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Abstract

In the context of global climate change, high-temperature conditions are becoming
increasingly prevalent. Outdoor workers during summer months frequently encounter
extreme heat conditions that significantly affect comfort levels, with severe cases
potentially leading to heat exhaustion or even life-threatening heat stroke. Acting as a
second skin for the human body, clothing plays a critical role in maintaining
thermoregulatory and moisture comfort. However, current garment technologies often
fail to address thermal and moisture regulation requirements during heavy perspiration.
Conventional moisture management textiles typically operate by rapidly transporting
sweat away from the skin surface and facilitating quick liquid spreading for enhanced
evaporative cooling. Nevertheless, these traditional fabrics exhibit significant
limitations when excessive sweating takes place. When wet with excessive sweat, they
become heavy, clingy, and uncomfortable after-chill against the skin. Prolonged wear
of sweat-soaked garments may also cause potential health problems. Furthermore,
unlike human skin, existing thermoregulatory textiles lack the ability to dynamically
adjust their moisture management performance in response to temperature variations,
which substantially restricts their practical utility in various applications. An ideal
moisture management fabric should dynamically regulate the liquid water transport
properties in response to temperature variations like human skin. If the moisture
management fabric could enhance liquid water transport property at higher
temperatures while suppressing liquid water transport to reduce evaporative cooling at

lower temperatures, it will critically improve thermal and moisture comfort. This
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research aims to develop temperature-responsive skin-like directional flow and water
repellent fabrics as well as understanding the underlining mechanisms of its unique
directional liquid water transport and water repellent properties. The research contains
three parts: (1) development of fabrication method of skin-like fabrics for scalability,
(2) development of poly([2-(Methacryloyloxy)ethyl] dimethyl-(3-sulfopropyl)
ammonium hydroxide) (PDMAPS)-based temperature-responsive skin-like fabrics,
and (3) development of poly(acrylamide-co-acrylonitrile) [poly(AAm-co-AN)]-based

non-ionic temperature-responsive (NiTR) skin-like textiles.

To address the issues of conventional moisture management fabrics (e.g.,
heaviness and wet clinginess when saturated with sweat), skin-like fabrics have already
been reported in previous work. However, the existing plasma-based fabrication
method presents several drawbacks, including high energy consumption, low
production efficiency, and poor durability. This study improved the fabrication process
of existing skin-like fabric, proposing a new polyvinyl alcohol (PVA)-based fabrication
approach of skin-like fabrics. First, PVA solution was printed onto the fabric surface by
screen printing technique as a coverage pattern, followed by hydrophobic treatment via
dip coating. After hot washing for the removal of PVA, the covered areas by PVA
formed gradient wettability channels. These channels enabled directional liquid water
transport from the inner side to the outer surface of the fabric, where droplets
accumulated and rolled off, while most areas remain dry, which effectively prevented
moisture-induced heaviness and coldness. Additionally, the predominantly

hydrophobic outer surface provides water repellency against contamination. The
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wettability, directional liquid transport property, water repellency, and air permeability
of the prepared skin-like fabric were evaluated This method offered simplicity, cost-
effectiveness, and compatibility with various substrates. The resulting samples

demonstrated excellent durability and showed potential for industrial-scale production.

To achieve the temperature-responsive property on the skin-like fabric,
zwitterionic upper critical solution temperature (UCST)-type temperature-responsive
polymer PDMAPS was grafted onto the surface of the skin-like fabric using a “grafting-
from” approach. Before the grafting process, 3-(trimethoxysilyl) propyl methacrylate
(TMSPMA) was applied onto the fabric as a coupling agent to enhance grafting
durability. The TMSPMA-treated fabric was then dip-coated with the [2-
(Methacryloyloxy)ethyl] dimethyl-(3-sulfopropyl) ammonium hydroxide (DMAPS)
monomer solution and subjected to ultraviolet (UV)-initiated graft polymerization,
resulting in (PDMAPS)-based temperature-responsive fabric. The fabricated fabric not
only remained the characteristics of skin-like fabric but also exhibited dynamically
switchable moisture management properties in response to temperature changes. At
higher temperatures, the fabric demonstrated enhanced liquid water transport efficiency,
while at lower temperatures, it showed decreased liquid water transport capability and
improved water repellency. The directional liquid water transport property, temperature
responsiveness, water resistance, air permeability, and handle of the fabric were
systematically evaluated. The mechanism of the temperature-responsive directional
liquid transport property of the fabric was also discussed. This functional fabric holds

potential as a multifunctional smart moisture management textile, particularly suitable
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for next-generation intelligent sportswear applications. The combination of
temperature-responsive behavior with inherent skin-like fabric properties offers

promising opportunities for advanced textile development.

The (PDMAPS)-based temperature-responsive fabric, while offering advantages
such as easy preparation and rapid temperature response, exhibits sensitivity to
electrolyte concentration variations due to its zwitterionic nature. Since human sweat
electrolyte levels fluctuate with health status and exercise intensity, the practical
applications of (PDMAPS)-based temperature-responsive fabrics are limited. To solve
this problem, we developed a non-ionic UCST-type temperature-responsive fabric. The
non-ionic UCST-type temperature-responsive polymer, poly(AAm-co-AN) was grafted
onto the cotton knitted fabric for the first time via a novel site-specific grafting method.
The fabric underwent mixed silane pretreatment before grafting with the polymer,
followed by photo-initiated grafting of poly(AAm-co-AN). The mixed silane contains
a hydrophobic silane to adjust the fabric surface wettability, a grafting-functionalized
silane to control the concentration of grafting sites on the fabric surface, and a silane
crosslinker to increase the coating stability. By adjusting the ratio of the hydrophobic
silane and the grafting-functionalized silane, the grafting ratio of poly(AAm-co-AN)
could be controlled, enabling the surface to achieve stable temperature-responsive
performance. By precisely controlling both the silane composition and acrylamide-to-
acrylonitrile (AAm:AN) ratio, we fabricated NiTR fabrics with tunable transition
temperatures, excellent reversibility, and remarkable electrolyte stability. The resulting

smart textiles demonstrate superior performance in various applications including being
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used for the substrate of skin-like fabric for personal moisture management, smart oil-
water separation and advanced wound dressings, representing significant

improvements over conventional temperature-responsive fabrics.
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Chapter 1 Introduction

1.1 Research Background

As the second skin of people, clothing has the ability to regulate thermal and
moisture balance of human body* 2. With the development of living standards, wearing
comfort of clothing has become increasingly important®®. In Hong Kong's subtropical
climate, outdoor workers frequently experience excessive sweating due to prolonged
heat and humidity exposure. Construction workers, for instance, endure intense
physical exertion while handling heavy materials under direct sunlight, often leading to
severe perspiration. Similarly, patrolling police officers face constant sweat
accumulation during their extended outdoor shifts, particularly when wearing
protective gear. Other vulnerable occupations include road maintenance crews, delivery
couriers, and city cleaners subjected to an environment that causes excessive sweating
and associated thermal discomfort. Moisture management fabrics play an important
role in thermal and moisture regulation. This kind of fabric has the capacity of
absorbing moisture away from the skin, spreading moisture over a large surface area
and then drying the sweating quickly. Most of these fabrics exhibit directional liquid

transport property® ’.

Directional liquid transport is a considerably common phenomenon in nature® °.
For example, body fluids can be directionally transported through biochemical
membranes?®, water can be directionally transported from the root of the plant to the

stem and leaves™, spider silk can drive water droplets directionally*?. In the area of
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textile science, directional water transport properties of textiles are important factors
for thermal and moisture comfort. For moisture management fabrics, sweat should be
transported from the close-to-skin side to the outer side of the fabric but cannot be
transported in the reverse direction. However, the traditional moisture management
fabric with directional water transport properties has an all hydrophilic outer surface,
so it is easily contaminated and could not resist external water. Furthermore, the fabric
will be clammy, clingy and heavy after the outer surface is saturated. It may cause health
problems. Therefore, it is critically important to establish a next generation moisture

management fabric that can address current challenges.

As the second skin of the human body, ideal clothing should have the function of
dissipating heat at a higher temperature and keeping warm in a cold environment® 13 14,
If the moisture management fabrics can regulate their moisture management property
with the change of temperature, their performance will be enhanced in many
applications. To achieve this temperature-responsive property of the fabrics, one
simpler way is to coat a layer of polymer with temperature-responsive properties on the
surface of the fabric. These polymers are then able to change their wettability with the
change of environment. Many researchers applied such polymers to different surfaces
to achieve a reversibly switchable wettability surface for self-cleaning, microfluidic
tools, tunable optical lens®. However, significant challenges arose when applying these
polymers to textiles, particularly in achieving the desired hydrophilic-hydrophobic
balance on the fabric surface and ensuring durability of the coating. These limitations

currently hinder the advancement of temperature-responsive functional textiles.
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1.2 Research Challenges

Generally, there are two key driving forces of the directional liquid transport,
namely, the mechanical or capillary pressure and chemical potential, as well as the fluid
surface tension and wetting behaviour®®. Therefore, to achieve the directional liquid
transport in fabric materials, it is essential to engineer the difference of these driving
forces between two sides of fabrics through two primary approaches: One is
constructing a surface energy difference (wettability difference) on both sides of the
fabric, the other one is building a structural difference (pore size difference) through
the cross-section direction of the fabric'” 8. These strategies are both able to be
accomplished via surface modification (e.g., plasma treatment!®) and multi-layer
composition (e.g., layer by layer electrospinning®). These directional water transport
fabrics have been widely used in areas including moisture management clothing®,
moisture sensor?!, oil-water separation??, fog harvest?®. However, conventional
directional liquid transport fabrics with fully hydrophilic outer surfaces present several
critical limitations, as described in Section 1.1. To solve these problems, our group
developed a “skin-like” fabric?* by mimicking the one-way liquid transport property of
human skin. Using selective plasma treatment, gradient wettability channels were
developed on a hydrophobic cotton fabric. Water can be easily transported from the
close-to-skin side to the outer side through the wettability channels, but the fabric has
an excellent water repellency due to the mostly hydrophobic outer surface. Nevertheless,
it is difficult to achieve the large-scale production of the fabric, and the water transport

property of this fabric is not stable due to the aging of plasma. Furthermore, the “skin-
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like” fabric could not regulate the moisture management property according to the

change of temperature like real human skin.

Numerous studies have successfully fabricated temperature-responsive fabrics by
coating temperature-responsive polymers onto textile surfaces. The surface roughness
or chemical groups of these temperature-responsive polymers can be altered with the
change of temperature. Hence, the surface wettability of these polymers can be easily
changed as temperature changes. Generally, the temperature-responsive polymer can
be divided into two categories, i.e., lower critical solution temperature type (LCST-type)
polymers and upper critical solution temperature type (UCST-type) polymers®. LCST-
type polymers refer to polymers which are hydrophobic at a higher temperature and
hydrophilic at a lower temperature, whereas UCST-type polymers have the opposite
properties?®28, The surface coated by these polymers have the capacity of changing the
surface wettability as the temperature changes. While there are numerous reports on
LCST-type polymers, such as poly (N-isopropylacrylamide) (PNIPAAM)?*-32 UCST-
type polymers are more suitable for smart moisture management textiles due to their
property of being hydrophilic at higher temperatures and hydrophobic at lower
temperatures. However, research on UCST-type polymers is relatively limited due to

challenges in fabrication and performance instability.

1.3 Research Objectives

This research aims to develop skin-like UCST-type temperature-responsive

directional flow and water repellent fabrics as well as understanding the underlining
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mechanisms of its unique directional water transport and water repellent properties. The
directional water transport rate of the fabric is expected to be greater than that of the
existing skin-like fabric. Furthermore, the moisture management property of the fabrics
can be tuned by changing the water transport rate of the fabric as temperature variation.
The fabric is expected to have a higher water transport rate at higher temperatures to
dissipate heat from human body and have a lower water transport rate at lower
temperatures to keep warm. This fabric can be widely used in smart moisture

management clothing such as smart sportswear.

The specific research objectives of this study are:

1. To explore novel processing techniques for fabricating the skin-like directional

flow and water repellent fabrics.

2. To develop diverse skin-like UCST-type temperature-responsive moisture
management fabrics by applying various temperature-responsive polymers with

switchable wettability properties.

3. To compare the performance characteristics of different temperature-responsive

textiles and expand their application scenarios.

4. To study the underlining mechanisms of directional fluid flow through the gradient
wettability channels spatially distributed across the predominantly

superhydrophobic fabric.

5. To investigate the effect of the properties of temperature-responsive polymers as

well as the structural and processing parameters of the directional flow fabric on
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the changes of pore size in the fabric, directional fluid flow rate, reverse liquid

repellency and breakthrough pressure.

1.4 Research Significance

The development of smart moisture management fabrics holds significant
potential for improving personal thermal and moisture comfort, particularly in extreme
environments where conventional textiles fail to adapt dynamically. This study
developed temperature-responsive skin-like fabrics, proposing a novel thermal and
moisture management textile that addresses key limitations of traditional moisture

management fabrics, with the following significance:

1. This study addressed the scalability challenge on the fabrication of skin-like fabric
by establishing a PVA-based method via mature technologies for durable

performance, providing critical technical guidelines for scale-up production.

2. This research successfully engineered temperature-responsive functionality into
skin-like fabrics by grafting temperature-responsive polymers onto textile surfaces,
enabling dynamic regulation of both water transport capacity and hydrostatic
pressure resistance in response to temperature changes. Compared with skin-like
fabrics, the temperature-responsive skin-like fabric demonstrated a 29.1%
enhancement in water transport rate at higher temperatures, while achieving up to

28.9% improvement in hydrostatic pressure resistance at lower temperatures.
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3. Thisstudy addressed a research gap in non-ionic UCST-type polymer-based fabrics
by applying the “grafting-from” technique to immobilize poly(AAm-co-AN)
polymers onto fabric surfaces. The developed temperature-responsive textile
demonstrated tunable transition temperatures while exhibiting stability against

electrolyte concentration variations.

4. This research addressed several limitations of traditional moisture management
fabrics, with the materials developed in this study demonstrating enhanced

personal comfort performance for outdoor activities.

5. The developed temperature-responsive fabric demonstrated promising potential
across multiple applications, including thermal-moisture management, wound
dressing, and oil-water separation, offering innovative solutions to various

industrial challenges.

1.5 Outline of the Thesis

The structure of the thesis is as follows:

Chapter 1 introduces the research background, challenges, objectives and

significance of the research.

Chapter 2 is the literature review for directional liquid flow textiles, temperature-
responsive reversible wettability materials, introducing the categories, applications and

mechanisms of these materials. Meanwhile, the polymer grafting methods are outlined.
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Chapter 3 reports a developed preparation method of skin-like fabric for scalability.
The existing plasma-based fabrication method is evaluated and proposed a novel PVA-
based method for preparing the skin-like fabric. The newly developed method adopts
well-established technologies, demonstration potential for industrial production of the
skin-like fabric while offering energy-efficient and cost-effective advantages. The
fabricated skin-like fabric using PVVA-based method exhibits excellent directional liquid

transport capability and remarkable durability.

Chapter 4 reports on the development of a (PDMAPS)-based temperature-
responsive skin-like fabric by applying zwitterionic temperature-responsive polymer,
PDMAPS, onto the surface of the skin-like fabric prepared by PVA-based method. The
prepared fabric exhibits temperature-responsive moisture management capacity,
demonstrating enhanced water transport efficiency at elevated temperatures and

reduced water transport rate under cooler conditions.

Chapter 5 reports on the development of a [poly(AAm-co-AN)]-based non-ionic
UCST-type temperature-responsive (NiTR) skin-like fabric. Firstly, a NiTR cotton
knitted fabric is prepared as the substrate of skin-like fabric by grafting poly(AAm-co-
AN) onto mixed silane treated fabrics. A novel treatment strategy is developed to
precisely modulate the hydrophilic-hydrophobic balance on the surface of the fabric
while optimizing the grafting density of the temperature-responsive polymer. The
prepared fabric exhibits tunable transition temperature and stability against electrolyte
concentration variations. Then, the NiTR skin-like fabric is prepared using the NiTR

fabric as substrate by PVA-based method.
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Chapter 6 demonstrates the potential applications of NiTR fabric, including skin-
like fabric for personal thermal and moisture management, oil-water separation, and

wound dressing.

Chapter 7 summarizes the conclusions and proposes the limitations of the research

work as well as the suggestions for future research.
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Chapter 2 Literature Review

2.1 Directional Liquid Flow Textiles

Directional liquid flow textiles exhibit anisotropic liquid transport properties,
enabling directional liquid movement. Unlike conventional wicking fabrics that allow
bidirectional diffusion, these engineered one-way liquid transportation significantly
enhance the thermal and moisture management efficiency of the fabric®®. Specifically,
sweat can be directionally transported either through-plane (from the skin-facing
surface of the fabric to the outer layer) or in-plane (on the fabric surface), optimizing
wearing comfort and functional performance. The directional liquid flow phenomenon
is quite common in nature® % 1% 3% Certain shorebirds transport water toward their
mouths by a bidirectional beak motion (rapid opening and closing)® (Figure 2.1a);
Desert beetles collect water using hydrophilic bumps on their hydrophobic back®®
(Figure 2.1b); spider silk with spindle knots can drive water droplets towards spindle
knots from other areas'? (Figure 2.1c). There are two general strategies for achieving
directional liquid flow on textiles: (1) constructing a surface energy difference on
textiles!” or (2) building a structural difference on different areas of textiles®’. Both
strategies are able to be achieved via surface treatment or multi-layer composition,
including dip coating, spray coating, electrospinning, and laminating. Beyond personal
thermal and moisture management, these directional liquid flow textiles exhibit broad
applications across interdisciplinary fields due to their asymmetric wettability and
capillary gradient effects, such as wound dressing, oil-water separation, moisture sensor,
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and fog harvest. Here, Mechanism, recent developments, and applications of directional

flow textiles will be introduced in this section.

Surface energy gradient and
differenca in Laplace pressure
—

Water drop

Figure 2.1 Directional liquid transport phenomenon in nature. (a) shorebird beak 2. (b)Desert

beetles®, (c) Spider silk®.
2.1.1 Mechanism of Directional Liquid Flow Textiles

To elucidate the mechanism of directional liquid flow in textiles, a fundamental
understanding of wetting behavior is essential. Wetting refers to the interfacial
phenomenon where a liquid adheres to and spreads across a solid surface, governed by
the thermodynamic equilibrium between adhesive (liquid-solid) and cohesive (liquid-
liquid) interactions®®. The degree of wetting is quantitatively characterized by the
contact angle (¢). This behavior is primarily determined by two key factors: the
chemical composition (and thus surface energy) of the solid surface and its
micro/nanoscale topography®®, which can be described by Young’s model, the Wenzel

model and the Cassie-Baxter model.
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Young’s model*® explains the wetting behavior on an ideally smooth and
chemically homogenous solid surface (Figure 2.2a). The Young’s equation is expressed

as:

Vs ~ Vs ~ Y16 €086, =0 (2.1)

Where yse, 7s., ¥ Lc denote the interfacial energies of solid-gas, solid-liquid,
and liquid-gas, respectively. 6o corresponds to the Young’s contact angle. However,
such perfectly smooth and homogenous surfaces are practically unachievable.
Consequently, the Wenzel model and the Cassie-Baxter model were proposed to explain
the wetting behavior on rough surfaces. The Wenzel model** describes complete liquid
penetration into surface roughness without air entrapment (Figure 2.2b), which could

be expressed as follows:

cos@ =rcosf, =rle 7l (2.2)

Vi

Where 6 represents the apparent liquid contact angle on the rough solid surface.
Compared with the Young’s model, the roughness factor r was introduced to describe
the roughness of the solid surface. Here, r is always greater than 1, so the roughness on
the surface amplifies the intrinsic wettability of the surface, i.e., a hydrophobic surface
will be more hydrophobic, and a hydrophilic surface will be more hydrophilic. The
Cassie-Baxter model*> “3 applies when surface topography prevents complete wetting,
resulting in composite liquid-solid-gas interfaces (Figure 2.2c). The apparent contact

angle can be calculated by the equation:
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cosd = f,(cosg, +1)-1 (2.3)
Where f; denotes the area fraction of liquid-solid surface contact.

In textile science, wetting behavior exhibits fundamentally different characteristics
depending on surface morphologies. When textiles undergo chemical surface
treatments that enable complete liquid penetration, the Wenzel model appropriately
describes the resulting wetting phenomena**. This model accounts for enhanced
wettability through surface roughness amplification, where liquid intimately contacts
all surface asperities. Conversely, textiles engineered with nanostructures that trap air
pockets demonstrate Cassie-Baxter wetting behavior, characterized by composite solid-
liquid-air interfaces**. In such cases, the inability to achieve complete wetting surface

from the persistence of nanoscale air gaps beneath the liquid phase.

Figure 2.2 Wetting states of liquid on different solid surfaces. (a) Young's model. (b) Wenzel model.

(c) Cassie-Baxter model.

Directional liquid transport in textiles is fundamentally governed by capillary
effects after wetting behavior, particularly through the diameter gradient mechanism.
The underlying principle originates from capillary action in microscale conduits.

Capillary tubes refer to tubes with very small diameter. When these narrow tubes are

37



immersed in a liquid, it can be observed that the liquid in the capillary tubes are lower
or higher than the surrounding liquid level®. This is driven by the intermolecular
adhesion (F1, solid-liquid interaction) between the solid and liquid, as well as the
cohesion (F, liquid-liquid interaction) within the liquids*®. When the surface energy of
capillary tube exceeds the surface tension of the liquid (F1 > F»), the resulting contact
angle (¢) becomes less than 90°, forming a concave meniscus that elevates the liquid
column (Figure 2.3a). Conversely, when the surface energy of capillary tube is lower
than the surface tension of the liquid (F1 < F2), 6 exceeds 90°, creating a convex
meniscus that depresses the liquid level (Figure 2.3c). The transitional state (F1 = F», 6
= 90°) yields a planar interface with no net liquid displacement (Figure 2.3b). It has
been confirmed that the height to which the liquid level rises in the capillary tube is
related to the difference between F1 and F, as well as the diameter of the capillary tube.
The height of capillary rise (h) exhibits a positive correlation with both the force
differential (A F = F1 - F2) and the inverse of radius of the capillary tube (r). As

described by the Jurin’s law*" 48

_ 2ycosd
par

h

(2.4)

Where h is the liquid height, » represents surface tension of the liquid, & is the
contact angle, p is the mass density of the liquid, g is the gravitational acceleration, r is
the tube radius. This relationship demonstrates that narrower capillaries (smaller r) and
stronger adhesive-cohesive force imbalances (lager 4 F) synergistically enhance
liquid elevation.
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F1>F2, 0<90° F1=F2,06=90° F1<F2,0>90°

Figure 2.3 The capillary effect. (a) The water level rises when F1 > F». (b) The plane meniscus when

F1 = F2. (c) The water level descends when F; < F,.46

Mass transport analysis demonstrates that capillary action and atmospheric
pressure differentials serve as the primary diving forces for liquid transport in porous
media®. In textile systems, structural porosity plays a vital role in directional liquid
transport®® %, The capillary diameter gradients effect can be enhanced through two
primary approaches: (1) establishing a controlled wettability gradient via surface
modification or multi-layer composition, which increasing A F in the textiles; (2)
engineering a progressive reduction in pore size across the fabric (building narrower r).
These two strategies build asymmetric capillary forces in different areas of the textiles,

enabling a continuous directional liquid transport along fabrics.
2.1.2 Constructing Wettability Difference on Textiles

Building wettability difference (or surface energy gradients) across distinct
regions of a textile has emerged as a primary strategy for engineering directional liquid
transport fabrics. Directional liquid flow textiles prepared by this method allow liquid
directionally to be transported from the more lyophobic side to the more lyophilic side

while effectively suppressing reverse flow®? %3, This directional transport property is
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mainly driven by two key forces: (1) Laplace pressure, arising from curvature
asymmetry, and (2) capillary forces, governed by wettability contrast® . Based on
their wettability profiles, such fabrics are classified into two principal categories®. One
is Janus wettability textiles, featuring abrupt, binary wettability boundaries®® ¢, The
other one is wettability gradient textiles, exhibiting continuous surface energy
variation®” %8, Both designs control fluid flow via interfacial energy gradients despite

different spatial wettability distributions.

. |Untreated polyester Treated polyester
0
b cu,-t’rtl)-}H, {H,-c’:-zu, cu,—c’u-én, c
g:cu,[ gfu,] _é,cu,
H; ~CHs
SU-8

SU-8/Acetone Control

|

Unsprayed side

Figure 2.4 Methods for preparing Janus wettability textiles. (a) Schematic diagram illustrating the
fabrication procedure of the Janus fabrics by electrospinning.>® (b) Schematic diagram illustrating
the fabrication procedure of the Janus fabrics by spray coating; (c) photos of untreated side of
polyester fabric (control) and treated side of fabric (a red dye was added to finishing agent to indicate
the coating layer); (d,e) SEM images of the electrosprayed and un-electrosprayed fabric sides (scale

bar, 20 um).5
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Janus wettability textiles are typically constructed through the integration of two
layers of textiles with different wettability properties. Electrospinning has emerged as
a particularly convenient fabrication method for realizing such Janus wettability textiles.
In 2019, Huang et al®® prepared a Janus fabric via electrospinning technique (as shown
in Figure 2.4a). Polyester fabric was first treated with sodium hydroxide (NaOH) to
increase the content of active groups, thereby enhancing its hydrophilicity. Then, a layer
of hydrophobic polystyrene (PS) was deposited on the hydrophilic polyester via
electrospinning. By tuning the thickness of hydrophobic layer, the fabric showed a
directional water transport feature. Similarly, Chen et al.®® developed a directional
liquid transport nonwoven by electrospinning for self-driven lithium extraction. A layer
of hydrophobic polyvinylidene fluoride (PVDF) containing Li-ion sieve particles was
deposited on a cotton layer. After laminating, a composite asymmetric nonwoven (CAN)
was prepared. Water containing Li ions can be directionally transported from the
hydrophobic PVDF layer to the hydrophilic cotton layer, absorbing Li ions in the

hydrophobic layer.

An alternative approach for preparing Janus wettability textiles involves finishing
techniques, particularly single-side spray coating. This method typically deposits a
hydrophobic layer via spray coating onto a hydrophilic textile substrate. By controlling
the thickness of coating precisely, the optimized directional liquid flow performance
could be achieved. Compared to electrospinning techniques, this spray coating
approach offers significantly greater scalability for industrial production. A directional

water transport fabric prepared by electrospraying a thin layer of hydrophobic SU-8 on
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to a hydrophilic polyester was developed by Zeng et al. (as shown in Figure 2.4b-€)®.
The directional liquid transport property was tested using moisture management tester
(MMT) and was durable against repeated washing. Peng et al.%! presented a directional
sweat transport window based on Janus fabric for sweat sensors. A directional sweat
transport fabric prepared by single side spray coating was integrated between two
hydrophilic cotton layers. In this all-fabric-based sweat sensor, the spontaneous
unidirectional liquid transport capability of the Janus textile, combined with the high
hydrophobicity of the sensing zone, ensured continuous delivery of fresh sweat to the
electrochemical interface for real-time monitoring. In addition to unidirectional water
transport fabrics, Janus wettability textiles can also function as directional oil-transport
materials. Zhou et al.®?> demonstrated a directional oil transport Janus fabric prepared
by electrospraying. The prepared material demonstrated different wettability on two
sides. One side of this fabric was hydrophilic and oleophilic, and the other side was
hydrophilic and oleophobic. This property enabled directional oil transport both in the

air and under water, which could be extended to develop an oleophilic/oleophobic diode.
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Figure 2.5 Methods for preparing textiles with gradient wettability gradient. (a) Schematic diagram
of fabricating the PVDF/PU/cotton trilayered dressing via electrospinning.®® (b) Amphoteric cotton
nonwovens prepared by one side surface modification; (c) Schematic diagram of the atmospheric

pressure plasma system operating with computer-controlled motion and velocity of the plasma jet.®

The Janus wettability textiles present challenges in balancing the liquid transport
capacity in the positive direction and prevention of water penetration in the reverse
direction?®. Textiles with gradient wettability offer an effective solution to these
challenges. These fabrics are typically engineered either by incorporating an interlayer

between two layers of distinct wettability properties®® ¢ or applying single side surface
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treatments to create continuous wettability variation along the thickness direction of
fabrics®. Liu et al.5® developed a trilayered fabric with gradient wettability prepared by
electrospinning for wound dressing (Figure 2.5a). A bridge polyurethane (PU) layer was
introduced between hydrophobic PVVDF layer and hydrophilic cotton layer. The bridge
layer endows the dressing with a wettability gradient which effectively prevents liquid
backflow. A similar three-layer wettability gradient electrospinning structure was also
implemented in medical protective clothing to prevent blood penetration®®. Pu et al.'®
presented a directional water transport cotton nonwovens with gradient wettability
prepared by single side atmospheric plasma deposition (Figure 2.5b-c). The treated
cotton nonwoven exhibited excellent directional liquid transport properties while

maintaining other essential performance characteristics.

pressure roller

Skin-like fabric

Figure 2.6 Distinctive pattered surface technique for preparing the directional liquid flow textiles.

(a) Preparation of skin-like fabric via patterned screen printing. (b) SEM image of the fabric from

the coated side and its (c) enlarged image. (d) Cross-section image of the skin-like fabric.”
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Apart from these two approaches for creating wettability difference in textiles, a
distinctive pattered surface technique has emerged as an alternative strategy’ . This
method typically employs spray coating or screen printing methods to achieve selective
surface modification (see Figure 2.6). The prepared fabrics feature a fully hydrophilic
top side, while the back side exhibits a partially hydrophobic pattern rather than
complete hydrophobicity. Such patterned textiles enable accelerated liquid transport
from the patterned (partially hydrophobic) side to the hydrophilic side through the
hydrophilic wettability channels within the hydrophobic patterned regions®” . Yang et
al.”® printed commercial hydrophobic agents onto the surface of hydrophilic polyester
fabrics via different patterned printing screen. The researchers systematically
investigated the effects of knitting structure and hydrophilic ratio of the finishing
pattern on directional water transport efficiency. The research revealed that the fabric
with a rib air structure and 69% hydrophilic area ratio has the best moisture
management property. Zhao et al.” also printed a commercial hydrophobic agent onto
anano-ZnO coated cotton fabric via a honeycomb patterned printing screen. The treated
fabric exhibited a high directional liquid transport property as well as high thermal
conductivity, enabling the fabric to meet the demand for a comfortable microclimate to

the human body.
2.1.3 Building Structural Difference on Textiles

The other method to develop the directional liquid transport textiles is building a
structural difference on both sides of the fabrics. According to Jurin’s law*” 8, a smaller

diameter of capillary tube increased the capillary force. Thus, fabrics with different pore
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sizes between two sides of the fabric exhibit directional liquid transport property. Liquid
tends to transport from the larger pore size side to the smaller pore size side but not vice
versa’> "3, The directional liquid transport is driven by the Laplace pressure due to the

curvature and size difference?,
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Figure 2.7 Directional liquid flow textiles prepared by building structural difference. (a) Schematic
illustrating the sweat output pathways of the human body covered with the directional liquid flow
fabric with structural difference; (b) Conical micropores across the directional liquid flow fabric; (c)
Fabrication of the directional liquid flow fabric with structural difference. The regular micropore
array is drilled in the textile via laser drilling, then the drilled textile is modified with plasma.”™ (d)
Schematic illustration of the fabrication of biomimetic porous Murray membranes by

elecrospinning.®
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Based on this principle, a bioinspired directional liquid flow membrane was
demonstrated by Dai et al.”* Conical micropores were developed on the hydrophobic
polyester membrane via laser ablation (Figure 2.7a-c). Liquid could be directionally
transported from the larger pore side to the smaller pore side and spread on the
hydrophilic nitrocellulose layer. Wang et al.3” presented a biomimetic fibrous Murray
membranes by compositing three layers of membrane with varies pore size (Figure
2.7d). This membrane showed ultrahigh directional liquid transport properties and
outstanding quick-dry properties. In addition to the above-mentioned textiles, fully
hydrophilic directional water transport fabrics without chemical finishing have been
successfully developed. As demonstrated by Chen et al. in 20107°, an innovative all-
knitted “Plant Cool” fabric was engineered. By mimicking the branching structure of a
plant, the fabric had less branches on one side and more branches on the other side
making a difference in pore size on two sides of the fabric. The directional water
transport fabric possessed a significantly greater initial water absorption rate, one-way
transport capacity and air permeability. This purely structural approach achieved
directional liquid transport without chemical treatments, establishing a new paradigm

for next-generation sportswear textiles.
2.1.4 Other Directional Liquid Flow Textiles

Despite extensive research on textiles with directional liquid transport capabilities,
conventional directional flow textiles still exhibit significant limitations in practical
applications. Most traditional directional liquid transport fabrics feature fully

hydrophilic outer surfaces, which tend to become heavy, sticky, and clammy upon
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saturation, potentially compromising wearer comfort and hygiene. Meanwhile, all
hydrophilic outer surfaces lead to the fabrics easily being contaminated. A novel class
of directional liquid flow textiles with hydrophobic outer layer has emerged to address

these limitations effectively.
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Figure 2.8 Other directional liquid flow textiles. (a) Schematic illustration and fabrication process
of a skin-like fabric with both directional water transport and water repellency.?* (b) In-plain

directional liquid transport textiles prepared by screen printing.”®
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Lao et al.>* developed a novel “skin-like” fabric with a hydrophobic outer layer in
2020 (Figure 2.8a). Human skin is an ideal directional material as it secrets liquid sweat
and protects the body from external liquid contaminants. By mimicking the human skin,
wettability channels with gradient wettability were constructed on a hydrophobic cotton
fabric by selective plasma treatment. The gradient wettability channels act as sweat
glands on human skin, directionally transporting liquid water from the skin side of the
fabric to the outer side. Then the transported water accumulated on the outer surface
and dripped down instead of spreading. Such “skin-like” fabric also can resist external
bulk water due to the most hydrophobic outer surface. Subsequently, Zou et al.”’
improved the fabric by designing wettability gradient channels with different geometric
shapes, significantly enhancing its directional water transport efficiency. Later, Ma et
al.”® applied Cu?" onto the “skin-like” fabric to integrating antibacterial properties,
providing a versatile and practical approach for developing fabrics that actively manage
sweat diffusion from human skin while simultaneously inhibiting microbial growth,
thereby preventing bacterial infections. Similarly, Peng et al.”” demonstrated an
artificial sweating skin (i-TRANS) with the directional water transport and water
repellent properties by selective spray coating poly(dimethylsiloxane) (PDMS) on a
normal fibrous wicking material. The gradient wettability channels on the substrate
enable transporting liquid directionally without trapping undesired excess water. This
fabric was used as an artificial skin for different types of devices, including hot plate

and manikin.
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The directional liquid flow textiles primarily facilitate liquid transport through the
thickness direction of the fabrics (through-plain direction). However, achieving in-plain
directional water transport with rapid lateral diffusion on surface of the fabric is also
critical. To realize this in-plain directional liquid flow capability, wettability gradients
or structural variations should be engineered across distinct regions of the surface of
the textiles. Such in-plain directional liquid flow fabrics are particularly valuable for
sportswear applications, where they actively regulate thermal and moisture comfort of

the human body during high-intensity sweating conditions.

To investigate the methods for preparing in-plain directional flow textiles, Chen et
al.% coated hydrophobic agents with different concentrations along a knitted stripes by
screen printing. Experimental results confirmed that water droplet could be rapidly
transferred from hydrophobic section to hydrophilic section of stripe. This research
provided foundational guidelines for preparing textiles with controlled in-plain
directional liquid transport capabilities. Liu et al.8* referenced the directional liquid
transport mechanism of desert beetles, cacti, nepenthes and rivers, constructing
different hydrophilic wettability shapes on the surface of knitted fabrics with various
structures. The coated fabrics showed excellent in-plain directional liquid transport
properties as well as ideal moisture and air permeability for wearing. In 2024, Wang et
al.” printed a hydrophobic agent on plant cool fabric to build branched hydrophilic
flow paths (Figure 2.8b). Compared to traditional fabrics, the liquid is discrete and
flows just in the treelike channel of the directional water transport and collection fabric,

being transported continuously, collected and removed from the end of the fabric. The
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fabric was dry and light due to this effect, providing a novel strategy for the design and

development of sweat management sports garments.

2.1.5 Applications for Directional Liquid Flow Textiles

Directional liquid flow textiles have emerged as promising materials for personal
thermoregulation and moisture management, owing to their ability to rapidly wick
sweat from the skin-contact layer to the outer surface, thereby maintaining a dry and
cool microclimate adjacent to the skin®2. Beyond these inherent comfort-enhancing
properties, the intrinsic wettability asymmetry of these fabrics enables diverse fluid
manipulation applications, including wound dressing (directional exudate removal),
oil-water separation (selective permeability), atmospheric moisture harvesting (fog

collection), and humidity sensing (moisture-responsive electrical signals).

Pi et al.%® developed a Janus fibrous wound dressing functionalized with TiO;
nanoparticles to achieve directional exudate transport. The asymmetric wettability of
the membrane enabled continuous pumping of wound fluids from the injury site to
external environment, maintaining an optimal low-moisture environment for tissue
regeneration. Furthermore, the immobilized TiO, nanoparticles provided effective
antibacterial activity, synergistically enhancing wound healing efficiency. Chi et al.??
presented an amphibious Janus fabric for oil-water separation. By coating
superhydrophobic-oleophobic and superamphiphobic materials on two sides of the
fabric respectively, the asymmetric oil wettability enables unidirectional oil penetration

through the textile while blocking water permeation, thereby achieving highly efficient
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oil-water separation. Huang et al.? prepared a Janus fabric with asymmetric water
wettability by electrospinning, achieving a high water harvesting capacity. Wang et al.?
integrated electrically conductive metal wires on Janus fabric and developed a high

response moisture sensor for making “smart” clothing.

The reviewed studies have made substantial progress in developing directional
liquid transport textiles through two primary strategies, engineering wettability
gradients (e.g., hydrophobic/hydrophilic patterning) and designing structural
asymmetries (e.g., pore gradient architectures), often synergistically combining both
approaches. These fabrications have achieved remarkable unidirectional transport
efficiencies while maintaining breathability. Despite these advances, current directional
liquid transport textiles predominantly remain conventional all hydrophilic outer layers,
which suffer from the limitations of moisture saturation and skin adhesion (as discussed
in section 2.1.4). Although “skin-like” fabric designs have been proposed to make up
for the shortcomings, most of these materials rely on fabrication techniques such as
selective plasma treatment, resulting in prepared fabrics with insufficient stability and
limited scalability. A critical research gap remains in developing cost-effective
manufacturing approaches capable of producing fabrics that exhibit directional liquid

transport properties and hydrophobicity which repels external water.

2.2 Temperature-responsive Reversible Wettability Materials

Temperature-responsive textiles represent a class of advanced smart materials

capable of dynamically and reversibly modulating their wettability, morphological

52



structure, and thermal insulation properties in response to thermal stimulit® 0. This
adaptive behavior enables precise control over heat dissipation and moisture
permeability, allowing these textiles to actively regulate personal thermal and moisture
comfort during exposure to extreme or rapidly fluctuating temperatures®*. Beyond
comfort enhancement, such smart textiles demonstrate multifunctional utility across
diverse domains, including atmospheric moisture harvesting® 8, selective oil-water
separation®’, soft robotic actuation systems®®, and drug delivery®®. The unique
combination of physiological protection and energy conservation has generated
significant interdisciplinary research interest in recent years. Temperature-responsive
textiles are typically fabricated through two primary approaches: surface
functionalization of conventional textiles via coating or grafting temperature-
responsive polymers® % (e.g., PNIPAAmM, PDMAPS), or electrospinning blended
solutions containing both temperature-responsive and structural polymer components®2.
The coating/grafting method enables precise localization of responsive properties at
fiber surfaces, while electrospinning allows for tunable bulk responsiveness through
controlled phase distribution in composite nanofibers. The temperature-responsive
polymers discussed herein can be classified into two fundamental categories based on
their phase transition behavior®-: lower critical solution temperature (LCST-type)
materials (Figure 2.9a) and upper critical solution temperature (UCST-type) materials
(Figure 2.9b). This section systematically reviews both polymer classes, including their
distinctive thermal responsiveness mechanisms and recent advancements in textile
applications.
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Figure 2.9 The illustration of (a) LCST-type materials® and (b) UCST-type materials?®.

2.2.1 LCST-type Polymers

LCST-type polymers represent a class of intelligent temperature-responsive
materials that demonstrate remarkable phase transition behavior in aqueous
environments®> %, These polymers maintain a distinctly hydrophilic character when the
ambient temperature remains below their critical transition point (T < LCST),
exhibiting strong hydrogen bonding with water molecules that results in extended
polymer chain conformations and excellent solubility?® °. However, when the
temperature exceeds this critical threshold (T > LCST), the polymers undergo a
dramatic and reversible transformation to a hydrophobic state, driven primarily by
entropy-dominated dehydration of the polymer chains®. This unique thermal
responsiveness stems from the delicate balance between polymer-water hydrogen

bonding and hydrophobic interactions of the polymer backbone?®. The sharp transition
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between these two distinct states typically occurs within a narrow temperature window
making LCST-type polymers particularly valuable for applications requiring precise
thermal control of surface properties. In textile applications, this behavior enables the
creation of smart fabrics that can autonomously regulate moisture permeability and heat
transfer in response to environmental or body temperature fluctuations, offering

significant potential for advanced personal thermal management systems®“.

iy
N

Cooling

Figure 2.10 LCST-type PNIPAAmM temperature-responsive materials. (a) Chemical structure of
PNIPAAm. (b) Ilustration of hydrophobic-hydrophilic transition of PNIPAAm grafted cotton

substrate with the temperature variation®.,

The most extensively studied LCST-type polymer is PNIPAAm (as shown in
Figure 2.10a), owing to its sharp transition temperature near physiological temperature
of human (approximately 32°C)3" %, The temperature-responsive property of this
polymer is caused by the competition of the entropic and enthalpic contributions to the
free energy of PNIPAAmM chains. When temperature is lower than 32°C, the enthalpic
contributions overtake the entropic contributions, the hydrophilic C=0 and N-H groups
in the molecular chain interacting easily with water molecules, resulting in the surface

of the polymer hydrophilic. But when the temperature becomes higher (above the
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LCST), the entropic contributions are much more. The molecular chain of PNIPAAmM
tends to form intramolecular hydrogen bonding between C=0 and N-H groups, thus the

polymer becomes hydrophobic (shown in Figure 2.10b)% 1%,
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Figure 2.11 Preparation methods for LCST-type temperature-responsive fabrics. (a) The scheme of
aminolysis and PNIPAAm grafting on polyester surfaces'®:. (b) The fabrication process of

PNIPAAmM-RC nanofibers undergoing electrospinning®’.

PNIPAAmM have been coated or grafted onto the surface of various fabrics for
preparing temperature driven smart textiles. Yang et al.*! in-situ grafted PNIPAAmM on
a cotton fabric via atom transfer radical polymerization (ATRP). They studied the
interaction between water and grafted PNIPAAmM using the solid-state nuclear magnetic
resonance (NMR) technique. Then, Wu et al.!%* developed a temperature-responsive
polyester textile with switchable surface wettability. The pristine polyester fabric was
first subjected to surface amination through alkali deweighting to introduce additional
reactive groups. Subsequently, PNIPAAm was grafted onto the modified polyester
surface via ATRP (shown as Figure 2.11a). This smart fabric exhibited reversible water

contact angle changes, transitioning from 0° to 120° when the temperature exceeded
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the LCST of PNIPAAmM. PNIPAAmM has also been copolymerized with other functional
materials and grafted onto textile substrates to achieve additional properties beyond
temperature-responsiveness. Chen et al.%* reported a thermo-responsive wound dressing
prepared by grafting chitosan and PNIPAAm onto polypropylene (PP) nonwoven
fabrics via plasma polymerization. In daily use, the PNIPAAm grafted wound dressing
is hydrophobic at the skin temperature above the LCST, keeping the tissue connected
well to wound dressing layer due to the moist condition. When changing wound
dressings requiring material-tissue separation, applying low-temperature treatment
(below the LCST of PNIPAAmM) renders the polymer hydrophilic, causing water
absorption of the wound dressing layer. This enables gentle removal of the dressing

from the wound without damaging newly regenerated skin tissue®.

Other studies have prepared temperature-responsive nanofiber membranes via
solution electrospinning by blending PNIPAAmM with additional structural polymers.
Gu et al.%? reported a thermo-responsive biocompatible nanofiber membrane with
switchable wettability property created by electrospinning in 2010. PNIPAAm and
poly(L-lactide) (PLLA) was used for preparing the nanofiber membrane, and the films
possessed a “bead on string ”  structure. The membrane could switch from
superhydrophilic (contact angle was about 20°) to superhydrophobic (contact angle was
higher than 120°) when the temperature increased from 20°C to 50°C. Furthermore, the
electrospinning process and addition of PLLA did not change the thermo-sensitivity of
PNIPAAmM. The nanofiber membrane had properties of tunable surface morphologies

and better biocompatibility. Wang et al.8” demonstrated an electrospun temperature-
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responsive nanofiber using PNIPAAmM-modified regenerated cellulose (RC) (see Figure
2.11b). This membrane exhibited a smart controllable oil-water separation function.
The oil-water separation mode could be switched between oil-removal and water-

removal by simply changing the temperature.

In addition to PNIPAAm, other polymers such as poly(diethylene glycol
monomethyl ether methacrylate) PMEO>MAX? and poly(oligo(ethylene glycol)
methacrylate) POEGMA® also exhibit LCST behavior. These materials have similarly
been utilized to create temperature-responsive smart surfaces. However, LCST-type
polymers exhibit wettability that correlates positively with temperature, making it
challenging to achieve increased contact angles upon heating. This inherent limitation
constrains their application in systems requiring an inverse wettability response (i.e.,
enhanced hydrophobicity at lower temperatures). For textile applications, ideal
thermoregulatory behavior would involve enhanced hydrophilicity at elevated
temperatures (e.g., during exercise) to promote evaporative cooling, coupled with

increased hydrophobicity at reduced temperatures to improve thermal insulation.

2.2.2 UCST-type Polymers

UCST-type polymers exhibit opposite properties from LCST-type polymers. They
show hydrophobicity at lower temperatures (T < UCST) and exhibit hydrophilicity
when temperature exceeds their UCST. The unique inverse thermal response enables
UCST-type polymers to be widely applied to textile-based thermal management where

conventional LCST systems prove inadequate. Despite this potential, UCST-type
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polymers remain underexplored due to synthesis challenges and instability in transition
behavior under varying environmental conditions®. Currently, UCST-type polymers
are classified into two categories based on their molecular chain composition®:
zwitterionic polymers and non-ionic polymers, distinguished by the presence or

absence of ionic functional groups.

Zwitterionic polymers

Zwitterionic UCST-type polymers currently represent the most widely studied and
applied category of temperature-responsive polymers exhibiting upper critical solution
temperature behavior. These materials have been successfully grafted onto textile
surfaces to develop smart fabrics with switchable wettability properties, demonstrating
significant potential for oil-water separation'® and advanced personal moisture
management  applications'®1%  Among these, Poly(sulfobetaine), including
poly(pentafluorophenyl acrylate) (pPFPA) and PDMAPS? 27 constitute a prominent
subclass of zwitterionic polymers characterized by their molecular chains containing
both cationic and anionic groups. The temperature-dependent wettability switching of
these polymers originates from reversible association and dissociation between these
oppositely charged groups in response to thermal stimulil®® 1% Wang et al.l%
engineered a reversible water transport diode by coating UCST-type PDMAPS and
LCST-type PMEO2MA onto opposite sides of a cotton fabric. Since these temperature-
responsive polymers share similar transition temperatures (26-27°C), the wettability of
the two fabric sides remained consistently opposed. At temperatures below the

transition threshold, liquid underwent directional transport from the UCST-
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functionalized side to the LCST-functionalized side. Conversely, when the temperature
exceeded the critical point, the transport direction reversed, with liquid moving from
the LCST side to the UCST side. This bidirectional pumping capability endowed the
fabric with advanced thermoregulatory properties: in hot environments, it promoted
skin cooling through directional liquid transport and subsequent evaporation, while in
cold conditions, it minimized heat loss to prevent sudden temperature drops (Figure
2.12a). Qi et al.}%® developed a temperature-responsive cotton textile functionalized
with PDMAPS for switchable oil-water separation. Below the UCST, the coated fabric
exhibited chain collapse and hydrophobic characteristics, enabling selective oil
transport while blocking water permeation. When heated above the transition
temperature, the polymer chains swelled into a hydrophilic state, reversing the
selectivity to permit water transport while rejecting oil. This bidirectional switching
behavior allowed the fabric to adaptively separate oil or water based on environmental

temperature changes (Figure 2.12b).
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Figure 2.12 Application of UCST-type polymers on textiles. (a) UCST-type polymers modified
textiles for thermal and moisture management'%, (b) UCST-type temperature-responsive textiles for

oil-water separation',

Despite their promise, zwitterionic polymer-based materials face significant
practical limitations. A key challenge is the strong dependence of their phase transition
temperature on both the polymer concentration and the surrounding electrolyte
concentration®® 1%, This sensitivity creates reliability issues in real-world applications.
For medical uses like wound dressings or wearables, variations in human body fluid
composition and health status*%'? can unpredictably alter the transition behavior,
resulting in inconsistent performance. Similarly, in environmental applications such as
oil-water separation, the complex and variable ionic composition of seawater or
industrial wastewater often leads to unstable operation. Furthermore, most current

zwitterionic polymers offer limited tunability of their transition temperatures and
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inability to adapt to specific application needs, significantly constraining their practical

utility.

Non-ionic polymers

In contrast to zwitterionic UCST type polymers, non-ionic UCST type polymers
do not include ions in their molecular chains!®®. Instead, their temperature-responsive
wettability switching arises from the dynamic association and dissociation of
intermolecular and intramolecular hydrogen bonds between hydrogen donors and
acceptors within their structure! 1° While several non-ionic UCST polymers, such as
poly(N-acryloylglycinamide)  (PNAGA)M®,  poly(N-acryloylglycinamide-co-N-
acetylacrylamide) (PNAcCAAmM)!’, and poly(acrylamide-co-acrylonitrile) [poly(AAm-
co-AN)]*8, have been explored, their complex synthesis has limited widespread
research. A significant advancement occurred in 2012 when Seuring and Agarwal'®
developed a universal synthetic strategy for these materials, revitalizing interest in their
design and applications. In their study, they proposed three key requirements for
synthesizing non-ionic UCST type polymers with tunable transition temperature: (1)
There must be groups which can form reversible hydrogen bonds in molecular chains;
(2) The ionic groups introduced during the preparation process should be minimized;
(3) The hydrophilic-hydrophobic balance of the polymer must be controlled to allow
tuning of the phase transition temperature. Among these non-ionic UCST type polymers,
poly(AAm-co-AN) has emerged as particularly promising due to precise UCST
tunability via comonomer ratio adjustment (Figure 2.13a) and minimal thermal

hysteresis during heating/cooling cycles*.
62



a -
100

P(AAm-co-AN)
1 Imbibition
80

60

40 4

Transmission / %

20 A

20 30 40 50 60 . < Fluorosilanization

Temperature / °C

Figure 2.13 Tunability transition temperature of poly(AAm-co-AN) and the application. (a)
Turbidity cooling curves of poly(AAm-co-AN)s with different copolymer compositions; The
numbers state the acrylonitrile content in mol% (error 1.0-1.4 mol%)%°. (b) The fabrication process

of the smart surface with switchable wettability using poly(AAm-co-AN)?.

Otsuka et al.'*® incorporated poly(AAm-co-AN) into cosmetic formulations as a
temperature-responsive functional component. This polymer enables easy removal of
cosmetic products through hot water washing, leveraging its hydrophilic transition at
elevated temperatures. Due to the non-ionic nature of poly(AAm-co-AN), the UCST
behavior of the polymer remains unaffected by sweat exposure, ensuring stable
performance under physiological conditions. Chen et al.>? built a smart surface with
UCST behavior thermo-responsive property. The poly(AAm-co-AN) was coated on a
porous anodic aluminum oxide plate (AAO) (Figure 2.13b). The water contact angle of
the surface decreased from 103° to 60° as the temperature increased from 30°C to 80°C.
The authors also found that the hydrophobic treated thermo-responsive surface had a
wider response rate due to the synergistic effect from the hydrophobic coating and the
poly(AAm-co-AN). However, the methodology employed in this study was limited to
physically coating the polymers onto the substrate surface, resulting in mere physical
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adhesion between the materials. This approach yields poor surface durability due to the
absence of stronger chemical bonding. Furthermore, these approaches prove inadequate
for textile applications due to the difficulty in precisely controlling the surface
hydrophilic-hydrophobic balance on fibrous substrates. The complex three-dimensional
structure and chemical heterogeneity of textile surfaces further exacerbate these
limitations, making conventional coating techniques ineffective for achieving reliable

temperature-responsive performance.

In summary, temperature-responsive materials can be classified into LCST-type
and UCST-type categories based on their distinct phase transition behaviors. While
UCST-type materials demonstrate greater suitability for textile applications compared
to their LCST-type counterparts, their widespread adoption has been constrained by the
challenge in synthesis and property instability. Non-ionic UCST-type polymers, despite
offering advantages such as electrolyte-independent stability and tunable transition
temperatures for broader potential applications, face significant implementation
barriers in smart surface technologies, particularly in intelligent textiles, due to the

difficulty in controlling the surface hydrophilic-hydrophobic balance on substrates.

2.3 Polymer Grafting Methods for Surface Modification

Surface functionalization of textiles through polymer grafting has emerged as the
predominant modification technique in advanced materials engineering. Fundamentally,
grafting reactions enable the synthesis of architecturally complex branched copolymers

by chemically anchoring functional polymers onto substrate surfaces via covalent
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bonding'® 1%, This process typically involves the covalent bonding of side chains
containing specific functional groups (e.g., hydroxyl, amine, or carboxyl moieties) to
the substrates, thereby introducing new surface characteristics including enhanced
hydrophilicity, electrical conductivity, or improved biocompatibility*?112%, Unlike
conventional physical coating methods that rely on weak intermolecular interactions,
the covalent attachment in grafting provides interfacial stability and durability, being a
critical advantage that has driven its widespread adoption in textile engineering for
durable surface modifications. Based on the mechanism of molecular growth, there are
three distinct grafting approaches, including “grafting-to”, “grafting-from”, and
“grafting-through” methods (Figure 2.14)!24. This section systematically presents three
fundamental approaches for grafting polymers onto substrate surfaces, along with their

respective procedural methodologies.
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Figure 2.14 Approaches for grafting polymers onto substrates. (a) “grafting-to” approach, (b)

“grafting-from” approach, and (c) “grafting-through” approach'?.,
2.3.1 *“Grafting-to” Approach

The "grafting-to" approach involves the covalent bonding of pre-synthesized

polymer chains to substrate surfaces through targeted chemical reactions!?> 26, This
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methodology requires: (1) synthesis of end-functionalized polymers with reactive
groups (e.g., -COOH, -NHz, or -OH); (2) activation of substrate surfaces via chemical
treatment or coupling agents to generate complementary reactive groups; and (3)
formation of stable covalent linkages between the active groups of polymers and
activated substrate surface. The process specifically proceeds through the reaction
between the terminal functional groups of pre-formed polymers and the active groups

present on the substrate backbone.

A superhydrophobic cotton fabric was prepared by the “grafting-to” approach*?®.
Poly[(methyl methacrylate)-b-(trifluoroethyl methacrylate)] (PMMA-b-PTFMA) was
first prepared via reversible addition-fragmentation chain transfer (RAFT)
polymerization. Then, the prepared copolymer was grafted to the surface of a cotton
fabric. The grafted fabric showed a durable superhydrophobicity and excellent stability
against laundering and abrasion. Wang et al.!?® grafted quaternary ammonium
compounds (QACs) onto cotton fabrics to prepare antibacterial fabrics by a “grafting-
to” method. QAC polymers with functional end groups were prepared via free radical
polymerization. Then, the polymers reacted with the functionalized cotton fabric,
forming covalent bonding. This strategy enabled a durable antibacterial effect without

significant affecting other wearable properties of the cotton fabric.

2.3.2 *“Grafting-from” Approach

The “grafting-from” approach involves the direct growth of polymer chains from

substrate surfaces through surface-initiated polymerization'?” 28, This method

66



comprises three fundamental steps: (1) Initiation, where immobilized initiators generate
active species (e.g., free radicals) that form reactive sites on the substrate; (2)
Propagation, during which monomers polymerize from these surface-bound active sites,
extending the grafted polymer chains; and (3) Termination, occurring either through
radical recombination or chain transfer mechanisms'?°. “Grafting-from” has become
the predominant technique for textile surface modification due to its ability to achieve
high grafting densities, as the fully accessible of the reactive groups to the chain ends

of the growing polymerst?,

Polyurethane (PU) was grafted onto cotton fabric surfaces using a “grafting-from”
approach. In this process, the monomer and initiator were first dissolved in an organic
solvent, followed by application onto the cotton substrate through dip-coating.
Polymerization was then thermally initiated at elevated temperatures, resulting in
covalently bonded PU chains growing directly from the fabric surface. The graft-
modified cotton fabric demonstrated exceptional durability, maintaining both high wash

130 Yang et al.'® prepared a temperature-

resistance and anti-crease properties
responsive fabric by applying LCST-type polymer poly(diethylene glycol monomethyl
ether methacrylate)-co-poly (ethylene glycol) methyl ether methacrylate [P(MEO2MA-
co-OEGMADS500)] onto the surface of cotton fabric by “grafting-from” method. The
surface of the cotton fabric was first treated with silane coupling agent 3-

(trimethoxysilyl) propyl methacrylate (TMSPMA\) to introduce the grafting site. Then,

the polymer grown from the grafting site of the fabric in the monomer solution. The
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grafted fabric exhibited excellent LCST temperature-responsive properties, enabling

effective thermal and moisture management capabilities.
2.3.3 *“Grafting-through’” Approach

The grafting-through approach involves copolymerizing macromolecular
polymerizable substrates with low molecular weight comonomers to generate
architecturally defined branched copolymers. This technique requires two key
components: (1) substrate polymer chains with polymerizable end groups and (2)
reactive low molecular weight monomers. Compared to alternative grafting strategies,
this approach enables the synthesis of more structurally uniform copolymers with

precisely controlled topological complexity2.,

In 2016, Sejoubsari et al.**? successfully fabricated polymer brushes on activated
cellulose surfaces using a “grafting-through” approach, achieving thicker and smoother
brush layers compared to those produced via “grafting-from” methods. Building on this
technique, Xu et al.** developed Janus cotton fabrics through a “grafting-through”
process. Their methodology involved: (1) atomized spraying of acrylic acid (AA)
aqueous solution onto both fabric sides, followed by thermal initiation of esterification
between AA and cellulose hydroxyl groups for surface grafting; (2) copolymerization
with monomer methacryloxyethyltrimethyl ammonium chloride (DMC) on one side to
impart antibacterial properties; and (3) polyethylene glycol-400 (PEG-400) grafting via

esterification on the opposite side for antifouling functionality. This approach
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demonstrated minimal substrate damage while producing uniform, finely structured

grafted layers with low monomer consumption.

2.4 Summary of Past Work and Research Gap

In this chapter, studies about directional liquid flow textiles, temperature-
responsive reversible wettability textiles and grafting methods for surface modification

have been reviewed.

This chapter first reviews the mechanism of directional liquid flow phenomenon
through textiles, which are mainly driven by capillary force and Laplace pressure. The
strategies for preparing the directional liquid flow textiles including constructing
wettability difference and building structural difference on textiles are introduced. Both
strategies are aimed at constructing an asymmetric capillary force on both sides of
fabric. The discussion subsequently explores applications enabled by these directional
transport properties, including personal moisture management, selective oil-water
separation, and atmospheric water harvesting, all facilitated by the unique wetting
behavior of these materials. While current directional transport textiles predominantly
feature fully hydrophilic exterior surfaces, leading to undesirable saturation-induced
heavy, clammy, and clingy. Although recent "skin-like™ fabric designs have attempted
to address these limitations, a significant challenge remains in developing cost-effective
manufacturing processes for industrially scalable production of directional liquid

transport textiles with water-repellent properties.
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Then, the categories and mechanism of temperature-responsive reversible
wettability textiles are reviewed. Based on the wettability and phase transition behavior,
the temperature-responsive materials can be classified into two categories, lower
critical solution temperature type (LCST-type) and upper critical solution temperature
type (UCST-type). These two materials exhibit opposite wettability transitions in
response to temperature variations. Specifically, while LCST-type materials
demonstrate increasing hydrophobicity with rising temperature, the UCST-type
materials exhibit enhanced hydrophilicity with increasing temperature. Both classes of
materials contain molecular chains incorporating both hydrophilic and hydrophobic
functional groups, exhibiting distinct temperature-dependent wettability behaviors.
Compared with LCST-type materials, UCST-type materials offer unique advantages for
inverse thermal response applications (hydrophilic at higher temperature), particularly
in textile-based thermal management where conventional LCST systems prove
inadequate. However, existing zwitterionic UCST textiles face critical limitations,
including non-tunable transition temperatures and electrolyte-dependent performance,
which severely restrict their practical utility given the individual variability in bodily
fluid composition. Non-ionic UCST-type polymers have not been widely adopted in
textile applications due to the significant challenge of achieving optimal hydrophilic-

hydrophobic balance on fabric substrates.

Finally, this chapter reviews the polymer grafting methods for surface
modification. Compared to simply physically coating polymers onto the fabric, grafting

polymers onto the surface of the textiles exhibits excellent durability due to the covalent
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bonding between polymers and substrates. The three approaches for grafting are
introduced including “grafting-to”, *“grafting-from”, and *“grafting-through”
approaches. The “grafting-from” approach has emerged as the dominant strategy for
textile surface functionalization, owing to its capacity to produce exceptionally high
grafting densities. This established methodology provides critical guidance for the

grafting technique employed in this study.
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Chapter 3 Development of Fabrication Method of Skin-like
Fabrics for Scalability

3.1 Introduction

As modern living standards continue to rise, increasing attention has been directed
toward improving the thermal and moisture comfort of clothing®®. This concern is
particularly relevant in Hong Kong, where extreme summer heat exposes outdoor
workers to excessive sweating that significantly compromises personal comfort and, in
severe cases, may lead to health issues. Moisture management fabrics offer an effective
solution by actively regulating physical comfort. They allow sweat to be rapidly
transported away from the skin and subsequent evaporation. Moisture management
fabrics that directionally transport sweat away from the skin have been extensively
reported these years® 7. However, a critical limitation persists in current designs, that
their predominantly hydrophilic outer surfaces lack protection against external water

penetration.

Directional liquid transport, as a fundamental mechanism for efficient moisture
management, represents one of the most essential functional properties in advanced
textile engineering. This remarkable phenomenon is commonly observed throughout
biological systems in nature, where various organisms have evolved directional water
transport capabilities to maintain physiological homeostasis. Inspired by these natural
prototypes, researchers have developed biomimetic textiles with directional liquid

transport functions through engineered surface architectures. Conventional approaches
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to creating directional liquid flow textiles primarily rely on establishing asymmetric
properties across fabric surfaces, typically achieved through constructing asymmetric
wettability or creating hierarchical pore size distributions. Traditional directional liquid
transport textiles possess fully hydrophilic outer layers to generate directional capillary
forces. However, when the outer layers become saturated with moisture, it tends to be
heavy, clammy, and clingy, which compromise wearing comfort. Furthermore, the
hydrophilic outer surfaces make these fabrics easy to be contaminated from external

sources.

A skin-like fabric was proposed to solve this problem?. By mimicking the
structure of human skin, numerous wicking channels with gradient wettability were
constructed on a hydrophobic treated cotton fabric via selective plasma treatment. The
gradient wettability channels acted as sweat glands on human skin, which could
directionally transport sweat away from the body. Owing to the hydrophobic character
of the outer layer, transported water accumulated along the wettability gradient
channels and subsequently formed droplets that detached from the surface rather than
laterally spreading. Subsequently, numerous skin-like fabric designs have emerged,
such as “i-TRANS”"®. These textiles exhibit both directional liquid transport properties
and water repellency. However, the fabrication processes for these textiles face
challenges in scalability and cost efficiency, significantly limiting their practical

application in daily life.
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Figure 3.1 illustration of skin-like directional liquid flow fabric and gradient wettability channels

developed on the cotton fabric.

In this chapter, the innovative scalable fabrication processes for creating skin-like
fabric are investigated. The existing plasma-based fabrication method for skin-like
fabric is evaluated, with its key limitation identified. A new PVA-based preparation
approach for is proposed as an alternative. This approach involves printing a PVA
solution onto the surface of hydrophilic cotton fabrics, thereby forming a covered area.
Due to the viscosity of the PVVA solution, a polymer concentration gradient covering is
established in the thickness direction of the wetted fabric. Subsequently, the printed
fabric is dried and treated with a commercial fluorine-free hydrophobic agent. Finally,
the printed PVA is removed by washing with hot water. The presence of the printed PVA
prevents the covered area from contacting with the hydrophobic agent, resulting in the
formation of wettability gradient channels on the hydrophobic fabric. The prepared
textile demonstrates directional liquid transport properties, driven by capillary force
through these engineered gradient wettability channels, while maintaining overall water

repellency due to the predominantly hydrophobic outer surface (as shown in Figure 3.1).
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3.2 Evaluation of Existing Plasma-based Fabrication Method

The development of skin-like fabrics relies critically on selective treatment to
engineer partially controlled wettability gradients. By differentially modifying distinct
regions of the textile substrate, wettability gradient channels can be precisely
constructed. Common methods for achieving selective treatment include plasma
treatment, spray coating, and screen printing. The spray coating method was finally
considered unsuitable for fabricating skin-like fabrics due to two inherent technical
limitations. First, this approach provides inadequate control over liquor pick-up during
application, resulting in inconsistent treatment deposition. More critically, the inherent
wicking properties of hydrophilic surfaces cause uncontrolled spreading of the coating
agent, preventing the formation of stable through-thickness wettability gradients
essential for directional liquid transport. These fundamental constraints led to the
exclusion of spray coating from our fabrication strategy. In this section, existing
plasma-based fabrication processes for creating skin-like fabrics are explored?.
Building upon the previous work reported by our group which demonstrated mask-
assisted selective plasma treatment for skin-like fabric production, we initially adopted
this method to optimize processing parameters. The plasma treatment approach,
utilizing a perforated physical mask to create patterned wettability contrasts, served as

the foundational technique for establishing gradient channels.
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3.2.1 Materials

A plant-structured woven cotton fabric, developed by the School of Fashion and
Textiles at The Hong Kong Polytechnic University based on previous research from our

133 was employed as the substrate. The fabric exhibited a thickness of

group
approximately 0.42 mm and the fabric weight was measured as 135 g-m?. By
mimicking the branching morphology of plant stems, the cross section of the fabric
features a bifurcated structure, comprising two distinct sides with different pore sizes
(see Figure 3.2). The side with the smaller pore size was designated as the top side or
the outer surface and the other side was noted as the back side or the inner surface. This
structural asymmetry facilitates directional liquid transport from the larger pore size
side to the smaller pore size side through capillary action. Additional commercial
fabrics used in this chapter were purchased from local suppliers. Prior to further
treatment, all fabrics were thoroughly washed with an 80°C aqueous solution of 5%
sodium hydroxide (NaOH) for 2 h to remove residual surface finishing. Acetic acid (AR)
was purchased from Dieckmann (Hong Kong) Chemical Industry Co., Ltd. The
fluorine-free hydrophobic agent, RUCO®-DRY ECO PLUS, and its crosslinking

component, RUCO®-LINK XCR, as well as the hydrophilic agent FERAN® ICS was

purchased from Rudolf Chemie (HK) Limited.
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Figure 3.2 The microscopic image of the top side (a) and the back side (b) of the plant-structured

fabric.

3.2.2 Fabrication Processes
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Figure 3.3 Illumination of preparation method for skin-like fabric via selective plasma treatment

process.
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Figure 3.4 The FTIR spectra of the hydrophobic agent ®RUCO-DRY ECO PLUS.
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The initial fabrication strategy employed selective plasma treatment to develop
skin-like fabrics with directional water transport properties and water repellency (see
Figure 3.3)?%. The process began with pristine cotton fabrics undergoing hydrophobic
finishing treatment to establish a superhydrophobic surface. The hydrophobic treatment
solution was formulated by dissolving 80 g of RUCO®-DRY ECO PLUS in 1 L of
deionized water, followed by the addition of 40 g of RUCO®-LINK XCR as a
crosslinking agent. The solution pH was subsequently adjusted to 5 using acetic acid.
This hydrophobic agent is a kind of silicone-based hydrophobic agent and free of
organic halogen compounds inclusive of fluorocarbon compounds. The FTIR spectra
of the hydrophobic agent is shown in Figure 3.4. The fabric was immersed in the
hydrophobic agent solution and processed through a padding mangle (VFM type,
Mathis AG, Switzerland) to achieve 70% liquor pick-up while removing excess
finishing solution. Following padding, the fabric was air-dried at ambient temperature
and then thermally cured at 160°C for 1 minute using a convection oven (Model DHG-
9036A, Jinghong Experimental Equipment Co., Ltd., Shanghai, China), which imparted

durable hydrophobicity to the treated substrate.
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Figure 3.5 Desing of the laser cut screens. (a) Diagram of the round hole screen and (b) the elongated

hole screen.

These pretreated substrates were then subjected to plasma treatment with a laser
cut round hole screen covered. The screen was prepared by laser cutting using
polyethylene terephthalate (PET) plates with thickness of 1 mm. As shown in Figure
3.5a, on the round hole screen, there were evenly distributed small holes with a diameter
of 1 mm with the holes spacing 10 mm and the thickness of the screen being 1 mm.
This selective treatment created distinct wettability zones: the plasma treated area
transitioned to hydrophilic while covered areas remains their original hydrophobicity.
However, the plasma induced hydrophilicity degraded rapidly due to surface

reorganization and radical recombination.

To keep the hydrophilicity, an additional hydrophilic finishing was applied. To
prepare the hydrophilic treatment solution, 60 g of hydrophilic agent FERAN® ICS was
dissolved into 1 L of DI water. The plasma treated fabric was then immersed into the

hydrophilic agent solution and then processed through a padder to remove excess
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finishing solution. Afterwards, the fabric was dried at room temperature and then

thermally cured at 160°C for 1 minute in an oven.

3.2.3 Characterization

The wettability and directional liquid flow property of the fabric were evaluated
through water contact angle (CA) measured by a contact angle tester (Model SDC-350,
Dynetech Intelligent Technology Co., Ltd., Guangdong, China). Testing was performed
with water droplet volume of 5 uL, with five measurements taken per sample and the

results reported as mean values.

3.2.4 Results and Discussion

a CA=130°

Figure 3.6 Wettability of the skin-like fabric prepared by plasma-based method. Water contact angle
of (a) the hydrophobic treated area, (b) the top side and (c) the back side of the wettability channels

area.

The directional liquid transport property and water repellency of the fabric largely
depend on the surface wettability. Therefore, the wettability of the prepared skin-like
fabric was first measured by the water contact angle tester. As shown in Figure 3.6, the
hydrophobic treated area exhibited a high contact angle of 130°. In contrast, the plasma
treated area showed wettability differences, with 0° on the top side and 99° on the back

side. This difference resulted from the free radical induced by plasma, which enabled
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effective hydrophilic coating. The attenuated plasma penetration depth created a
wettability gradient across the cross-section of the fabric, with reduced hydrophilicity
on the back side compared to the fully hydrophilic top surface. This wettability
difference enabled the directional liquid flow property through this fabric. The water
dripped onto the back side of the fabric can be directionally transported to the top side

of the fabric (see Figure 3.7).
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Figure 3.7 Directional liquid flow property of the skin-like fabric prepared by plasma-based process.

However, the as-prepared fabrics initially exhibited hydrophilicity to the
wettability gradient channels, but complete hydrophobic recovery occurred after
washing (see Figure 3.8). This may be caused by the aging of free radical induced by
plasma treatment, which compromises the stable grafting of hydrophilic agents onto
hydrophobic surfaces. Consequently, the hydrophilic coatings detached during washing,
resulting in the restoration of the hydrophobicity on the fabric surface. Furthermore, the
plasma treatment process proved impractical for large-scale production due to its slow

processing speed, low throughput, and high energy consumption.
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Figure 3.8 The skin-like fabric treated by selective plasma treatment process. (a) The hydrophilic

wettability gradient channels. (b) Complete hydrophobic recovery of the fabric after washing.

3.3 Proposed PVA-based New Fabrication Method

3.3.1 Materials

The plant-structured cotton woven fabric was used as substrate as stated in Section
3.2.1. Polyvinyl alcohol (PVA, 1799L, 99% purity) was purchased from Shandong
Usolf Chemical Technology Co., Ltd. (China). The hydrophobic agent and crosslinking

component used in this section were the same as that in Section 3.2.1.
3.3.2 Fabrication Processes

In this technique, the wettability channels area to be developed on the surface of
the fabric should be covered before the hydrophobic treatment to create precisely
controlled wettability gradients. To realize the directional liquid transport and water
repellent properties of the skin-like fabric, water soluble polymer PVA was selected as
the covering agent due to easy removal by hot water. The PVVA solution was prepared
by dissolving a predetermined ratio of PVA solids in deionized (DI) water. Prior to
dissolution, the PVVA powder was immersed in DI water and continuously stirred for 12

hours to ensure complete swelling. The swollen PVA mixture was subsequently heated
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to 80°C under continuous stirring for 4 h to achieve complete dissolution. In this study,
five PVA aqueous solutions with varying concentrations in weight (5, 8, 11, 14, and 17
wt%) were systematically prepared for comparative analysis. Screen printing
techniques were selected to apply the PVA onto the fabric. To assess the practical
applicability of this method, the pristine fabric was first coated by PVA via screen
printing using a dot patterned screen which was stated in Section 3.2.2. Afterwards, the
printed fabric was treated by a commercial hydrophobic agent. The PVA then removed
from the surface of the fabric by hot washing (see Figure 3.9). This approach was

ultimately validated as feasible, with detailed results presented in Section 3.3.4.
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Figure 3.9 Illumination of preparation method for skin-like fabric via PVA-based (screen printing)

treatment process.

After confirming the feasibility of this approach, the structure of the gradient
wettability channels was optimized, leading to the redesign of an elongated hole screen
(as shown in Figure 3.5b). The screen was also prepared by laser cutting using PET
plates with thickness of 1 mm. The strip width was 1 mm, and strip length was 10 mm,

with strip spacing being 10 mm and the thickness of the screen also being 1 mm. The
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PVA solutions were printed on the plant-structured woven cotton fabric via the laser cut
screens (Figure 3.10). The penetration capability of PVA solutions into the fabric
substrate exhibited concentration-dependent behavior. Firstly, PVA solution with
relatively lower concentration was printed on the fabric from the top surface via the
round hole screen. Due to the high fluidity of the low concentration PVA solution, the
printed fabric enabled quickly wetted by the solution. The solution easily penetrated to
the back side of the fabric, establishing discrete dot patterned gradient wettability
channels. Subsequently, the elongated hole screen was covered onto the printed fabric
and precisely aligned to overlay these printed dots, enabling deposition of a high-
concentration PVA solution on the top surface. The increased viscosity restricted the
penetration of this solution, creating strip patterned channels exclusively on the top
surface. This resulted in distinct wettability channel patterns on each side of the fabric
surface: discrete dot shaped channels on the back side versus interconnected strip
shaped channels on the top surface of the fabric. Finally, the printed fabric was dried at

60°C to solidify the printed PVVA patterns.
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Figure 3.10 Schematic illustrating the printing of PVA solution onto the fabric.
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The hydrophobic agent used in this section was the same as that in Section 3.2.2.
The printed fabric was treated with the hydrophobic agent and then cured at 160° C
for 1 minute. To complete the process, the cured fabric underwent continuous washing
cycles for 30 min in hot water (>80°C) to thoroughly remove the printed PVA
components. During the hydrophobic treatment, the PVA covered areas of the fabric
were not exposed to the hydrophobic agent, and hence these areas remain hydrophilicity
after the fabric was given a hot wash which removed the PVA, forming a wettability
gradient through the cross section of the fabric for directional liquid transport.
Elongated hydrophilic strips on the top side allow transported water accumulating on

the top surface and then rolling down (see Figure 3.1).

3.3.3 Characterization

The wettability of the fabric was evaluated through water contact angle (WCA)
measured by a contact angle tester (Model SDC-350, Dynetech Intelligent Technology
Co., Ltd., Guangdong, China). Testing was performed with water droplet volume of 5

uL, with five measurements taken per sample and the results reported as mean values.

To demonstrate the directional liquid flow property, the skin-like fabric was
suspended on a stand at an angle of 45°. Water was continuously supplied onto the back
and top sides of the fabric via a syringe pump, respectively. The liquid transport

behavior through the fabric was then observed.

The surface morphology of the fabric was observed using a scanning electron
microscope (SEM, Model VEGA3, TESCAN, U.K.). Athin layer of gold was deposited
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on the surface of the observed sample to increase the conductivity before testing for a

better image quality.

Figure 3.11 The homemade apparatus for hydrostatic pressure test.

The water repellency of the fabric was characterized by the hydrostatic pressure
test and the water shower test as well as the spray test. The hydrostatic pressure was
measured by means of a homemade apparatus (see Figure 3.11). The sample was fixed
in the middle of two acrylic tubes. Water was supplied continuously into the upper tube
with water supply rate of 0.2 mmH>O/s. When the first drip of water dropped through

the sample to the lower tube, the height of water in the upper tube was recorded.

The water spray test was conducted to check the water repellency and directional
liquid transport property of the fabric. A piece of fabric was fixed at the mouth of a
glass vial, which contains hygroscopic color-changing silica gel. Then, the assembly
was sprayed under a water pressure of 50 mmHzO for 10 s. The color change of the

silica gel inside the vial was then observed to evaluate the water repellency.
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The shower test was conducted by a spray rating tester (Model M232, SDL
International, U.K.) according to the standard AATCC 22. 250 mL of water was poured
onto the top side of the fabric through a shower at the height of 150 mm and at
temperature of 20°C, the water being dyed red to obtain a more visible result. The

wetting area of the fabric was then observed and recorded.

The air permeability of the fabric was measured by means of an air permeability

tester (KES-F8-AP1, KATO Tech Co., Ltd., Japan).

3.3.4 Results and Discussion

Effect of the concentration of PVA solutions on wettability of the fabric

Figure 3.12 Top side and back side of samples printed by the round hole screen using (a) 5 wt%, (b)

8 wit%, (c) 11 wt%, (d) 14 wt%, and (e) 17 wt%.

To achieve the best directional liquid transport properties of fabrics prepared by

PVA-based process, the effect of PVA concentrations on wettability of the fabric was
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explored. Five PVA solutions with different concentrations on weight (5%, 8%, 11%,
14%, 17%) were prepared. These five kinds of PVA solutions were printed onto the
plant-structured cotton woven fabric from the top side via the round hole screen,
respectively. Due to the hydrophilicity of the plant-structured cotton fabric, the
solutions were easily absorbed by the fabric and forming polymer concentration
gradients covering on the cross section (thickness direction) of the fabrics. As shown in
Figure 3.12, the PVA solution demonstrated increased spreading behavior with the
decrease of solution concentrations due to the lower viscosity. Therefore, the pattern
printed with a higher concentration of PVA solution exhibited significantly improved
clarity and accuracy. Additionally, solutions with higher viscosity showed reduced

penetration through the fabric to the back side.
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Figure 3.13 The wettability of the treated fabrics printed with different PVA concentrations in the
solutions. (a) Contact angles of the pristine plant-structured cotton woven fabric and the
hydrophobic treated area of the fabric. (b) Contact angles of the top side and back side of the

wettability channels treated with solutions with various PVVA concentrations.
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After printing process, these fabrics were treated with commercial fluorine-free
hydrophobic agent and were hot washed for PVA removal via the method mentioned in
Section 3.3.2. The covering effect of PVA solution were checked with wettability of the
printed areas. The water contact angles of these fabrics were measured. As shown in
Figure 3.13a, the pristine plant-structured cotton fabric was superhydrophilic with the
water contact angle of 0°. When the fabric was treated with hydrophobic agent, the
fabric exhibited hydrophobicity with a water contact angle of 135°. The water contact
angle of wettability channels on the fabric which was covered by PVA varied with the
concentration of PVA solution due to the covering effect (see Figure 3.13). At lower
PVA concentration, such as 5%, both the top side and the back side of the wettability
channels areas were hydrophobic with water contact angles above 120°. Although the
lower concentration PVA solutions were able to easily wet the fabric and penetrate to
the back side of the fabric, its low viscosity leads to uncontrolled spreading, leading to
an edge blurring and geometric deviation. Furthermore, the low concentration of PVA
limited the covering efficiency, failing to prevent the pattered area from exposing to the
hydrophobic agent. Consequently, unwanted hydrophobic properties occurred in
protected areas. As the increase of PVA concentration in solutions, the water contact
angle of the top side of the gradient wettability channels decreases, indicating the
covering effect of the PVA solution improved. It is worth noting that, when the PVA
concentration was 14%, the water contact angle of the top side of the wettability
channels was 32°, while that of the back side of the wettability channels was 102°,
which was slightly lower than that of the uncovered hydrophobic area. The water
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contact angle difference was 70°, demonstrating that the 14% concentration of PVA
solution was able to penetrate to the back side of the fabric with a suitable degree,
forming a wettability gradient through the cross section of the fabric. As the PVA
concentration increased to 17%, the PVVA solution showed the best covering effect, with
the contact angle of the top side of the wettability channels being 0°. However, since
the solution was too thick to penetrate to the back side of the fabric, the back side of
the wettability channels exhibited hydrophobicity with contact angle of 137°, which
was almost the same as the uncovered hydrophobic area. Compared with selective
plasma treatment, the PVVA-based method exhibited durable hydrophilicity on the
wettability gradient channels. As shown in Figure 3.14, the printed areas remain
hydrophilic after being washed 10 times and then stored for 1 month. After being
washed and stored, the hydrophilicity on the printed area remained. The results in this
section showed that the PVA covering method is more suitable for preparing the skin-
like fabric. In subsequent experiments, the PVVA-based method was refined by adopting
the dual-printing approach described in Section 3.3.2. The 14% PVA solution was
selected to print dot pattern using the round hole screen, and the 17% PVA solution was
used for printing the strip pattern via the elongated hole screen. Fabrics printed by this
method exhibited a water contact angle difference of 102° between the two sides of the

wettability gradient channels.
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Figure 3.14 The fabric prepared by PVA-based method. (a) The hydrophilic printed areas and
hydrophobic outer surface. (b) The wettability of the fabric after being washed and stored for 1

month. The water was dyed red to facilitate visual observation.

Effect of the PVA-based process on directional liquid transport property of the fabric
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Figure 3.15 The directional liquid transport property of the fabric. The water was dyed red to

facilitate visual observation.

Having explored the concentration of the PVA solution, the treated fabric via PVA-
based method should have an excellent directional liquid transport property, which is a
critical property for moisture management function of a fabric. In the prepared skin-
like directional flow and water repellent fabric, there were gradient wettability channels
with the top side being superhydrophilic (water contact angle was 0°) and back side

being hydrophobic (water contact angle was 102°). The back side of the wettability
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channels was slightly less hydrophobic than the uncovered hydrophobic area, allowing
liquid easier to gather here and facilitation water transport. Due to the wettability
difference between the two ends of the gradient wettability channels, water can be
transported directionally from the more hydrophobic side to (back side) to the more
hydrophilic side (top side) of the fabric. The key driving force of this directional liquid
transport phenomenon is capillary pressure?® >, As shown in Figure 3.15, water was
transported to the top side of the fabric when it was supplied from the back side of the
fabric. The transported water then accumulated along the hydrophilic strips on top side
of the fabric and rolled off due to gravity. During the experiment, it takes 120 s for the
first droplet to be transported and drip down. In contrast, when water was supplied onto
the top side of the fabric, it just accumulated on the hydrophilic strips on the top side
of the fabric and then rolled down rather than being transported to the back side of the
fabric. Furthermore, the other area of the fabric was not wet by the water since most

areas of the fabric were hydrophobic.
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Effect of the PVA-based treatment on surface morphology of the fabric

Pristine

Figure 3.16 Surface morphology of the fabrics. SEM images of (a) pristine plant-structured cotton
fabric, (b) Hydrophilic area (top surface) of the gradient wettability channels, and (c) hydrophobic

treated area.

The properties of the fabric can be largely affected by the surface morphology of
the fiber, not only wettability, but also mechanical properties, and air permeabilities. A
scanning electron microscope (SEM) was used to observe the changes in the
morphology of the fabric before and after the PVVA-based treatment. As shown in the
SEM images of the fabrics (Figure 3.16), there was a layer of coating on the surface of
the hydrophobic treated area of the skin-like directional liquid flow fabric compared
with the surface of the pristine fabric. It can also be observed in the inserted smaller
magnification image that there are adhesions between fibers on the hydrophobic treated
area due to the crosslink of the hydrophobic agent. The hydrophobic agent covered the
fabric uniformly, resulting in a favorable hydrophobicity on the hydrophobic treated
area of the fabric. Conversely, on the top side of the gradient wettability channels which
covered by PVA, the surface morphology of the fibers was almost the same as the

pristine plant-structured cotton fabric, indicating that these areas remain hydrophilicity
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due to the excellent covering effect of PVA which prevented the fabric from being
exposed to the hydrophobic agent. Furthermore, the treatment did not change the
surface morphology and pore structure of the fabric, indicating that the mechanism

properties and the air permeability were not affected.

Effect of PVA-based treatment on water repellency and air permeability of the fabric

Table 3.1 Hydrostatic pressure of the both sides of the skin-like directional flow fabric and air

resistance of the pristine plant-structured cotton fabric and the skin-like directional flow fabric.

Standard deviation

Hydrostatic Air Resistance
Sample of air resistance

pressure (mmH,0) (kPa-s-m?)

(kPa-s-m)

Pristine plant-structured

— 0.330 0.004
cotton fabric

Top side: 76
Skin-like directional

0.329 0.007

flow fabric Back side: 22

Apart from the directional liquid flow property, the skin-like fabric also exhibited
excellent water repellency due to the hydrophobicity of most areas of the fabric. The
water repellency of the treated fabric was characterised by the hydrostatic pressure test.
The hydrostatic pressure was tested via a homemade apparatus following the method
detailed in Section3.3.3. As shown in Table 3.1, the hydrostatic pressure of the top side
of the skin-like directional flow fabric was 76 mmH2O, which was significantly higher
than that of the back side of the fabric (22 mmH20O). This indicated that it is easier for

water to be transported from the back side to the top side of the fabric than the reverse
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transport. This phenomenon clearly showed the directional water transport performance
of the fabric and the water repellency from the top side of the fabric. To further evaluate
the water repellency of the fabric, a water spray test and shower test was carried out.
As shown in Figure 3.17, when water was sprayed onto the top side of the fabric, the
silica gel in the vial remained unchanged in color, demonstrating that no water
penetrated through to the back side of the skin-like fabric. Conversely, when water
sprayed from the back side, water passed through the fabric to the top side, leading to
the silica gel absorbing water and becoming red. As can be seen from Figure 3.18, the
water selectively wetted only the hydrophilic area of the gradient wettability channels,
leaving most of the top surface dry. No liquid penetrated to the back side of the skin-

like fabric, resulting in a dry surface on the back side.

Before After

Figure 3.17 Water spray test of the skin-like directional flow fabric.
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Upper surface Lower surface

Figure 3.18 Image of shower test of skin-like directional flow fabric.

The air permeability of the fabric plays an important role in wearing comfort and
thermal/moisture management. In this research, air permeability was evaluated through
air resistance measurements, where lower air resistance represents higher air
permeability. Air resistance is measured by the pressure generated when a certain
amount of air passes through a unit area of fabric per unit time. The higher this value,
the higher the air resistance. As shown in Table 3.1, the air resistance of the pristine
plant-structured cotton fabric was 0.330 kPa-s-m™, while the treated skin-like fabric
exhibited almost the same air resistance at 0.329 kPa-s-m™. The SEM image showed
that the treatment did not affect the porous structure of the fabric, which can be
attributed to the thin and uniform deposition of the hydrophobic agent without
compromising the internal fiber architecture. As a result, the treated skin-like fabric

remains an excellent air permeability.
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Effect of substrates on directional liquid transport property during PVA-based

treatment

--

Figure 3.19 Directional liquid transport properties of skin-like fabrics prepared using different

substrates. (a) Plain cotton woven fabric. (b) Cotton knitted fabric.

To demonstrate the general applicability of this method, in this section, we
prepared three skin-like fabrics using different base materials including plain cotton
woven fabric, plain cotton-polyester blended woven fabric, and cotton knitted fabric.
Before the treatment, the cotton-polyester blended woven fabric was hydrolysed in 5%
NaOH solution at 80°C for 2h to improve the hydrophilicity. The directional liquid
transport properties of these fabrics were demonstrated in Figure 3.19. All treated
fabrics exhibited effective directional liquid transport, allowing rapid water transport

when water supplied from the back side of the fabrics while completely preventing
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penetration from the top side of the fabrics. Among the tested substrates, the knitted
cotton fabric showed the most rapid transport (Figure 3.19b), due to its inherently loose
structural architecture which facilitated enhanced capillary flow. This experiment
demonstrates the PVVA-based method can be applied onto fabrics having different fabric

constructions for creating skin-like directional liquid flow fabrics.

3.4 Summary

In this chapter, the preparation process of skin-like directional flow fabric was
explored and improved. Gradient wettability channels were developed on the surface
of hydrophobic fabrics via PVVA-based method. This method primarily employs two
mature industrial process: screen printing and dip coating, to achieve the desired
functionalization. The developed gradient wettability channels allow water flows
directionally from the skin side to the outer side of the fabric and accumulate on the
outer surface and dripped down. Due to this property, the fabricated textile enables rapid
sweat transport while preventing the heaviness and stickiness caused by saturation,
maintaining dryness and lightweight comfort even after heavy sweating. Since most
areas of the outer surface of the skin-like fabric is hydrophobic, the prepared fabric
exhibits water repellency with the hydrostatic pressure of 76 mmH>O. The shower test
and water spray test also showed the water repellency of the fabric. Furthermore, the
treatment did not affect the air permeability of the fabric, thus maintaining its air

permeability. This treatment process has a broad applicability, could be used for
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different substrates. Compared with existing plasma-based method, the PVA-based

method exhibits significant potential for large-scale production.
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Chapter 4 (PDMAPS)-based Temperature-responsive
Skin-like Fabric

4.1 Introduction

Clothing plays an important role in assisting the human body’s thermal and
moisture regulation while providing necessary protection in the wide range of
environments we live in>. An ideal clothing system should effectively promote heat
dissipation during higher temperatures or extraneous activities while maintaining
thermal insultation in cold conditions. Human skin has an exceptional temperature-
responsive directional liquid flow property in that, it increases the secretion of sweat
for evaporative cooling at high temperatures but minimizes water loss at low
temperatures while providing protection from the external environment®> 13 14 By
mimicking the temperature-responsive directional liquid transport property of human
skin in textiles can lead to a much-desired thermal and moisture regulation fabric that
regulates sweat transport and the associated evaporative heat loss in response to thermal

conditions.

In Chapter 3, the skin-like fabric with directional flow property and water
repellency has been developed. However, these skin-like fabrics cannot regulate the
moisture management properties with the change of temperature. The after-chill effect
after vigorous exercise or the large temperature difference between outdoor and indoor
may largely affect human comfort. To impart the temperature-responsive effect to a

fabric, a simple strategy is to coat the temperature-responsive polymer on the surface
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of the fabric. As discussed in Section 2.2, UCST-type polymers are more suitable for
preparing thermal and moisture management textiles. These polymers exhibit
hydrophobicity at a lower temperature and transform into hydrophilic when
temperature rises®. This temperature-responsive property is similar with the intrinsic
thermoregulatory properties of human skin. If this kind of polymer is coated on the
gradient channels of the as-prepared skin-like directional flow fabric in Chapter 3, it is
possible to impart the property that the water transport rate of the fabric changes with
temperature, that is, the water transport rate is lower at a lower temperature, and the

water transport rate rises at a higher temperature.

In this chapter, the UCST-type (PDMAPS)-based temperature-responsive skin-
like directional flow and water repellent fabric is prepared by grafting the zwitterionic
UCST-type  polymer,  poly([2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)
ammonium hydroxide (PDMAPS), onto the surface of the plant-structured cotton
woven fabric-based skin-like fabric prepared in Chapter 3 via a “grafting-from” method.
The transition temperature (or UCST) of this polymer is about 26°C, which is close to
the typical temperature of a fabric on the human body!3* *, Due to the switchable
wettability of the PDMAPS, the prepared temperature-responsive skin-like fabric
exhibits dynamic water transport rate driven by temperature. The coating existed only
as a thin layer on the fabric surface, so the porosity of the fabric was not affected. The
fabric exhibits high water transport rate (14202 g-m-h*! at 40 °C) when temperature
higher than the transition temperature of PDMAPS (26-27°C). Conversely, when the

temperature decreases below the transition temperature, the water transport capacity of
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the fabric significantly reduces (8700 g-m™2-h™ at 10 °C) to prevent heat loss from the
human body. Meanwhile, the water repellency of the fabric increases at lower
temperature (hydrostatic pressure of 98 mmH 0O at 10 °C), providing better protection
for the human body. This kind of temperature-responsive skin-like moisture
management fabric has wide potential applications in functional clothing due to its

excellent temperature-dependent moisture management properties and water repellency.

4.2 Experimental Section

4.2.1 Materials

The skin-like directional liquid flow and water repellent fabric was prepared via
the PVVA-based method mentioned in Chapter 3, using the plant-structured cotton woven
fabric as the substrate. The 3-(trimethoxysilyl) propyl methacrylate (TMSPMA, 98%)
and the acetic acid (AR) were purchased from Dieckmann (Hong Kong) Chemical
Industry Co., Ltd., Hong Kong. The ethyl alcohol (Absolute, ACS grade) as the solvent
was supplied by Anaqua Global International Inc. Limited, Hong Kong. The [2-
(methacryloyloxy) ethyl] dimethyl-(3-sulfopropyl) ammonium hydroxide (DMAPS,
98%) was obtained from Bide Pharmatech Co., Ltd., Shanghai, China. The 2-Hydroxy-
4'-(2-hydroxyethoxy)-2-methylpropiophenone (HHMP, =98%) as the photo-initiator,
ethylene glycol dimethacrylate (EGDMA, 98%) as the crosslinker, and 2,2,2-
Trifluoroethanol (TFEA, 99.5%) as the solvent for HHMP and EGDMA were obtained

from Shanghai Aladdin Biochemical Technology Co., Ltd., China.
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4.2.2 Grafting the Coupling Agent onto the Skin-like Fabric

Due to the lack of grafting sites on the surface of skin-like cotton fabric, the
temperature-responsive polymer PDMAPS cannot form covalent bonds with the
substrate fabric and instead relies only on physical adhesion, which significantly
compromises the strength of the coating and durability. Therefore, the fabric was treated
with a coupling agent TMSPMA to introduce grafting sites for a stronger molecular
binding before applying the temperature-responsive polymer onto the skin-like fabric.
The coupling agent solution was prepared by dissolving 0.8 mL of TMSPMA in 39.2
mL ethyl alcohol and mixing with 130 pL acetic acid. The solution was stirred for 5
min at room temperature. Afterwards, a piece of skin-like fabric at the size of 10 x 10
cm was immersed into the solution at 30°C for 4 h while having magnetic stirring. The
TMSPMA was hydrolyzed in the solution and combined with the cotton fabric through
hydrogen bonds. Then, the fabric was cured at 105°C for 24 h in an oven. In this process,
the hydrolyzed TMSPMA underwent condensation reaction with cotton fabrics,
forming covalent bonding. Finally, the cotton fabric was rinsed three times with ethyl

alcohol for 10 min to remove the unreacted chemicals and dried at 60°C in oven.
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Figure 4.1 The chemical mechanism of grafting PDMAPS onto the cotton fabric. (a) Schematic of

grafting PDMAPS on the cotton fabric. (b) Chemical structure of DMAPS monomer.
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By introducing the coupling agent TMSPMA, the hydroxyl groups on the cotton
surface were replaced by the double bonds on TMSPMA, providing a grafting site for
graft polymerization of the temperature-responsive polymer PDMAPS. The TMSPMA
provided covalent bonding between the fabric surface and the temperature-responsive
polymer layers (see Figure 4.1a), enhancing the durability of the polymer coating. After
treating the coupling agent, the hydrophilic area of the gradient wettability channels on
the skin-like fabric became slightly hydrophobic due to the hydrophobic groups in
TMSPMA. This hydrophobic modification regulates the wettability balance of the
surface of the fabric, playing an important role in determining the temperature-

responsive switchable wettability properties of the fabric.

4.2.3 Fabrication of the (PDMAPS)-based Temperature-responsive

Skin-like Fabric
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Figure 4.2 lllustration of preparation of (PDMAPS)-based temperature-responsive skin-like fabric.

The (PDMAPS)-based temperature-responsive skin-like fabric was prepared by
grafting the temperature-responsive polymer PDMAPS onto the wettability channels
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areas of the skin-like fabric via “grafting-from” method in a temperature-responsive
monomer solution. To prepare the temperature-responsive monomer solution, different
weight (29, 3g, 4 g, 59, 6g) of DMAPS monomer (Figure 4.1b), 20 uL of EGDMA as
crosslinker, 40 mg of HHMP as photo-initiator, and 2 mL of TFEA as solvent for
EGDMA and HHMP were dissolved in 20 mL of DI water. The solution was stirred for
1 h under a completely dark environment (for preventing initiation of polymerization)
to get fully dissolved. Then, nitrogen (N2) was pumped through the solution for 30 min
to remove dissolved oxygen (Oz) in the solution. The skin-like fabric treated by
coupling agent was dipped in the temperature-responsive monomer solution and then
the fabric was processed through a padder for removing excess solution. The DMAPS
solution only remained on the top side of the gradient wettability channels of the skin-
like fabric (as shown in Figure 4.3, the DMAPS monomer solution was dyed red for
obtaining a more visible result) since the other area of the skin-like fabric was
hydrophobic. Then, the top side of the fabric was put under a UV lamp (365 nm, 120
W) at a distance of 5 cm. The grafting polymerization was initiated by the UV
irradiation with a duration of 20 min. After the UV irradiation, the PDMAPS was
grafted onto the fabric via covalent bonding with the assistance of the coupling agent.
Finally, the fabric was alternately rinsed with cold (5°C) and hot water (80°C) for 1 h

to remove unreacted monomers and solvents, after which it was dried at 60°C.
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Top side Back side

Figure 4.3 Photograph of the top side (a) and back side (b) of the TR-MM fabric. The red areas are
the dyed DMAPS solution. It shows that the DMAPS solution is only picked up by the top side of

the gradient channels.

4.2.4 Characterization

The wettability of the fabric was characterized by measuring the water contact
angle with a contact angle tester (SDC-350, Dynetech Intelligent Technology Co., Ltd.,
Guangdong, China), a water droplet volume of 5 pL being used during the test. Each

sample was tested for 5 times, and the mean of the data was taken.

A scanning electron microscope (SEM, VEGA3, TESCAN, U.K.) was used to
observe the surface morphology of the fabric. A layer of gold was deposited on the
surface of the fabric before testing to improve the conductivity of the surface for better
image quality. Energy-dispersive X-ray spectroscopy (EDS) was used to analyze the
element mapping of the surface of the fabric. A Fourier-transform infrared spectrometer
(FTIR, Spectrum 100, PerkinEImer, USA) was used to characterize the chemical groups

and composition of the fabric.
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Figure 4.4 Schematic diagram of the homemade apparatus for water transport rate test.

The directional liquid transport rate of the fabric was tested by means of a
homemade apparatus (see Figure 4.4). The fabric was fixed on a 3D printed triangular
bracket at 45° inclination, and water was supplied continuously to the back side of the
fabric at a rate of 10 ml/min by a syringe pump. The syringe needle for water supply is
positioned at a distance from the fabric, approximately 2-3 mm. A portion of the water
was conducted to the top side of the fabric and dripped down. The test was conducted
for 1 hour. The dripped water was collected and weighed, then the water transport rate

(g-mint:-m) can be calculated.

The water repellency property of the fabric was characterized by hydrostatic
pressure test and shower test, following the same method detailed in Section 3.3.3. The
air permeability of the fabric was measured by means of an air permeability tester

(KES-F8-AP1, KATO Tech Co., Ltd., Japan).

The handle of the fabric was characterized by the low stress mechanical properties
tests. The low stress mechanical properties of the fabric were tested using KEF-FB
system, with the sample size being 20 cm x 20 cm. The tensile and shearing properties
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were tested by KES-FB1 AUTO-A (KATO Tech Co., Ltd., Japan). The bending
property was tested by KES-FB2 (KATO Tech Co., Ltd., Japan). The compression
property was tested by KES-FB3 AUTO-A (KATO Tech Co., Ltd., Japan). The surface

property was tested by KES-FB4 AUTO-A (KATO Tech Co., Ltd., Japan).

4.3 Results and discussion

4.3.1 Effect of the PDMAPS Coating on the Wettability of the Fabric

To achieve the temperature-responsive switchable wettability on the skin-like
directional flow fabric, a UCST-type zwitterionic temperature-responsive polymer
PDMAPS was grafted on the gradient wettability channels of the skin-like fabric. This
polymer exhibits hydrophobicity at lower temperatures and becomes hydrophilic as

temperature rises.
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Figure 4.5 The effect of weight of DMAPS in the temperature-responsive solution (in 20 ml of

solvent) on the water contact angle of the grafted fabric.

In order to explore the effect of monomer concentration of the solution on the

wettability of the fabric, fabrics treated with five monomer solutions stated in Section
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4.2.3 were prepared. The liquor pick-up was 120%. As shown in Figure 4.5, the
hydrophilicity of the fabric increased with the increase of the monomer weight in the
solution. At low DMAPS concentrations, the fabric maintained hydrophobic character
(contact angle > 90°) at both high and low temperatures, indicating insufficient DMAPS
to counterbalance the hydrophobicity of TMSPMA. When the weight of DMAPS
reached 4 ¢, the grafted polymer density reached an optimal level that enabled
temperature-responsive behavior, exhibiting a contact angle transition from 121° at low
temperature to 0° at higher temperature. However, excessive DMAPS led to loss of
temperature-responsiveness, as the high surface PDMAPS concentration turned the

surface to hydrophilic even at lower temperatures.
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Figure 4.6 Repeated tests of water contact angle of the PDMAPS coated fabric at different ambient

temperatures.

A fabric coated with the monomer solution with 4 g of DMAPS in 20 ml solvent
was prepared to check the reversible wettability and durability of the temperature-
responsive fabric. The water contact angles were tested alternatively for 8 cycles at

10°C and 40°C ambient temperature, respectively. According to the results of the
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contact angle test (Figure 4.6), the surface of the fabric was hydrophobic with contact
angles were all around 120° when the ambient temperature was 10°C, while the surface
of the fabric became hydrophilic at 40°C with the contact angle of 0°. The contact
angles did not change a lot after 8 cycles, which indicated that the temperature-
responsive property of the fabric was reversible. The temperature-responsive
wettability switching behavior is fundamentally governed by the distinctive molecular
structure of the DMAPS monomer. Although electrically neutral overall, the DMAPS
molecule incorporates both positively charged cationic and negatively charged anionic
functional groups within its structure!®®. This zwitterionic characteristic drives the
following temperature induced transitions: When the temperature is maintained below
the UCST, zwitterionic groups undergo strong self-association through intensive
dipole-dipole interactions between molecular chains, resulting in a hydrophobic state.
Conversely, when the temperature is increased above the UCST, the thermal energy
overcomes and disrupts these intermolecular dipole interactions, causing the molecular
chains to extend and exposing the hydrophilic zwitterionic groups to the surface,
thereby inducing a hydrophilic surface state'%. The temperature-responsive property of
the fabric is durable. The fabric also showed temperature-responsive property after
being washed 30 times by an ultrasonic cleaner. As demonstrated in Figure 4.7, the
fabric maintains its temperature-responsive characteristics, exhibiting various wetting
behaviors at different temperatures. Water droplets rapidly roll off the surface at lower

temperatures while completely spreading at increased temperatures.
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Figure 4.7 Wetting behaviors of PDMAPS coated fabric at different ambient temperatures after

being washed for 30 times.

4.3.2 Effect of the PDMAPS Coating on the Surface Morphology and

Chemical Composition of the Fabric
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Figure 4.8 Surface morphology and chemical compounds of the (PDMAPS)-based temperature-
responsive skin-like fabric. SEM images of (a) pristine fabric, (b) hydrophobic coated area of the
fabric, and (c) PDMAPS coated area of the fabric. (d) SEM image and (e) sulfur element mapping
of PDMAPS coated gradient wettability channels areas. (f) FTIR spectra of the pristine cotton fabric,

the hydrophobic coated area, and the PDMAPS coated area of the temperature-responsive skin-like

fabric.
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After confirming the effects of PDMAPS on wettability of the fabric, the
temperature-responsive skin-like fabric was prepared by grafting the monomer solution
with 4 g of DMAPS in 20 ml solvent onto the gradient wettability channels of the skin-
like fabric. As mentioned in Section 4.2.3, due to the hydrophobicity of the most area
of the skin like fabric, the temperature-responsive polymer was only grafted on the top
side of the gradient wettability channels during the “graft-from” process. A scanning
electron microscope (SEM) was used to observe the changes of the surface morphology
of the temperature-responsive skin-like fabric before and after the treatment. Compared
with the pristine plant-structured cotton woven fabric (Figure 4.8a), a thin layer of
coating on the surface of the PDMAPS grafted area can be clearly observed in the SEM
image (see Figure 4.8c), which was very similar to the hydrophobic agent treated area
(as shown in Figure 4.8b). However, when the two areas were observed within the same
field of view, the PDMAPS grafted area and hydrophobic treated area exhibited distinct
brightness contrast (Figure 4.8d). The gradient wettability channel area grafted with
PDMAPS appeared darker than the hydrophobic agent treated area, which caused by
the grafting of zwitterionic polymers enhanced electrical conductivity of the surface.
This optical disparity confirms the compositional differences between the two surface
treatments. Complementary EDS elemental mapping verified the sulfur distribution
(characteristic element of PDMAPS), with significantly higher sulfur signal intensity
(Figure 4.8e) in the darker PDMAPS region compared to the lighter hydrophobic-

coated area, further validating the localized coating deposition.
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The chemical composition of the fabric was characterized by FTIR spectroscopy
(Figure 4.8f). Comparative analysis revealed distinct absorption peaks corresponding
to carboxyl groups (C=0 stretching at 1738 cm™)® 3" and sulfonyl groups (S=0O
stretching at 1240 cm™)1%: 1% in the PDMAPS coated region of the TR-MM fabric,
which were absent in both the pristine plant-structured cotton fabric and the
hydrophobic treated area of the (PDMAPS)-based temperature-responsive skin-like
fabric. Additionally, the peak at 800 cm™ was attributed to Si-C bonds from the
TMSPMA coupling agent!®. These spectroscopic results confirm the successful and
uniform grafting of temperature-responsive PDMAPS polymer on the gradient
wettability channels of the skin-like fabric, thereby imparting temperature-responsive

properties to the functional textile.

4.3.3 Effect of the Grafting of PDMAPS on Directional Liquid

Transport and Temperature-Responsive Properties of the Fabric

Table 4.1 Directional water transport rate and temperature-responsive property of the fabric.

Weight of Transported Water

Sample and Temperature
water per hour transport rate
(PDMAPS)-based 10°C 174 ¢ 8700 g-m2-h't
temperature-responsive skin-like fabric 40°C 284 14202 g-m2-h?
Skin-like fabric prepared by the PVA-  10°C 2239 11150 g-m2-ht
based method reported in Chapter 3 40°C 219g 10950 g-m2ht
Previous reported “skin-like” fabric? — 6660 g-m2-ht
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To evaluate the moisture management performance of the (PDMAPS)-based
temperature-responsive skin-like fabric, the liquid water transport rate was measured
by a homemade apparatus shown in Section 4.2.4. The results of the water transport
rate are shown in Table 4.1. Here, the test was conducted for 1 hour, and the weight of
transported water of every sample was weighed. There were 5000 channels per square
meter in the samples, so the water transport rate (g-m2-h") should be: the weight of
transported water per hour x 5000 (g-m-h). According to the results obtained, the
water transport rate of the skin-like fabric prepared by PVVA method was similar at lower
and higher temperatures, approximately 11000 g-m2-ht, which was almost 65% higher
than that of the previous reported “skin-like” fabric by our group?*, which was 6660
g-m2-h. This is caused by the structure of the gradient wettability channels on the
fabric. The gradient wettability channels of previously reported skin-like fabric are
small circles. Transported water accumulated on the outer side of the wettability
channels in a hemispherical shape, which prevents the continuous transporting of water
due to the surface tension. The liner wettability channels in this work enabled water to
flow along the strip and drip faster. For the DMAPS-based temperature-responsive
skin-like fabric, the water transport rate was 8700 g-m?2-h? at 10°C ambient
temperature, since the coated temperature-responsive polymer was relative
hydrophobic, resulting in a smaller wettability gradient between two sides of the
wetting channels. When the ambient temperature was 40°C, the grafted PDMAPS
became hydrophilic, and the water transport rate of the fabric increased to 14202 g-m"
2.h’l, Compared to the commercial breathable and water repellent fabrics, the

114



(PDMAPS)-based temperature-responsive skin-like fabric allows liquid water to
transport through. As a result, this temperature-responsive skin-like fabric is capable of
transporting large amounts of sweat from the human body while also possessing water

repellent propertiest®,

Figure 4.9 The directional liquid transport of artificial sweat through the (PDMAPS)-based

temperature-responsive skin-like fabric.

In addition to water, the directional liquid transport properties of the (PDMAPS)-
based temperature-responsive skin-like fabric were evaluated using artificial sweat
prepared according to 1SO 3160-2 (composition: 20 g/L NaCl, 17.5 g/L NH4ClI, 5 g/L
acetic acid, and 15 g/L lactic acid dissolved in deionized water, with pH adjusted to 4.7
using NaOH). As shown in Figure 4.9, the first droplet required 873 s to roll off the
fabric at 10°C ambient temperature, significantly slower than the 188 s observed at
40°C. These results demonstrate the ability of (PDMAPS)-based temperature-
responsive skin-like fabric to modulate its water (Sweat) transport rate in response to
environmental temperature changes, thereby enhancing its moisture management

performance.
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4.3.4 Effect of PDMAPS Coating on Water Repellency, Air

Permeability, and Handle of the Fabric

The skin-like fabric prepared by PVA-based method exhibited excellent water
repellency with hydrostatic pressure from the top side of the fabric being 76 mmH-0.
After applying PDMAPS on the surface, the water repellency of the fabric also changed
as the variation of temperature. Figure 4.10a illustrates the hydrostatic pressure of the
skin-like fabric prepared by PVA-based method and (PDMAPS)-based temperature-
responsive skin-like fabric in different temperatures. Owing to the hydrophobic nature
of the PDMAPS at 10°C, the hydrostatic pressure of the top and back sides of the fabric
was 98 mmH0 and 48 mmH-O, respectively. Both of them are higher than that of the
skin-like directional flow fabric, resulting in an enhanced water repellency of the fabric.
When the ambient temperature increased to 40°C, the polymer PDMAPS transitioned
to a hydrophilic state, leading to a lower hydrostatic pressure of both the top and back
side of the fabric, which was 69 mmH20 and 18 mmH2O respectively. This dual-mode
operation maintains water repellency while enabling facilitated water transport at
elevated temperatures. To further evaluate the water repellency of the temperature-

responsive skin-like fabric, the shower test was also conducted.

According to the result (Figure 4.10b), the water only remains on the top side of
the gradient wettability channels after spraying with water with most of the top side
being dry, which was similar with the skin-like directional flow fabric. On the back side
of the fabric, there is no water penetrated, and it remains dry. The coating of the

temperature-responsive polymer did not affect the water repellency of the fabric.
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Figure 4.10 The water repellency and air permeability of the fabrics. (a) Hydrostatic pressure of the
skin-like fabric and (PDMAPS)-based temperature-responsive skin-like fabrics. (b) Image of
shower test of temperature-responsive skin-like fabrics and air resistance of the temperature-
responsive skin-like fabric. (c) Demonstration of the air permeability and water repellency of the

temperature-responsive skin-like fabric.

The air permeability of the temperature-responsive skin-like fabric was also
checked. The air resistance of the temperature-responsive fabric (0.339 kPa-s-m™) was
2.7% higher than that of the pristine plant-structured cotton woven fabric and skin-like
directional liquid flow fabric prepared in Chapter 3. The air resistance of the
temperature-responsive skin-like fabric was slightly higher than that of the skin-like
fabric due to the reduce of the pore size of the fabric caused by the grafting of PDMAPS.
The demonstration of the air permeability and water repellency of the fabric was
conducted using the apparatus shown in Figure 3.11. The fabric was fixed in the middle
of two acrylic tubes, and the top side of the fabric is facing up. When a certain volume
of water was introduced into the upper tube, no liquid penetration through the fabric
was observed. Meanwhile, compressed air was pumped into the acrylic tube below the

fabric through the valve on the acrylic tube. It was observed that the gas passed through
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the fabric and created bubbles in the water. The observations conclusively demonstrate
that the temperature-responsive skin-like fabric maintains exceptional air permeability

and water repellency.
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Figure 4.11 The low stress mechanical properties of the original fabric and the TR-MM fabric,
including (a) tensile property, (b) shearing property, (c) bending property, (d) compression property,
and surface properties in (e) warp direction and (f) weft direction. The MIU represents the frictional

coefficients and the SMD means the surface roughness.

In addition, the low stress mechanical properties tested using KES-FB system
(Figure 4.11) show that the handle of the treated TR-MM fabric is almost the same as
the original fabric. The coating of PDMAPS on the fabric did not affect the mechanical
properties of the fabric, and this kind of temperature-responsive self-adjusting fabric

has the potential to greatly improve the comfort of clothing.
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4.3.5 Discussion on the Mechanism of Temperature-responsive Skin-

like Directional Liquid Flow Fabric

The mechanisms involved in the directional water transport and moisture
management of the temperature-responsive skin-like fabric have been analyzed, with
the directional flow of the liquid in the gradient channels of the fabric being explained
in terms of the Gibbs pinning criterion’> 7" 13°, The cross-section of the yarn can be
approximated by a circle, with the water flowing through the channels between the
yarns, the channels varying in size along the flow direction (see Figure 4.12a-c). Here,
the wall angle « of the channel is used to represent the slope (expanding and narrowing)
of the channels, it being the angle between the tangent to the cross-section of the yarn
and the liquid flow direction and ranging from -90° to 90°. When « > 0, the channel is

expanding, and when « < 0, it is narrowing.
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Figure 4.12 Mechanism of temperature-responsive skin-like directional flow fabric. (a) Illustration

of the circular yarn cross-section and wall angle a. (b) and (c) Hllustration of the directional water
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transport through the gradient channel between yarns. (d) and (e) The range of contact angles &
which satisfies the condition of directional water transport. (f) and (g) lllustration of water transport

through the temperature-responsive skin-like fabric at lower and higher temperatures.

As illustrated in Figure 4.12a, the unit circle in the figure represents the cross-
section of the yarn, with the liquid flow direction along the positive direction of the y-
axis, a1 being a positive value and a> a negative value. Here, f represents the acute
angle between the x-axis and the line connecting the point on the fiber to the center of
the circle. It is clear from the figure that @ and g are numerically equal, so that the
relationship between a and the fluid fronty is & = arcsin y . The possible mechanism
of the directional liquid transport for the temperature-responsive skin-like fabric is
illustrated in Figure 4.12b-c. The contact angle between the water and the yarn surface
is represented by 6. The advance angle, A=« + @, represents the angle between the
liquid surface and the direction of liquid advancement. The value of A determines the
shape of the liquid surface. When A < 90°, the liquid surface is concave, and the surface
tension of the liquid pulls the liquid forward; when A > 90°, the liquid surface is convex,
and the surface tension hinders the liquid flow’? 7. If water flows from the hydrophobic
side (Figure 4.12b), even if the contact angle 6 > 90°, the liquid can still flow to the
hydrophilic side, with A <90° since a < 0. When the water reaches the hydrophilic side,
although a > 0, the contact angle 6 is small and close to 0, so A is still less than 90°. In
fact, as shown in Fig. Figure 4.12d, as longas A < % ,thatis, 0 < %— o (green area
in Figure 4.12d-e), the water will move forward continuously. According to the

experimental data shown in Figure 3.13b, the water contact angle on the hydrophobic
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side is 102° (z—grad). There is a wettability gradient (contact angle gradient) between

two sides of the gradient wettability channels on the skin-like fabric. The blue curve in

the figure can represent the contact angle gradient in the wettability channel (0 < 6 <

1;—8[). When water flows from the hydrophobic side to the hydrophilic side, the contact

angle always satisfies ¢9<%—a. As a result, water can flow (i.e., be transported)
easily. Similarly, when water flows from the hydrophilic side to the hydrophobic side
(Figure 4.12c), the contact angle 6 on the hydrophilic side is less than 90°, and a < 0,
so A < 90°, the liquid front surface is a concave and the liquid moves forward
spontaneously. Nevertheless, when the water reaches the hydrophobic side, the water
flow is blocked, since the contact angle 8 > 90° and « > 0, A >90°. In Figure 4.12¢, the
water flows in the negative direction of the y-axis. The red region in the figure does not

satisfy 9<%—a, and the water flow is hindered. Hence, it is more difficult for the

water to flow from the hydrophilic side to the hydrophobic side.

The plant-structured fabric is used as the substrate for the temperature-responsive
skin-like fabric, hence the gradient wetting channel can be simplified to a trapezoidal
one as illustrated in Figure 4.12f-g. If the water flows from the larger pores side to the
smaller pores side, the channel is narrowing (a < 0). At a higher temperature (Figure
4.12f), the temperature-responsive polymer becomes hydrophilic, 6 < 90°, and water
passes through it more easily, with the polymer swelling after absorbing water, resulting
in a smaller a, which is more conducive to the water flow. At a lower temperature
(Figure 4.129), the temperature-responsive polymer becomes hydrophobic, 8 > 90°,

even though a < 0 at this time, with the water transport being hindered somewhat.
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Hence, the temperature-responsive skin-like fabric has a higher water transport rate at

higher temperatures than at lower temperatures.

4.4 Summary

In this chapter, a temperature-responsive skin-like fabric with directional liquid
flow and water repellent properties was developed. The temperature-responsive
polymer PDMAPS was applied to the surface of the gradient wettability channels on
the skin-like fabric prepared in Chapter 3. The temperature-responsive water transport
behavior of the fabric originates from the inherent properties of the grafted temperature-
responsive polymer. As temperature rises, sweat transport from the skin was
significantly accelerated. Conversely, under decreased temperatures, both water and
sweat transport rates reduced while the outer surface of the fabric transitioned to a more
hydrophobic state, consequently enhancing its hydrostatic pressure resistance (i.e.,
improved water repellency). The underlying liquid transport mechanism follows the
Gibbs pinning criterion. Meanwhile, the treatment process preserved fiber structure of
the fabric, and hence neither are the fabric mechanical nor wear properties. The
optimized fabric exhibited a high directional water transport rate of 14202 g-m2-h't at
higher temperatures and performed well in terms of water repellency (hydrostatic
pressure resistance) and air permeability. These characteristics render the fabric

particularly suitable for advanced smart moisture management apparel applications.
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Chapter 5 [Poly(AAm-co-AN)]-based Non-ionic UCST-

type Temperature-responsive Skin-like Textiles

5.1 Introduction

Temperature-responsive textiles exhibit dynamic, reversible modulation of
wettability, morphological structure, and thermal insulation properties in response to
temperature variations® %7 140 rendering them highly promising functional materials
for extreme temperature variations®: % 141-143 By adaptively regulating heat dissipation
and moisture transfer, these smart fabrics significantly improve personal thermal and
moisture comfort under extreme or rapidly change of the temperature®* 44 providing
dual benefits of health preservation and energy efficiency. These properties have drawn
considerable research interest, leading to diverse applications in temperature-variable
scenarios, such as moisture harvesting®: &, oil-water separation®’, soft robotics'*®, and
thermal/moisture management!*. In Chapter 4, the (PDMAPS)-based temperature-
responsive skin-like fabric was prepared by grafting the zwitterionic UCST-type
polymer onto the skin-like fabric. Although this fabric offers advantages such as facile
fabrication and rapid response to temperature, it still faces the following issues: (i)
limited transition temperature tunability, restricting their operational temperature
rangel®”; (ii) electrolyte-dependent transition temperature instability in ionic-type
temperature-responsive polymers®®; (iii) inadequate control over surface hydrophobic-

hydrophilic balance, leading to loss of temperature-responsive functionality at
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interfaces'4. These intrinsic limitations hinder the application of (PDMAPS)-based

temperature-responsive skin-like fabric in next-generation functional garments.

Current UCST research primarily focuses on zwitterionic poly(sulfobetaine)?® 7.
Their temperature-responsiveness originates from temperature-driven ionic group
association/dissociation® 1%°, However, several fundamental constraints hinder their
practical application. The phase transition temperature of zwitterionic polymers is
highly sensitive to both polymer and electrolyte concentrations®® 1%, In wearable or
wound dressing applications, individual differences in body fluids composition and
pathological conditions'!®'? which would unpredictably modulate the transition
temperature, leading to inconsistent performance across users. Seawater or industrial
wastewater with complex ionic compositions also lead to unreliable performance when
these materials are used in oil-water separation. In addition, most zwitterionic polymers
suffer from limited tunability of transition temperatures and inability to adapt to

application-specific requirements, restricting their operational scope.

A breakthrough came in 2012 when Seuring and Agarwal'®® pioneered a universal
approach for synthesizing non-ionic UCST type polymers. Unlike conventional
zwitterionic systems, these polymers achieve temperature-responsiveness through
hydrogen bonding networks rather than ionic interactions''3-1>, Among these non-ionic
UCST type polymers, poly(acrylamide-co-acrylonitrile) [poly(AAm-co-AN)] has
emerged as particularly promising due to precise UCST tunability via comonomer ratio
adjustment and minimal thermal hysteresis during heating/cooling cycles. Despite these

advantages, some limitations hinder textile applications. The polymer exhibits
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hydrophilicity at high concentration. It is difficult to precisely balance the
hydrophilicity and hydrophobicity of the surface applied with poly(AAm-co-AN).
While previous studies have demonstrated successful creation of temperature-
responsive surfaces by incorporating hydrophobic components onto poly(AAm-co-
AN)-coated AAO substrates?, these approaches prove inadequate for textile
applications due to the difficulty in precisely controlling the surface hydrophilic-
hydrophobic balance on fibrous substrates. The complex three-dimensional structure
and chemical heterogeneity of textile surfaces further exacerbate these limitations,
making conventional coating techniques ineffective for achieving reliable temperature-

responsive performance.
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Figure 5.1 Scheme of the non-ionic UCST type temperature-responsive smart fabric. (a) Surface

modification of fabric. (b) Reversible wettability of the temperature-responsive fabric.
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To address the limitations, in this chapter, a novel [poly(AAm-co-AN)]-based non-
ionic UCST-type temperature-responsive (NiTR) skin-like fabric was developed.
Fristly, the NiTR cotton knitted fabric was prepared as the substrate of skin-like fabric
using a “grafting-from” method. We developed a novel mixed silane treatment strategy
that enables precise control over both polymer concentration and surface wettability in
textile substrates. Our approach involves sequential treatment of cotton fabric with an
optimized mixture of hydrophobic silane, silane crosslinker, and grafting-
functionalized silanes, followed by in-situ grafting of poly(AAm-co-AN) via a “graft-
from” polymerization technique (Figure 5.1). By systematically varying the silane
composition and monomer ratios (AAm:AN), we successfully fabricated a NiTR fabric
with tunable transition temperatures that exhibits excellent reversibility and electrolyte-
independent behavior. This smart textile demonstrates a sharp hydrophobic-to-
hydrophilic transition (contact angle change from >120° to 0°) at the UCST threshold,
maintaining stability under physiological and high-salinity conditions. Finally, the
NiTR fabric was treated by PVA-based method to develop the NiTR skin-like fabric
(As shown in Figure 5.14). This breakthrough overcomes the major limitations of
conventional zwitterionic UCST materials, offering promising applications in

intelligent sportswear, where reliable temperature-responsive performance is critical.
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5.2 Fabrication and Evaluation of the NITR Fabric as the

Substrate

5.2.1 Materials

Cotton, polyester, and Coolmax knitted fabrics were purchased from local stores.
1,2-Bis(triethoxysilyl)ethane (BTEOSE, 96%), n-Octyltrimethoxysilane (OTMS, 97%),
3-(Trimethoxysilyl)propyl methacrylate (TMSPMA,97%), Sodium hydroxide (NaOH,
AR, 96%), and Acrylamide (AAm, AR, 99.0%) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. in China. Acrylonitrile (AN, 99%) was obtained
from Shanghai Macklin Biochemical Technology Co., Ltd., China. Acetic acid (AR)
and 2-Hydroxy-2-methylpropiophenone (photo-initiator 1173, 98%) were purchased
from Dieckmann (Hong Kong) Chemical Industry Co., Ltd. Ethyl alcohol (ethanol,
absolute, ACS grade) and Dimethyl sulfoxide (DMSO, ACS grade) was supplied by

Anaqua Global International Inc. Limited, Hong Kong.

5.2.2 Fabrication Processes

Pretreatment of the Fabric using Mixed Silane Solution

To precisely balance the hydrophilicity and hydrophobicity of the surface applied
with poly(AAm-co-AN), we present a novel mixed silane surface engineering approach
that can control both surface wettability and temperature-responsive polymer
concentration in textile substrates. This strategy involves a mixed silane pretreatment
system comprising OTMS as a hydrophobic modifier, BTEOSE as a crosslinker to

enhance durability, and TMSPMA as a polymer grafting anchor. This unique
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combination creates a tunable interface where the OTMS: TMSPMA ratio regulates the
hydrophilic-hydrophobic balance and the density of available grafting sites. During the
silanization process, the mixed silane components underwent hydrolysis, converting the
alkoxy groups (Si-O-CHs or Si-O-CH2CHs) to reactive silanol groups (Si-OH). These
newly formed silanol groups then established hydrogen bonds with the hydroxyl groups
(-OH) present on the fabric surface. Subsequent thermal curing induced a dehydration
condensation reaction, resulting in the covalent immobilization of the silane network

onto the textile substrate through stable Si-O-Si and Si-O-cellulose linkages (as shown

in Figure 5.2).
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Figure 5.2 Chemical reaction mechanism of mixed silane treatment.

The mixed silane solutions were prepared by dissolving OTMS, BTEOSE, and
TMSPMA in a 90 vol% aqueous ethanol solution at specific concentrations. To explore
the optimal ratio of mixed silane solutions, five silane solutions were prepared. The
total silane concentration in the solution was 0.9 mol/L, and the molar ratio of these
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three silanes is listed in Table 5.1. Acetic acid was then added to adjust the pH to 4-5.
The mixture was stirred overnight at room temperature on a magnetic stirrer to facilitate
hydrolysis. The pristine cotton knitted fabric was thoroughly cleaned with a 0.5 wt%
NaOH solution at 80°C for 2 h. The fabric was then rinsed three times with deionized
(DI) water and dried in an oven at 60°C. Next, the mixed silane solution was applied to
the fabric via dip coating, with a liquor pick-up of 120%. Finally, the coated fabric was

cured at 105°C for 2 h.

Table 5.1 Mixed silane solution with different molecular ratio of silanes.

Sample OTMS : BTEOSE : TMSPMA (mol)

1 0.3:0.3:0.3
2 0.35:0.3:0.25
3 04:03:0.2
4 0.45:0.3:0.15
5 05:03:0.1

Preparation of the NiTR Fabric

-

,/ Dipping, Mixfd silane solution \‘
( g /\ Heating
‘ <
i f 2
[ g € Silane treated
= _ Al Curing fabric
Pristine fabric Padding
Fabric

UV irradiation Padding

|

|

|

|

|

|

|

: |
Dipping :
|

|

|

|

|

|

\ NiTR fabric % P
’

- ————

Figure 5.3 Preparation of the NiTR fabric.
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Being pretreated with the mixed silane solution, the subsequent poly(AAm-co-AN)
grafting process occurs exclusively at the double bond of TMSPMA through a dip
coating and free radical polymerization process (Figure 5.3). This site-specific grafting
approach ensures covalent attachment of poly(AAm-co-AN) chains, preservation of the
silane-modified surface properties, and controlled polymer loading on the surface (see

Figure 5.1a).

The monomer solutions of the temperature-responsive polymer, poly(AAm-co-
AN) were prepared. Firstly, AAm and photo-initiator 1173 were dissolved in DMSO.
Nitrogen gas was pumped into the solution for 15 min to remove the dissolved oxygen
in the solution. Finally, AN was added to the solution before grafting. The concentration
of the monomers was 3 mol/L, and the molar ratios of AN were 11 mol%, 12 mol%, 13
mol%, 14 mol%, and 15 mol%, respectively. The pretreated fabric was immersed in the
monomer solution. A padder was used to remove the excess liquid, achieving a liquor
pick-up of 120%. Afterwards, the fabric was exposed to a UV lamp with a wavelength
of 365 nm to initiate the grafting process. After 20 minutes, the fabric was rinsed three

times with DI water and dried at 60°C.

5.2.3 Characterization

The wettability of the fabrics was characterized by measuring the contact angle of
the surface using a contact angle tester (SDC-350, Dynetech, Guangdong, China), with

a droplet volume of 5 pL during the test.
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The surface morphology of the fabric was observed using a scanning electron
microscope (SEM, VEGA3, TESCAN, U.K.), with a thin layer of gold deposited on the

fabrics to enhance conductivity.

The chemical composition of the fabrics was analyzed using energy-dispersive X-
ray spectroscopy (EDS, VEGAS3, TESCAN, U.K.) and Fourier-transform infrared

spectroscopy (FTIR, Spectrum 100, PerkinElmer, USA).

The temperature-responsive wettability was also measured with the contact angle
tester, equipped with a temperature-controlled platform to regulate the surface

temperature of the fabrics.

The air permeability of the fabric was tested by an air permeability tester (KES-
F8-AP1, KATO Tech Co., Ltd., Japan). The water vapor permeability of the fabric was

measured following BS 7209:1990 standard.

The handle of the fabric was characterized by measuring the low stress mechanical
properties of the fabric using KES-FB system (KATO Tech Co., Ltd., Japan), with the

sample size being 20 cm x 20 cm.

5.2.4 Results and Discussion

Effect of the Ratio of the Mixed Silane Solution on the Wettability of the Fabric

The poly(AAm-co-AN) copolymer exhibits well-defined UCST behavior with a
tunable phase transition temperature controlled by the acrylamide-to-acrylonitrile ratio.

This temperature-responsive behavior stems from the association and dissociation of
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inter- and intra-molecular hydrogen bonds as well as the interactions between
hydrophilic amide and hydrophobic nitrile groups in its molecular chains'*’ 8 (Figure
5.4a). Below the UCST threshold, the aqueous solution became turbid due to polymer
aggregation driven by dominant hydrogen bonding networks and hydrophobic
microdomain formation, while heating above the UCST resulted in complete
dissolution characterized by solution clarification through hydrogen bond disruption
and polymer chain hydration (As shown in Figure 5.4b). However, the surface
functionalization of textiles with poly(AAm-co-AN) to develop temperature-
responsive fabrics faces substantial technical challenges. The hydrophilicity of the
polymer at high concentrations, arising from the abundant amide groups in its structure,
results in completely hydrophilic textile surfaces regardless of temperature when
directly applied to naturally hydrophilic cotton substrates. This behavior fundamentally
eliminates the desired temperature-responsive wettability switching capability.
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Figure 5.4 (a) Molecular structure of poly(AAm-co-AN). (b) Different forms of poly(AAm-co-AN)

aqueous solution at high and low temperatures.

To establish the optimal hydrophobic-hydrophilic balance, cotton knitted fabrics

were treated with different silane solutions (As shown in Table 5.1). The molar ratio of
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OTMS to TMSPMA ranged from 0.3:0.3 to 0.5:0.1. The treated cotton fabrics became
hydrophobic due to the introduction of silane. Subsequently, poly(AAm-co-AN) with
13 mol% AN content was grafted onto the five fabrics mentioned above. Previous
studies have reported that the phase transition temperature of poly(AAm-co-AN) with
13.5% of AN in aqueous solution is approximately 30°C!%. Therefore, the water
contact angles of these five fabrics were measured at both 15°C and 40°C to evaluate

their temperature-responsive wettability.
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Figure 5.5 Water contact angle of the NiTR fabrics treated with different mixed silane solutions at

different temperatures.

As shown in Figure 5.5 and referring to Table 5.1, as the molar ratio of OTMS to
TMSPMA was lower than 0.4:0.2, the fabrics grafted with poly(AAm-co-AN) were
completely hydrophilic, exhibiting a water contact angle of 0° at both lower and higher
temperatures. This behavior can be explained by the high proportion of TMSPMA,
which leads to an excessive grafting of poly(AAm-co-AN) and results in a

predominantly hydrophilic fabric surface. In contrast, as the molar ratio of TMOS to
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TMSPMA increased to 0.5:0.1, the surface properties changed, and the fabric became
hydrophobic, with water contact angles exceeding 130° at both higher and lower
temperatures. The increase in TMOS content promotes the presence of hydrophobic
groups on the fabric surface, rendering hydrophobicity the dominant property. It should
be noted that when the ratio of OTMS to TMSPMA was 0.45:0.15 according to Table
5.1, the poly(AAm-co-AN) grafted fabric exhibited temperature-responsive wettability,
with a water contact angle of 128° at 15°C and 0° at 40°C. The optimized
OTMS: TMSPMA molar ratio achieves the ideal hydrophilic-hydrophobic balance for
poly(AAm-co-AN) to exhibit its temperature-responsive properties. Therefore, in
subsequent experiments, this optimized mixed silane solution formulation will be

employed for fabric pretreatment.

Effect of the Ratio of the Temperature-responsive Monomer Solution on the Transition

Temperature of the NiTR Fabric

The transition temperature of the NiTR fabric can be tuned by controlling the AN
content during poly(AAm-co-AN) synthesis*®, demonstrating a positive correlation
between AN concentration and transition temperature. Five fabric samples were
prepared by grafting poly(AAm-co-AN) with varying AN content (11-15 mol%) onto
optimally silane (OTMS:TMSPMA=0.45:0.15) pretreated cotton knitted fabric.
Contact angle measurements revealed sharp hydrophobic-to-hydrophilic transitions
(>120° to 0°) for all samples Figure 5.6a), with transition temperatures systematically

increasing with AN content (Figure 5.6b). The tunablility of the transition temperature
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expands the NIiTR fabric’s potential for a wide range of applications. Of particular
significance, the 13 mol% AN formulation achieved a transition between 32.5-35°C,
which is close to human skin temperature. This enables the fabric to be a promising
candidate for applications in the apparel industry. Unless otherwise noted, the

subsequent tests in this study employed this 13 mol% AN formulation.
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Figure 5.6 Temperature-responsive properties of the NiTR fabrics. (a) Water contact angles of NiTR
fabrics grafted with monomer solutions with different AN content at different temperatures. (b)
Transition temperatures of the fabrics treated with monomer solution with different AN content. (c)
Repeated tests of water contact angles of the NiTR fabric at both higher and lower temperatures. (d)

Water contact angles of NiTR fabrics at both higher and lower temperatures after multiple washes.

The wetting behavior of the fabric was recorded at both lower and higher

temperatures using a contact angle tester, with 5 pL of water. At 15°C, the fabric
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maintained a high water contact angle for 90 seconds. In contrast, at 40°C, the fabric
quickly became wetted, with the contact angle decreasing within 10 seconds (see Figure
5.7). The temperature-responsive wettability of the fabric is also reversible. The water
contact angle of the NiTR fabric was alternately measured at 15°C and 40°C for 8 cycles
(Figure 5.6¢). All contact angles at 40°C were 0°, while those at 15°C remained
consistently above 115°, showing minimal change after 8 cycles. This excellent
wettability reversibility is attributed to the breaking and reorganization of hydrogen
bonds within the poly(AAm-co-AN) molecules'®,
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Figure 5.7 Wetting time of the NiTR fabric at lower and higher temperatures.

Moreover, the NiTR polymer also demonstrated remarkable durability. The NiTR
fabric was subjected to 8 washing cycles in ethanol using an ultrasonic cleaner, with
each cycle lasting 10 min. Subsequently, the contact angles of the fabric were measured

after each wash at both 15°C and 40°C. Even after 8 washes, the fabric retained its
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temperature-responsive wettability (Figure 5.6d), which can be attributed to the

covalent bonding between the polymer and the fabric.

Effect of the Poly(AAm-co-AN) coating on the Morphology and Chemical Compound

of the Fabric
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Figure 5.8 SEM image of pristine fabric, silane treated fabric and NiTR fabric as well as the element

mapping of NiTR fabric.

The surface morphology and chemical compounds of the pristine cotton fabric,
silane treated cotton fabric, and NiTR cotton fabric were also evaluated by scanning
electron microscope (SEM), energy-dispersive X-ray spectroscopy (EDS) and Fourier-
transform infrared spectroscopy (FTIR). As observed in the SEM images (Figure 5.8),
there was no significant difference between these three fabrics, indicating that the silane
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and poly(AAm-co-AN) primarily interact with the outermost surface of the fabric
without causing any disruption to the fiber structure. Thus, this treatment will not affect
other fundamental properties of the fabric, such as mechanical properties, air
permeability, water vapor transmission, and pore size distribution. The elemental
mapping of the fabric revealed that the surface elements of the fabric have changed
after treatment. The silicon element was attributed to mixed silane, while the nitrogen
element originated from poly(AAm-co-AN). The FTIR spectrum (Figure 5.9) also
showed changes in the chemical composition of the fabrics. Compared to the pristine
fabric, the silane treated fabric exhibited a peak at 800 cm™ and 1724 cm™, which was
attributed to Si-C in silane!® and C=0 in TMSPMA, respectively. The peak 1670 and
1450 observed in the NiTR fabric were caused by C=0 (in amide) and -CH> groups in

the poly(AAm-co-AN)°.
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Figure 5.9 FTIR spectrum of pristine fabric, silane treated fabric and NiTR fabric.
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Effect of the Electrolyte Concentration on the Transition Temperature of the

Temperature-responsive Fabrics
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Figure 5.10 Water and artificial sweat contact angles of (a) poly(AAm-co-AN) grafted fabric (non-

ionic) and (b) PDMAPS grafted fabric (ionic).

Compared to zwitterionic UCST type polymers, non-ionic UCST type polymers
exhibit enhanced stability against electrolyte variation. To demonstrate the merits of the
non-ionic polymer, ionic temperature-responsive cotton fabrics grafted with the
zwitterionic polymer PDMAPS were prepared using the same method as described in
Chapter 4. The contact angles of the zwitterionic temperature-responsive fabric and
NiTR fabric were measured using both deionized (DI) water and artificial sweat
(prepared according to 1SO 3160-2, as described in Section 4.3.3) at different surface
temperatures. As shown in Figure 5.10a-b, the transition temperature of the NiTR fabric
was observed 32.5-35°C when tested with DI water, and 30-32.5°C when tested with
artificial sweat. In contrast, the transition temperature of the zwitterionic temperature-
responsive fabric exhibited electrolyte-dependent transition behavior, with the

transition temperature shifting significantly from 22.5-25°C in DI water to 12.5-15°C
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in artificial sweat. The temperature-responsive wettability of ionic temperature-
responsive polymers arises from the association and dissociation of ionic bonds within
the molecular chains®™, which is strongly influenced by the concentration of
electrolytes. The electrolyte composition of bodily fluids exhibits significant individual
variation*%112 depending on health status and physical activity levels. This variability
causes ionic temperature-responsive fabrics to demonstrate user-dependent transition
temperatures, while non-ionic systems maintain consistent temperature-responsive

properties across all physiological conditions.

Effect of the Substrates on the Temperature-responsive Property of the NiTR Fabric
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Figure 5.11 Water contact angles of the NiTR fabrics prepared using Coolmax and polyester as

substrates at different temperatures.

The developed method in this chapter exhibits broad substrate compatibility. To
demonstrate the broad applicability of this fabrication process, the non-ionic UCST-
type temperature-responsive polymer, poly(AAm-co-AN) was successfully grafted
onto various fabrics including polyester and Coolmax based on the method described
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in this chapter. Before the grafting of poly(AAm-co-AN), the polyester and Coolmax
were hydrolyzed in a 5% NaOH solution to increase active groups such as hydroxyl
groups. The grafted NiTR fabrics demonstrated temperature-responsive wettability on
both substrates as shown in Figure 5.11. These fabrics exhibited hydrophobicity at
lower temperatures and became hydrophilic with the temperature increased, with the
transition temperatures between 30-35°C, confirming the method's compatibility with

synthetic textiles.

Effect of the Poly(AAm-co-AN) coating on the Wearing Performance of the NiTR

Fabric

Table 5.2 Air resistance, water vapor permeability of pristine fabric and NiTR fabric.

Air Resistance Water Vapor Permeability
Sample
(kPass'mt) (g'm?/day)

Pristine fabric 0.5126 850.073

NiTR fabric 0.6312 834.981
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Figure 5.12 Water vapor transmission curve of the pristine fabric and NiTR fabric over 24 hours.
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Despite the remarkable temperature-responsive behavior of NiTR fabrics, factors
such as air permeability, water vapor transmission, and handle are essential for ensuring
their comfort and practicality in garment use. Here, the air permeability of the fabric
was characterized by air resistance, and the water vapor permeability was measured
according to the standard BS 7209:1990. As shown in Table 5.2, the air resistance of
the pristine fabric was 0.5126 kPa-s-m™, and although the NiTR fabric showed a slight
increase to 0.6312 kPa's'm™', the values remained comparable. Similarly, the water
vapor permeability of the pristine fabric was 850.073 g-m?#/day, while the NiTR fabric
demonstrated a nearly identical value of 834.981 g-m?/day. In Figure 5.12, the water
vapor transmission curve over 24 hours reveals that the lines for both the pristine fabric
and the TR fabric overlap closely, indicating no significant difference in the amount of
liquid evaporated within the 24-hour period. It appears that the grafting of the polymer
slightly reduced the pore size of the fabric. Based on the SEM images shown in Figure
5.8, the polymer was grafted only onto the outermost surface, without altering the fiber
structure. As a result, the air permeability and water vapor permeability of the fabric

were not significantly affected.
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Figure 5.13 The tactile properties of the pristine fabric and the NiTR fabric, including (a) tensile
property, (b) shearing property, (c) bending property, (d) compression property, and surface
properties in (e) warp direction and (f) weft direction. The MIU represents the frictional coefficients

and the SMD means the surface roughness.

The tactile properties of the fabrics were assessed using the Kawabata Evaluation
System of Fabric (KES-FB). The evaluated properties included tensile, shearing,
bending, and compressional characteristics, as well as surface fraction and roughness
(as shown in Figure 5.13). The data suggested that the NiTR fabrics exhibited slightly
higher stiffness compared to the pristine fabric. The modulus of the NiTR fabric was
increased, requiring greater loads to stretch, shear, bend, and compress the fabric in
both the weft and warp directions. This change is likely due to the crosslinking of the
silane on the surface of the NIiTR fabric, which contributed to enhanced stiffness.

Nevertheless, the surface fraction and roughness of the NiTR fabric remained similar
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to those of the pristine fabric. In general, despite the increase in stiffness, the NiTR

fabric maintained comparable wearing comfort to the pristine fabric.

5.3Fabrication and Evaluation of NiTR Skin-like Fabric for

Personal Thermal Management

5.3.1 Preparation of the NiTR Skin-like Fabric by PVA-based

Method
14% PVA 17% PVA
Dot screen Strip screen :
NiTR fabric e
Screen printing Screen printing
Temperature-responsive ’
\’\ \\*\ - Hydrophobic treatment
Y JA S o - e —
[ - - =
o 2 <" ot washing
Hydrophobic ~o_ 277 (PVA removal) e
Cross section  NiTR skin-like fabric Printed fabric

Figure 5.14 Fabrication process of NiTR skin-like fabric via PVA-based method.

In Chapter 3, PVA-based method for preparing the skin-like directional liquid flow
and water repellent fabric was proposed. Wettability gradient channels were developed
on the surface of a hydrophobic treated fabric. These channels allow water to be
transported directionally from the back side to the top side of the fabric, while most
areas of the fabric remain hydrophobic, thereby repelling external water like human

skin. In this section, the developed NiTR fabric can also serve as the substrate for such
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a skin-like fabric. Specifically, NiTR skin-like fabric was prepared using the PVA-based
printing method outlined in Section 3.3 (see Figure 5.14). The NiTR fabric with 13 mol%
AN content was selected as the substrate for this process. The water transport properties

of the NiTR skin-like fabric were then demonstrated.

5.3.2 The Temperature-responsive liquid property of the NiTR Skin-

like Fabric

AR
SR

Figure 5.15 Temperature-responsive liquid water transport of the NiTR skin-like fabric.

As shown in Figure 5.15, at a temperature of 15°C, the fabric exhibited
hydrophobicity, preventing water from being transported to the top side through the
wettability channels. However, when the temperature was increased to 40°C, the
wettability channels of the fabric turned hydrophilic, resulting in the formation of a
wettability gradient within the channels. This allows water to be directionally
transported to the top side of the fabric. Importantly, since most of the fabric remains
hydrophobic, the transported water does not spread but rather accumulates on the top
side and rolls off. Such NITR skin-like fabric is highly suitable for sportswear
applications. During physical activity, as the body's temperature increases and

excessive sweating occurs, the fabric facilitates the transport of sweat away from the
145



skin to the outer side, allowing it to drip off. The hydrophobic outer surface prevents
the fabric from becoming heavier or sticky due to sweat absorption. After exercise,
when the body temperature decreases, the fabric reverts to its hydrophobic state, halting
further water transport and preventing evaporative cooling. This helps reduce the after-
chill effect typically experienced following physical exertion. The electrolyte stability
nature of this non-ionic system ensures reliable performance under heavy sweating
conditions compared to the (PDMAPS)-based temperature-responsive skin-like fabric

developed in Chapter 4.

5.4 Summary

In this chapter, a non-ionic UCST-type temperature-responsive skin-like fabric
with reversible wettability was successfully developed. By being pretreated with mixed
silane solution, the grafted polymer concentration and surface hydrophilic-hydrophobic
balance can be precisely controlled. The transition temperature of the fabric can be
easily tuned by varying the monomer ratios (AAm:AN) when grafting the poly(AAm-
co-AN) onto the fabric. Then, the prepared NiTR fabric was served as substrate for
PVA-based treatment. With this treatment, skin-like structure was built on the NiTR
fabric, forming the NiTR skin-like fabric. The NIiTR fabric exhibited hydrophobic
behavior at temperatures below the transition temperature and transitioned to
hydrophilic at temperatures above it. Furthermore, the transition in wettability occurs
rapidly and stable against electrolyte variation. A detailed exploration of the
relationship between transition temperature and AN concentration highlighted the
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fabric’s ability to adapt to various temperature conditions. Importantly, the temperature-
responsive treatment did not compromise the fabric’s other properties, such as wearing
comfort. The NIiTR skin-like fabric also exhibited excellent temperature-responsive
directional liquid transport properties. These fabric also demonstrated considerable
potential for a wide array of applications, which will be introduced in the next chapter,
with oil-water separation, wound dressing. This research bridges the gap in the
application of non-ionic UCST-type polymers for temperature-responsive smart fabrics.
With their stable temperature-responsive properties, these polymers open up broader

possibilities for future applications.
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Chapter 6 Other Potential Applications of [Poly(AAm-co-
AN)]-based Non-ionic UCST-type Temperature-responsive

Textiles

The tunable and electrolyte stability of the [poly(AAm-co-AN)]-based non-ionic
UCST-type temperature-responsive textiles developed in Chapter 5 enables a wide
range of applications in scenarios involving temperature and electrolyte fluctuations.
These include adaptive clothing, wearable devices, medical textiles, and environmental
monitoring, where the fabric’s ability to dynamically adjust to temperature changes
offers significant advantages. In addition to serving as the substrate material for skin-
like fabric in personal thermal management systems, in this chapter, several other
potential applications of the NiTR fabric were proposed, including oil-water separation

and wound dressing.

6.1 Oil-Water Separation

The temperature-induced change in wettability enables the NiTR fabric to be applied in smart oil-
water separation systems. Below the transition temperature, the fabric exhibited hydrophobic and
oleophilic properties, while above the transition temperature, it became hydrophilic and oleophobic

in water (see

Figure 6.1a). This distinct difference in wettability towards oil and water allows for effective oil-
water separation. Two scenarios were illustrated here: one in which a small amount of water is

present in the oil, and another where a small amount of oil is present in the water (
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Figure 6.1b). In the case of separating water from oil, the temperature should be maintained below
the fabric's transition temperature. In this condition, the fabric’s hydrophobic and oleophilic
properties allow oil to pass through while blocking water. Conversely, for the separation of oil from
water, the temperature must be raised above the transition temperature, at which point the fabric

becomes hydrophilic and oleophobic, allowing water to pass while blocking the oil (

Figure 6.1c). The stability against electrolytes variation of the NiTR fabric enables
the fabric to be used in seawater or industrial wastewater. Furthermore, by adjusting the
AN content, the transition temperature of the fabric can be fine-tuned. Thus, depending
on the required application temperature, this fabric can be used in a variety of oil-water

separation scenarios, which will not be exhaustively listed here.
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Figure 6.1 Potential application for oil-water separation of the NiTR fabric. (a) Wettability of TR

fabric by water and oil at lower and higher temperatures. (b) Illustration of switchable oil-water

separation of NiTR fabric. (c) Switchable oil-water separation application of NiTR fabric.
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6.2 Wound Dressing

Table 6.1 Directional Liquid Transport Fabric Test of pristine fabric based directional liquid flow

fabric and NiTR fabric based directional liquid flow fabric at different temperatures.

Upper paper  Fabric water  Lower paper Transmission

Substrate _
water content content water content ratio
Pristine fabric-10 °C 2.15% 75.90% 21.95% 10.21
Pristine fabric-40 °C 2.23% 77.03% 20.74% 9.30
NiTR-10°C 10.87% 71.82% 17.31% 1.59
NiTR-40 °C 1.20% 84.05% 14.75% 12.29

The NITR fabrics can also serve as versatile substrates, onto which additional
functional treatments can be applied to create fabrics with enhanced or supplementary
properties. A temperature-responsive directional water transport fabric (NiTR
directional flow fabric) was prepared by applying a commercial hydrophobic agent onto
one side of the fabric via screen printing. The printed side became hydrophobic while
the other side remains its temperature-responsive wettability. This asymmetric design
enabled the fabric to exhibit complete hydrophobicity below the UCST while
demonstrating directional water transport capability above the transition temperature.
Here, directional water transport fabrics were prepared using NiTR fabric and pristine
fabric as substrate. The directional liquid transport properties were evaluated using the
Directional Liquid Transport Fabric Tester (DLTFT), developed by our group®*. The
DLTFT is a device for evaluating the directional liquid transport properties of textiles
developed by our research group. 1 mL of DI water was supplied onto the upper surface

of the fabric in 180 s, followed by a 60 s waiting time to ensure complete fabric wetting.
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Then, two highly absorbent filter paper were placed on the upper and lower surface of
the fabric. 100 g of load was applied onto the fabric for 60 s. Finally, weight of water
absorbed by upper filter paper (M,), lower filter paper (M), and water remains on the
fabric (M) can be measured using a balance. The liquid transmission ratio (LTR) can

be calculated as:

m
LTR = m—' (6.1)

u

As shown in Table 6.1, the pristine fabric based directional flow fabric exhibited
a liquid transmission ratio of 10.21 at lower temperatures and 9.30 when temperature
rose. The liquid transmission ratios were similar at different temperatures. For the NiTR
directional flow fabric, at lower temperatures, the liquid transmission ratio was
relatively low at 1.59, while at higher temperatures, it increased to 12.29. This change
in wettability enabled the fabric to smartly transition between a hydrophobic fabric and

a directional water transport fabric, demonstrating its versatility.

IR heater |Directiona] flow

Lower temperature Higher temperature

Figure 6.2 Potential application for wound dressing of the NiTR fabric.

The NiTR directional flow fabric demonstrates significant potential for advanced
wound care applications (Figure 5b), where its transition temperature can be precisely
tuned to ~40° C by adjusting the AN content. Under ambient conditions, the fabric

maintains a hydrophobic state that effectively repels external contaminants and liquids,

151



while gentle heating via infrared radiation triggers its transformation into a directional
liquid transport system that actively drains tissue fluid to maintain optimal wound
dryness. The non-ionic nature of the system ensures remarkable stability, with the
transition temperature remaining unaffected by physiological electrolyte variations
caused by individual health differences. Moreover, this versatile technology can be
adapted for personal moisture management applications by simply modifying the
transition temperature range, demonstrating its broad potential in both medical and

everyday textile applications.
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Chapter 7 Conclusion and Suggestions for Future Research

7.1 Conclusion

In this study, temperature-responsive skin-like fabrics with directional liquid flow and
water repellent properties were developed. The fabrics enable sweat to be transported
directionally from the skin side to the outer side through the gradient wettability
channels, while exhibiting water repellency. Moreover, the grafted temperature-
responsive polymers endow the fabrics with variable liquid transport properties,
allowing the liquid transport rate dynamically regulating as the temperature changes.
Additionally, this study developed a non-ionic temperature-responsive textile, which
exhibits tunable liquid transport behavior and enhanced stability against electrolyte
concentrations variation, making it suitable for diverse applications. The novelty of this
study is primarily demonstrated in three aspects. First, the structure of the skin-like
fabric was improved, and a novel method for its large-scale preparation, the PVVA-based
method, was proposed. Second, PDMAPS was successfully grafted onto the
aforementioned skin-like fabric to prepare a skin-like fabric with temperature-
responsive wettability. Third, poly(AAm-co-AN) was grafted onto cotton fabric for the
first time to prepare NiTR fabric, which features a tunable transition temperature and
stability against electrolyte concentration, expanding the application scenarios of

temperature-responsive fabrics.

In the first part of the study, the existing plasma-based fabrication method of skin-

like fabric was evaluated. In this method, the pristine fabric was treated with a
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commercial hydrophobic agent. Then, the fabric was covered with a laser cut PET plate
screen with round hole pattern before plasma treatment. Due to the coverage of the
screen, the gradient wettability channels only formed at the uncovered areas. Finally, a
selective hydrophilic treatment was conducted on the gradient wettability channels to
maintain the hydrophilicity of these areas. The prepared skin-like fabric using this
method exhibited directional liquid transport through the gradient wettability channels
and water repellency. However, this approach suffers from limitations including high
energy consumption, low processing efficiency, and poor durability, which may limit

the industrialization of this method.

Subsequently, the PVA-based fabrication method of skin-like fabric was proposed.
The proposed method involves applying PVA solutions onto the surface of the pristine
fabric using patterned screens via printing method to establish a controlled gradient of
PVA concentration along the thickness direction of the fabric. Following the printing,
hydrophobic treatment was applied to the fabric by dip coating. Notably, the fibers in
PVA covered areas were not exposed to the hydrophobic agent due to the protection of
the polymer, thereby preserving the inherent hydrophilicity on these areas. Subsequent
hot washing removed the printed PVA on the surface of the fabric, resulting in the
formation of gradient wettability channels in the previously coated areas. In this part,
the effect of PVA concentration on wettability of the printed areas was explored, and
optimized PVA concentration for printing was investigated. The directional liquid
transport property through the gradient wettability channels exhibited excellent

durability. The skin-like fabric prepared by PVA-based fabrication method exhibited
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excellent directional liquid transport property and water repellency, with the transport
rate being 10998 g-m2-h! and hydrostatic pressure being 76 mmHO from the top side
of the fabric. Meanwhile, the skin-like fabric demonstrated unaffected air permeability
compared to the pristine fabric since the surface structure and pore structure were not
affected by the treatment. This approach used mature technologies including printing

and dip coating, offering significant scalability potential for industrial implementation.

In the second part of the study, the (PDMAPS)-based temperature-responsive skin-
like fabric was developed by grafting zwitterionic UCST-type temperature-responsive
polymer PDMAPS onto the surface of the gradient wettability channel areas of the skin-
like fabric. The skin-like fabric was first treated with coupling agent TMSPMA to create
double bonds on the surface. In this step, the hydroxyl groups on the cotton fabric were
replaced by double bonds from TMSPMA, introducing both hydrophobicity and
grafting sites onto the fabric. The temperature-responsive polymer PDMAPS was

applied onto the fabric by photoinitiated “grafting-from” polymerization method.

The effect of the PDMAPS coating on the wettability of the fabric was explored.
An optimal monomer solution concentration imparted temperature-responsive
reversible wettability to the fabric surface, enabling temperature-dependent contact
angle variation. In addition to the characteristics of skin-like fabric, the prepared
(PDMAPS)-based temperature-responsive skin-like fabric exhibited temperature-
responsive liquid transport capacity. Compared with the skin-like fabric prepared by
PVA-based method, the water transport rate increased up to 14202 g-m?2-h?! with a

higher temperature, while at a lower temperature, the water transport rate decreased to
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8700 g-m=-h’t. The dynamic moisture management capacity improved the wearing
comfort of the fabric. Furthermore, the water repellency of the temperature-responsive
fabric could also be improved at lower temperatures, with 28.9% improvement (up to
98 mmH0) in hydrostatic pressure resistance at lower temperatures compared to skin-
like fabric. The fabric also maintains comparable handle and breathability to both skin-
like fabrics and pristine fabrics. Since the grafting process is exclusively surface
modification, the fibrous architecture remains unchanged, thereby preserving the wear
comfort performance. Furthermore, the mechanism of temperature-responsive
directional water transport was systematically analyzed and explained, providing

critical insights for performance optimization and advanced functional design.

In the third part of the study, a more widely used [poly(AAm-co-AN)]-based
UCST-type temperature-responsive (NiTR) fabric was reported, which addressed some
limitations of the (PDMAPS)-based temperature-responsive skin-like fabric. Compared
to the zwitterionic UCST-type polymers, the non-ionic UCST-type polymers offer
superior stability, yet present significant challenges in both fabrication and grafting onto
the textile surface. In this study, the non-ionic UCST-type temperature-responsive
polymer, poly(AAm-co-AN) was grafted onto the cotton knitted fabric for the first time
via a novel site-specific grafting method. The pristine cotton knitted fabric was
pretreated with a mixed silane solution, including a hydrophobic silane, a silane
crosslinker, and a grafting-functionalized silane. The fabric treated with mixed silane
solution was dipped into a monomer solution and then graft polymerization was

initiated under UV radiation. The polymerization was selectively confined to silane-
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functionalized regions, enabling precise control over grafted polymer quantity through

systematic adjustment of the mixed silane composition ratio.

The effect of the mixed silane solution ratio on the wettability of the grafted fabric
was explored firstly. In the mixed silane solution, the grafting-functionalized silane
provided grafting site while the hydrophobic silane adjusted the wettability of the fabric.
By adjusting the ratio of these two components, both the surface-grafted polymer
density and the hydrophilic-hydrophobic balance of the grafted textile can be precisely
modulated. The results showed when OTMS : BTEOSE : TMSPMA was 0.45 : 0.3 :
0.15, the optimal grafting density was achieved, and the fabric exhibited best
temperature-responsive performance. Then, the effect of the temperature-responsive
monomer solution ratio on the transition temperature was also investigated. The ratio
of AAm to AN in poly(AAm-co-AN) largely influenced the transition temperature of
this temperature-responsive polymer. The results showed the transition temperature was
positively correlated with the content of AN. Specifically, at 13 mol% of AN, the
transition temperature was tuned to 32.5-35°C, which is similar with the human skin
temperature. The NiTR fabric exhibited tunable transition temperature and stability
against electrolyte concentration variations compared to (PDMAPS)-based
temperature-responsive fabrics, demonstrating broad application potential across
multiple domains. The fabric can serve as a substrate for skin-like fabric to prepare the
novel moisture management fabrics and can also be applied in wound dressing and

smart switchable oil-water separation.
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7.2 Suggestions for Future Research

7.2.1 Limitations of this Research

Although the proposed work in this research has been completed, there are several
limitations remaining to be addressed in the future work. The key limitations of this

research include:

1. The industrial scale fabrication of the skin-like fabric has not been achieved.
Although the proposed PVA-based fabrication method used mature technologies
with demonstrated scalability potential, the large-scale production of the skin-like
fabric still faces challenges. The current printing screens in this research are laser
cut PET plates, while industrial production employs mesh screens. The mesh
structure hinders the penetration of PVA solution to the back side of the fabric,
preventing it from forming the wettability gradient channels. Additionally, PVA
becomes viscous during prolonged production, generating bubbles during printing,
which adversely affects industrialized printing processes. Future work could
explore incorporating various additives into the PVA solution to optimize its

properties.

2. Although the PVA-based method can be applied to cotton fabrics with different
structures, the application on polyester fabrics for developing polyester-based skin-
like fabrics still faces limitations, as the PVA solution penetrates too rapidly

through the polyester fibers, leading it difficult to control the infiltration.
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The current directional liquid transport rate testing device is a homemade apparatus,
that only enables single-point water supply, potentially rendering inaccurate test

results. The testing device still needs to be improved.

The existing printing screens utilize only two patterns, dot pattern and stripe
pattern. The effect of pattern shape on water transport efficiency and water
repellency of the fabric have not been investigated. The shape of the printed pattern

may be optimized.

Temperature-responsive fabrics have not yet achieved large-scale production.
Currently, the grafting of the temperature-responsive polymers remains at the
laboratory stage. The solvents used for temperature-responsive monomers in this
research may affect human health and environment, making them unsuitable for
industrial production. During large-scale UV-induced polymerization, uneven

grafting may occur, compromising the quality of the fabricated textiles.

7.2.2 Industrialization of Skin-like Fabric

To achieve industrial production of skin-like fabric using PVVA-based fabrication

method, the primary challenge is improving the penetration of PVVA solution through

the fabric through the mesh printing screen. Further research could focus on optimizing

the PVA solution formulation. Using PVA solution with lower molecular weight for

printing may improve the penetration of the solution. Additionally, since PVA solution

becomes viscous due to self-crosslinking during printing, additives could be introduced
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to reduce hydrogen bonding, such as urea. Foaming during PVA printing may affect

quality, so defoamers could be added to mitigate this issue.

Future studies could also optimize the shape and density of patterns on the printing
screen. The shape of the patterns could be triangles or spindles, as well as varying
pattern arrangements. By refining the design of patterns on printing screen, the fabric

may achieve optimal water transport efficiency and water repellency.

7.2.3 Industrial Grafting of the Non-lonic UCST-type Polymers onto

Fabrics

To achieve the industrial grafting of the non-ionic UCST-type polymer,
poly(AAm-co-AN), onto the fabrics for preparing the NiTR fabrics, the primary issue
to address is the solvent system. The currently used DMSO solvent presents safety and
environment concerns for large-scale production. A potential solution for this problem
is to develop a water-based grafting solution. Due to the low solubility of initiators and
crosslinkers in water, a “grafting-to” approach could be employed. This involves first
synthesizing long-chain poly(AAm-co-AN) with reactive end groups in organic solvent,
then isolating and dispersing it in aqueous solution. For the grafting process, thermal
initiation and crosslinking could be utilized, allowing conventional dip coating and
curing processes to graft the polymer onto the fabric surface, enabling large-scale

production of NiTR fabrics.
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