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Highlights

“What are the main findings?”

e  Eight samples of single jersey knitted fabrics made from polyester yarns with different
levels of texturisation and fibre diameters were examined in a combined wicking and
drying experiment.

e  The quantitative measures extracted from these experiments show that texturised and
non-texturised yarns behave significantly differently.

“What are the implications of these findings?”

e  The wicking and drying properties of fabrics are highly affected by their structure and
can be well correlated with the fabrics” porous properties.

e  The mechanisms observed in this study suggest ways to optimise drying behaviour
by combining yarns and knitted fabric structures.

Abstract

The kinetics of liquid transport in textiles are determined by the thermodynamic boundary
conditions and the substrate’s structure. The knitting process offers a wide range of possi-
bilities for modifying the fabric structure, making it ideal for high-performance garments
and technical applications. Given the highly complex nature of textiles” interaction with
liquids, this paper investigates how fabric structure affects combined wicking and drying
behaviour. This facilitates comprehension of the underlying transport processes on the
yarn and fabric scale, which is important for understanding the behaviour of the material
as a whole. The presented experiment combines analysis of wicking through radial liquid
spread using imaging techniques and analysis of the drying process through gravimetric
measurement of evaporation. Eight samples of single jersey knitted fabrics were produced
using polyester yarns of different texturization and fibre diameters on flat and circular
knitting machines. The fabrics demonstrate significantly different wicking behaviours
depending on their structure. The fabric’s drying time and rate are directly linked to the
macroscopic spread of the liquid. Large inter-yarn pores hinder liquid spread. For the
lowest liquid saturations, the yarn structure plays a critical role. Using fine, dense yarns
can hinder convective drying within the yarn. Textured yarns tend to exhibit higher specific
drying rates. The results offer a comprehensive insight into the interplay between the fab-
ric’s structure and its wicking and drying behaviour, which is crucial for the development
of functional fabrics in the knitting process.
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1. Introduction

Drying textiles is a critical process in terms of both application and processing. The
kinetics of drying are influenced by a number of factors, including thermodynamic ambient
conditions and the structure and material of the substrate. The structure of textile fabrics is
significantly influenced by the material used, the manufacturing process and the finishing
process. Fluid transport in porous materials such as textiles depends heavily on the
structure of the pores. The science of porous media provides a means of understanding the
structural properties of materials in the context of fluid transport. The single jersey fabric
has a porous structure with a bimodal nature. Intra-yarn pores range from 1 to 100 um,
while inter-yarn pores are above 100 um [1].

Single Jersey is a very common, simple, periodic knitting pattern. Figure 1 illustrates
the key elements of knitted fabrics, which affect the wicking and drying behaviour: binding
points where the yarns cross, inter-yarn pores between the yarns, and the yarn alternating
between the upper and lower fabric surfaces.

Single Jersey Fabric Loop Stitch

= Yarn Paths
Binding Points

@ Inter Yarn Pore

@ YarnatFront

Yarn at Back

Figure 1. Microscope images of single jersey fabric and a loop stitch with characteristic elements of
knitted fabrics. Grey lines indicate neighbouring loops.

The knitted fabric’s unique texture, characterised by its meandering stitch, endows the
knitted fabric with exceptional elasticity and drapeability. The yarn’s path from the front
to the back plane facilitates the transport of moisture, while the pores between the yarns
increase the transport of gaseous and liquid fluids through the plane. Liquid is transported
primarily through the intra-yarn pores, while binding points inhibit transport between
yarns [2].

The knitting process is highly versatile and allows for a wide range of modifications to
the material’s porous properties. Due to the wide range of structural properties that textiles
can exhibit, as well as limitations in textile processes, it is challenging to establish specific
structural parameterisation in experiments. Knitted fabrics made from polyester yarns are
widely used in applications where effective moisture, air or liquid transport is essential. These
characteristics are commonly summed up under the concept of moisture management.

Moisture management is a term used to describe the way in which fabrics interact
with liquids in the context of garments. A variety of different experiments are used in
order to quantify the moisture management properties of textiles [3,4] Knitted fabrics in
particular have been investigated in various publications and ranked according to their
wetting behaviour [5-7], water absorption [5,6,8,9], wicking dynamics [5-9] and drying
properties [9,10]. Publications presenting experimental studies provide a description
of the different transport characteristics observed, along with a correlation analysis to
integral fabric parameters such as fabric weight, fabric thickness and porosity, but lack
analysis of structural details. Specific research on the influence of the knitted structure on
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wicking [11-13] and drying [9,14-17] has been reported and is discussed in detail in the
following Sections 2.2 and 2.5.

Although relevant correlations and mechanisms have been reported, the transport
characteristics have not yet been traced back to the quantitative structural properties of the
knitted fabrics. The structure of yarns and fabrics is often not examined in sufficient de-
tail [12-15], or the fabrics examined are made from multiple different fabric materials [9,16],
which limits the general application of the findings on knitted fabrics in general.

2. Theoretical Background: Liquid Transport and Drying in
Knitted Fabrics

2.1. Wetting and Wicking

A significant amount of research has been conducted on the wetting and wicking of
water droplets in the context of printing. Figure 2 illustrates the transient interaction of a
thin, porous substrate (e.g., paper or textile fabric) with a liquid drop. The term ‘Wetting’
refers to the interaction between a liquid and the surface upon initial contact, occurring
outside the substrate. ‘Imbibition’ is the term used to describe the interaction of liquid
within the textile. “Wicking’ refers to the movement of liquid within a textile fabric, while
‘Drying’ refers to the evaporation of liquid from a substrate.

Partially
wettting

Complete Liquid
wetting " Transport

R R

Wicking Phase 1 Wicking Phase 2 Drying

Figure 2. Wetting, imbibition and drying of fibrous media. Schematic wetting and imbibition of
partially wetting and non-wetting porous substrate. Arrows indicate liquid transport.

During wetting, the fibre/air boundary layer is displaced by the fibre/liquid boundary
layer [18]. The most characteristic material property of wetting is the contact angle 8, which
is the angle between the substrate surface and the liquid-air boundary layer. Hydrophilic
surfaces generally have surface angles lower than 90°, typically ranging from 30° (wetting)
to 80° (partially wetting). In contrast, Hydrophobic surfaces have contact angles greater
than 90°. It is important to note that the contact angle is not constant; it decreases as the
shear rate increases [19]. In the case of the wetting of a partially wetting surface, the contact
angle decreases while the droplet radius remains constant. For complete wetting surfaces,
the droplet radius reduces while maintaining a more or less constant contact angle [19].
The imbibition of water drops in hydrophilic and hydrophobic knitted fabrics has been
demonstrated by Liu, who investigated bi-layer fabrics [20]. Birrfelder’s research focused
on investigating horizontal wicking under varying pressures on different knit patterns and
yarns from hydrophobic fibres, utilising X-Ray projection measurements. It was found that
the knit pattern visibly influenced the wicking process, and that wicking was slower in
hydrophobic structures [13].

2.2. Horizontal Wicking

Gillespie identified two distinct phases for the radial, horizontal wicking: during phase
1, the liquid is in the form of a drop on the surface, and the dynamics can be described
as imbibition from an infinite reservoir. In phase 2, the liquid (drop) is fully absorbed
into the substrate, resulting in a decrease in speed [21]. Kissa developed the widely used
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exponential formula for the spread area of a liquid on a thin, porous substrate, as outlined

A=k <‘;)uvmt" (1)

A represents the spread area, k is the capillary sorption coefficient, ¢ is the surface

in Gillespie’s equation.

tension, 7 is the viscosity, V is the drop volume, and ¢ is the time. When the exponents are
derived analytically, u, m and n are found to be 1/3, 2/3 and 1/3, respectively. In the initial
phase of wicking, the coefficient m is set to 0, and the equation reduces to the Washburn
equation for wicking from an infinite reservoir. Following experiments performed by
Kissa., the exponents u, m and n have been established as 0.3, 0.7 and 0.3, respectively, for
n-alkanes spreading on paper [18] Kawase found that Kissa’s formula was applicable to
cotton textiles with water, with the derived exponents depending on ambient conditions,
drop volume, substrate and liquid [22]. The sorption coefficient k is influenced by a number
of difficult-to-derive parameters. As a result, experimental data is often fitted to a simple
exponential equation of time, analogous to Equation (1), by lumping the other coefficients
together. Gongalves discovered multiple spreading phases for multilayer laminates of
textiles and foams with exponents n ranging from 0.08 to 0.33 [23].

As textiles generally have a more heterogeneous bimodal porous structure than paper,
wetting and, in particular, wicking processes become more complex on the microscale.
Capillary forces drive the liquid into the fabric. Initially, parts of the substrate become fully
saturated, meaning that all the pores are filled with liquid. The liquid is then soaked from
the saturated larger pores into the smaller, unsaturated pores. This process is called capil-
lary pumping and has been demonstrated in pore-network simulations [24], fluid micro
experiments [25] and experimental studies of liquid transport in intermingled yarns [2].

2.3. Capillary Transport in Knitted Fabrics

Fibre fineness has a significant influence on liquid transport in knitted fabrics. Sampath
demonstrates that an optimum can be achieved for the spread of liquid in horizontal, radial
capillary transport, which is defined by the yarn fineness. For the E28 single jersey knitted
fabrics made from PES yarns with 34, 48, 108 and 288 single filaments (167 dtex) that were
investigated, a maximum in the spreading area was found in the knitted fabric with 108
single filaments. The influence of the structural parameters of knits, which differ by up to
50% in thickness and up to 35% in mesh density, was not part of the study [26].

Fischer investigates the capillary transport of water between two interlacing yarns in
order to gain a deeper understanding of the transport mechanisms in knitted fabrics. He
validates simulations on ideal yarn loops using X-ray microscope images of a corresponding
element of non-textured yarns. In his simulations on ideal yarns, capillary transport via
the binding points is theoretically impossible. In the experiment, liquid transport occurs
due to yarn rotation, fibre arrangements and contact compression, creating an irregular
contact zone between the yarns. This contact zone deviates sufficiently from the ideal yarn
structure and hinders the transition of liquid from yarn to yarn, but does not prevent it
once a minimum capillary pressure is exceeded as a critical transition point [2].

Parada conducted detailed investigations into the capillary transport of water in knit-
ted fabrics, examining vertical wicking using neutron radiography and X-ray micrography.
The study revealed that, in the case of knitted textiles, intra- and inter-yarn pores form two
distinct wicking fronts during vertical wicking. In these experiments, hydrophilic fabrics
made from polypropylene showed no reproductive wicking behaviour [12].

Kim'’s research focuses on the dynamics of capillary transport in single jersey and
interlock knitted fabrics. She employs a methodical approach, systematically introducing
liquid through an injection needle to replicate the natural process of sweat evaporation.
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It has been observed that the rate of liquid transport in the yarn is reduced by liquid
transfer at the binding points, resulting in non-linear, anisotropic spreading behaviour.
Macroscopically, the liquid tends to be transported in the yarn’s course. In the case of
interlock knitted fabrics, where the yarn changes the fabric side, the liquid is transported
course by course between the sides of the fabric. When liquid is applied by dropping it
from a height of 10 mm, it spreads more in the wale direction because the effective transport
path is shorter in this direction [11].

2.4. Drying of Porous Media

Drying is defined as the process of evaporating liquids from surfaces. Water is the most
common substance used for this purpose. Evaporation requires the liquid to absorb thermal
energy from its surroundings. This energy can be supplied by convection, conduction
or radiation. Drying processes are driven by concentration gradients of the evaporating
liquid. The macroscopic drying rate, N, can be calculated using the Dalton equation for
convective drying.

N=A-: AB (pw,surf - pw,amb) (2)

where A is the area available for evaporation and S is the substance transfer coefficient. The
driving concentration gradient is formed by the partial pressure of water on the surface
Paw,surf and the air py, q,,p. When a porous substrate is wetted and then dried, the mass loss
typically follows the profile shown in Figure 3a. Figure 3b illustrates the interaction of
liquid with the bundles of fibres present in yarn-based textiles.

(b)
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Figure 3. (a) Typical drying curve of porous media and (b) liquid in a yarn cross-section at different
phases of drying. Black dots indicate fibers, blue arrows indicate liquid transport.

The drying process can be divided into several distinct phases. In phase 0, the liquid
spreads in the medium, the fibres are wetted, and thermal equilibrium is reached. Initially,
the available evaporation area is small, so evaporation is minimal. In phase 1, also known
as the constant rate phase (CRP), the porous substrate becomes saturated with water and
evaporation occurs from the surface of the medium. Liquid is brought to the surface by
capillary forces. During this phase, evaporation takes place from a closed liquid surface,
and the drying rate is mostly affected by external mass transport. When the critical moisture
content is reached, the falling rate phase (FRP) begins. Capillary transport collapses, and
the liquid breaks into patches. Drying is then mainly governed by reduced mass transfer
through the dry pore space [25]. The last phase, ‘3’, applies to hygroscopic materials, which
absorb moisture into the substance. This has a significant impact on removing the final
percentages of liquid, particularly from cotton or synthetic cellulosic fibres, but is not
apparent in the drying of polyester fabrics [16].

Fei conducted a numerical pore-scale study of the convective drying of porous media
with bimodal pore sizes. He showed that convection drives the drying process during
the initial constant drying phase (CRP). At lower saturation levels, when the larger pores
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are emptied, drying becomes diffusion-driven. In the FRP, an increase in convective
flow resulted only in a minor increase in the drying rate. He showed in his simulations
logarithmic behaviour in the FRP [27].

2.5. Drying of Knitted Fabrics

In addition to the material and structure of the knitted fabric, the wicking and drying
performance depend on the experimental setup. Drying is typically measured using
a combination of conductive, convective and/or radiative drying methods, alongside
gravimetric determination of mass loss. Some experiments involve the drying of fully
saturated samples hung on a line [28] or placed on a scale, with a specific amount of water
added using a dropper [16]. Other methods involve the application of liquid with a dropper
at a constant rate, simulating the activity of a single sweat gland [11]. As evaporation cools
down the substrate, thermographic experiments have been conducted [14].

Hassan developed a method for determining the quick-dry ability of materials. This
method involves centrifuging wet samples to separate the water at various stages of the
drying process. He expresses concern that drying experiments, which measure drying from
the surface, favour fabrics with good wicking properties. Fabrics were found to exhibit
markedly different drying behaviours, depending on the specific drying experiment that
was used. In the centrifuge setup, non-wetting fabrics made from Coolmax fibre demon-
strated the highest level of performance [29]. Chau constructed a temperature-controlled
drying tester, which enables precise regulation of the specimen holders’ temperature. The
drying test was conducted on 30 knitted and woven fabrics made from multiple fibre
materials. It was found that the drying process exhibited different dynamics at the start
and end, depending on the fabric’s material and structure. In terms of the drying time, the
best-wicking fabrics were favoured [30].

Regardless of the experimental setup for the drying experiment, wetting and wicking
definitely impact the drying of textiles, as they determine the distribution of the liquid
in the knitted structure. Therefore, experimental investigation into drying should take
wicking into account. When integrating wicking and drying experiments, a horizontal
setup from a finite reservoir is beneficial.

Gurudat conducted gravimetric drying experiments and concluded that the drying
rates of knitted fabrics during the CRP, where high saturations are present, are independent
of fibre type, whereas during the FRP, fibre type significantly influences the drying rate.
He studied striped knitted fabrics made from polyester and cotton yarns and found that
they dried up to 16% faster than pure polyester knit. He used thermography to observe
capillary pumping from the cotton regions to the polyester regions [14].

Onal conducted gravimetric drying experiments using knitting patterns of different
weights and thicknesses. Heavier and thicker fabrics tend to take longer to dry [15].

Onofrei conducted an experimental characterisation of the moisture management
properties of special fibres for sportswear. The knit pattern had a minor influence on drying
time, which was also affected by the fibre material used. For Coolmax fibres, she observed a
distinctive point at which the intra-yarn pores are emptied, with FRP starting at a saturation
of 0.2, followed by a second almost linear phase [9]. This observation is a contrast of the
logarithmic behavior reported for a diffusion-driven FRP in multiple works.

Cay conducted drying experiments on five different fabrics made from cotton,
polyester, and viscose. Knitted polyester fabrics dried fastest, followed by lyocell and
polyester blends. Cotton samples took the longest to dry. Although lyocell is a highly hy-
groscopic fibre, the fabric’s fast-drying characteristics were attributed to its loose structure,
which was not documented in detail. He then fitted the drying curves to numerical models
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and found that FRP was best represented by a logarithmic expression for his fabrics and
setup [16].

Chen conducted wicking and drying experiments on fabric samples taken from
sportswear. The fabrics were made from different polyester yarns with different pat-
terns. Although transport properties are correlated with the integral properties of the fabric,
a detailed structural analysis has not been carried out. It was concluded that finer filaments,
proper fabric tightness and a plain knitted structure are beneficial for the development of
an optimum sports T-shirt fabric [17].

2.6. Conclusion and Research Gap

A review of the relevant literature has shown that wicking and drying in textiles are
closely intertwined, given the variety of textile materials and drying experiments. As
fibre material primarily defines wetting and absorbency behaviour, it is most effective to
focus on wicking and drying behaviour with respect to the knitted structure with one fibre
material. No study could be found that focused on the wicking of knitted fabrics, trying to
trace back the observations on the porous structure. We believe such a study would highly
contribute to the development of knitted fabrics.

This publication focuses on the impact of knitted fabric structure in a combined
wetting, wicking and drying experiment. Single jersey knitted fabrics made solely from
polyester have been strictly parametrized by only the loop and yarn structure to investigate
the impact of typical elements of knitted fabrics, such as binding points, inter-yarn and
intra-yarn pores. The porous properties of the fabrics are quantified in terms of the inter-
yarn and intra-yarn pore radii. This structural analysis is essential to comprehend the liquid
dynamics in knitted fabrics. Improving the performance of knitted fabrics and designing
them for specific purposes requires an understanding of these causes and effects.

3. Materials and Methods
3.1. Materials

To systemically parametrize the characteristic elements of knitted fabrics, eight dif-
ferent single jersey knitted fabrics were produced using polyester (PES) yarns on both flat
and circular knitting machines. To investigate the influence of yarn texturisation, smooth
yarns (suffix G) and textured yarns (suffix T) were produced with two different filament
counts. The yarns were drawn from POY yarns with 48 filaments (f48) and 256 filaments
(f256) to yarn linear densities ranging from 180dtex to 196dtex. The textured yarns were
texturized during the drawing process by twist-texturization. Yarns were then knitted on a
flatbed knitting machine with a gauge of E14 (CMS 330 TC, Stoll, Reutlingen Germany),
as well as on circular knitting machines with gauges of E24 (MV4-3.2 16”, Mayer&Cie,
Albstadt, Germany) and E28 (MV4-3.2 30", Mayer&Cie, Albstadt, Germany). For the E14
flatbed knitting machine, the yarns were doubled up to achieve a sufficiently closed fabric
structure, resulting in double the yarn linear density and filament count (PES dtex 186 f48/2
and PES dtex 196 f48/2). After knitting, all fabrics were washed in a fine wash programme
at 30 °C using IEC 63456 Reference Base detergent and air-dried. The parameters of the
fabrics are shown in Table 1.

The fabric thickness ranges from 0.36 mm to 1.01 mm. Texturisation has a significant
impact on thickness, resulting in fabric thicknesses that are almost double for textured
yarns. Porosities ¢ are calculated using Guidoin’s formula from the thickness dr,,, the
density of the polyester fibre pp;p,, = 1.38 ﬁ, and the grammage g, [31].

MEabric
=1 (3)
¢ dFabric * OFiber
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The porosities of the fabrics range from 0.73 to 0.87. Textured yarns and coarse fabrics

tend to have higher porosities.

Table 1. Parameters of Materials.

Sample Name Yarn ‘fﬁ: f:]c 7[;17:3721]6 [(’j] rll)ax]m rl[ngﬁ]it

EZ%zfigfl?LP PES dtex 196 48/1 0.68 148 0.83 30 142
E24f48T PES dtex 196 £48/1 0.79 144 0.87 22 169
E14f96T PES dtex 196 48/2 1.01 196 0.86 37 215
E28f48G PES dtex 184 f48/1 0.36 129 0.73 9 190
E24f48G PES dtex 186 f48/1 0.35 111 0.77 11 208
E14196G PES dtex 186 f48/2 0.47 126 0.81 11 383
E28{256T PES dtex 180 £256/1 0.61 128 0.86 15 153
E28{256G PES dtex 180 £256/1 0.36 135 0.73 6 178

As shown in Figure 4, the structure of knitted fabrics differs clearly between non-
textured and textured yarns. For non-textured yarns, the yarn path and the single jersey
loop shape are clearly visible, as is a distinctive inter-yarn pore in the middle of the loop.
For the textured yarns, the yarn path is difficult to discern. The texturisation process leaves
the yarn with a residual twist that shifts the loop shape. For the E28 machine gauge, the
fine loops in combination with the thick yarn lead to an almost closed fabric surface.

~

Figure 4. Knitted fabrics samples. The loop structure is similar within the fabrics made from
non-textured (suffix G) and textured (suffix T) yarns.

To quantify the bimodal porous structure of the fabrics, the radius of the inter-yarn
pores 7p yar, and the radius of the intra-yarn pores rp g,;; were calculated by the pore
model published in a prior publication [1]. This model uses a correlation of the hydraulic
diameter to calculate the mean pore size, as well as a logarithmic normal distribution for
the intra-yarn pores. An optimised cylinder pore model with normally distributed values
was used to describe the inter-yarn pores. These two pore sizes calculated by the model
are used to quantitatively characterise the porous structure of the knitted fabric [1]. The
non-textured yarns exhibit comparably small intra-yarn radii ranging from 6 um to 11 um
and large inter-pore radii ranging from 190 um to 383 pum. The textured yarns showed
bigger intra-pore radii ranging from 15 pm to 37 um and smaller inter-pore radii ranging
from 142 um to 215 pm. Generally, fabrics made from non-textured yarns are compact with
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small intra-pores, whereas fabrics made from textured yarns are open with larger intra-yarn
pores. Inter-yarn pore radii increase in size with machine fineness. Samples from textured
yarns show comparable large intra-yarn pores and comparable small inter-yarn pores,
which increase in size with machine gauge. Both yarn types exhibit smaller intra-yarn
pores in the samples with finer filaments (£256).

3.2. Sample Preparation and Experimental Setup

As knitted fabrics are elastic, the geometry of the loops changes under tension. To
achieve reproducible loop geometry and prevent the edges of the specimen from curling,
the fabrics were stretched to a tension of 10 N/m (3 N across a width of 33 cm, in accordance
with EN ISO 13934-1 [32]). In this geometrically fixed condition, the fabrics were glued to
an aluminium ring with hot melt. The ring has an inner diameter of 13 cm. Images of the
preparation process can be found in prior publications [33].

As polyester exhibits hydrophobic behaviour, the samples were placed in a vacuum
plasma chamber (Plasma Processor 500E, Technics Plasma GmbH, Kirchheim, Germany)
for three minutes to improve wetting of the fabric. The fabric E28f48T was investigated in
two conditions: with plasma treatment (E24f48T) and without plasma treatment (E28f48T
NP, No Plasma). This was performed to demonstrate the dramatic effect of wettability on
combined wicking and drying behaviour. The fabric E28f48T was chosen for its very closed
structure, which makes it comparable to state-of-the-art sportswear fabrics. Three experi-
ments were conducted on different samples of each fabric type to obtain reliable results.

Within 5 min after the plasma treatment, the samples were placed in a combined
wicking and drying experiment, as shown in Figure 5. Ambient temperature and relative
humidity during the experiments were 24 °C £ 1 °C and 55% = 10%, respectively.

— Housing
A

Camera

Ventilator

@ o % Dosing Needle
i

Fabric Sample on

__-_-_ 1 Sample_ holder
@ Compartment Seperator
— Scale

Figure 5. Experimental setup for combined wicking and drying. During the experiment, the housing
was closed with a light-tight front door.

The experimental setup for the combined wicking and drying consists of a closed
housing with two separate compartments. In the lower compartment, a scale (Bosche
LB-MC) is lifted with a lab jack, positioning the textile surface 2 cm above the compartment
separator. To maintain constant conditions in the upper compartment, two fans generate
a slight airflow of around 0.1 m/s through the housing. After placing the sample, the
housing is closed, and the setup is left for one minute to obtain constant air flow conditions.
Then, 0.203 & 0.005 mL of distilled water is dispensed at a rate of 1 mL/min to the middle
of the specimen. The water is applied through a needle with an inner diameter of 0.2 mm
from a height of 2 cm by an automatic dosing device (LA-100, Landgraf Laborsysteme HLL,
Langenhagen, Germany), located outside of the housing. The weight loss of the sample
is recorded every second. A USB camera (1920 x 1080 px) with a LED ring light takes
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Average Area in cm?

pictures of the sample from above every four seconds. These images are used to obtain
information about the liquid front and the resulting wicking dynamics.

After the experiment, the liquid front is extracted using an imaging algorithm imple-
mented in Python 3.12 [34] using the OpenCV 4.9.0.80 library [35]. Figure 6 shows the steps
of the image manipulation algorithm.

. . 1. Substract 2. Binary .
Calibration Image Grayscale Image Calibration Image Threshold 3. Dilate
N 4N 4
4. Erode 5.Remove Needle 6. Median Blurr

E14-T

Threshold: 3
Dilation Kernel: 5 px
Erosion Kernel: 9 px

Figure 6. Extraction of the liquid front from the images.

Before the dosing begins, a calibration image is taken, and the subsequent images
are subtracted from it. As the contrast is not high enough to determine the liquid front, a
threshold specific to the fabric is applied. White areas are then dilated and subsequently
eroded using fabric-specific kernel sizes. The needle, which was previously extracted from
the calibration image, is removed. A median blur filter is applied to remove residual noise.
Finally, the contour of the liquid front can be extracted from the image. Details of the
filtering functions can be found in the OpenCV documentation [35]. The parameters of
the thresholding, dilation and erosion are fabric-specific because inter-yarn pores strongly
influence the imaging.

4. Results
4.1. Quantitative Analysis

The combined wicking and drying behaviour is analysed using four graphs. Three
different samples of each fabric type were examined, and the mean and standard deviation
of these three experiments were then analysed. Figure 7 shows these measures in the
corresponding graphs. To quantify the wicking and drying behaviour, multiple measures
are extracted from the mean data.
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Figure 7. Calculation of drying and wicking properties from experimental data. (a) average spread
area, (b) mean drying curve, (c) drying rate, (d) characteristic drying curve. Curve denotes mean,
shadow denotes standard deviation of the measurements.
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Figure 7a: The imaging algorithm calculates the average area and plots it over time.
This graph shows the liquids spread across the fabric surface for the first five minutes of
the experiment. A4y is the maximum area of spread calculated from the data. To quantify
the dynamics of the liquid spreading, the times 459 and t 495 are calculated. These times
indicate when the spread area reaches 50% and 95% of A4y, respectively.

Figure 7b: The average weight loss over time is the raw data for calculating the graphs
(c) and (d), and shows the overall drying behaviour.

Figure 7c: The average drying rate over time is calculated from the weight loss data
using Python 3.12. This involves applying a median filter (kernel value: 5) to the raw
data and subsequently applying a LOWESS filter (locally weighted scatterplot smoothing,
kernel value: 0.1). The drying rate is then calculated from the gradient of this smoothed
data. The constant drying rate N is calculated when the area is almost at its maximum.
This is between minutes 5 and 10 for all plasma-treated samples and between minutes 15
and 20 for the non-plasma-treated sample E28f48NP. The specific drying rate # is calculated
by dividing the drying rate N by the maximal spread Ajy to

N

n—=
Amux

(4)

Figure 7d: The normalised drying rate over normalised weight is characteristic of a
substrate’s drying behaviour. The normalised drying rate is the drying rate at a specific
timestamp divided by N. The normalized weight is the average weight at this timestamp
divided by the weight of the initially applied liquid mass. Despite saturations not being
constant across the spreading area, this graph provides insight into the effect of the structure
on drying. This graph uses a logarithmic scale to reflect the logarithmic nature of the FRP
reported by Cay [14], and because the behaviour at small normalised weights is particularly
interesting for textiles. Normalized weight Sy9p, where the normalized drying rate is
reduced to 90%, is calculated as an equivalent to the critical moisture content S,;;, where
the transition between CRP and FRP takes place (see Figure 3a). For effective drying, a
low Spygp is desirable. As an additional measure of the FRP, the saturation at which the
normalised drying rate is 10% of the maximum is denoted Sy19. High values of Sn1g
indicate that a large amount of liquid is drying at a low rate, which delays complete drying.
The slope mpgrp of the decreasing drying rate is calculated using the points Sy9o and Sn1g

in order to quantify the FRP.
0.8

Sn9o — Sn10

(5)

MERp =

The extracted quantitative drying properties from all experiments are shown in Table 2
and are discussed below.

E28f48G has the highest constant drying rate N of 12.27 =8  which correlates well
with its highest maximum spread A x of 59.0 cm? being the highest among all fabrics.
Other fabrics made from non-textured yarns have comparable drying rates and spreads,
except for E24f256G, which exhibits a lower spread and drying rate. Textured yarns have
significantly lower spread and drying rate due to their higher thickness. For the samples
made from textured yarns, the finer fabrics E28f48T and E28{256T show the highest spreads
and drying rates. The fabric without plasma treatment, E28f48TNP, exhibited the smallest
spread and constant drying rate.

The specific drying rate is lowest for fine gauge fabrics made from non-textured yarns
B28f48G and E24f48G at 0.21 —£—; and highest for E14f96T at 0.28 —5—, E14{96T is

the thickest of all fabrics, which shows that the thickness does not necessarily inhibit the

drying process as reported by Onal [15].
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Table 2. Specific drying quantities of the fabric samples.
Sample N Amax n tas0 taos Sn9o Sn10 MERP

Name mE md L] s [s] -] -] [-]
E28f48T NP 5.08 19.0 0.27 44 312 0.15 0.013 57
E28f48T 7.44 32.8 0.23 20 68 0.16 0.008 53
E24f48T 6.63 26.5 0.25 20 128 0.19 0.018 4.5
E14f96T 6.03 21.2 0.28 20 88 0.17 0.015 5.1
E28f48G 12.27 59.0 0.21 24 92 0.24 0.021 3.6
E24£48G 11.98 56.9 0.21 32 132 0.23 0.029 3.9
E14£96G 12.01 54.0 0.22 72 184 0.29 0.065 3.6
E28f256T 7.59 32.8 0.23 20 112 0.27 0.017 3.2
E28f256G 8.92 39.5 0.23 24 84 0.27 0.016 3.2

Initially, all plasma-treated fabrics made from textured yarns exhibit similar spreading
dynamics with a t 450 of 20 s. The non-plasma-treated sample E28f48TNP wicks significantly
more slowly with a t 450 of 44 s. Fabric made from non-textured yarns shows significantly
higher t 459 values, ranging from 24 to 72 s. Early wicking dynamics increase with machine
gauge and are independent of filament count.

The late dynamics of the spread, as indicated by ¢ 495, show a similar trend as that of
t 50 for the non-textured yarns: f 495 increases with machine gauge. The sample with the
fine filaments E28{256G wicks slightly lower than E28f48G. For the textured samples, the
dynamics are significantly slower at the finer filaments sample E28f256T at 112 s compared
to E28f48T at 68 s. Consequently, the impact of fine filaments on wicking dynamics differs
between textured and non-textured yarns. Highest value with a f 495 of 312 s is shown by the
non-plasma treated sample E28f48T NP. This demonstrates the importance of wettability in
facilitating the rapid distribution of liquid in fabric, as compared to the impact of structure
on liquid spread.

Snoo is the measure that expresses the transition from CRP to FRP. The highest value
is measured with a value of 0.29 for the coarsest fabric from the non-textured yarn E14f96G,
indicating a short CRP and a long FRP. Slightly lower values are measured on the samples
with the fine filaments, with 0.27 for both E28f256T and E28f256G. Low values of Sygg are
measured for the samples made from textured yarns, with E28f48TNP showing the lowest
value of 0.15. The highest values of Sygg and Sy1g are shown by E14f96G and E28{256G,
indicating that a large amount of liquid is wicking into the yarn and is not immediately
available for evaporation at the surface. This suggests that fine filaments and thick, compact
yarns ultimately slow down fabric drying.

Analysing the slope of the FRP shows that the highest value of mrgrp on the non-
plasma-treated specimen E24f48T NP. Combined with the lowest Syyqq, this fabric remains
in the CRP for the longest at a constant drying rate before dropping quickly to almost zero.
Within the fabrics made from the same yarn type (G, T), similar slope values indicate that
drying in the FRP is significantly influenced by the yarn structure. For both G and T yarn
types, fabrics made from finer filament yarn show similar, significantly lower values of 3.2
for mprp. This suggests that in the FRP, drying is inhibited by the diffusion-driven liquid
transport in the yarn, which is reduced in the smaller intra-yarn pores.

4.2. Qualitative Analysis of Wicking Fronts and Local Saturation

Figures 8 and 9 show images at the imaging step of the thresholding process for
non-textured and textured yarns, respectively. Images after the dosing and at the specific
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timestamps discussed in Section 3.1 are shown to analyse the macroscopic form of the
wicking fronts and liquid distribution in the wetted fabrics.
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Figure 8. (a-x) Images of non-textured yarns after the thresholding step. The weft direction is
horizontal and the warp direction is vertical. Air flow direction is horizontal. The white areas around
the nozzle are reflections of surface water. Side length of the images is 10 cm x 10 cm.

Fabrics made from non-textured yarns, as shown in Figure 8, generally have a larger
spread than fabrics made from textured yarns, as shown in Figure 9. The macroscopic
shape of the spread area for coarser fabrics made from non-textured yarns, such as E14f96G
and E24f48G, is elliptical, with greater spread in the weft direction (see Figure 8c,i). This
correlates with the size of the inter-yarn pores, which facilitate the main transport of liquid
through the yarn. For the coarser yarn in fabric E24f48G, the main direction of spread is in
the warp direction. Liquid transport from yarn to yarn at the binding points is apparently
facilitated by the coarser filaments. For the finer filaments in fabric E28{256G, however, no
main direction can be observed as the liquid front is almost circular.

The presence of water in the inter-yarn pores creates mirroring effects, resulting in
bright spots around the needle (see Figure 8a,g). In the case of fabric E14f96G in particular,
the inter-yarn pores remain saturated with liquid for a long time, and a distinct liquid front
is visible between the filled and unfilled pores (Figure 8b), as reported by Parada [12]. For
finer fabrics, however, this front is more fractal and disappears earlier as the liquid soaks
into the intra-yarn pores (see Figure 8h,i).

The fabrics made from textured yarns exhibit significantly different macroscopic
shapes of wicking fronts, as can be seen in Figure 9. The skew of the E24f48T knitted fabric
appears to influence the direction of wicking (see Figure 9g-1), with the main direction
being the warp direction (vertical in the image). This effect is less pronounced for the finer
E28f48T and E28f256T fabrics, where the inter-yarn pores are rather small. For all fabrics
made from textured yarns, a contrast gradient is visible from the tip of the needle to the
wicking front. The local brightness correlates qualitatively with the local saturation in the
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binarized images after thresholding. Different wicking fronts as reported by Parada can
be qualitatively observed for all plasma-treated samples from textured yarns at different
times, e.g., E14f96T (Figure 9b,c), E24f48T (Figure 9i), E28f48f48T (Figure 9u), E28f256
(Figure 9aa). The gradient of the local saturation gradient appears wider for the finer
filaments of E28f256T (Figure 9aa) and is almost non-existent for the non-plasma-treated
specimen, E24f48T NP (Figure 90). The saturation gradient diminishes at the end of the
drying process, while the spread area remains constant (e.g., Figure 9c vs. Figure 9e).
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@ s :
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E28f256T E28f256T E28f256T E28f256T E28f256T E28f256T
(¥) Dosing (16s)  (2) 50 (205) (@d)  tug5 (1125) (@b) N (452s) (ac) Sygg (1216s) (ad) Sy10 (1972s)

Figure 9. (a—ad) Images of fabrics made from textured yarns after the thresholding step. The weft
direction is horizontal and the warp direction is vertical. Air flow direction is horizontal. Side length
of the images is 10 cm x 10 cm.

5. Discussion
5.1. Wetting Behaviour

As mentioned in the introduction, wetting and wicking depend on the surface en-
ergies of the wetted surface and the wetting liquid. During plasma treatment, the fibre
surface becomes more hydrophilic. Figure 10 shows the experimental results for the more
hydrophilic sample E28f48T (with plasma treatment) and the more hydrophobic sample
E28f48T NP (without plasma treatment).

As can be seen in Figure 10a, the two samples exhibit significant differences in the
wicking dynamics. The plasma-treated sample shows faster expansion of the liquid front
and a maximum spread area that is almost twice as high. The improved wettability of the
plasma-treated sample enhances capillary transport, thereby increasing the area available
for evaporation and leading to faster drying (see Figure 10b). Due to slower wicking, it
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takes longer for the drying rate to stabilise at the beginning of Figure 10c. The slower
expansion of the fluid in the non-plasma-treated fabric results in a distinctive phase with
an increasing drying rate at high normalised weights, as shown in Figure 10d. Capillary
pumping is usually more prevalent for hydrophilic materials [25], which can explain the
increased drying rate at low normalised weights for the plasma-treated sample. These
findings are consistent with the slower water absorption observed in hydrophobic knitted
fabrics by Birrfelder [13].

(b)

a
a

o
S

o
=3

w
S

Average Area in cm?
o »
5 5

-
o

N
o
)

,_.

~

in
-
=)

2o e
N o N o
n o U o
o 4
IS ©

n
o

0 E28f48T NP

—— E28f48T

Normalized Drying Rate
5 S

N

o
N
n

Average Weight in mg
8
Average Drying Rate in mg/min

o
o

D

- S -
S oS o

«
o

Average Area in cm?
o on W s
o o o o

o

1

2 3
Time in min

4

5 00 10 20 30 40 50 60 o 10 20 30 40 50 60 107t 10°

Time in min Time in min Normalized Weight

o
=
°

2

Figure 10. Experimental results on fabric E28f48T with (hydrophilic) and without plasma treatment
(hydrophobic). (a) average spread area, (b) mean drying curve, (¢) drying rate, (d) characteristic
drying curve. Solid curves denote mean, shadows denote standard deviation of the measurements.

5.2. Yarn Texturisation and Fabric Structure

Although samples E24f48G and E24f48T have very different yarn structures, they were
produced using the same knitting parameters on the same machine. Figure 11 shows the
combined drying and wicking behaviour.
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Figure 11. Experimental results of single jersey knitted fabrics made from textured yarn E28f48T
and non-textured yarn E28f48G. (a) average spread area, (b) mean drying curve, (c) drying rate,
(d) characteristic drying curve. Solid curves denote mean, shadows denote standard deviation of the
measurements.

The smooth structure of the sample E24f48G creates large inter-yarn pores, whereas
the textured structure of E24f48T creates smaller ones. The E24f48G has a spread area that
is more than double that of E24f48G, mainly induced by the large inter-yarn pores that are
not filled with liquid. Spread areas in Figure 11a correlate well with fabric thickness, which
is more than twice as high for fabric made from textured yarn with 0.79 mm for E24f48T in
comparison to 0.35 mm for E24f48G. As the wicking path has to follow the yarn around the
inter-yarn pores, it takes longer to reach the maximum spread. Drying rates in the CRP
correlate well with the spread area, as shown in Figure 11c. The looser structure drying
faster matches the findings of Cay [16].

As liquid is not present in the bigger inter-yarn pores of the fabric E28f48G, this surface

mg
min-cm?2

of E28f48T. For the other machine gauges, the specific drying

cannot contribute to evaporation, and the specific drying rate is lower with 0.21
mg
min-cm?

compared to 0.23
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rate is also higher for the textured yarns. In general, a closed surface with small inter-yarn
pores and bigger intra-yarn pores is beneficial for achieving a high specific drying rate in
the CRP.

Figure 11d shows that the drying rate decreases at a higher normalised weight for the
non-textured yarn in E28f48G at the end of the FRP. The intra-yarn pores are smaller for
E24f48G and larger for the textured E24f48T. This indicates that the dense fibre packing
in the non-textured yarn of E24f48G inhibits the transport of liquid from the inside of the
yarn to the surface.

5.3. Fibre Diameter

Samples of textured yarn with 48 or 256 filaments at comparable yarn linear density
are knitted on an E28 circular knitting machine. The resulting fabrics have comparable
thicknesses of 0.83 mm for the E28f48T sample and 0.86 mm for the E28f256T sample. While
the fabric structures are similar, the E28f256T sample has a slightly more open structure
with larger inter-yarn pores (see Figure 4).

The area spread in Figure 12a and the drying in Figure 12b,c are almost identical.
Sample E28f256T shows a slightly slower spread in the initial minutes. Even though the
area spread is similar, the liquid distribution is different for the two fabrics. This is visible
by the more pronounced saturation gradient visible in Figure 9ab for E28f256T compared
to Figure 8v at E28f48T. Those differences are probably resulting from smaller intra-yarn
pores in E28f256T.
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Figure 12. Experimental results of single jersey knitted fabrics made from textured yarns with coarse
filaments E28f48T and fine filaments E28f256T. (a) average spread area, (b) mean drying curve,
(c) drying rate, (d) characteristic drying curve. Solid curves denote mean, shadows denote standard
deviation of the measurements.

The normalized drying rate in Figure 12d has significantly smaller values in the FRP
for the fine filament fabric E28256T. This drop in the drying rate is caused by the smaller
pores in the yarn, which inhibit gas transport from inside the yarn to the surface.

For fabrics made from smooth yarns, the fibre count was 48 and 256 filaments in
samples E28f48G and E28f256, respectively. The fabric structure is almost identical, with
E28£256G having slightly larger inter-yarn pores with radii of 190 pm compared to E28f48G
with 178 pum, due to a more compact yarn structure. The fabric thicknesses, grammage and
porosity are comparable.

The liquid front spreads significantly faster in the samples with coarse filaments
(E28f48G), visible in Figure 13a. As the intra-yarn pores are larger, the viscous forces
inhibiting transport are smaller. However, the maximum spread is smaller for the E28f48G
sample at comparable inter-yarn pore radii, suggesting that the E28f256G yarn can hold
more liquid. The yarn diameter of the E28f256G sample is visibly larger and is likely to
become more saturated due to the high capillary pressure in the fine intra-yarn pores.
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standard deviation of the measurements.

Resulting from the spread, the drying finishes faster, and a higher constant drying rate
in the CRP (Figure 13c) is reached for the fabric from coarser filaments E24f48G (Figure 13b).
E28£48G stays up to higher normalized weights in the CRP (Figure 13d) whereas the drying
rate drops slowly from the beginning in the fabric with the finer filaments E28{256G. At the
end of the FRP, the fabric E28{256G dries at higher normalized drying rates, which is likely
induced by improved capillary pumping to the surface due to the small intra-yarn pores.

The impact of fibre diameter on drying behaviour is significant for both textured and
non-textured yarns. For both types of yarn, the spread rate decreases for finer filaments
due to increased viscous forces in the relatively smaller inter-yarn pores. For both types of
yarn, samples with coarser filaments remain in the CRP up to higher normalized weights.
Ultimately, coarser filaments dry at higher normalised drying rates for textured yarns,
while finer filaments dry at higher normalised drying rates for non-textured yarns. This
contradicts the findings of Chen, who recommended finer filaments, proper fabric tightness,
and a thin, plain knitted structure for optimum sports T-shirt fabric with quick-drying
properties [17]. This indicates that the optimal fibre diameter for effective drying depends
on the structure of the yarn and the structure of the fabric.

5.4. Machine Gauge

The size of the knitted loops and the thickness of the fabric are both affected by the
machine gauge. These geometric parameters significantly impact through-plane trans-
port [33]. For the fabrics made from textured yarn, fabric thickness and the radius of the
inter-yarn pores increase with machine gauge, while the porosity remains at comparable
values between 0.83 and 0.87.

Thinner fabrics have a larger spread area due to their lower thickness and the resulting
lower absorption capacity (Figure 14a). The drying behaviour of the fabrics is comparable
for fabrics E14f96T and E24f48T (Figure 14b). However, fabric E28f48T, which has signifi-
cantly smaller inter-yarn pores, dries the fastest. E14f96T has the highest specific drying
rate of 0.28, although it is the thickest among all samples. The large inter-yarn pores in
this fabric facilitate drying by increasing the surface area available for evaporation. In
addition, this fabric type has the most pronounced surface topology, which could also
benefit the drying.

Drying rates (Figure 14c) and normalised drying rates exhibit similar behaviour.
Normalised drying rates (Figure 14d) show higher values at lower normalised weights for
fine E28f48T. This can be explained by a comparably high intra-yarn pore radius combined
with the smallest thickness, which leads to a homogeneous open structure with small
diffusive resistance and length.
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Figure 14. Experimental results of single jersey knitted fabrics made from textured yarns on fine
gauge E24f48T and coarse gauge E14f96T. (a) average spread area, (b) mean drying curve, (c) drying
rate, (d) characteristic drying curve. Solid curves denote mean, shadows denote standard deviation
of the measurements.

Samples of machine gauge E28f48G, E24f48G and E14f96G have been produced using
smooth yarns. The E14f96G fabric made from doubled yarn has slightly higher thickness
and porosity. The fabrics’ structure is comparable, with inter-yarn pore radii of 383 pm for
E14£96G, 208 um for E24f48G, and 190 um for E28f48G, which are significantly larger than
those in fabrics made from textured yarns. Intra-yarn pores show comparable small radii
ranging from 9 um to 11 um.

The spread of the liquid front (see Figure 15a) initially grows more slowly with
increasing inter-yarn radius. For fabrics made from non-textured yarns, the liquid only
moves through the yarns, so it has to take the longer route around the inter-yarn pores.
The maximum area increases slightly for the finer E28f48G. The drying behaviour shown in
Figure 15b is qualitatively similar for all fabrics made from non-textured yarns, exhibited by
a significant kink between CRP and FRP. After the kink, in the drying curve again is almost
linear, which can also be seen by a second phase of constant drying rate at low normalized
weights in Figure 15d. This has also been reported in experiments on fabrics made from
Coolmax fibres by Onofrei [9]. For his Coolmax fabrics, the kink was observed at a higher
normalised weight of about 0.2, as the fractal structure of the fibres can potentially hold
more liquid.
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Figure 15. Experimental results of single jersey knitted fabrics made from non-textured yarns on fine

gauge E24f48G and coarse gauge E14f96G. (a) average spread area, (b) mean drying curve, (c) drying

rate, (d) characteristic drying curve. Solid curves denote mean, shadows denote standard deviation

of the measurements.

Initially, the fabrics exhibit a distinct phase of increasing drying rate, which is most
pronounced for the fabric with the slowest spreading rate, E14f96G (Figure 15c). Constant
and specific drying rates are comparable for these fabrics, indicating that inter-yarn pores
do not significantly impact the CRP for this yarn type. Figure 15d shows the impact of
yarn diameter. The fabric with doubled yarn E14f96G exhibits a very steep decrease in
FRP, as indicated by its highest Sx19, value of 0.065. The finest fabric, E28f48G, exhibits a
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very slight phase of a significantly lower normalised drying rate, which is surprising given
that its structure is similar to that of E24f48G and the same yarns have been used. Visible
differences in macroscopic spread (see Figure 8k—q) and the smaller inter-yarn pores could
explain accelerated drying of the late FRP of fabric E28f48G.

The machine gauge affects the fabric structure, resulting in larger pore radii for both
textured and non-textured yarns with a higher gauge. The thickness of the fabrics made
from textured yarns increases significantly as well, resulting in different spreads and
consequently different drying rates. As the fabric structure and macroscopic spread differ,
the results are less clear. However, fabric thickness does not significantly reduce drying
speed in the form of the area-specific drying rate. For non-textured yarn samples, the
spreading dynamics are greatly affected by smaller intra-yarn pores. A second constant
drying phase with a very low absolute drying rate could be observed. Capillary transport
in the smaller intra-yarn pores apparent in this yarn type significantly reduces drying in
this phase. Drying times increase with thicker yarns due to longer capillary paths.

6. Conclusions

The results and discussion reveal a close relationship between wicking and drying in
knitted fabrics, influenced by the structure of the yarn and fabric. The following conclusions
can be drawn from the experiments conducted in this study:

o  Good wettability increases spreading dynamics and maximum spread in the CRP.
The spread area determines the effective drying rate in the CRP and the absolute
drying time.

e  Fine filaments inhibit the spread of liquid in the fabric and therefore reduce the drying
rate in the CRP. However, fine filaments seem to have a contrary impact on the FRP
depending on the yarn structure.

e  Fabrics made from textured yarns exhibit the classic FRP behaviour of a constantly
falling drying rate, as reported in previous studies on this topic.

e  Fabrics made from non-textured yarns show two phases of constant drying rate. The
latter has a significantly lower rate, resulting in long drying times for the final few
percentages of residual liquid. The yarn diameter significantly affects the appearance
of this phase.

e The inter-yarn pores have a significant impact on the orientation and size of the
macroscopic spread of liquid in knitted fabrics, as liquid cannot pass through inter-
yarn pores larger than a certain size, and must follow the tortuous yarn path. This can
be observed in fabrics with different yarn structures and machine gauges.

e Intra-yarn pore sizes affect the liquid spreading dynamics and the late drying stages
of the FRP.

e  Ultimately, the structure of the fabric and its combined wicking and drying behaviour
are affected by the parameters of the material, the yarn-forming process and the
knitting process. It was found that the structural measures of intra-yarn and inter-yarn
pore radii assist the comprehension of liquid transport mechanisms in knitted fabrics.
Therefore, the mechanisms observed in this study motivate the optimisation of drying
behaviour by combining different structures to achieve the desired properties.

The findings of this research are not limited to knitted fabrics but can be applied to
woven fabrics, which also exhibit both inter-yarn and intra-yarn pores. The findings in
Chapter 5.3 concerning the influence of fibre diameter could be applied to non-woven
fabrics. The limitations of this study are the structural differences in fabrics made from
textured yarns, which exhibit different loop geometries and skew. A more consistent loop
structure would be beneficial for future experiments. Normalised weights are treated as
saturations, even though the spread shows an inhomogeneous distribution of the liquid.
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Conducting experiments with initially fully saturated samples would improve the inter-
pretability of normalised drying curves. However, the values of very low normalised
weights are subject to high uncertainty, as the measured values are within the magnitude
of the scale’s resolution.

Future research should focus on extracting local saturation from camera images and
then identifying regions with saturated and unsaturated inter-yarn pores. Using a high-
resolution camera could improve the observation of liquid distribution. Future work on
knitted structures should focus on the impact of wettability on different yarn types, as well
as the effect of loop length and patterning on wicking and drying processes.
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