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Hierarchical Weaving Metafabric for Unidirectional Water
Transportation and Evaporative Cooling

Ling Zhang, Yuwei Guo, Ruolian Mo, Xiang Liu, Guang Wang, Ronghui Wu,*
and Hongling Liu*

Smart apparel with unidirectional sweat transportation functionality is highly
desirable for wearing comfort. However, simultaneously achieving fast
unidirectional water transport, mechanical robustness, human body
comfortability, and industrialized fabrication is challenging because of the
difficulty in fiber-yarn-fabric multiscale textile structure manipulation. Here,
for the first time, a unidirectional water-transportation metafabric (UWTM)
with hierarchical weft-double-weave structure is developed using
industrial-producible weaving technology. The UWTM not only shows a fast
unidirectional sweat transportation property, but also a robust mechanical
property, air permeability, tailorability, and human body comfortability. The
unidirectional water transportation is realized by a well-engineered wettability
gradient along fabric thickness direction by two-set weft yarns and one-set
warp yarn. The UWTM shows a strong one-way transport capacity of 984%,
with a short water droplet transportation time of 4 s. In addition, the
unidirectional water transportation leads to an evaporative cooling effect to
the human body, resulting in a 1.6 °C cooling compared with the most used
cotton fabrics, exhibiting excellent wet-heat transfer responsiveness, and
ensuring a comfortable microclimate between human skin and the
environment. The facile and scalable method presented here paves a way for
the design of fluorine-free, robust, comfortable, and wearable unidirectional
water transport fabrics.

L. Zhang, Y. Guo, R. Mo, X. Liu, G. Wang, R. Wu, H. Liu
Key Laboratory of Textile Science and Technology
Ministry of Education
College of Textiles
Donghua University
Shanghai 201620, China
E-mail: ronghuiwu@uchicago.edu; hlliu@dhu.edu.cn
R. Wu
Pritzker School of Molecular Engineer
University of Chicago
Chicago 60637, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202307590

© 2023 The Authors. Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits
use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

DOI: 10.1002/adfm.202307590

1. Introduction

Smart textiles with the functionality of
maintaining the physiological comfort of
the human body are acute, especially in
extreme environmental conditions such as
those faced by athletes, soldiers, or indus-
trial workers.[1] Evidently, moisture wicking
property of textiles plays a most important
role due to their capability of providing a
drier and cooler microclimate between hu-
man body and textiles.[2] It requires pro-
grammable structures through architected
design of yarn hydrophilicity, diameter, and
relative density for microfluidic control. Tra-
ditional sweat wicking textiles normally ei-
ther use only hydrophilic or hydrophobic
materials. Hydrophilic fabrics, such as cot-
ton can adsorb the sweat from the human
skin very easily, but they will stay there until
they dried, resulting in undesired wet sticky
or cold sensations.[3] Hydrophobic fabrics
such as Coolmax with profiled cross section
was recognized as an attractive strategy be-
cause it exerts the innate ability of quick
drying due to its moderately hydrophobic
and increased surface area.[4] However, the
moisture-wicking process in such fabrics

remains bidirectional; that is, it can be triggered from the skin
to the environment as well as the opposite direction, which will
limit its practical applications at a high humidity level or after a
passing rain shower.

To solve the aforementioned problems, developing fabrics with
unidirectional water transport is of great importance. Current
research on directional water transport can be roughly divided
into two categories, nonwoven fabrics[1c] and post-treated woven
fabrics.[1a] Nonwoven fabrics by assembling micro- and nano-
fiber films have been demonstrated to show good antigravity di-
rectional water transportation.[5] However, such nonwovens gen-
erally exhibit poor mechanical properties, which restrict their
applications in wearable textiles.[6] Post-treated woven fabrics
with asymmetric structure are mostly produced by post fab-
ric finishing process based on the weaved fabric.[7] Specifically,
Zeng et al. reported a fabric with directional water transport ca-
pability by single-sided electrospray coating of hydrophilic fab-
rics with hydrophobic resins.[1a] More recently, Wang et al.[8]

used a hydrophobic finishing agent in a two-step electrospray
of hydrophilic cotton woven fabrics with asymmetric wetting
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Figure 1. Unidirectional water-transportation metafabric for unidirectional sweat transportation and evaporative cooling. a) Architecture of UWTM. It is
composed of superhydrophobic outer weft yarn, hydrophilic inner weft yarn, and hydrophobic warp yarn. b) Fabrication process of UWTM using low-cost,
continuous, and mass-productive weaving technique. c) Optical image of UWTM fabricated by the double weft weaving technology and its application
potentials in exercise clothes. d) Unidirectional sweat transportation from the hydrophobic side to the hydrophilic side. e) Bobbins of the three yarns for
UWTM weaving.

structure and reported the high permeability one-way water
transport (OWT) performance. However, finishing agents used
for surface functionalization of these woven fabrics are mostly
fluorinated substances or toxic solvents,[9] which could cause
environmental pollution and health problems. More important,
weaved fabric coating will sacrifice the air permeability, flexibil-
ity, washability, wearing comfort, and abrasion resistance of fab-
rics, which is critical for wearable textiles. Therefore, a novel
method for weaving textiles design for unidirectional water-
transportation needs to be developed.

Here, for the first time, a novel unidirectional water-
transportation metafabric (UWTM) with hierarchical structure
and robust mechanical property is developed using an industrial-
producible weaving technique. Three fabric structures, 2D satin-
weave, double-weft–weave, and stitching-double–weave are de-
signed and systematically studied for optimization of the water-

transportation capacity. The UWTM with weft-double–weave
structure is composed of one set of warp yarn and two sets of weft
yarns, forming an asymmetric wettability gradient, that is, su-
perhydrophobic outer weft yarns (SOWY), water-transportation
warp yarns (WTWY), and hydrophilic inner weft yarns (HIWY)
(Figure 1a). A fluorine-free superhydrophobic finishing is intro-
duced on polyester (PET) by hierarchical crosslinking for the
SOWY, while viscose fibers with microgrooves are chosen for
the HIWY, and polyester fibers with low moisture adsorption
are used for the WTWY. Owing to the unique hierarchical struc-
ture, UWTM shows a fast water transportation speed from the
skin to the outer environment, keeping a dry and cool microcli-
mate between the textile and human body. In addition, for bet-
ter understanding the unidirectional water transportation mech-
anism, the moisture management performance of UWTM was
theoretically and experimentally analyzed. Besides, the excellent
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mechanical properties, weavability, air permeability have been
discovered and discussed. Moreover, the sweat-wicking property
of UWTM is further demonstrated to accelerate the body cooling
via evaporation. The performance compared with traditional tex-
tiles, such as cotton and PET has been conducted. The UWTM
provides wide application prospects in perspiration and personal
thermoregulation.

2. Results and Discussion

2.1. UWTM Structure Design and Fiber Wettability Engineering

UWTM is fabricated using a continuous, mass-productive, and
low-cost weaving technology with two sets of weft yarns and one
set of warp yarn, as shown in Figure 1a,b; Figure S1 and Video S1,
Supporting Information. In the UWTM, superhydrophobic inner
weft yarns (SOWY) and hydrophilic outer weft yarns (HIWY),
are interlaced with the WTWY alternatively, forming an asym-
metric wettability gradient along the fabric thickness direction.
Two sets of weft yarns are regularly fed into the loom and in-
terlaced with warp yarns. The well-controllable textile patterns
with governable yarn trajectory are realized by computer regu-
lated weft yarn lifting plan. Moreover, to enhance the unidirec-
tional water transportation ability, hydrophilic yarn is interlaced
into the superhydrophobic side every two weaving cycles at inter-
vals. When sweat is on a hydrophobic layer, droplets can pen-
etrate through these hydrophilic yarns quickly, break the sur-
rounding meniscus and decrease the Laplace pressure. As the
most commonly used synthesis fiber, PET fibers are chosen as
raw materials for SOWY and WTWY because of its mass pro-
ductivity, robust mechanical property, and durability. Hydropho-
bic grafting and multi-scale roughness is further applied to PET
yarns to realize the superhydrophobic yarns for SOWY. Mean-
while, grooved viscose fibers are chosen for WTWY because of
its excellent hydrophilicity and good wearing comfort. With pre-
cise design, the unique fiber-yarn–fabric multiscale textile with
double-weft weaving structure enables water droplet to penetrate
from the bottom hydrophobic layer to the top hydrophilic fabric
surface owing to capillary force. When people wear the UWTM
exercise or move in hot weather and get sweat, the unique fabric
design will drive the perspiration to be transported and diffused
into the outer hydrophilic fabric surface, maintaining a dry and
cool body-textile microclimate to ensure the wearing comfort,
as shown in Figure 1c,d. As the weaving technology weave the
functional yarns into a metafabric continuously without any post-
treatment process (Figure 1e and Figure S2, Supporting Informa-
tion), UWTM also have excellent mechanical property, flexibility,
stretchability, breathability, conformity, and tailorability, which is
indispensable but easily neglected in functional and smart textile
research.

To guarantee an excellent performance for UWTM, the asym-
metric wettability gradient design of yarns was dominant. Here,
a fluoride-free bifunctional copolymer was strongly bonded on
the PET fiber surfaces to achieve the superhydrophobic yarn for
SOWY. The copolymer is synthesized by solvothermal copoly-
merization using N,N-ethylenebisacrylamide (MBAA) and di-
vinylbenzene (DVB), denoted as co-MBAA-DVB, as shown in
Figure 2a,b and Figure S3, Supporting Information, and Experi-
mental Section. Co-MBAA-DVB has a hierarchical porosity with

multi-scale surface roughness, as shown in the N2 adsorption
isotherm and scanning electron microscopy (SEM) images in
Figure S4, Supporting Information. Considering polydimethyl-
siloxane (PDMS) owns low surface tension and good permeabil-
ity, it is used to penetrate the porous structure to design micro or
nano interface on PET yarn. A bifunctional copolymer network
is constructed by combining diacrylamide groups with medium
aromatic chains on the PDMS substrate during yarn finishing
process. Moreover, methyl-2-cyanoacrylate (MCA) is used to form
a strong and durable coating on the surface of polyester yarn ow-
ing to the synergistic crosslinking effect of PDMS and MCA. The
polymerization of MCA was completed in a few seconds with the
water vapor in the air mainly acting as a nucleophilic reagent
(nu-). The C─C and C─O bonds on polyester are opened by high-
energy particles to form C─ and O─ active sites, which lead to
free radical polymerization with PDMS on the surface, resulting
in stable and solid grafting of the hydrophobic film to the yarn
surface. Furthermore, when the yarn was coated by PDMS, the
diluted PDMS partly penetrated the interface between fibers and
co-MBAA-DVB, and even inside the porous structure, enabling a
strong adhesion. For MCA coating, due to the existence of ethyl
acetate solution, the polymerization of MCA completed with the
water vapor will be delayed, more conducive to form a cross-
linked network to fix co-MBAA-DVB. Consequently, PDMS and
MCA with co-MBAA-DVB on the polyester yarn could form sta-
ble interpenetrating polymer networks with low surface energy.
After the coating treatment, a robust coating is firmly adhered to
the substrate, showing abundant meso/macropores with a rough
surface, which is similar to co-MBAA-DVB.

The compositions of co-MBAA-DVB and SOWY were iden-
tified by the 13C NMR and FTIR investigation, as shown in
Figure 2c,d. The 13C NMR spectra of nanoporous polymer
demonstrate signals at 127, 142.5, 145, 44, and 173.5 ppm. The
signal at 127 ppm is attributed to C without substitution on
the benzene ring. The signals at 142.5 and 145 ppm are from
the signal of C at the para substitution in the benzene ring.
The signal at 173.5pm is assigned to C in C═O in MBAA, and
the signal at 44 ppm corresponds to C in fatty amines in the
polymer. This indicated that DVB and MBAA were polymer-
ized successfully. According to FTIR spectrum in Figure 2d, the
SOWY gives additional peaks at 3390 and 1557 cm−1, attributed
to N─H stretching vibration and bending vibration of MBAA. In
addition, the characteristic bands of polydivinylbenzene (PDVB)
polymers observed at 1650 and 2960 cm−1 are ascribed to C═C
and C─H stretching frequencies respectively, demonstrating the
presence of PDVB-MBAA on the surface of coated yarn. Mean-
while, the C═O stretch occurred at 1740 and 1250 cm−1 from
MCA, and the strong peaks of 798 and 1024 cm−1 correspond-
ing to Si─C and Si─O─Si stretching from PDMS, which indi-
cated the formation of the superhydrophobic coatings can be
attributed to the synergistic cross-linking of MCA, PDMS, and
MBAA&DVB.

After surface treatment, SOWY shows a superhydrophobic
property with a high contact angle of 159.7° (Figure 2b). In ad-
dition, to check the uniform and full coating of the copolymer on
fiber surface, different regions are randomly selected to be ob-
served by SEM, as shown in Figure S5, Supporting Information.
The SOWY fiber surface is fully covered by the organic species,
which is indispensable to guarantee superhydrophobicity.

Adv. Funct. Mater. 2023, 2307590 2307590 (3 of 13) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202307590 by U
niversity O

f C
hicago L

ibrary, W
iley O

nline L
ibrary on [29/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.afm-journal.de

Figure 2. Fabrication, structure, wettability, and mechanical properties of weft warp yarns for UWTM. a) Fluoride-free surface treatment on polyester
fibers for superhydrophobic outer weft yarns. b) Rough surface and large contact angle showing the superhydrophobicity of outer weft yarn. c) Nuclear
magnetic resonance spectroscopy of outer weft yarns. d) FTIR spectrum of outer weft yarn, inner weft yarn, and warp yarn. e,f) Inner weft yarn made of
viscose fibers with microgrooves on the surface, showing a small contact angle. g) Wicking height of the three yarns. Warp yarn shows a highest wicking
height, which benefit the water transportation. h) Smooth surface and hydrophobicity of warp yarn. Outer weft yarn, warp yarn, and inner weft yarn show
a contact angle gradient of 159.7°, 112.2°, and 26.1°, determining the unidirectional sweat transportation for UWTM. i) Stress–strain curves of three
yarns, exhibiting a robust mechanical property for further UWTM weaving process. j) Optical image showing the flexibility and meter-scale productivity
of superhydrophobic outer weft yarn.

To ensure the water adsorption on the upper side the textile,
grooved viscose fibers with high hygroscopicity and hydrophilic-
ity are chosen as the materials for HIWY. As shown in longi-
tudinal and cross-sectional SEM images in Figure 2e,f, HIWY
fiber exhibits a uniform microgroove structure, enhancing their

specific surface area and grants the excellent wetting properties.
As shown in the FTIR spectrum in Figure 2d, the absorption
peak at 1016 cm−1 is caused by C─O stretching vibration, which
is the characteristic absorption peak of cellulose. The wide and
strong absorption peak at 3300–3450 cm−1 is caused by O─H
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stretching vibration.[10] The large number of hydroxyl groups in
the molecular chain confers it a good hygroscopicity. The vis-
cose fibers are twisted into yarns and formed into axially con-
tinuous pores along the fiber directions, greatly enhancing the
wicking effect. The wicking rate reached 15.4 mm min−1 for the
viscose yarn in the first 2 min, which was higher than that of
the modified cotton yarn (11.3 mm min−1), WTWY, and SOWY
(Figure 2g and Figure S5, Supporting Information). It is worth
mentioning that because of the superhydrophobicity, SOWY of-
fered almost 0 wicking effect after being immersed in blue ink
simultaneously for 10 min. Therefore, viscose fibers in HIWY,
which is on the top layer of the cloth, will quickly absorb the sweat
penetrated from the hydrophobic layer (SOWY) and evaporate
into the atmosphere, thereby effectively cooling down the human
body.

For the water transportation yarn (WTWY), it needs to trans-
fer water from the hydrophobic layer to the hydrophilic layer
with a high speed, without water adsorption or storage. PET yarn
which has both hydrophobicity and good wicking property, and
low adsorption is perfect for the WTWY design. PET has a low
water absorption of 0.4% because of its absence of hydrogen
bonding sites.[11] As illustrated in Figure 2h, WTWY has a con-
tact angle of 112.2°, showing a hydrophobic property. WTWY
exhibits a significantly higher wicking speed (26.7 mm min−1)
and height (53 mm in 10 min) than the SOWY. Therefore, when
the sweat stayed on the fiber surface, WTWY will not store the
liquid, instead, it will transport the sweat from SOWY fibers
to the HIWY fibers. During the process, the smooth surface of
WTWY facilitates the water droplet transportation (Figure 2c).
Based on the aforementioned discussion, the inner weft yarn,
water-transportation warp yarn, and weft yarn form an excellent
hydrophilicity enhancement gradient, which is highly desirable
in the UWTM design.

Figure 2i shows the stress–strain curves of HIWY, SOWY, and
WTWY. All these yarns show a robust mechanical property that
can meet the weaving processing of textiles. During the weav-
ing process, warps are held under high tension, moves up and
down for shed formation. Therefore, it has a higher mechan-
ical demand compared with weft yarns. In our UMTM, warp
yarn shows a high breaking stress of 140.6 MPa and a break-
ing strain of 38.4% (Figure 2h). It is worth mentioning that the
polymerization and crystallinity of viscose for inner weft yarn is
smaller than cotton, thus it has a higher breaking strain than the
cotton fibers (Figure S6, Supporting Information). In addition,
the HIWY, SOWY, and WTWY are fine, mass-productive, low-
cost, and skin-friendly, showing great potential in functional and
smart textiles (Figure 2j).

2.2. UWTM Weaving and Unidirectional Water Transportation
Performance

To systematically study on the weaving structure on the unidi-
rectional moisture transportation property, six kinds of UWTM
with different weaving lifting patterns and yarn properties were
fabricated using semi-automatic loom, as illustrated in Figure 1a,
Figure 3 and Video S1, Supporting Information. 2D satin-
weave (Figure 3a), weft-double–weave (Figure 3b), and stitching-
double–weave structures (Figure 3) are reasonable designed and

named as 1#, 2#, and 3#. The fabric weaving pattern, fabric front,
and back surface, diagrams, and optical microscope photos of the
three types of fabrics are shown in Figure 3. The transverse yarns
are weft yarns, and the longitudinal yarns are warp yarns. For
each weave structure, two kinds of weft yarn sets are used, and the
prepared samples are named as (i) and (ii). The specific yarn con-
figuration for each sample is shown in Table S1, Supporting In-
formation. As shown in Figure 3a,c, the structure of the metafab-
ric allows the adjacent weft yarns to line up on both sides of the
fabric under the action of the weft beating force. Thus, both sides
of the fabric show hydrophilic (HIWY dominant) and hydropho-
bic (SOWY dominant) weft weave points, respectively. As shown
in Figure 3b, the hydrophilic surface of the fabric mainly presents
HIWY weave points, in contrast to its hydrophobic surface, which
is mainly composed of SOWY weave points. To better illustrate
the hydrophilicity difference between the yarns, a dyeing process
in conducted on the three kinds of fabrics. The hydrophilic yarns
in Figure 3 show blue color while the hydrophobic yarns kept
as white. Among the three designs, 2D satin-weave is formed
by a set of warp yarns interwoven with a set of weft yarns, thus
hydrophilic points can be observed on the hydrophobic surface,
which can enhance the speed of single guide water but also al-
low the water diffusion. Weft-double-weave and stitching -double-
weave are formed by interweaving two sets of weft yarns with one
set of warp yarns, and with two sets of warp yarns. The former,
one group of warp yarns shows faster water conductivity. And the
latter, two groups of warp yarns make the interface between the
two layers of the fabric clearer. Weft-double–weave and stitching-
double–weave are double-layer fabrics with a smaller weft den-
sity, to achieve a thickness like that of a single-layer fabric with
satin weave structure. Therefore, it is obvious to notice the pores
on the surface of the fabric, which helps to enhance the capil-
lary effect. At the same time, there is a lower layer of yarns be-
low the pores, and when the water droplets stay on the surface
of the fabric, these underlying yarns can provide the force for the
droplets. In the fabric back side images and the fabric schematic
(Figure 3), hydrophilic points can be observed on the main hy-
drophobic surface, where a hydrophilic yarn is added every two
weaving cycles to enhance the unidirectional water transport abil-
ity of weft-double-weave and stitching-double-weave. This can be
clearly drawn from the arrow points on the optical microscope
photographs of the fabric in Figure 3. With weaving technology,
microfluidic channels can be programmable designed and inte-
grated into fabrics.

Figure 4a shows the weaving process of UWTM. First, the
weave charts for three weaving patterns are designed and input
into the computer software. Then, the warp yarns are guided
to pass through the herald frames, reed, and then fixed on
the warp beams (Figure 1b). Afterward, the weft yarns are
fed into the loom regularly at intervals and interlaced with
the warp yarns by tapping the fabrics using reed. The pro-
cess is mass-productive, controllable, and rich in designing
patterns.

A moisture management tester (MMT) was utilized to char-
acterize the directional water transport performance quantita-
tively. The optical images in Figure 4b presents the water con-
tent on the top and bottom surface of three kinds of UWTMs
where 2 μL water was dropped on the hydrophobic surface (top
surface). When dropping water on the hydrophobic layer, the
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Figure 3. Programmable weaving patterns with architected microfluidic channels for unidirectional water transportation fabrics. Fabric weave chart,
fabric front/back side, schematics, and optical microscope photos of a) weft-double–weave, b) satin-weave, and c) stitching-double–weave fabrics.
Yellow stripes are hydrophilic yarn, white stripes are PET yarns, and blue stripes are superhydrophobic PET yarns. To observe the surface structure of
the fabric more clearly, fabrics were dyed into blue color. In the optical images, the arrows at fabric backside are the hydrophilic yarns interlaced into
hydrophobic side to accelerate the water droplet transportation.

water content on the bottom surface (hydrophilic layer) increased
rapidly, and the wetting time of the bottom surface was ≈2 s.
The hydrophobic layer stayed around zero except a small in-
crease, which proves that water absorption is almost no water
absorption on hydrophobic layer. This is because the stronger
capillary force (FC)of hydrophilic layer, which extracted the wa-
ter from the hydrophobic layer to hydrophilic layer. Among three
UWTMs, weft-double–weave fabrics (1#) shows best unidirec-
tional water transport capacity than other two weave because of
the Janus and hierarchical structure design. One set of warp yarn
and the two sets of weft yarn can ensure a certain distance be-
tween hydrophobic layer and hydrophilic layer, but also can ac-
celerate the moisture transfer through the warp yarn. Interest-
ingly, although UWTM woven fabrics are thicker than conven-
tional one-way water transport fabrics, the moisture transmis-
sion speed of our UWTM reaches 0.67 mm s−1, which is higher

than 0.50 mm s−1 of cotton textile fabricated by graphene oxide
coatings,[12] 0.37 mm s−1 of porous Murray membranes prepared
by electrostatic spinning[1d] and 0.33 mm s−1 of orthogonal wo-
ven fabric.[1e] Also, the wetting time of cotton fabrics (ii) is slower
than those of viscose fabrics (i). Strong wettability of viscose
yarn allows viscose fabrics to exhibit faster unidirectional water
transport rates. As a result, although water could enter the fabric
easily, it would be trapped in the fabric, thus, wetting areas are
also larger.

Figure S7a, Supporting Information, shows the accumulative
water transport capacity (R) of the fabric. Among them, weft-
double–weave fabrics (1#) show the highest capacity of more
than 960%, demonstrating an outstanding unidirectional water
transmission ability. The 2D single-layer fabrics (2#) are inter-
woven by a set of warp and weft yarn system, but the interlac-
ing of hydrophilic and hydrophobic yarns causes the interface

Adv. Funct. Mater. 2023, 2307590 2307590 (6 of 13) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. UWTM weaving and the unidirectional water transportation mechanism. a) Weaving process of the weft-double-weave fabric, with two sets of
weft yarns and one set of warp yarn. Inset is the lifting pattern plan for the weft yarn. b) Moisture management test of weft-double–weave with i) viscose
and ii) cotton yarns as the inner weft yarn, iii) satin-weave and iv) stitching-double–weave with viscose as inner weft yarn. c) Real-time i) penetration
process when 2 μL water drops on hydrophobic surface of the UMTM, and ii) diffusion process when it is on hydrophilic surface, showing an obvious
unidirectional water transportation property. d) Mechanism of the unidirectional water transport.

between hydrophobic and hydrophilic layers to be relatively am-
biguous, which results in no ideal difference in wettability gra-
dient and affects the efficiency of water transport capacity. The
UWTM with two sets of yarn system of the double fabric solve
the above problem, so its capacity is higher. The hydrophilic
yarn on the main hydrophobic surface of the double-layer fab-
ric works as a diversion, which enables the rapid transfer of liq-
uid to the main hydrophilic surface. Simultaneously, the proper
hydrophilic/hydrophobic area ratio keeps the main hydrophobic
surface dry and contributes to maintaining a comfortable dress-
ing experience.

2.3. Unidirectional Water Transportation Mechanism and
Microfluidic Dynamics for UWTM

Figure 4c,d and Figure S8, Supporting Information, illustrates
the unidirectional water transportation mechanism for the satin-
weave, weft-backed–weave, and stitching-double–weave fabrics.
If the droplet is on the hydrophobic side, it will penetrate quickly

from the hydrophobic layer to the hydrophilic layer due to the
water droplet hydraulic force (FH) caused by the gravity of those
droplets, as shown in Figure 4c(i) and Video S2, Supporting Infor-
mation. If water droplet is on the hydrophilic side, the liquid can
only spread on the hydrophilic side since it will be resisted by the
hydrophobic yarn, as shown in Figure 4c(ii) and Video S3, Sup-
porting Information. In Figure 4de, FL is the Laplace force, gen-
erated by the difference in pressure inside and outside the liquid
due to the presence of the curved liquid surface. FC is the capillary
force, generated by the capillary force of the HIWY (FYC), the cap-
illary force of the pores between the yarns (FC1) and the wicking
force of the WTWY (FC2). When the water droplets in the pores
are in close contact with the hydrophilic side, the hydrophilic
side has a FC and FL on the droplets, the liquid droplets will
be “dragged” to the hydrophilic side, realizing the penetration of
the liquid to the fabric. Therefore, the hydrophilic/hydrophobic
fabrics are also called “liquid diode,”[13] where liquids can only
be transported from the hydrophobic side to the hydropho-
bic side. The diffusion and penetration phenomena of droplets
on satin-weave fabric (Figure S7a, Supporting Information) are

Adv. Funct. Mater. 2023, 2307590 2307590 (7 of 13) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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relatively simple due to short transport paths. The penetration
path of droplets is mainly the pores between hydrophobic yarns,
and the diffusion path is hydrophilic yarns and pores between
yarns. In the thickness direction, it forms a wettability gradient
from hydrophobic layer to hydrophilic layer. In the hydropho-
bic surface of weft-double–weave fabric (Figure S7b, Supporting
Information, and Figure 3a) and stitching-double-weave fabric
(Figure S7c, Supporting Information), hydrophilic yarns are reg-
ularly added to enhance the efficiency of water transport. Mean-
while, the multiple warp and weft yarns system also makes the
path of droplet transport more complicated. In the penetration
process, most of the droplets will penetrate to the hydrophilic
side through the gaps between the hydrophobic yarns, while a
few droplets will transfer directly to the hydrophilic side through
the hydrophilic yarns on the hydrophobic surface. In the diffu-
sion process, droplets will spread rapidly along the hydrophilic
yarns on the hydrophilic side and will not penetrate under the FL.
Both fabrics formed a wettability gradient in the thickness direc-
tion. The former is from hydrophobic layer, liquid transport layer
to hydrophilic layer, while the latter is hydrophobic layer, two liq-
uid transport layers to hydrophilic layer. Overall, the wettability
gradient of the weft-backed fabric was more uniform and consis-
tent, which results in better unidirectional water transport func-
tion. In summary, weft-backed–weave fabric 1# has the best uni-
directional water transport performance among the three kinds
of fabrics. Video S4, Supporting Information, shows the weft-
backed–weave fabric made of interwoven polyester yarns and
viscose yarns without superhydrophobic treatment. When water
droplet touches the super hydrophobic side, the droplet quickly
spread on the surface of the fabric without transferring to the hy-
drophilic side. It is proved that the untreated weft-backed–weave
fabric does not have the properties of unidirectional water trans-
port function.

As shown in Figure 4d(i), when the droplet drops onto the
hydrophobic side, the droplet forms a curved liquid surface on
the lower surface of the pores on the hydrophobic side. Precisely
the presence of the curved liquid surface causes the difference
in pressure between the inside and outside of the liquid, generat-
ing FL. The FL is opposite to the FH direction. The FL relationship
is FL = −2𝛾LV/r, where 𝛾LV is the tension at the gas/liquid inter-
face and r is the radius of the liquid bend surface.[14] Meanwhile,
the yarn exerts a downward FC on the droplet. FC can be subdi-
vided into FYC (dominant role) due to wetting and pore formation
of hydrophilic yarn itself, FC1 due to pore space between yarns,
and FC2 due to water transport yarn. When the curved liquid sur-
face of the liquid is in contact with the hydrophilic layer due to
the FC of the hydrophilic layer, the gas/liquid interface will be
destroyed, which leads to the reduction of the FL, at which time
FL < FC + FH. Then the liquid can diffuse on the hydrophobic
layer and penetrate the Janus fabric to the hydrophilic side of the
fabric, realizing the directional movement of the liquid. When
there is hydrophilic yarn on the hydrophobic side, it will increase
the FC and promote more rapid penetration of liquid droplets.

To achieve the above behavior when the fabric interacts with
the liquid, three conditions are required. One, the two sides
of an anisotropic fabric require an opposite wettability, as de-
scribed above. Two, there should be a certain distance between
hydrophilic layer and hydrophobic layer, and reasonable control
of the distance between the two, so that the FL exists and as small

as possible. Three, the liquid needs to act on the hydrophobic side
of the fabric.

As shown in Figure 4d(ii), when a water droplet drops onto the
hydrophilic side of the fabric, the droplet first diffuses to form a
thin liquid film on the hydrophilic side, and then is blocked at
the hydrophobic/hydrophilic interface. At this point, there is a
combination of FL, FH, and FC on the liquid surface. By further
increasing FH, the liquid will form a curved liquid surface be-
low the lower hydrophobic membrane pores until the sum of the
maximum FL and FC is reached, and then the liquid can pene-
trate the fabric. Under normal circumstances, the sum of FL and
FC is much greater than the FH, so when the liquid acts on the
hydrophilic side of the Janus fabric, the liquid can only diffuse on
the hydrophilic side.

Figure 4c shows the penetration process of 2 μL drop on
UWTM hydrophobic surface and the diffusion process of hy-
drophilic surface with sample 1#(i). The asymmetric wettability
makes the differential capillary effect on both sides of the fab-
ric, which realizes the water transfer on one side. When water
droplet drops onto the main hydrophobic surface, water droplets
do not spread under low surface tension, but are dragged by the
FC and penetrate the fabric quickly. When the water droplet drops
onto the main hydrophilic surface, water droplet spreading oc-
curs under the action of high surface tension in the hydrophilic
layer, wicking occurs under the FC. When it meets hydrophobic
substances, the hydrophobic resistance prevents its penetration,
thus only diffusing occurs.

The water transport performance is characterized by wicking
height and wicking speed inside the fabric during water absorp-
tion, which is influenced by the capillary pressure.[15] Capillary
force is related to the capillary equivalent radius, the gas/liquid
surface tension, and the cosine of the contact angle.[16]

FC =
2𝛾LV cos 𝜃

r̄
(1)

where Fc is the capillary force. r ̅, 𝜃, and 𝛾LV represent the equiva-
lent radius of the capillaries, the water contact angle of the fabric,
and the surface tension of the liquid, respectively. As shown in
Figure 5a, when the contact angle between the fabric and the liq-
uid is less than 90°, positive wicking will occur, indicating water
conductivity (as shown in Figure 4d(i), FL < FH + FC), and con-
versely, water repellency (as shown in Figure 4d(ii), FL +FC >FH).
Therefore, wicking height can be divided into positive wicking
and negative wicking, and the corresponding water conductivity
height and water repellency height of the fabric is the comprehen-
sive expression of the water transport performance of the fabric,
respectively.[17]

As shown in Figure 5b, wicking rate of the fabric is faster in
the initial stage, which is due to the combined effect of the hy-
drophilicity of the yarn itself and the capillary effect caused by
the pores between the fabrics. The FC is influenced by the fab-
ric weave structure[18] and surface wettability.[19] As the water
content increases, the hydrophilic groups on viscose and cotton
absorb a large amount of direct water and indirectly water.[20]

The water makes the pores between the yarn and the fabric grad-
ually block, and the FC decreases. Eventually, the wicking height
reaches a stable value under the action of gravity.

Adv. Funct. Mater. 2023, 2307590 2307590 (8 of 13) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Microfluidic dynamics of UWTM. a) Wicking model for fabrics with positive and negative wetting. b) Wicking height of 1#) weft-double–weave,
2#) satin-weave, and 3#) stitching-double–weave structures using i) viscose and ii) cotton as inner weft yarns. c) Dynamic contact angle for the fabrics
when droplets on the hydrophobic surface. d) Contact angle and diffusion time of water on the hydrophilic surface. e) and f) Real-time images of the
droplet movement on both sides of the UWTM.

The wicking height of viscose fabric (i) is higher than that of
cotton fabric (ii) of the same fabric weave. This is because viscose
owns a lot of microgrooves on the fiber surface with a large spe-
cific surface area. Moreover, the crystallinity of viscose is lower
than that of cotton, resulting in a better water absorbency.[21] Be-
sides, the wicking height of single-layer fabric (2#) is higher than
that of double-layer fabric (1# and 3#), which is due to single layer
fabrics have only one warp and weft yarn system and the yarns
are closely aligned with each other. Satin-weave has a longer float-
ing length line accompanied by plenty of capillary paths between
yarns. The liquid is driven by the wicking force of the fabric, over-
coming gravity to climb upward. The two layers of weft-double–
weave (i and ii) share the same set of polyester warp yarns, which
exhibit superior wicking performance in double-layer fabrics.

Figure 5c exhibits that the water contact angle (WCA) of six
fabrics can reach more than 120° on the hydrophobic surface,
demonstrating good hydrophobicity. The contact angle becomes
progressively smaller as the water droplets exist on the hydropho-
bic surface for an extended period. The Laplacian force (FL) and
hydraulic force (FH) act on the solid/liquid interface when the
droplet drops to the hydrophobic surface. With the extension of

time, the liquid will form a bent liquid surface below the lower hy-
drophobic surface pores. When the bend liquid surface touches
the hydrophilic surface yarn, it will be destroyed, and FL will drop
sharply. At the same time, under the FC of the hydrophilic sur-
face, the liquid can penetrate from the hydrophobic surface to
the hydrophilic surface, completing the process of unidirectional
penetration.[22] Therefore, the WCA of the hydrophobic surface
changes very little for a long time in the initial stage. When the
Laplace pressure on the droplet surface decreases sharply, it will
be accompanied by rapid penetration (Figure 5c). The instanta-
neous WCA of the hydrophilic surface of six fabrics is below
80°, and the droplet diffusion time on the hydrophilic surface
is within 10 s, reflecting the good wettability of the hydrophilic
surface (Figure 5d).

Figure 5e,f shows the difference in wettability on both sides
of the fabric makeing the gravity of the droplet and the
wicking force of the hydrophilic fabric larger than FL on the hy-
drophobic surface of the fabric, which makes the liquid pene-
trate through the hydrophobic surface of the fabric. On the con-
trary, water droplets do not penetrate the hydrophilic surface
but spread along the surface of the fabric and reach diffusion

Adv. Funct. Mater. 2023, 2307590 2307590 (9 of 13) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. UWTM for wearable evaporative cooling. a) Mechanical performance of UWTM and a commercial nonwoven fabric. UWTM shows a robust
mechanical property with a high breaking strength of 400 MPa, while nonwoven fabric exhibits a weak mechanical property. b) Flexibility and stretchability
of the UWTM. c) Moisture transmission rate of UWTM. All three UWTMs show a good moisture transmission property. d) Application of UWTM to self-
cooling wristband. e) Human body-textile microclimate for maintaining body comfort during exercise. f) Infrared image showing temperature different
between UWTM and conventional textiles, including cotton fabrics and polyester fabrics. UWTM showing a distinguishing cooling performance.

equilibrium within 1 s. The reason is that FH is not sufficient to
overcome the combined effect of FL and FC. Therefore, the per-
spiration on human skin will penetrate from human body to the
outer side of the textile, then evaporate into the atmosphere, but
the water droplet cannot reversely pass-through UMTM to hu-
man skin.

2.4. UWTM for Evaporative Cooling

The textiles arising from the water responsiveness has a wider
application prospect in the field of personal conditioning tex-
tiles, such as wristbands, hair bands, and insoles. When con-

trolling other factors constant, the excessive moisture can be
absorbed and transferred from one side to the other side due
to the unidirectional water transport.[23] To meet the require-
ments for wearable clothes, textile should have a robust me-
chanical property. However, current textiles for unidirectional
sweat transportation are mostly nonwovens, which is normally
lack of mechanical strength. In our work, UWTM shows a high
breaking stress of near 400 MPa, which is much higher than
normal PET nonwoven textiles, as demonstrated in Figure 6a.
The excellent mechanical property ensures the good property
to withstand the daily abrasion, stretching, and wash rubbing.
Therefore, compared to nonwoven based sweat wicking textiles,
UWTM shows greater potentials for wearable applications. In

Adv. Funct. Mater. 2023, 2307590 2307590 (10 of 13) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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addition, UWTM is stretchable, flexible, bendable, and con-
formable (Figure 6b). Moreover, UWTM also shows a high mois-
ture transmission property (Figure 6c), which is indispensable to
guarantee the wearing comfort.

UWTM is further developed into a smart wristband with pas-
sive cooling ability to maintain a wearing body-textile microcli-
mate in hot situations, as shown in Figure 6d,e. To imitate the
process of human sweating under hot environment, 2 μL of 36 °C
water drops were placed on the wrist of the tester. After 30 s, the
temperature on the fabric surface is detected using thermal cam-
era. Figure 6 shows the infrared images of the wrist while wearing
UWTM and other commonly used textiles, such as cotton fabric
and polyester fabrics. It is clearly shown that the UWTM has dis-
tinctive functionality of cooling (27.7 °C) upon contact with the
heat source (36 °C) and the temperature decreased by 1.3 and 1.5
°C compared with cotton fabric and polyester fabric, respectively.
The underlying cause could be that sweat is transported and dif-
fused into the outer hydrophilic layer of the UWTM, speeding up
evaporation and taking away excess heat. Hence, the UWTM can
be widely used in functional textiles for outdoor sports to main-
tain human thermal and wet comfort.

The air permeability of fabric is a key index to evaluate the com-
fort degree of functional textiles. Therefore, we supplemented the
air permeability comparison experiment of untreated and treated
polyester, and viscose yarns interwoven fabrics, the test stan-
dard based on GBT5453-1997 textile fabric breathability deter-
mination. As shown in Figure S9, Supporting Information, both
pristine fabrics and weft-double–weave fabrics (1#) demonstrate
good air permeability, which is 327.93 and 258.07 mm−1 respec-
tively. The slight decrease of the treated fabric is mainly caused
by the obstruction of the fabric pores owing to the co-MBAA-
DVB nanoparticles attached to the surface of the hydrophobic
polyester yarns, which resulted in the disappearance of some
tiny pores between the yarns. This result shows that the unidi-
rectional water transportation fabric still exhibits good breatha-
bility and comfort in wearable applications. The combination
of proper air permeability and excellent unidirectional water-
transportation will greatly extend the range of applications of ver-
satile textiles. In addition, the water washing resistance of fab-
rics is also one of the important characteristics for long-term
wearing. As shown in Figure S10, Supporting Information, af-
ter one washing cycle, the adhesion of co-MBAA-DVB on the
fabric surface does not decrease significantly, which can also be
seen from its surface wettability, and the fabric still has the fea-
ture of superhydrophobic (WCA is 151°). After five washing cy-
cles, the adhesion of co-MBAA-DVB on the fabric surface de-
creased gradually with the increase of washing times, but they
are still evenly distributed on the yarns, giving the yarns a certain
roughness, resulting in a hydrophobic effect of the fabric (WCA
is 145.7°), and forming a Janus wettability gradient with the hy-
drophilic side. Therefore, the unidirectional water transfer char-
acteristics of UWTM are potentially stable after different washing
cycles.

Besides the evaporative cooling effect, UWTW can also work
as a radiative emitting textile because of the high emissivity in
the mid infrared wavelength range, as shown in Figure S11,
Supporting Information. The textile can radiate heat to the at-
mosphere, which normally has a lower temperature than hu-
man skin. Therefore, when human skin sweat, the evapora-

tive cooling will dominate the cooling; when the textile gets
fully dried, the radiative cooling will take the main role for
cooling. This enables UWTM work as a dual-mode cooling
textile.

3. Conclusion

In this work, a hierarchical weaving metafabric is developed
for unidirectional sweat transportation and passive cooling. The
UWTM is fabricated using three kinds of yarns with wettability
gradient by an industrialized weaving technology. Through rea-
sonable hydrophobic finishing and fiber surface engineering, the
outer weft yarn, water transportation warp yarn, and inner weft
yarn exhibit a water contact angle of 159.7°, 112.2°, and 26.1°, re-
spectively, forming an excellent wettability gradient. Meanwhile,
the three yarns show a robust mechanical property, which guar-
antees the further weaving process under tension. The UWTM
shows a strong one-way transport capacity of 984.01%, with a
short water droplet transportation time of 4 s. In addition, the
unidirectional water transportation leads to an evaporative cool-
ing effect to the human body, resulting in a 1.6 °C cooling com-
pared with the most used cotton fabrics, exhibiting excellent
wet-heat transfer responsiveness, and ensuring a comfortable
temperature and humidity for the human body. The facile and
scalable method presented here paves the way for the design
of fluorine-free, comfortable, and wearable unidirectional water
transport fabrics. In addition, programmable open microfluidics
in textiles is demonstrated through the architected design of yarn
hydrophilicity, morphology, and weaving density, providing wide
application prospects not only in personal thermoregulation, but
also in microfluidics such as liquid handling, wearable diagnostic
devices.

4. Experimental Section
Materials: Polyester yarn and raw cotton yarn were provided by Star

Textile Accessories Co. (China). Viscose yarn was provided by Fujian Xin-
huayuan Textile Co. (China). Osmotic agent (JFC) was provided by Ji-
nan Yunhai Chemical Co. (China). Sodium hydroxide (NaOH), acetone,
MBAA, DVB, azodiisobutyronitrile (AIBN), vinyltrimethoxysilane, PDMS,
and ethyl acetate were provided by Aladdin’s Reagent Shanghai Co.
(China).

Preparation of Superhydrophobic Polyester Yarn: DVB was synthesized
into PDVB by in situ polymerization method. AIBN was used as initiator,
MBAA and DVB mixture was used as solvent. AIBN, MBAA, and DVB were
dissolved in the DMF solution for 60 min with an oscillator at 120 r min−1.
The synthesis kettle was then placed in a vacuum oven at a temperature
of 100 °C for 24 h and then removed. The solution was dried and ground
to obtain co-MBAA-DVB.

co-MBAA-DVB, PDMS, and 𝛼-cyanoacrylate were fully dissolved in ethyl
acetate solution in a certain proportion. The hydrophobic solution was
obtained by ultrasonic shaking for 20 min. Then, the polyester yarns
(polyester A) were soaked in a hydrophobic solution for 10 min, followed
by drying to move the solution of ethyl acetate. Finally, polyester yarns were
treated via the plasma technique in vacuum to obtain superhydrophobic
polyester yarns (polyester B).

Preparation of Modified Cotton Yarn: The cotton yarn was treated to
remove the natural gums and waxes remaining on its surface. First, the
original cotton yarn was rinsed with acetone and then rinsed three times
with deionized water. Second, the impurities on the cotton yarn were re-
moved by dissolving NaOH and JFC at 2% and 3% in deionized water to

Adv. Funct. Mater. 2023, 2307590 2307590 (11 of 13) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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configure the pretreatment solution. The yarn was soaked in solution for
30 min at 90 °C. Finally, the yarn was washed and dried to obtain alkali-
treated cotton yarn.

Weaving of UWTM: SGA598 semi-automatic loom was used for weav-
ing. The weaving process of fabric was divided into four steps: heald, reed,
warping, and weft beating. Two shuttles were needed for double fabric be-
cause the front and back sides show different effects. Satin-weave, weft-
double–weave, and weft-double–weave were fabricated to investigate the
effect of fabric structure on the OWT properties. The detailed yarn config-
uration of three kinds of weaved fabrics is shown in Table S1, Supporting
Information. Thickness of woven fabrics can be manipulated by reason-
able weft density control. Warp density of fabric was 248 yarns per 10 cm.
Weft density of single-layer fabric was larger to guarantee the thickness
of single-layer fabric close to double-layer fabric. Meanwhile, a hydrophilic
yarn was added to the main hydrophobic surface of the double-layer fabric
every two organizations to improve OWT performance of the fabric.

Fabric Comfort and Water Resistance Test: Air permeability test: the test
standard based on GB/T5453-1997 textile fabric breathability determina-
tion. According to the breathability standard of the textile, the applied pres-
sure was 100 Pa, the applied area was 20 cm2, and the air permeability of
the fabric was measured ten times at different positions to take the average
value.

Washing process: Fabric size: 2 × 2 cm2. 0.3% laundry liquid was added
into 100 mL deionized water and prepared it into washing solution. The
fabric was soaked in the washing liquid and stirred magnetically for 20 min
at 40 °C and 120 r min−1, and then dried in an oven at 80 °C for 10 min.
The above operation was regarded as a washing cycle, and a total of five
washing cycles were carried out. The surface morphology and adhesion of
superhydrophobic particles were observed by SEM of the fabric after five
washing cycles.

Characterization of Unidirectional Water Transportation: The surface
morphology of the yarns was characterized by optical microscope, SEM,
and Nicolet6700 Fourier transform infrared measuring instrument. The
mechanical properties of yarn were characterized by yarn strength and
elongation tester. The wicking height of yarn and fabric was measured
by YG (B) 871 capillary effect tester. The fabric contact angle was mea-
sured by contact angle tester. M290 MMT liquid water management tester
was used to measure unidirectional water transport capacity based on the
GB/T21655.2-2019 standard. Shooting device was used to film the process
of single guide wetting of fabrics. The process of moisture absorption and
heat conduction of fabrics was captured by T3 Pro thermal imager.

Informed Consent: The volunteer (Ling Zhang) agreed to all tests in
the manuscript with informed consent.
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