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Abstract: Directional water transport fabrics can proactively transfer moisture from the body.
They show great potential in making sportswear and summer clothing. While moisture transfer
has been previously reported, heat transfer in directional water transport fabrics has been little
reported in research literature. In this study, a directional water transport fabric was prepared using
an electrospraying technique and its heat transfer properties under dry and wet states were evaluated,
and compared with untreated control fabric and the one pre-treated with NaOH. All the fabric
samples showed similar heat transfer features in the dry state, and the equilibrium temperature in the
dry state was higher than for the wet state. Wetting considerably enhanced the thermal conductivity
of the fabrics. Our studies indicate that directional water transport treatment assists in moving water
toward one side of the fabric, but has little effect on thermal transfer performance. This study may be
useful for development of “smart” textiles for various applications.
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1. Introduction

Considerable interest has been devoted to developing fabrics with self-driven directional water
transport function over recent years [1–8]. The concept of directional fluid transport, which is also
called “one-way liquid transport” or “fluid diode” is a phenomenon widely found in daily life.
Examples can be found in one-dimensional (1D) materials, such as spider silk and its inspired
designs for water-harvesting [9–17], two-dimensional (2D) solid surfaces which are fabricated
typically by forming a chemical gradient [18–23], or chemically homogeneous but surface roughness
variation [24–28] using various approaches, and three-dimensional (3D) porous materials such as textile
fabrics [1,5–7,29–33], cellulosic paper substrate [34], and electrospun nanofibrous membranes [3,7].
The 3D porous materials with directional water transport property are prepared either by forming
a hydrophobicity-to-hydrophilicity gradient or two zones with opposite wettability across thickness.
When worn next to the skin, directional water transport fabrics allow sweat to be transferred rapidly
from the body surface to the external garment, leaving a dry microenvironment, hence maintaining
the wearer in a comfortable state, especially useful for making sportswear and summer clothing.

In hot weather or high intensive activities, peoples sweat a lot, and the excessive sweating
often leads to discomfort wet and clinging feel and even heatstroke due to the inefficient thermal
dissipation [35]. Heat transfer in porous media involves three main routes: conduction, convection,
and radiation, and heat transfer via conduction is more significant than the others [36]. In addition,
the evaporation of moisture from fabric also contributes to heat dissipation, especially when the fabric
is wetted with water or sweat. Despite the fact that thermal transfer in conventional fabrics has
widely been studied [37–40], little is reported on the thermal transfer behavior of directional water
transport fabrics.

In our previous study, we developed a two-step method to prepare directional water transport
polyester fabric, which involves pre-treatment of the fabric substrate with NaOH followed by
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electrospraying of SU-8 on one side of the fabric [33]. The treated fabric showed excellent one-way
water transport ability with a one-way moisture transport index (also known as R value) of 850 and
−157 on the sprayed and the unsprayed sides, respectively. In this study, we examined the heat
transfer feature of this SU-8 treated directional water transport fabric in both dry and wet states.

2. Experimental

Materials. NaOH was purchased from Aldrich. SU-8 2075 was provided by Microchem Corporation
(Westborough, MA, USA). A commercial polyester fabric (plain weave, 168 g/m2, thickness = 420 µm)
was used as substrate.

Preparation of coating solution. A commercial SU-8 organic resin solution (1.4 g) was mixed
with acetone (100 mL) in the dark to form a homogeneous solution.

Pre-treatment of fabric substrate. The polyester fabric was pre-treated with 10% aqueous NaOH
at 60 ◦C for 25 min to allow the hydrolysis of the surface fiber layer. After pretreatment, the fabric was
rinsed with water, 3% acetic acid solution and water again, and finally dried at room temperature in
air for 24 h.

Coating treatment. The SU-8 solution was electro-sprayed on one side of the NaOH pre-treated
fabric using a purpose-made electrospraying device. During electrospraying, the solution feeding
rate was controlled by a syringe pump (KD Scientific Inc., Holliston, MA, USA) at 30 mL/h. A high
voltage was applied between the nozzle and the counter electrode using a DC power supply (Gamma
High Voltage) (see detail process in the literature [33]). The coated fabric was irradiated by UV light
(80 mW/cm2) for 10 min, and then heated at 95 ◦C for 1 min. For comparison, a dip-coating technique
was also used to apply SU-8 onto the entire polyester fabric [41].

Characterizations: The surface morphology of fabrics was observed on a Supra 55VP scanning
electron microscope (Carl Zeiss, Oberkochen, Germany) operated under the acceleration voltage
of 5 kV. The heat transfer properties were measured using a purpose-designed device consisting of a
Fluke 289 RMS digital thermometer (Fluke Corporation, Everett, WA, USA), a thermocouple probe,
and a Julabo 5EH water circulation bath system (Julabo GmbH, Seelbach, Germany) to control the
temperature of a hot plate. During testing, the fabric sample was mounted on the hot plate and the
fabric temperature change was monitored by the thermocouple and digital meter. This temperature
monitoring system was calibrated against boiling water and ice-water. The surface temperature of
fabrics was measured using a thermal image infrared (IR) camera (NEC thermo tracer IR camera,
Japan). The camera has a sensitivity of 0.03 ◦C and an accuracy of ±2 ◦C when used for recording the
surface temperature change. The data recorded was processed by software (Image Pro 4.0.6, NEC Avio
Infrared Technologies Co., Ltd., Tokyo, Japan). All samples for thermal transfer related tests were put
into the conditioned room (23 ± 1 ◦C, relative humidity 65% ± 2%, refer to ASTM D1776) for at least
24 h prior to testing.

3. Results and Discussion

To prepare the directional water transport fabric, SU-8/acetone solution was deposited on one side
of the NaOH pre-treated polyester fabric using our previously developed method [33]. The chemical
structure of SU-8 is shown in Figure 1a and the apparatus for one-side electrospraying treatment is
schematically illustrated in Figure 1b. By precisely controlling the weight loading of SU-8 on the fabric,
a directional water transport fabric can be prepared. Figure 1c,d shows the SEM images of the polyester
fabric after NaOH pre-treatment and after further SU-8 electrospraying. The NaOH pre-treated fabric
showed a smooth fiber surface (Figure 1c). After electrospraying, a thin coating was formed on the
fiber surface (Figure 1d).

Figure 2 illustrates the directional water transport feature of the sprayed fabric. In this study,
the weight load of SU-8 on the fabric was controlled at 0.6 g/m2. When water (colored with red
dye) was dropped on the SU-8 sprayed surface, it penetrated through the fabric and spread into
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the uncoated fabric matrix (Figure 2a). However, when water was dropped on the uncoated side
(Figure 2b), it just spread into the uncoated fibrous matrix layer without penetrating through the fabric.

The formation of directional water transport effect on the NaOH pre-treated polyester fabric
was explained as the asymmetric wettability along the fabric thickness. In our previous paper [33],
we showed that treatment with NaOH gives the polyester fiber a hydrophilic surface because of the
hydrolysis of polyester in alkaline conditions. SU-8 treatment allowed the treated fibers to have a
hydrophobic feature. When SU-8 was electrosprayed on one side of the NaOH pre-treated polyester
fabric, directional water transport effect occurred depending on the SU-8 coating layer thickness on
the fabric. When the thickness was at 58.5 µm, the treated fabric showed the best directional water
transport ability.
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treatment of fabric; (c,d) SEM images of the (c) NaOH pre-treated and (d) electrosprayed polyester
fabric (scale bar, 10 µm).
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Figure 2. Still frames taken from digital videos to show dropping red-dyed water on the one-side
electro-sprayed polyester fabric, (a) on the SU-8 sprayed surface; (b) on the unsprayed back surface.

Figure 3a shows the setup for measuring the temperature change on fabric when it contacts with a
hot plate where the surface temperature was controlled at 37 ◦C. The accuracy of the thermocouple in
the setup was checked by measuring (i) boiling water and (ii) ice-water at ambient pressure. As shown
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in Figure 3b, at ambient pressure, the boiling water and ice-water were measured to have temperatures
of 99.67 ◦C and 0.11 ◦C, respectively, indicating reasonable accuracy (<0.33 ◦C). However, a larger
experimental error could result when measuring a thin porous fabric using a thermal couple due to the
incomplete contact of the thermocouple bead with the porous fabric. Normally, 1 ◦C of experimental
error is expected for this measurement.

Figure 3c,d shows the temperature change of the fabric samples upon touching the hot plate.
The fabric temperature increased initially and then reached an equilibrium value. In the dry state,
the NaOH pre-treated fabric and the directional water transport fabric had similar equilibrium
temperatures, (36.1 ◦C and 36.2 ◦C, respectively). For comparison, we also coated the entire fabric with
SU-8 using a dip-coating technique and measured the temperature change on the hot plate, which was
similar (equilibrium temperature of 36.2 ◦C). In addition, the control fabric without NaOH treatment
was evaluated under the same conditions, which showed a similar temperature profile and equilibrium
temperature to the other fabric samples.
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Figure 3. (a) Schematic of the purpose-built setup for measuring the heat transfer property
of fabrics; (b) temperature of boiling water and ice-water mixture measured by thermocouple;
and (c,d) temperature–time curves of the NaOH pre-treated fabric, directional water transport fabric
and SU-8 dip-coated fabric in dry (c) and wetted (d) states.

When the fabrics were brought into contact with the hot plate and then pre-wetted with water,
they showed different equilibrium temperature to the dry state. A large difference was observed in the
control, the pre-treated and the directional water transport fabric due to their different wettability to
water. When 100 µL water was dropped on the control fabric, it took more than 10 s to spread into the
matrix. However, when the same amount of water was dropped onto the NaOH treated fabric, water
spread into the fabric in 1–2 s. This is because NaOH treatment gives the polyester fabric a hydrophilic
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surface. Water can also move rapidly into the directional water transport fabric when it was dropped
on the sprayed side because of the one way transport effect, however it just spread in the hydrophilic
layer. The four fabric samples showed similar equilibrium temperatures, suggesting that they were
eventually heated up to a similar temperature level.

The major difference in temperature between the fabric samples was found in the inflection point.
The time to reach the inflection point varied between the fabrics. As shown in Figure 3d, the control
fabric, NaOH pre-treated fabric and directional water transport fabric took 586, 599 and 661 s to reach
the inflection point, respectively. The different inflection point can be explained by the difference in
thermal conductivity and the effect of liquid water on thermal transfer in fabric. The directional water
transport fabric was wetted in the areas where were not coated with SU-8, where the SU-8 coated layer
was in a dry state. However, water penetrated into the entire fabric matrix with different speed on the
control fabric (more than 10 s) and NaOH pre-treated fabric (within 1 s).

For practical applications where skin is covered with directional water transport fabric, sweat
penetrates the inner hydrophobic layer and wicks into the external hydrophilic layer. The non-wetting
feature of the hydrophobic surface prevents the fabric from sticking to the skin surface, leaving a dry
and comfortable micro-environment for the wearer. Moving sweat on the external surface assists in
water evaporation. Here, the temperature-time curve for the SU-8 dip-coated fabric in the wet state
was unavailable due to the hydrophobicity property of the fabric.

To understand the above results, we measured the thermal conductivity of the fabrics. As listed in
Table 1, the thermal conductivity increased from 54.6 ± 1.4 to 61.3 ± 1.5 mW/mK after electro-spraying
treatment on one side, 12.27% enhancement in the thermal conductivity was attained. When the
fabrics were wetted with 100 µL water, an increase in thermal conductivity for the NaOH pre-treated
fabric (436.21 ± 5.61 mW/mK) and directional water transport fabric (316.3 ± 3.2 mW/mK) resulted.
Therefore, increased maximum temperature comes from the effect of SU-8 coating and wetting on the
fabric’s thermal conductivity.

Water contact angle (WCA) was measured to understand the wettability of the fabrics (Table 1).
The WCA of the polyester fabric decreased from 118◦ to 0◦ after NaOH treatment due to the hydrolysis
of polyester on the polyester fiber surface. For the directional water transport fabric, the initial contact
angle on the SU-8 coated side was 131◦, while the uncoated side retained a WCA of 0◦. The polyester
fabric entirely coated with SU-8 showed a WCA of 131◦ on both sides. As expected, there was no
directional water transport feature on the SU-8 dip coated fabric.

Table 1. Comparison between the control fabric, NaOH pre-treated fabric, directional water transport
fabric and SU-8 dip-coating fabrics.

Fabric Type Method WCA (◦) Water Transport Thermal Conductivity
(mW/mK)

Control - 118 Bidirectional
59.7 ± 1.0 (dry)

405.4 ± 4.2 (wetted)

NaOH treated
Immersing in

NaOH solution
0 Bidirectional

54.6 ± 1.4 (dry)
436.2 ± 5.6 (wetted)

Directional water
transport

SU-8 single-side
electrospraying

131 * on the coated side,
and 0 on uncoated side

Unidirectional (from the
coating to uncoated)

61.3 ± 1.5 (dry)
316.3 ± 3.2 (wetted)

SU-8 dip-coated SU-8 dip coating 131 on both sides No transport 62.5 ± 1.0 (dry)

Note: * Initial contact angle.

Figure 4 shows thermal imaging results for fabric coverings on naked skin and the skin without
fabric. The skin in the selected area had a uniform distribution in surface temperature (Figure 4a).
Two pieces of the same fabric sample were placed on the arm, with one contacting the skin on the SU-8
coated side and the other in reverse (Figure 4b). No external force was applied on the fabrics. The image
color indicates the temperature. Once the fabrics contacted the skin, they were warmed up by the skin
and the surface temperature increased. The fabric surface with a temperature close to the skin surface
temperature suggests a better heat transfer of the fabric. Smaller temperature difference were obtained
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with the directional water transport fabric when compared to the control fabric (Figure 4c) and the
NaOH treated fabric (Figure 4d), indicating a better heat transfer performance.
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Figure 4. IR thermography images of (a) naked dry skin; naked dry skin partially covered with:
(b) Directional water transport polyester fabric; (c) Control fabric; and (d) NaOH pre-treated fabric.
The top right number indicates the time of the frame. The middle line numbers are the surface
temperature on fabrics and skin. The bottom line numbers are the temperature difference between the
fabrics and skin. The fabric covered areas (dashed line framed), and the other areas are naked skin
(Scale bar 1 cm).

For the directional water transport fabric, when the hydrophobic layer faces the skin, the liquid
moisture generated due to perspiration can be removed rapidly from the skin surface to the external
garment. This could also remove heat from the body, leaving a nice dry and cool microenvironment
and hence reducing the chances to get heat stress for the wearer. Fabrics with excellent directional water
transport ability and heat transfer properties are very useful for making sportswear, high performance
summer clothing and special workwear.

To further prove the heat transfer property of the directional water transport fabric, we also
recorded the temperature change when warm water (37 ◦C) was dropped on the directional water
transport fabric (Figure 5). On the SU-8 sprayed side, the surface temperature increased rapidly and
spread into a larger area (Figure 5a). The initial small spot with relatively higher temperature indicated
that the water had a small contact with the fabric surface. However, when dropping water on the
uncoated hydrophilic side (Figure 5b), the temperature increase spread to a larger area compared with
the SU-coated surface. This asymmetric heat transfer profile on the two sides of the directional water
transport fabric indicates the different heat transport profiles.

As indicated in our previous paper [41], SU-8 is hydrophobic, and water droplets on the SU-8
coated surface have a small contact area, which slows down the heat transfer to the fabric substrate.
Since water rapidly penetrates through the hydrophobic layer and spreads in the hydrophilic layer,
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the temperature change mainly happens in the hydrophilic area. When water is dropped on the
hydrophilic side, the temperature changes still happens in the hydrophilic matrix. This is different to
dropping water on the NaOH treated fabric because in the latter case the temperature change takes
place throughout the entire the fabric.
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a directional water transport fabric: (a) On the SU-8 sprayed surface; and (b) On the unsprayed back
surface (Ambient temperature 23 ± 1 ◦C).

4. Conclusions

Heat transfer in a SU-8 treated directional water transport fabric was studied. The untreated
control fabric, NaOH pre-treated fabric, and directional water transport fabric showed similar heat
transfer features in the dry state. All the fabric samples, including the SU-8 dip-coated one, showed
higher equilibrium temperature in the dry state than the wetted state. Wetting considerably enhanced
the thermal conductivity of the fabrics due to the effect of water. These results indicate that directional
water transport treatment assists in moving water toward one side of the fabric, but has little effect
on thermal transfer performance. This study may be useful for development of “smart” textiles for
various applications such as sports garments and other active wear.
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