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ABSTRACT

Surface conditions of flexible electronic devices can affect their accuracy, so it is necessary to keep surfaces clean and stable to ensure their
correct-long-term operation. The Nepenthes-inspired slippery surface has excellent self-cleaning, stability, and self-healing properties. A slip-
pery surface with stretching durability is significant for application to a flexible sensors surface. As an advanced micro-nanomanufacturing
method, femtosecond laser has become an effective method for preparing porous structures to process a slippery surface. In this study, a fem-
tosecond laser was used to prepare an interconnected porous structure on pre-stretched polydimethylsiloxane in one step. The slippery sur-
face was prepared after being infused with lubricant, which maintained the slippery performance under tensile conditions and after hundreds
of stretch cycles. Moreover, it exhibits remarkable self-cleaning and chemical stability. This stretchable slippery surface prepared by femtosec-
ond laser direct writing presents good prospects for flexible electronic devices that require a stable surface in various extreme environmental
applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0159467

The surfaces of flexible electronic devices are affected by condi-
tions, such as stretching and fouling in various extreme environ-
ments.1–3 While being affected by these factors, it is necessary to keep
the surface clean to maintain sensitivity of the sensor. A slippery liquid
infused porous surface (SLIPS) can provide a stable lubricant surface
with great self-cleaning and self-healing performance.4–9 In current
SLIPS development, the porous structure of the surface is very impor-
tant in maintaining the lubricant layer that provides the slippery per-
formance.10–12 However, when the surface suffers tensile, bending, or
other deformations, the porous structure of the SLIPS is easily dam-
aged; thus, the lubricant is extruded, which limits its slippery
properties.13,14

The porous structure of the SLIPS plays a key role in storing the
lubricant, so the stability of the porous structure is closely related to
SLIPS stability.15 Current research focuses on the development of
SLIPS based on hard matrix materials, including metals and glass.16,17

The porous structure on these hard materials is also a rigid structure,
which cannot be deformed or stretched. The SLIPS of polymer materi-
als is usually a slippery surface coating or cannot be stretched. While

the coating itself may possess flexibility, it is necessary to adhere it to a
solid substrate surface. However, the tensile strain experienced by each
layer may not be perfectly aligned. These factors limit the application
of slippery surfaces in deformation conditions, especially in flexible
electronic devices. Che et al. prepared a flexible slippery surface by
mixing a MoS2 nanonetwork with polydimethylsiloxane (PDMS).18

After multiple repetitions of bending and stretching, it still maintained
a certain slippery performance and excellent self-cleaning function.
Wang et al. coated a copolymer on a substrate material.19 By pouring
perfluoropolyether into the coating, a flexible slippery surface was
achieved, which also exhibited good tensile, bending properties, and
liquid resistance. These flexible slippery surfaces were prepared by
chemical methods, for which the preparation process is complicated
and the heterogeneous materials have the risk of detachment in long-
term use. In the present research, femtosecond laser micro-nano
processing serves as an advanced manufacturing method that offers
high processing accuracy, excellent controllability, and wide versatility.
It possesses a distinct advantage in fabrication of highly wettable surfa-
ces and has successfully created numerous types of such surfaces.20 As

Appl. Phys. Lett. 123, 051603 (2023); doi: 10.1063/5.0159467 123, 051603-1

Published under an exclusive license by AIP Publishing

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

 11 August 2023 03:25:11

https://doi.org/10.1063/5.0159467
https://doi.org/10.1063/5.0159467
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0159467
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0159467&domain=pdf&date_stamp=2023-08-01
https://orcid.org/0009-0002-1838-7824
https://orcid.org/0000-0002-7031-7404
mailto:yangqing@mail.xjtu.deu.cn
mailto:chenfeng@mail.xjtu.edu.cn
https://doi.org/10.1063/5.0159467
pubs.aip.org/aip/apl


a widely used elastic material, PDMS has excellent flexibility and
stretchability, making it a prominent matrix material in flexible elec-
tronic research. By employing femtosecond laser direct writing tech-
nology, it becomes possible to directly fabricate superhydrophobic
surfaces on PDMS with micro-nano composite structures in a single
step. Consequently, if the same femtosecond laser can be utilized to
create interconnected porous structures on PDMS, there is optimistic
anticipation for the facile preparation of a stretchable slippery surface
using this advanced manufacturing method.21,22

In this study, a stretchable slippery surface was prepared by fem-
tosecond laser ablation and lubricant infusion. By adjusting the laser
power and repetition frequency, an interconnected porous structure
could be prepared in one step on the surface of pre-stretched PDMS.
The porous PDMS showed excellent superhydrophobic properties
before and after stretching. The contact angle (CA) exceeded 150� and
the sliding angle (SA) was less than 3�. Infusion of an interconnected
porous structure with lubricant gave a stretchable slippery surface.
This stretchable slippery surface that was processed by pre-stretching
to an extent of 40% maintained good slippery performance even after
600 continuous stretching cycles. Various composite liquids could eas-
ily slip off the surface, including milk, tomato juice, coffee, and drop-
lets of various pH values. This stretchable slippery surface was
fabricated on a surface of flexible electronic sensor, which endows the
flexible sensor with good self-cleaning properties.

The PDMS (size: 4� 2 cm2, thickness: 500lm) pre-stretched to a
certain length and fixed on a two-dimensional translation stage. The
femtosecond laser parameters include a laser power of 217 mW and a
repeated frequency of 1.67 kHz are selected. The laser is focused on
the surface of the pre-stretched PDMS through a lens (f¼ 120mm).
The two-dimensional stage is programmed to move, so that the laser
performs line scanning on the sample surface. After processing, sili-
cone oil (100 mPa s) was dropped on the surface of the sample. The
surface morphology of the stretchable slippery surface was observed
by an optical microscope and an electron microscope (FlexSEM1000,
HITACHI, Japan). The contact angle measuring instrument tests the
contact angle and sliding angle (JC2000D, Powereach, China) and a
multifunctional tension/compression testing system for testing the
stretch cycle (ZQ-990B, ZHIQU, China).

The preparation method of the stretchable slippery surface was
shown in Fig. 1(a). After the PDMS material was pre-stretched, the
femtosecond laser ablated the interconnected porous structure on the
PDMS surface in its stretched state. Pre-stretching refers to stretching
the PDMS to different lengths and holding it until laser ablation pro-
cess was completed. A lubricant was infused into the porous structure
to obtain a stretchable slippery surface. The single pulse energy of fem-
tosecond laser is 130 lJ and the pulse width is 263 fs. The speed of
laser scanning and the distance between adjacent scanning lines are
controlled by a mechanical mobile platform, which is 15mm�s�1 and

FIG. 1. (a) Fabrication process of stretch-
able SLIPS. (b)–(g) Cross-sectional micro-
structure with the pre-stretch rate of
0%–50%, the top view morphology in the
small box. Scale bar:10 lm.
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50lm, respectively. Six groups of pre-stretching rates, ranging from
0% to 50%, were processed under the same laser parameters. These
showed different microstructures, including cross-sectional and top
views [Figs. 1(b)–1(g)]. In pre-stretched PDMS, the femtosecond laser
can directly ablate interconnected porous structures on the surface,
which differs from micro-nanostructures ablated under normal condi-
tions. When the pre-stretching rate was 0% (i.e., unstretched), the
PDMS was ablated in its original state, so the surface was only affected
by femtosecond laser and consequently generated a uniform micro-
nano rough structure.23 When the pre-stretching rate exceeded 0%,
the surface began to appear as an interconnected porous structure after
femtosecond laser ablation, and the thickness of structure correspond-
ingly increased.

The interconnected porous structure results from multi-physical
field coupling on the PDMS surface. When the power density of a fem-
tosecond laser pulse exceeds the damage threshold of the PDMS sur-
face, it triggers nonlinear effects, such as multiphoton and avalanche
ionization. Electrons on the PDMS surface absorb the laser energy,
resulting in the formation of a high-pressure, high-temperature plasma
above the surface. This plasma is also influenced by the pre-stretched
surface stress. The synergistic effect of nonlinear effects and surface
stress leads to formation of an interconnected porous structure on the
PDMS surface as the plasma expands beyond it.24,25 During the laser
ablation process, the area exposed to the femtosecond laser instantly
transforms to a melted state, resulting in generation of a gas-ejection
surface. The molten state undergoes deformation due to internal stress
in the pre-stretched PDMS. As the translation stage of sample moves
and the focal point continues to shift, the deformed molten state

rapidly cools and solidifies. The ejected gas also impacts the deformed
molten state. Through the combined action of multi-physical fields,
the femtosecond laser can directly create interconnected porous struc-
tures on a pre-stretched PDMS surface in a single step.

Femtosecond laser processing of pre-stretched PDMS also
increases the thickness of the structure. When PDMS is in a pre-
stretched state, its thickness reduces. Upon completion of the ablation,
as the PDMS returns to its normal state, the thickness increases.
Simultaneously, the porous structure on the surface contracts and
compresses as the PDMS recovers from the stretched state to its nor-
mal state; thickness of the porous structure consequently increases.
Therefore, when femtosecond laser ablates pre-stretched PDMS, it not
only generates porous structures but also increases the thickness of
these structures. Varying the pre-stretching rate changes the stress on
the PDMS surface, consequently affecting the results of the multi-
physical field, specifically the porous morphology of the surface.

With the increase in the pre-stretching rate, an interconnected
porous structure started to appear, at first more densely and then
sparsely [Figs. 1(b)–1(g)]. At 40% pre-stretching, the combined action
of multi-physical fields produced the densest porous structure on the
PDMS surface [Fig. 1(f)]. The cross section morphology shows that
this structure thickest of the six samples, which means that it could
store the most lubricant.

All six samples exhibited superhydrophobic properties following
femtosecond laser ablation. The contact angle (CA) for all samples
exceeded 150�, while the rolling-off angle remained below 3�.
Interestingly, the superhydrophobic wettability demonstrated minimal
change during sample stretching [Figs. 2(a) and 2(b)]. The reason for

FIG. 2. (a) and (b) CA and SA with the
stretching length increase in PDMS after
femtosecond laser ablation with different
pre-stretch extents. (c) and (d) CA and SA
with the stretching length increase in slip-
pery surface with different pre-stretched
during stretch, 7 ll droplet.
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the consistent superhydrophobic properties of these six samples lies in
their micro-nanostructures, irrespective of whether the sample was in
a normal or a stretched state. The combination of abundant micro-
nanostructures and the inherently low surface energy of PDMS allow
droplets to adopt a Cassie state on the surface.26 The properties of
superhydrophobic PDMS surface prepared by femtosecond laser abla-
tion have been extensively explored in previous studies.27,28

Corresponding slippery surfaces were obtained by infusing lubricant
into the microstructures of PDMS, according to the rules for the prep-
aration of a SLIPS.29,30 The CA of the six slippery surfaces was approx-
imately 95� without stretching and the SA was about 1�. When the
samples were stretched to different lengths, the slippery surface in the
stretched state showed different CA values; the CA increased by an
average of 5� when these slippery surfaces were held at an 1.5 stretch-
ing rate.

The slippery surfaces prepared with pre-stretching extents of 0%
and 50% had the largest CA value when held at 1.5 stretching extents,
and the SA of the two samples increased from 1� to 6� during the
stretching process [Figs. 2(c) and 2(d)]. According to the morphology,
when the pre-stretching rate was 0% and 50%, only a very limited
amount of lubricant could be stored owing to the very thin and sparse
porous structure. In the stretched state, the lubricant is also easily lost.
The greater the extent of stretch, the greater was the loss of lubricant,
which revealed the more micro-nanostructure, resulting in an increase
in CA. When the pre-stretching extents were 0% and 50%, the slippery
performance of the prepared slippery surface reduced after stretching,
and the droplets had a tendency to pin on the surface. The SA of other
pre-stretched samples did not change much in either the stretched or
unstretched state and were typically approximately 1�. These results
show that the slippery surface prepared by femtosecond laser could
maintain good slippery performance in the stretched state when the
pre-stretching extent ranged from 10% to 40%. The interconnected
porous structure retained the lubricant in both the stretched and
unstretched states.

Applications of flexible electronic devices often encounter
repeated stretching and bending scenarios. To assess their stretch
durability, samples were prepared using six different extents of pre-
stretching. Each sample was stretched by 50%, and the SA character-
ized every 50 cycles until the droplets could no longer slide. As the
stretching cycle increased, the SA of the six slippery surfaces gradually

increases [Fig. 3(a)]. The samples have different densities and thick-
ness of the interconnected porous structure, which influenced the
amount of lubricant that could be stored. The lubricant loss experi-
enced during the stretching cycle and droplet sliding on slippery surfa-
ces with different pre-stretch extents affected the SA values. Based on
the results of stretching durability characterization, the slippery surface
with 40% pre-stretch extents demonstrated the best stretching durabil-
ity performance, maintaining an SA below 10� after 600 stretch cycles.

FIG. 3. (a) SA with the stretching cycles
of slippery surfaces with different pre-
stretching rates. (b) SA with the bending
cycles of slippery surfaces with different
pre-stretching rates.

FIG. 4. (a) and (b) Composite liquids resistance of stretchable slippery surface
before and after stretching.
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This is attributed to the 40% pre-stretched slippery surface having the
densest and thickest porous structure, enabling it to store the most
lubricant and retain it within the structure without loss during hun-
dreds of stretching cycles. In contrast, the unstretched slippery surface
prepared by femtosecond laser ablation on unstretched PDMS,
resulted in a micro-nanostructure, rather than a porous structure, for
which the stretch cycles were limited to 200 and SA rapidly increased
with the number of stretching cycles increase. The stretch cycles of
other slippery surfaces failed in droplet sliding after hundreds of repe-
titions, with the number of stretching cycles ranging between 250 and
500. This is attributed to their porous structures; however, due to the
lower density and thickness of these porous structures compared with
the 40% pre-stretched structure, the lubricant decreased accordingly,
consequently decreasing the number of stretching cycles.

Regarding the bending cycles, all six slippery surfaces demon-
strated the ability to withstand hundreds of bending cycles without los-
ing their slippery performance [Fig. 3(b)]. In comparison to the
stretching cycle test, the bending test induces less variation in internal
stress on the slippery surface, making it more quantities of bending cycle
numbers. However, the number of bending tests is also influenced by
the amount of stored lubricant. Based on previous findings, the slippery
surface with a 40% pre-stretching rate can store the highest amount of
lubricant, resulting in the best bending durability. This surface main-
tained a SA of less than 10� even after 1300 bending cycles.

In addition to water droplets, we also characterized the slippery
performance of the stretchable slippery surface with many composite
droplets before and after stretching, including milk, tomato sauce,
juice, coffee, and cola (Fig. 4). Regardless of the state of the stretchable
slippery surface, these composite droplets could easily slide away on
the surface without leaving any trace. The excellent liquid resistance
and self-cleaning properties of the stretchable slippery surface are of
great significance to surface of flexible electronic devices.

The chemical stability of stretchable slippery surface was tested
by droplets with different pH values. Solution of different pH values
was prepared by mixing NaOH and H2SO4 solutions. The CA of dif-
ferent pH droplets on the stretchable slippery surfaces was 89�–95�.
The CA decreased for pH values larger or smaller than 7. The reason
is that the surface tension of the droplet decreased as the pH value
changed from 7, thus lowering the CA. The SA values for all droplets
were about 1�, which means the slippery performances of liquids with
different pH values were similar. A stretchable slippery surface with
good chemical stability was processed on a flexible sensor surface

[Fig. 5(b)]. The composite liquids easily slide away from the surface.
The self-cleaning property of the stretchable slippery surface endows
the flexible sensor surface with the same performance, which not only
enables the sensor to be applied in more scenarios but also improves
its service life.

In this study, a stretchable slippery surface was fabricated by fem-
tosecond laser direct writing on a pre-stretched PDMS substrate. The
stretchable slippery surface consisted of an interconnected porous
structure on the PDMS surface and lubricant infusion. The intercon-
nected porous structure of PDMS exhibited remarkable superhydro-
phobic properties, whether stretched or not. By infusing the lubricant
into the interconnected porous structure, the resulting stretchable slip-
pery surface exhibited excellent stretching durability and self-cleaning
properties. The slippery surface processed with 40% pre-stretching
extent of PDMS maintained its superior slippery performance even
after 600 consecutive stretching cycles. Various composite liquids can
easily slide off the surface, both with and without surface stretching.
Owing to its exceptional stretch durability and self-cleaning properties,
this slippery surface holds great potential for broadening the range of
applications of flexible electronic devices.
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