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Abstract
Fibre-based wearables for embroidery, chemosensing, and biofluid’s unidirectional
draining with good flexibility, tunability, and designability drive technological
advance. However, synthetic polymer fibres are non-degradable, threatening the
environment and human health. Herein, we have developed versatile microfibre-
based wearables by combining many advantages in one platform of biodegradable
polylactic acid (PLA) and melt electrowriting strategy. Diverse potential applications
of PLA wearables are achieved by flexibly designing their printing files, components
and structures. Three-dimensional printing files are generated from two-dimensional
images to fabricate ‘embroidery-like’ patterns. PLA/aggregation-induced emission
fluorogens (AIE) chemosensors exhibit colorimetric and fluorescent colour changes
upon exposure to amine vapours. Janus PLA-cotton textiles with a hydropho-
bic/hydrophilic structure could facilitate unidirectional draining of sweats which
is favourable for the management of temperature and humidity on the surface of
skin. The proposed platform can not only broaden the design possibilities in 3D/4D
printing but also offer wide potential applications for functional wearables.

K E Y W O R D S
3D/4D printing, aggregation-induced emission, chemosensing, fibre-based wearable, polylactic acid,
unidirectional draining

1 INTRODUCTION

Fibre-based assemblies (i.e. fibres, yarns, and fabrics/textiles)
are promising support materials for the next genera-
tion of functional wearables, with applications span-
ning display technologies,[1] health monitoring,[2,3] stealth
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operations,[4] and energy harvesting/storing,[5,6] given their
low weight, flexibility, deformability, breathability, and
design adaptability.[7] However, synthetic polymers, such
as polyethylene terephthalate, polypropylene, polyvinyl
chloride, polyethylene, and polyurethane, derived from
petroleum, are typically used to prepare fibres. Owing to the
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non-degradable nature of synthetic polymers and inadequate
waste management, their use has led to the emergence of
environmental pollution as a long-term problem, affecting the
biosphere and human health worldwide.[8] The accumulation
of synthetic polymer particles (i.e., micro/nano-plastics[9])
in the organs of animals may result in liver damage,
neurotoxicity, and inflammatory responses.[10] Furthermore,
nano-plastics have been detected in human blood,[11] with
adverse effects observed in the offspring of adult mice.[12] To
address this severe problem and ‘close the loop’ on plastics,
it is necessary to explore the use of degradable or recyclable
materials for fibre-based wearables.

Naturally derived materials, such as gelatine, poly-hydroxy
butyrate-co-valerate, poly-hydroxy butyrate, and PLA, have
emerged as promising substitutes for the preparation of fibre-
based assemblies owing to their degradability.[13] PLA, in
particular, is renewable and biodegradable as it is derived
from agricultural products, such as corn or other carbo-
hydrate sources. Consequently, PLA has been applied in
packaging, transportation, agriculture, textiles, and high-
value-added biomedical industries such as sutures,[14] bone
screws, orthopaedic implants,[15] and tissue engineering
scaffolds.[16] The degradability of PLA occurs in several
ways, including hydrolytic,[17] oxidative,[18] thermal, micro-
bial, enzymatic,[19] chemical and photo degradation.[20] As a
result, these degradative methods cause PLA main and side
chains to undergo scissions, even complete decomposition
into carbon dioxide and water.[21] From the view of environ-
mental protection and human health, the desired degradability
of PLA is complete decomposition. Moreover, PLA exhibits
piezoelectric properties,[22,23] high mechanical strength, and
considerable stiffness, rendering it a favourable candidate
for fused deposition modelling (FDM) three-dimensional
(3D) printing. PLA filaments can be extruded from the noz-
zles of FDM machines and deposited layer-by-layer for
constructing the target architectures. However, the printing
resolution for FDM is extremely low (>100 µm),[24] which
limits the flexibility of PLA fibre-based wearables, rendering
them uncomfortable to wear, especially on uneven skin sur-
faces. An alternative manufacturing method for PLA fibres is
melt/solution electrospinning, which results in the deposition
of nanofibres with dense structures. However, it is challeng-
ing to precisely control the network architecture of PLA fibres
during electrospinning processes. Thus, both FDM 3D print-
ing and electrospinning present limitations for the preparation
of PLA fibre-based wearables.

Melt electrowriting (MEW),[25] a special 3D printing
strategy based on melt electrospinning, can enable the
direct writing (DW) of microfibres with diameters as small
as 0.8 µm.[26] This advanced strategy combines the high
printing resolution of electrospinning with the precise struc-
tural control offered by 3D printing and is thus promising
for preparing fibrous structures. Since the development of
MEW by Paul’s group in 2011,[27] poly(ε-caprolactone) has
remained the gold-standard polymer for MEW applications.
However, poly(ε-caprolactone) has a long degradation time,
and thus, it is necessary to identify degradable materials, such
as PLA, for use in MEW frameworks. Research on the inte-
gration of PLA and MEW technology remains scarce. The
existing studies[28–30] have mainly focused on the preparation
and characterisation of PLA lattices, with limited exploration
of their practical applications, such as functional wearables.

Therefore, in this study, by integrating PLA and MEW
strategy, we developed PLA microfibre-based wearables with
diverse functionalities such as the realisation of embroidery-
like patterns, chemosensing, and unidirectional draining of
biofluids (the schematic of the design shown in Figure 1). Due
to their degradable properties, PLA fibre-based wearables
are suitable for temporary applications or frequently renewed
devices. To this end, the following steps were implemented:
conversion of two-dimensional (2D) images to 3D models for
generating the printing files of PLA patterns, componential
design by doping AIE particles within the PLA matrix for
chemosensing, and the structural design of Janus PLA-cotton
(JPct) hydrophobic/hydrophilic constructs to enable the uni-
directional draining of biofluids. The proposed platform can
be applied in varied application scenarios through appropriate
componential and structural design. The combination of natu-
rally derived materials and a 3D printing strategy can expand
the design possibilities in the four-dimensional (4D) print-
ing domain and extend the range of potential applications of
functional wearables.

2 RESULTS AND DISCUSSION

2.1 Fabrication of PLA microfibres and
meshes

The fabrication of fibre-based wearables is based on the
hierarchical assembly of fibrous materials, such as one-
dimensional fibres and yarns, 2D mesh/fabric structures, and
3D spacer fabrics/textiles.[7] In this study, PLA microfi-
bres and meshes were successfully fabricated using the
MEW strategy. Figure 2A shows the MEW unit used in
our 3D bioprinting equipment. The unit has two separate
temperature-controllable zones: a cartridge zone with a tem-
perature of 150◦C (Heat 1) for the temporary storage of
PLA powder; and a nozzle zone with a temperature of 190–
220◦C (Heat 2), comparable to or exceeding the melting
point of PLA. This dual temperature-controllable setup can
mitigate the degradation of PLA at high temperatures. The
MEW process involves many parameters,[26,27,31] with the
key parameters for the printing of PLA including the printing
speed and nozzle temperature, which define the stretchability
and viscosity of polymer melt, respectively. Starting with the
case where the nozzle’s temperature was fixed at 190◦C, PLA
filaments were written at different printing speeds. Figure 2B
shows the PLA microfibre morphologies: At printing speeds
of 200, 150, 100–75, and 50–25 mm/s, the PLA microfibres
were written in straight lines, sinusoidal waves, “0-shaped”
curves, and “8-shaped” curves, respectively. The effect of
the nozzle temperature on the morphologies of PLA microfi-
bres is illustrated in Figure S1. As the printing temperature
increased from 190 to 220◦C, PLA microfibres appeared in
straight-line, sinusoidal wave, “0-shaped” curve, and random
coil morphologies. Using the proposed system, PLA microfi-
bres in straight-line configuration were obtained at a nozzle
temperature of 190◦C and a printing speed of 200 mm/s,
appropriate for the fabrication of PLA meshes and patterns.

Next, PLA meshes were fabricated using the straight-line
configuration obtained at different printing angles (i.e., 45◦,
60◦, and 90◦, Figure 2C) and unit cell widths (800 µm,
Figure 2C; 400, 200, and 100 µm, Figure 2D). The average
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F I G U R E 1 Schematic diagram showing the designs of versatile PLA microfibre-based wearables based on a proposed platform of PLA biopolymer and
MEW strategy.

diameter of the PLA microfibres was ≈27 µm. When the unit
cell width was 100 µm, electrostatic interactions[32,33] among
the fibres led to deviations from the intended path for PLA
fibre deposition. The effects of the voltage and printing speed
on the morphologies of the PLA microfibre-based meshes are
shown in Figures S2 and S3, respectively. The largest PLA
mesh obtained using the 3D bioprinting platform exhibited
dimensions of 21 cm (length) × 14 cm (width) (Figure 2E).
The prepared PLA meshes exhibited diverse processing
possibilities (tailoring, origami, and rolling (Figure 2E))
and good biocompatibility (Figure S4), demonstrating the
suitability of PLA as the matrix material for fibre-based wear-
ables. Figure 2F-H illustrate the potential applications of PLA
microfibre-based wearables, i.e. embroidery, chemosensing,
and unidirectional draining. PLA was 3D printed into a “City
U” pattern, highlighting its applicability for preparing indus-
trial logos (Figure 2F). Additionally, a 4D-printed PLA-AIE
chameleon-like sensor exhibited visible colour changes upon
exposure to chemical vapours (Figure 2G). By printing PLA
mesh onto a cotton collector, a JPct with unidirectional drain-
ing ability was obtained, which could facilitate humidity and
temperature management of human skin (Figure 2H).

2.2 Generation of printing files for PLA
patterns

The printing files for PLA patterns were generated using
the boundary effect and the conversion of 2D images to 3D
models. The boundary effect was observed in the MEW pro-
cess. For example, in the case of a square-shaped sample
(Figure 3A), the obtained PLA mesh could be divided into
four zones from the centre to the periphery: the DW zone
and zones I, II, and III. In zones I, II, and III, the PLA fibres
appeared as random coils. Moreover, intensified tangling
of PLA microfibres was observed close to the boundaries,
attributable to the gradual reduction in printing speed from

DW to zone III. This phenomenon was termed the boundary
effect.

Moreover, 2D images were converted to printable 3D mod-
els using 3D Builder (20.0.4.0, Microsoft Corporation), a
software pre-installed on Microsoft Windows 10. A lotus-
shaped PLA pattern was prepared to illustrate the generation
of printing files based on the boundary effect and the conver-
sion of 2D images to 3D models. In route 1, the 2D lotus
image was processed only using 3D Builder, resulting in
the formation of only the external contour of the lotus. In
contrast, in route 2, we constructed the boundaries (black
lines in the 2D image, Figure 3B) for the lotus before gen-
erating the printing G-code using 3D Builder, leading to
a regionalization of the entire printing pattern. Therefore,
vivid structures of a lotus pattern with more details were
achieved. Compared with route 1 (2D-image-to-3D model
only), route 2 (boundary effect + 2D-image-to-3D models)
appeared superior for the generation of printing files of PLA
patterns. Consequently, all the printing files of PLA pat-
terns were generated according to route 2 in the following
experiments.

2.3 3D-printed embroidery-like patterns:
Merging art and technology

PLA embroidery-like patterns were fabricated using the
MEW strategy for decorative applications, representing a
fusion of embroidery art and 3D printing technology. Motifs
such as plum blossom, orchid, bamboo, and peony, which
are revered owing to their positive connotations of fortitude,
elegance, modesty, and wealth, respectively, have served as
prototypes for traditional embroidery. To generate files for the
3D printing of embroidery-like PLA patterns, the 2D images
of these four plants and one famous Tang poem (Figure 4A)
were processed. Figure 4a shows the written structures, char-
acterised by two layers of PLA microfibres (tetragonal unit
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F I G U R E 2 Fabrication and characterisation of PLA microfibre-based assemblies. (A) Photograph of the MEW unit for PLA microfibre-based assemblies
in our bioprinting equipment. (B) Photographs of PLA microfibres prepared at different writing speeds (scale bar: 1 mm). (C) SEM images of PLA meshes
with straight microfibres at writing angles of 45◦, 60◦, and 90◦ (unit cell width: 800 µm). (D) SEM images of PLA meshes with unit cell widths of 400, 200,
and 100 µm. For (B–D), the same parameters were used: nozzle temperature of 190◦C, extrusion pressure of 30 kPa, and voltage of 5 kV. (E) Photographs
of PLA mesh sized 21 cm (length) × 14 cm (width) and its versatile operation in tailoring, origami, and rolling. (F) 3D-printed "CityU" logo. (G) 4D-printed
chameleon-shaped pattern with visually observable colour-changing ability for chemosensing. (H) 3D-printed JPct with unidirectional draining ability for
temperature management. The scale bar in (E–H) is 1 cm.

cells) with a thickness of approximately 54 µm. Through a
similar process, 2D images of the logo of the Barcelona foot-
ball team, a portrait of Albert Einstein, the logo of the City
University of Hong Kong, and a painting by Pablo Picasso
(Figure 4B-E, respectively) were processed and printed by
MEW. The corresponding photographs of the 3D-printed
PLA patterns are presented in Figure 4b-e.

2.4 4D-Printed PLA-AIE chemosensors

As discussed, PLA microfibre-based meshes can be written
in different patterns. Based on this capability, we explored
the potential application of these meshes as functional fibre-

based wearables by appropriately designing the components
and structures.

AIE fluorogens, first reported in 2001,[34] are materials
that exhibit intensified fluorescence in the aggregate or
solid state. AIE particles can be doped within the matrices
of polymer fibres[35,36] and hydrogels[37,38] for preparing
optoelectronic devices, fluorescent sensors, and biomedical
probes.[39–41] From the perspective of component design, we
prepared PLA-AIE chemosensors with visually observable
colour-changing abilities, representing a unique facet of
4D printing. Notably, (E)−2-{5,5-dimethyl-3-[2-(4-oxo-4H-
chromen-3-yl)vinyl]cyclohex-2-en-1-ylidene}malononitrile
(abbreviated as CMVMN, Figure 5A) is a chromone-
based AIE luminogen with selective amine-identification
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F I G U R E 3 Printing file generation for PLA patterns. (A) Schematic of boundary effect and photographs of PLA microfibres in different regions of the
PLA mesh. Straight PLA microfibres were obtained only in the central DW zone, while random coils were observed in zones I, II, and III. (B) Comparison
of two process routes for printing files of PLA lotus-shaped pattern from 2D lotus image: route 1: 2D-image-to-3D models only; route 2: boundary effect +
2D-image-to-3D models strategy. Scale bar: 1 cm.

F I G U R E 4 3D-printed PLA patterns. (A) Pictures of Chinese traditional paintings and an ancient poem. (B) Logo of the Barcelona football team. (C)
Portrait of Einstein. (D) "CityU" logo of the City University of Hong Kong. (E) Painting by Pablo Picasso. (A–E) Corresponding printed patterns of (A–E).
Scale bar: 1 cm.

capacities, as demonstrated in our previous work.[42] Specif-
ically, CMVMN reacts with primary and secondary amines
to present different colours under UV light and white light.
Thus, in this study, PLA and CMVMN powders were mixed
and melted homogeneously for preparing “maple leaf” and
“chameleon” sensors. N-butylamine and diethylamine were
chosen as the models of primary and secondary amines,

respectively, to induce colour changes in the PLA-CMVMN
chemosensor. Figure 5A shows the reactivities of CMVMN
towards N-butylamine and diethylamine.

CMVMN particles are functionally sensing components
in the PLA-AIE chemosensor. From our previous study,[42]

CMVMN showed high thermostability (thermal decompo-
sition temperature: 294◦C). For its sensing response, we
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F I G U R E 5 PLA-AIE sensor with visually colour-changing ability. (A) Chemical reactions between CMVMN and amines (N-butylamine and diethy-
lamine, chosen as primary and secondary amine models, respectively). The reaction mechanism[42] of CMVMN with amines is a kind of nucleophilic addition,
which causes the amination and bioconjugation of CMVMN with secondary amine (i.e. diethylamine, ①) and primary amines (i.e. N-butylamine, ②). The
reactivity and fluorescent sensing response of CMVMN towards amines is related to the steric effect of amines. N-butylamine is with weaker steric effect than
diethylamine. Under the same conditions, N-butylamine shows higher reactivity and selectivity of CMVMN than diethylamine (③). (B) Optical photographs
of PLA, PLA-CMVMN, PLA-CMVMN (diethylamine vapour), and PLA-CMVMN (N-butylamine vapour) maple leaf-shaped sensors under white light and
UV light (λ = 365 nm). Optical photographs of (C) Setaria viridis, (D) a single PLA fibre with biomimetic structure, (E) a PLA-CMVMN mesh, and (F) a
PLA-CMVMN chameleon-shaped sensor. (G) Optical photographs of the continuous colour-changing process of PLA-CMVMN chameleon-shaped sensor at
different time intervals (0–180 s: diethylamine vapour, 190–330 s: N-butylamine vapour). (H) Optical photograph of a chameleon-shaped sensor on a mask,
illustrating a potential application scenario.

have proven that CMVMN exhibited good stability after
repeated exposure to the same amine vapours, as evi-
denced by the similar spectrum to that of the initial
sample from the 1H NMR[42] measurement. Its fluores-
cence keeps almost constant and such stability is favourable
for sensing. The maple leaf-shaped chemosensor exhibited
colorimetric and fluorescent dual-mode abilities for detect-
ing amine vapours, as shown in Figure 5B. As a control
sample, a neat PLA maple leaf exhibited white and blue
colours under white light and UV light, respectively. Under
white light, the PLA-CMVMN maple leaf appeared bright
yellow, which transitioned to dark green and brick-red
colours when in contact with diethylamine and N-butylamine
vapours, respectively (Movies S1 and S2). Under UV light
(λ = 365 nm), the PLA-CMVMN maple leaf appeared light
yellow, which transitioned to light pink and tangerine colours
by contacting with diethylamine and N-butylamine vapours,
respectively.

We have found that CMVMN exhibits higher reactiv-
ity and selectivity towards primary amines than secondary
amines in our previous work.[42] This is because primary
amines have a weaker steric effect than secondary amines.
The different selectivity of CMVMN to primary and sec-
ondary amines was illustrated by the chameleon-shaped
chemosensor with continuous colour-changing ability. Owing
to a weaker steric effect, the reaction between CMVMN

and primary amines is more stable and selective than that
between CMVMN and secondary amines[42] (Figure 5A).
PLA-CMVMN single fibres were written into a biomimetic
structure mimicking Setaria viridis (Figure 5C).[43,44] This
special multiscale stalk–bristle structure (Figure 5D) was
obtained with a printing speed of 50 mm/s at a nozzle
temperature of 240◦C. At this temperature, the viscosity
of the PLA-CMVMN melt was considerably lower than at
190◦C, resulting in the ejection speed of the PLA-CMVMN
melt exceeding the printing speed. Figure S5 shows pho-
tographs of the single PLA-CMVMN microfibres written
with printing speeds of 25–200 mm/s at a nozzle tempera-
ture of 240◦C. These biomimetic fibres, when assembled at
angles of 90◦ (Figure 5E), were ultimately deposited into
a chameleon-shaped pattern (Figure 5F) with chemosensing
ability.

The chameleon-shaped chemosensor exhibited a contin-
uous colour-change response when placed on a sheet of
A4 paper bearing printed images of a red flower and green
leaves under white-light illumination (Figure 5G and Movie
S3). In the presence of diethylamine, the chameleon-shaped
chemosensor transitioned from bright yellow to dark green
over 0–180 s. Upon the introduction of N-butylamine,
the chameleon-shaped chemosensor turned brick-red over
190–330 s. This PLA-AIE fibre-based wearable, based
on componential design, can be used as a chemosensor
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integrated into masks (Figure 5H) and other personal
protective equipment.

2.5 JPct for unidirectional draining

Cotton textiles are ubiquitously used as clothing or biomed-
ical gauze materials in daily life. However, their thermal-
and humidity-regulation abilities are limited, because cotton
tends to be wetted by the undifferentiated infiltration of bod-
ily fluids, such as sweat, blood, urine, and other interstitial
fluids. For example, excessive sweat may lead to undesired
adhesion and a sensation of coldness. Moreover, the presence
of biofluid around wounds may result in infections, thereby
hindering the healing process.

To address these challenges, we prepared JPct with a
hydrophobic/hydrophilic bilayered structure. This construct
was achieved by the DW of a hydrophobic PLA microfibre
mesh onto hydrophilic cotton textile. To demonstrate its prac-
tical application, JPct was placed with the hydrophobic PLA
layer close to human skin (Figure 6A). Figure 6B shows the
typical bilayered structure of JPct, in which the PLA microfi-
bres form an open cellular structure that can facilitate the
transportation of biofluids. Cotton microfibres, with an aver-
age diameter of 18.1 ± 4.8 µm (Figure 6C-E), served as a
supporting layer and exerted a draining force on the bioflu-
ids. In contrast, the PLA microfibre, with an average diameter
of 21.1 ± 1.1 µm (Figure 6F-H), constituted a separate layer
to prevent biofluid wetting. This JPct, designed from the per-
spective of structure, can enable the unidirectional drainage
of sweat and other biofluids from the skin.

To demonstrate the unidirectional draining ability of the
JPct, we used a simplified physical model in which continu-
ous fluorescent-water droplets were extruded from a syringe
to mimic excessive sweat or biofluids. We recorded and
analysed the dynamic draining process of a green aqueous
solution (with 0.1% sodium fluorescein) on JPct under UV
radiation (λ= 365 nm). Neat PLA microfibre mesh and cotton
textile were chosen as the controls, as shown in Figure 6I,J.
Movies S4 and S5 showed the dynamic contacting and wet-
ting process of fluorescent water droplets to the neat PLA
microfibre mesh and cotton textile, respectively. The droplets
failed to penetrate and wet the neat PLA microfibre mesh
(Figure 6I and Movie S4). However, when the droplet came
into contact with the cotton textile, it rapidly penetrated and
wetted both sides of the cotton textiles within a short contact
time (<3 fs, 30 fs = 1 s). Notably, both the contacting side
(top) and reverse side (down) exhibited similar green patterns
and fluorescence intensity (Figure 6J and Movie S5).

For the JPct, the droplet of aqueous solution was pumped
through its hydrophobic PLA layer and wetted its hydrophilic
cotton layer, even if the droplet initially touched the
hydrophobic layer directly from above (Figure 6K and Movie
S6). Similarly, when the droplet contacted the hydrophobic
layer from beneath, it could also penetrate the hydrophobic
layer and wet the hydrophilic layer (Figure 6L and Movie
S7). Consequently, the hydrophilic layer exhibited a much
clearer pattern with higher fluorescence intensity than the
hydrophobic layer. These results suggest that the JPct can
unidirectionally drain fluids. Furthermore, the JPct exhibited
anti-gravity unidirectional draining capabilities (Figure 6L),

which can enhance its range of applications, including wound
dressings, masks, and insulated mats.

JPct with unidirectional draining ability was used to test
its potential application for humidity and temperature man-
agement near the skin. Cotton textiles, commonly used as
clothing materials, became wet easily by adsorbing sweat.
Wetted cotton adheres to the skin owing to the hydrophilic-
ity of the cellulose fibres, which could result in discomfort.
In contrast, skin covered with JPct rapidly dried due to the
unidirectional drainage of water away from the human skin,
resulting in minimal adherence to the skin (Figure 6M). An
infrared camera was used to capture images of the skin in
both dry and wet states (Figure 6N). In the dry state with-
out sweating, the temperature (31.1◦C) of the area covered
by the cotton textile was higher than that (29.2◦C) of the
area covered by the JPct. In other words, JPct exhibited
superior heat-insulation properties compared with the cotton
textile. In the wet state, induced by sweating, the tempera-
ture (26.4◦C) of the area covered by JPct was considerably
lower than that (30.0◦C) of the area covered by the cotton
textile. These results highlight that the JPct exhibits enhanced
heat insulation (lower thermal conductivity) compared with
the cotton textile in both dry and wet conditions. Therefore,
the JPct offers a more comfortable sensation with minimal
wet adhesion and better heat insulation, especially in scenar-
ios involving perspiration, compared with traditional cotton
clothing.

3 CONCLUSIONS

In summary, by integrating degradable PLA biopolymer and
the MEW strategy, PLA microfibres and meshes were pro-
duced with varied operability, such as tailoring, folding,
and rolling. Possible applications ranging from logo dis-
play, chemosensing, and unidirectional draining of biofluids
were demonstrated based on our platform. We generated 3D
printing files for obtaining PLA embroidery-like patterns by
leveraging the boundary effect phenomenon in the MEW
and conversion of 2D images to 3D models. Furthermore,
PLA-AIE microfibre-based sensors were designed to exhibit
colour-changing responses for chemical vapour detection.
JPct frameworks with a hydrophobic/hydrophilic structure
could realise unidirectional draining of biofluids, thereby
facilitating humidity and temperature management. Our find-
ings can promote the advancement of 4D printing and the
development of advanced fibre-based wearables with diverse
applications.

4 EXPERIMENTAL SECTION

4.1 Materials

PLA powder (NatureWorks 4032D) was purchased from
Shunjie Plastic Technology Co. Ltd. CMVMN particles were
obtained from Prof. Ben Zhong Tang’s group. The syn-
thesis and characterization were conducted as previously
reported.[42] Diethylamine, N-butylamine, and sodium fluo-
rescein were purchased from Sinopharm Chemical Reagent
(China).
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F I G U R E 6 JPct for unidirectional draining. (A) Schematic of application scenario of the JPct. (B) Optical images of the bilayered structure of JPct:
hydrophilic cotton textile and hydrophobic PLA porous mesh. (C–E) SEM images of cotton textile at different magnifications. (F) SEM image of PLA microfi-
bre in the JPct. (G,H) PLA microfibre in the JPct at different magnifications. Demonstration of unidirectional fluid draining capability of the JPct in comparison
with cotton textile. Control experiments: contacting and wetting processes of aqueous solution (0.1% sodium fluorescein, UV radiation [λ = 365 nm]) for the
(I) hydrophobic PLA mesh and (J) hydrophilic cotton textile. The aqueous solution cannot wet the PLA mesh but can penetrate the cotton textile and wet both
sides of the cotton textile. (K,L) Contacting and wetting processes of aqueous solution to the JPct from the hydrophobic side to the hydrophilic side. Regardless
of the direction of contact, water can penetrate the hydrophobic layer and wet the hydrophilic layer. (M) Optical photographs of cotton and JPct to illustrate
water adsorption and transportation. (N) Infrared camera images of the cotton textile and JPct placed on dry and wetted skin.
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4.2 2D image-to-3D printing files

The 3D printing files were generated from 2D images (i.e.,
a lotus, a Tang poem, a portrait of Einstein, a painting by
Pablo Picasso, a maple leaf, a chameleon, and the logos
of Barcelona and CityU) using 3D Builder, a software
pre-installed in Microsoft Windows 10.

4.3 Fabrication of PLA meshes by MEW

PLA microfibre-based meshes were designed and fabricated
using a MEW unit integrated with a bioprinting platform
(GeSiM Bioscaffolder 5.1, Grosserkmannsdorf, Germany).
Before writing, the PLA powders were dried at 85◦C in
the oven for 2 h. The dried PLA powders were placed
in stainless cartridges (Heat 1 zone in Figure 2A) con-
nected to a stainless nozzle (inner diameter of 250 µm;
Heat 2 zone in Figure 2A) for 1 h to form a homogeneous
polymer melt. In the DW mode, the distance between the
nozzle and collector, the height between two adjacent lay-
ers, and the voltage were set as 7.5 mm, 0.01 mm, and
5 kV, respectively. Driven by compressed air with a pres-
sure of 30 kPa, the PLA filaments were extruded from the
nozzle and deposited onto a plastic collector at a writing
speed of 50–200 mm/s and a nozzle temperature of 190–
220◦C. Subsequently, the PLA meshes were extracted for
characterisation.

4.4 Fabrication of PLA-AIE maple leaf-
and chameleon-shaped chemosensors by MEW

CMVMN crystals were ground into a powder using an agate
mortar. The PLA powder (300 mesh) was then thoroughly
mixed with the CMVMN powder (1 wt% of PLA). The MEW
process for PLA-AIE patterns was similar to that for pure
PLA printing. Briefly, the mixture of PLA and CMVMN
powders was placed in stainless cartridges (150◦C) connected
to a stainless nozzle (I.D. 250 μm, 190◦C) for writing. The
DW speed of the nozzle was 200 mm/s, and the other writ-
ing parameters for the maple leaf and chameleon patterns
were identical to those in the PLA DW process. Eventu-
ally, the maple leaf (60 mm × 47 mm, two-layered height)
and chameleon (50 mm × 23 mm, two-layered height) were
obtained for further use.

4.5 Investigation of the colour-changing
ability of PLA-AIE maple leaf- and
chameleon-shaped chemosensors

The colour-changing processes of PLA-AIE chemosensors
was observed under UV–white light (WFH-203C, Shanghai
Jingke Scientific Instrument Co., Ltd, China). The maple leaf-
shaped chemosensor was placed in a transparent polystyrene
rectangular box (12.8 cm × 7.7 cm × 2.0 cm), which was
then positioned on the floor in the middle of the UV–white
light device. A drop of diethylamine, or N-butylamine was
introduced in one corner of the box, without contacting
the chemosensors, and then the lid of the box was closed.

The colour-changing process was documented through pho-
tographs captured from a window on the top of the UV–white
light device.

4.6 Fabrication of JPct

The cotton textile was laid flat, with its edges adhering to
the plastic collector. The PLA microfibre-based mesh was
directly printed onto the cotton textile. JPct was obtained after
a certain writing duration.

4.7 Investigation of the unidirectional
water draining ability of JPct through a
simplified physical model

A syringe, placed above/under the JPct, continuously sup-
plied fluorescence-labelled water (0.1% sodium fluorescein)
at a constant speed. The unidirectional water drainage pro-
cess was recorded using a digital camera (60D, Canon) under
UV radiation (λ = 365 nm).

4.8 Characterisation

Optical photographs of the PLA microfibres and meshes
prepared by MEW were captured using an optical micro-
scope (Nikon, Eclipse TS100) and environmental SEM (FEI
Quanta 250). The diameters of the PCL microfibres were
measured using the image analysis software ImageJ 1.40G
(http://rsb.info.nih.gov/ij/download.html). The SEM images
of at least 20 randomly selected samples were analysed to
obtain diameter distribution histograms.
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