexity of capillary channels in textile, six assumptions could help
understanding of textile wicking further: 1) the wetted area (A(t)) is linearly proportional to the
sum of wicking length of all yarns (X1, Lc(44) (t)), 2) each of the liquid pump rate (k,) and the
evaporation potential rate (E,) is constant during the experiment, 3) all of the liquid is either stored
in the void space of yarns (in-between fibers) or it evaporates, 4) yarn diameter and porosity in a
yarn will be constant, 5) each individual yarn in a fabric has the same structure, and 6) the
saturation level for all individual yarns will be identical. When liquid moves along each yarn, the
liquid in a yarn will be located in the effective space between fibers of arbitrary shape and with
arbitrary arrangement instead of making circular channels, as shown in Fig. 5-6. Based on our
experimental results, we found the time-wicking length superposition principle, and thus, the
wicking rate of each individual course yarn within a fabric is identical, consistent with assumptions

5and 6.
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When continuous liquid flow is supplied to a single point of a yarn within a fabric, the
pump rate is constant which represents human sweat rate. Due to a constant liquid pumping rate
of the SWEAT test, the instantaneous liquid volume (dV) in time (dt), supplied to a fabric

substrate, becomes a constant:

—L =k, (6-1)

where V, is the liquid pumping volume, tis time, and k,, is a constant, which is the pumping rate.
Total pumped volume until the certain pumping time (t,) can be obtained as follows:
f T, (6-2)
t=o0 dt P
The pumping rate should balance between the stored volume left in a fabric substrate and

the lost volume due to evaporation. The stored volume (V;(t)) and the rate of storage (k) can be

obtained as follows:

V() =57 ) Lo (© (63

d X dA
ko= s g Laen 0 = 5 S0 (64
Y AWD = @) L () (6-5)

where the wicking length ina yarn is l.4;) (where i = 0, 1, ...), s is a constant, which relates the
wicking length to the cross-sectional void space value of a yarn (i.e. porosity in cross-sectional
area), A(t) is the wetted are at time t, and « is a constant relating the wicked length to the wetted

area. From eq. 6-5, the sum of the wicking lengths of all yarns (i.e. wetting area, i, lo(1p) iS
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proportional to the wetting area (A(t)). The rate of evaporation (k.) can also be obtained

considering the evaporation potential constant (E,):

n
ke =Eq,-A(t) = Eq4- az Leqan ) (6-6)
i=o

When evaporation effect is considered, the liquid pumping rate (k,,) is equal to the sum of

the stored liquid rate (k;) in a textile substrate and the lost volume rate derived from evaporation

(ke):
ky = ks + K,
L O T e
Ty Tar TP
k a a
|4 - 2| = ¥t = ¢ o7 (6-8)
Eq

For the SWEAT test, when t =0, ¢ = ’;—p because of A(t = 0) = 0. However, when a

garment already contains sweat (i.e. A(t = 0) #0), there are two cases as follows:

If A(t = 0) < ’;_v c= [’;_v_ At = 0)] (6-9)

If A(t = 0) > ’;_p c= [A(t —0)— Z_p (6-10)

Eq. 6-10 explains the case of drying process when a textile substrate is wet.
For the SWEAT test, where A(t = 0) = 0, the sum of wicking length of all yarns based on eq. 6-

5 and 6-8 becomes as follows:

n
1k _ap .
N Legsn (0 =L (1 - e755%) (6-11)
. a
=0
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Eq. 6-11 shows that when the sum of the wicking length of all yarns are measured in the
SWEAT test, the experimental pump rate (k,,) is a setting value, an evaporation potential constant
(E,) is determined by the environmental conditions. Specifically, the potential rate of evaporation
(E,) was acquired using Dalton-type equation, assuming that evaporation is a function of wind
speed and of the difference between the vapor pressure of the liquid surface and the atmosphere
[96]. Generally, Dalton-type equation is used to anticipate the rate of evaporation of water from
the free water surface over a day (i.e. BPI evaporation pan: 6 ft diameter by 2 ft deep) [97].

Evaporation rate, E (mm reduction of water height in the pan/day), is expressed as:

E=f): (es—ex) A (6-12)

where f(u) is a turbulent exchange function which depends on the mixing characteristics of the
air above the evaporating surface, e, is the saturation vapor pressure of liquid at the temperature
of the liquid surface, e, is the liquid vapor pressure of the air in the atmosphere above the liquid
surface (mm Hg or kPa) evaporating surface as a function of relative humidity, and A is the surface
area of the liquid [98]. Even though the Dalton-type equation is based on the pan evaporation
technique for the daily evaporation rate, eq. 6-12 suggests which factors could have an influence
on evaporation.

The only adjustable parameters in eq. 6-11 are a and s, which depend on the yarn and the

fabric construction. Because E,, a and s are all constants, we can merge all three to E;" = %Ea.

n
1k ,
Z Legan (8) = <57 (1 — e 5") (6-13)
. a

=0

Eg. 6-13 shows that when t =0, ltirr(}Z{‘:oLc(ii) (t)=0, and when t =0 ,

1kp _1kp

jim LicoLern (O) = sE)  aBq
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6.3. Experimental Analysis Based on the SWEAT Theory of Wicking in Textiles

When the EASTMAN single jersey knit fabric, made of flat filament polyester yarns, was
used for the SWEAT test, liquid movement along an individual yarn was observed through within-
a-yarn and yarn-to-yarn transfer wicking. Each individual course yarn, C(n), except C(0) has two
different yarns symmetrically disposed around C(0) such as C(+n) and C(-n). (i.e. C(+1) is above
C(0) and C(-1) is below C(0)), shown in Fig 5-5a. Fig 6-1a shows the average actual wicking
length of each individual yarn for C(+n) and C(-n), separately. Because C(0) is only a single yarn
itself, the total wicking length of all other yarn excluding C(0) became almost a double of the total
wicking length of C(0), as shown in Fig 6-1b. Fig 6-1c presents the sum of the actual wicking
length of all course yarns at the given time. If eq. 6-13 is an appropriate equation to explain the
wicking behavior during the SWEAT test, the fitted model equation from experimental results (i.e.
Fig 6-1c) should follow eq. 6-13 with the natural exponential curve. The fitted exponential curve
of the sum of wicking length of all yarns is determined with the certain constants’ value of E,;, a
and s, and it will reach a plateau status at the end.

From three times repeated tests on the identical EASTMAN single jersey fabric on the back
side, Table 6-1 shows that the total wicking length of all course yarns has the natural exponential
function trendline (eq. 6-13 and Fig. 6-2a). In order to make a better fitted equation model to
explain a plateau stage, two data points were added to extend the plateau regions for two and three
times from the last data point of the time, since the duration of plateau region is relatively short
(~10 min) compared to the whole experimental period (> 80 min) (i.e. the data points of 160 and
240 min were added with the same value of the plateau region, if the last data point of the test #1

in the plateau phrase was 80 min.) In order to compare the value of merged constants in the fitted

equations models, a represents i% and b means E,;". When F(t) = X7, Lc+p (t), the range of
a
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a value is from 7.6 x 10° to 8.9 x 105, while that of b is from 3.2 x 1072 to 3.1 x 102 with an
R-squared value of greater than 0.99.

Before reaching to a plateau stage, the trendline of the sum graph of the actual wicking
length of all individual yarn increases over time. When evaporation affects the wetting area
increase, a considerable evaporation loss relates the wetting-area-related constant () and the
cross-sectional void space value of a yarn (i.e. porosity in cross-sectional area) (s). During a

plateau status, the sum of the total wicking lengths of all yarns of a fabric, F(t) =Xi_, l(+;) can

be %’;—p = a, shown in eq. 6-13. Because the percent error (%) is less than 10 % for all three

a

experiments, the fitted equation model can reflect the experimental data well.
Eq. 6-13 provides a good conceptual model for the observed processes of the SWEAT test,
because the sum of wicking length of all yarn will increase following the natural exponential

function, and then it will reach to a plateau value. Even though, E, is related to the environmental

factors regardless of fabric substrate properties, eq. 6-13 shows that two merged constants of %%

a

and — E,’ describe the ability of water to evaporate from the wet yarn to the environment. If there
is substantial moisture regain, some of the liquid must go into the fibers. This may or may not
change the void space in yarns, but it is an additional place for liquid to go and would need to be

considered for, both in storage and in evaporation rate.
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Table 6-1. The trendline from the three-times repeated wicking performance test of EASTMAN
single jersey knit fabric. f(t) is the sum of wicking length function depending on time (unit:

micrometer), and [a, b] is the time range from a to b (unit: min).

Trendline/ .
Modified eq. 6-13 Repeated Fitted equation model* Experimental results of
test plateau stage
a=8.0x10° F(t)exp = 7.6 X 10
Test#1 | [0,240] | b =32 1072 | [64,00] | | Do = 7
1k . Percent error=5.3 (%)
F(t) = —Ep, (1 —_ e_Ea"t) (R _0.993)
(bt @ =89x10° o = a3 100
ma(l-e™) Test#2 | [0,255] | b =3.1x1072 | [74, 0] exp = BT
(R2—0 994) Percent error=7.2 (%)
: 1k, =0.
}Lr?oF(t)—;Ea,—a a="76x10° o 105
Test#3 | [0,327] | b=3.1x107% | [99,00] e =
(R2—0 998) Percent error=1.3 (%)

*Since the duration of plateau region is relatively short (~10 min) compared to the whole
experimental period (> 80 min), two data points were added to extend the plateau regions for two
and three times from the last data point of the time in order to have a better fitted model to the
actual graph (i.e. the data points of 160 and 240 min were added with the same value of the plateau
region, if the last data point of the test #1 in the plateau phase was 80 min.)

In the SWEAT test on the EASTMAN fabric, the wetted area and the individual wet yarn
lengths did not change after 1.5 hours, resulting in reaching a plateau stage, as shown in Fig 6-1c.
The potential evaporation to estimate evaporation rates may be defined as the maximum rate of
evaporation from a pure water surface under given climatic conditions.

Smith et al. developed an evaporation rate equation further in order to investigate the
evaporation mass loss rate per unit area based on the experimental data under the certain
conditions: water temperature was 28.3°C (83°F) and the air temperature varied from 21.6°C to

27.8°C (71°F to 82.0°F), with relative humidity from 51% to 73% [99]:
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o 0:76(0.089 +0.07282 u)(e; — eq)

a

(6-14)
lrg

where E, is the evaporation rate under actual condition (kg/m?2ss), u is the air velocity (m/s) and
Irg4 Is the latent heat of vaporization of water (2260 J/g). Since the SWEAT test was conducted
under the glove bag with negligible air turbulence, the value of E, calculated from eq. 6-14 became
7.45 x 107% kg/m?es (=7.45 x 10~° g/um?ss). When we assumed that the supplied liquid
evaporates at the same rate (50 nl/min=8.3x 10~7 g/s), the calculated value of the wetting surface
area at a plateau stage should be 1.11x 108 um?. Table 6-2 shows the actual wetting area at the
plateau stage from three-times repeated tests (i.e. the range: 0.99x 108 — 1.03 x 108 um?) is

close to the calculated value, 1.11x 108 um?.

Table 6-2. Comparison between the calculated- and the actual-wetting area at a plateau stage from
the three-times repeated wicking performance test of EASTMAN single jersey knit fabric. [a, b]

is the time range from a to b (unit: min). The calculated wetted area was obtained from equation

6-14.
. Calculated wetting area
Repeated test Actual wetting area azt the plateau stage at the plateau stage
(um?) 2
(um?)
Test #1 [64, 0] 1.01x 108
Test #2 [74, o] 0.99x 108 1.11x 108
Test #3 [99,00] 1.03x 108
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Figure 6-1. (a) Average wicking length of individual yarn, including C(+n) and C(-n), separately,

(b) the total actual wicking length of the apparent wicking length of C(n) with C(+n) and C(-n),

and (c) the sum of the total wicking length of all yarns at the given time. (Fabric: EASTMAN

single jersey knit with multi-filament flat yarn, Test #3 video code: SIK_B_1090)
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Figure 6-2. Sum of the total wicking length of all yarn over time for the experimental data of the
SWEAT test (blue line) and the fitted model (red line). (Fabric: EASTMAN single jersey knit with

multi-filament flat yarn, Test #3 video code: SJIK_B_1090).
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Figure S6-1. (a) Average wicking length of individual yarn, including C(+n) and C(—n),
separately, (b) the total actual wicking length of the apparent wicking length of C(n) with C(4+n)
and C(—n), and (c) the sum of the total wicking length of all yarns at the given time. (Fabric:

EASTMAN single jersey knit with multi-filament flat yarn, Test #2 video code: 0425 _003)
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Figure S6-2. Sum of the total wicking length of all yarn over time for the experimental data of the
SWEAT test (blue line) and the fitted model (red line). (Fabric: EASTMAN single jersey knit with

multi-filament flat yarn, Test #2 video code: 0425 _003)
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Figure S6-3. (a) Average wicking length of individual yarn, including C(+n) and C(-n), separately,

(b) the total actual wicking length of the apparent wicking length of C(n) with C(+n) and C(-n),

and (c) the sum of the total wicking length of all yarns at the given time. (Fabric: EASTMAN

single jersey knit with multi-filament flat yarn, Test #1 video code: 0425 _002)
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Figure S6-4. Sum of the total wicking length of all yarn over time for the experimental data of the
SWEAT test (blue line) and the fitted model (red line). (Fabric: EASTMAN single jersey knit with

multi-filament flat yarn, Test #1 video code: 0425_002).
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CHAPTER 7. Conclusions and Future Work

In order to understand the wicking phenomenon in textiles, the yarn-level liquid
movement within a fabric status should be explained based on fiber properties, yarn structure, and
liquid characteristics. Fabric has complicated capillary structures because the twist level and the
cross-sectional area of a yarn within a fabric keep changing over the locations within the fabric.
However, despite the complex capillary channels in textiles, typical wicking performance test
methods such as vertical wicking test (AATCC 197 [6]) and MMT test (AATCC 195 [7]), are too
simple to deal with liquid movement through the complicated structures. Those test methods are
conducted with either infinite reservoir or limited amount of liquid (i.e. liquid droplet) and do not
to represent realistic human sweating, which is continuous liquid flow generated from each sweat
gland.

We reviewed several previous papers regarding the liquid transport mechanism in porous
media for yarn-level and fabric-level, and the liquid movement between two plates to understand
wicking mechanism in-between skin and textile. However, any precedent researches cannot
explain the yarn-level wicking within a fabric status. If we could find a fundamental principle of
wicking phenomenon of textiles based on within-a-yarn and yarn-to-yarn transfer wicking, we
might anticipate how liquid transports through the fabric and aim to control the liquid movement
mechanism.

To mimic realistic human sweating, the SWEAT test method was developed to supply a
continuous microfluidic flow to only a single yarn at a single point within the fabric substrate. This
SWEAT test method avoided the flooding liquid stage by controlling flow rate to be similar to a
single sweat gland and by choosing a similar diameter of liquid source to sweat gland pore size.

With this SWEAT test method, liquid movement along individual yarn within a knit fabric (i.e.
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within—a—yarn and yarn-to—yarn transfer wicking) was observed. Furthermore, we found that
liquid transferred to adjacent yarns only through the direct contact points with adjacent yarns
instead of the relatively big void space in-between yarns. That means that the liquid flow wicks
through capillary channels in-between fibers or peripheral region around fibers.

Moreover, the SWEAT test allowed to find the time-wicking length superposition
principle when continuous liquid flow was supplied to a single point of a course yarn within a knit
fabric. Specifically, the time-wicking length superposition means that liquid wicks within a single
yarn initially, subsequently it spills over to adjacent yarns through contact points, but the wicking
rate in adjacent yarns is identical to the initiated course yarn. Thanks to this principle, we might
anticipate wicking performance and establish a predictive model of wicking performance of
textiles in the future.

From the sum graph of the actual wicking length of all individual yarn, we found that the
sum of wicking length of all yarns follows a one-minus the exponential function of time model
called the SWEAT model, which finally reaches a plateau stage when the wicked area of a
substrate does not change over time. The SWEAT model provides a good conceptual idea
regarding how to describe the wicking behavior of a textile substrate under human sweating
circumstance. However, if we understand two constants’ value, the wetting-area-related constant
(a) and the cross-sectional void space value of a yarn (i.e. porosity in cross-sectional area) (s), we
might anticipate the wicking performance of textiles better considering yarn and fabric structures.
Furthermore, if a fabric substrate can absorb the substantial amount of moisture (i.e. moisture
regain), we need to consider that some of the liquid must go into the fibers (i.e. moisture regain)
in addition to in-between fibers or peripheral region around fibers. According to the evaporation

rate equation (Smith, Jones [99]), the calculated value at a plateau stage is similar to the actual
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wetted surface area of the EASTMAN single jersey knit fabric with multifilament flat yarns. This
required no fitting parameters.

Additionally, the quantitative analysis of wicking video is still a remaining step instead of
visual investigation. With the cross-section images of fabrics, even though we can investigate the
capillary channel profiles, including intra- and inter-yarn spaces, the cross-sectional 3D image of
a fabric through the Nano-CT machine could allow us to understand the accurate open space in
yarn over location and the actual liquid location in the cross-sectional area of a yarn. Moreover, if
the actual liquid distribution in a yarn can be investigated through the Nano-CT technique, it would
help to understand wicking mechanism of textiles much better. Based on the experimental data
and profile information, we might calculate the actual value of capillary pressure and backpressure
considering yarn properties and various textile structures. If that is possible, we could know how
to control liquid movement in textiles for various application purpose.

For further investigation on the yarn-level wicking within fabric, we will simulate adjacent
sweat glands’ effect with multiple syringes as shown in Figure 7-1a. Moreover, we have a plan to
analyze capillary bridge effect between plate and fabric in order to simulate the skin-fabric wicking
behavior (Figure 7-1b).

""""""""""""""""""" . (b) Capillary bridge
Top view Overlapping area
4

i g Fabric
i | ; l I

e . Hot plate I

é
|£ Fabric Liquid flow

Figure 7-1. (a) Future experimental setup for overlapping effect and (b) future experimental setup

for capillary bridge.
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