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Abstract

The harsh working environment affects the performance and usage life of Al and its alloys, thus limiting their application. In
recent years, Slippery Liquid-infused Porous Surface (SLIPS) has attracted much attention due to excellent anti-corrosion,
anti-fouling and anti-icing properties. This may be an effective way to improve the properties of Al and its alloys. Here,
the SLIPS with petal-like structure was constructed on the Al alloy via simple hydrothermal reaction, Stearic Acid (STA)
modification and lubricant injection. A variety of droplets (including oil-in-water emulsions) can slide on the SLIPS at a low
angle, even the Sliding Angle (SA) of the water droplet is only 3°. Furthermore, the SLIPS exhibits outstanding mechanical
and chemical properties. It can maintain fine oil-locking ability under high shearing force and keep slippery stability after
immersion in acid/alkaline solutions. In addition, the SLIPS possesses excellent anti-corrosion, anti-fouling and anti-icing
properties, which provides a new way to promote the application of Al and its alloys. Therefore, the SLIPS is expected to
be an effective way to improve the properties of Al and its alloys, as well as play a role in anti-fouling and self-cleaning in
construction, shipbuilding and automotive manufacturing industries, thereby expanding the practical application of Al and
its alloys.
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1 Introduction

As one of the commonly used engineering materials, Al
and its alloys have excellent physical and mechanical prop-
erties, making Al and its alloys widely used, especially in
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aerospace, automotive, machinery manufacturing, ship-
building and chemical industry. Therefore, it is inevitable
for them to work in harsh environment, which will cause
great damage to them and affect their usage life. To improve
the usage life of Al and its alloys and expand its application
range, it should be put on agenda that improving the proper-
ties of Al and its alloys under extreme environments [1-5].
In recent years, it has been considered as a new and effec-
tive way to construct Superhydrophobic Surfaces (SHSs)
on Al and its alloys for prevent corrosion [6, 7]. In addition,
SHSs has attracted much attention in the fields of oil-water
separation [8, 9], anti-icing [10-12], self-cleaning [13, 14]
and drag reduction [15] due to its excellent hydrophobic
performance (contact angle greater than 150°). However,
reports have shown that the instability of the hydrophobic
layer and the finiteness of the micro-nano structure led to
the insufficient robustness of SHSs, which makes them easy
to be destroyed under dynamic action and mechanical dam-
age [16, 17]. Hence, the effect of building superhydrophobic
surface on Al and its alloys to improve their performance is
very limited.
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It is well known that Nepenthes pitcher plants can
capture insects through the slippery surface. The reason
for the formation of slippery surface is that the surface
has a hydrophilic component and the rough structure, so
the surface can store water and form a lubricating water
layer [18]. Inspired by this, Aizenberg et al. proposed
the concept of Slippery Liquid-infused Porous Surface
(SLIPS). They injected lubricating oil into the rough
porous surface to form SLIPS, which showed excellent
characteristics including but not limited to low sliding
angle, extreme pressure stability and optical transparency
[19]. Surprisingly, there are some references pointing out
that SLIPS has excellent repeatable self-healing ability
[19-21]. Hence, SLIPS shows better mechanical durability
and robustness than SHS, and SLIPS is expected to be an
effective way to solve SHS failure. Up to now, SLIPS has
become a hot research field, which has attracted the atten-
tion of many scientists. Based on the three principles fol-
lowed in constructing SLIPS: (1) the lubricating liquid and
the repellent liquid are not mutually soluble, (2) compared
with the repellent fluid, the lubricating fluid must have
higher chemical affinity with the substrate, and (3) the
solid surface must be a nano-composite rough structure to
provide large enough surface to absorb and store lubricat-
ing oil [19], many SLIPSs have been made by researchers
and used in various fields. Sun et al. fabricated a stable
superoleophobic—superhydrophilic surface by spraying,
which can separate organic liquid mixtures [22]. Feng et
al. developed a SLIPS with hierarchical Micro-Nanostruc-
tures (MNS-SLIPS) on the basis of regular microporous
structures for long-term efficient water harvesting [23].
Li et al. fabricated a slippery copper oxide surface by a
simple liquid—solid reaction, STA modification and oil-
infused, the surface inhibits corrosion efficiency reached
up to 92.68% [24]. Therefore, building SLIPS on Al and
its alloys may be a promising potential method to improve
its performance and expand its application.

In this work, we have prepared the SLIPS with petal-
like structure on Al alloy substrate by simple hydrothermal
method, with low surface energy modification and lubri-
cant injection. The lubricant was locked in the rough struc-
ture of the SHS to form the SLIPS, so the water droplet can
easily slide on the SLIPS with a small Sliding Angle (CA)
about 3°. And the SLIPSs showed excellent mechanical
and chemical stability, whether under high shear condition
or in acidic/alkaline solutions. Furthermore, we conducted
a series of tests on the samples, and the results showed that
compared with the original surface and SHS, SLIPS had
better anti-corrosion, anti-fouling and anti-icing proper-
ties. Therefore, building SLIPS on the Al alloy substrate
can improve its performance, which is of great help to
expand its practical application and extend its life.
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2 Experiments
2.1 Materials

The Al substrates (AA6061 alloy) were purchased from Shang-
hai Haocheng Metal Co. Ltd. China, and they were cut into
2 cmx?2 cm pieces. Stearic Acid (STA, CH;(CH,),(COOH)
purchased from Guangdong Province Fine Chemical Engi-
neering Technology Research and Development Center. Zinc
nitrate hexahydrate (Zn (NO;),-6H,0, 99.0%) was obtained
from Tianjin Fangda Chemicals Co. Ltd. Ammonium nitrate
(NH4NO;) was supplied from BEIJINGSHIHONGXING-
HUAGONGCHANG, China. Ammonia (NH;-H,0), Dime-
thyl silicone oil (H201-100), and NaOH were all of analytical
grade, and were supplied by Sinopharm Chemical Reagent Co.
Ltd. Ethanol was purchased from Lianlong Bohua (Tianjin)
Medical Chemicals Co., Ltd. All the reagents were of analyti-
cal grade and used as received without further purification.
Deionized Water (DI) was used throughout the experiment.

2.2 Preparation of Slippery Surface

The samples were prepared based on the previous method
[25]. Firstly, the Al alloy plates were sequentially abraded
with emery sand paper of grades 800, 1200, and 1500, cleaned
ultrasonically in ethanol and DI water successively. The pre-
treated sample was named as Bare. To remove the oxide film
on the Bare surface, the abraded Al alloy plates were etched in
0.1 M NaOH for 120 s at room temperature. And then the sam-
ples were ultrasonically cleaned with DI water and dried in air.

Secondly, the Bare was vertically immersed in a mixed
solution of 0.05 M Zn (NO;), and 0.3 M NH,NO;. The pH
was controlled to 6.5 by 1.0 wt% NH;-H,O. The hydrothermal
reaction was performed under hydrothermal treatment (85 °C,
12 h). After that, the samples were washed by ethanol and
dried in air naturally. The sample obtained by hydrothermal
process is named as Layered Double Hydroxide (LDH).

Thirdly, the prepared samples were immersed in 0.05 M
STA/ethanol at 60 °C for 6 h and then dried in air at room
temperature. The obtained samples were denoted as SHS.

Finally, about 50 pL dimethy] silicone oil was used to lubri-
cate the as-prepared SHS. On the spin coater, spun coating at
500 rpm for 30 s to spread the lubricant evenly on the SHS,
and then threw out the excess lubricant at 1000 rpm for 30 s.
And the final product was labelled as SLIPS.

2.3 Mechanical and Chemical Stability Tests

The mechanical and chemical stability test of the samples
was tested into three parts. (i) In the lubricant retention
capacity test, we compared the oil-locking ability of the
LDH and SLIPS, samples (LDH/oil, SLIPS) were rotated
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at different spin rates ranging from 1000 to 5000 rpm for
10 s to detect the mass variations. (ii) The CAs and SAs of
droplets with different pH (pH from 1 to 14) on the sam-
ple surfaces were measured. (iii) The CAs and SAs of the
samples were measured after immersion in 0.1 M HCI and
NaOH solution for 10 min to explore the chemical stability
of the samples.

2.4 Electrochemical Corrosion Test

The corrosion resistance of the samples was determined
by three-electrode electrochemical workstation with 3.5
vt% NaCl aqueous solution as electrolyte at room tempera-
ture. The platinum plate was used as the counter electrode,
CHI150 Saturated Calomel Electrode (SCE) as the reference
electrode, and the working electrode was the prepared sam-
ple. The polarization curves were obtained at the scanning
rate of 5 mVes™! from — 0.3 to 3 V versus the open circuit
potential. The parameters of corrosion potentials (Ecorr)
and corrosion current density (/corr) were obtained by Tafel
extrapolation method. Each sample was measured at least
three times.

2.5 Anti-fouling and Anti-icing Experiments

In the anti-fouling experiment, we selected several common
drinks (including milk, tea, coffee and cola) to test the anti-
fouling ability of the samples. Test at room temperature with
the liquid evenly stirred.

During the anti-icing experiment, about 15 mL of water
was put into the culture dish, the treated side of different
samples (Bare, SHS and SLIPS) contacted with the water
surface, and then the culture dish was placed in the refrigera-
tor at — 10 °C to observe the changes of the sample surfaces.

2.6 Characterization

All sample morphologies were characterized by field-
emission Scanning Electron Microscope (SEM, QUANTA

Fig.1 Schematic illustration of
the formation of the SLIPS

Al alloy

Hydrothermal
process

LDH

FEG 650). The apparent Contact Angles (CAs) and Slid-
ing Angles (SAs) were measured at room temperature by
a JC2000D goniometer with a 10 uL droplet. The chemi-
cal composition was analyzed via Fourier Transform Infra-
red spectroscopy (FTIR, Thermo Scientific Nicolet iS10).
X-ray Photoelectron Spectroscopy (XPS, Thermo Scientific
ESCALAB 250Xi) was used to characterize the quantita-
tive elemental composition. The contents of the chemical
elements were characterized via Energy Dispersive Spec-
troscopy (EDS, JSM-5600LV). The surface roughness of the
samples was measured on a 3D non-contact surface profiler
(KLA-Tencor MicroXAM-800).

3 Results and Discussion
3.1 Surface Characterization

In this work, we constructed SLIPS with petal-like structure
on Al alloy substrate by a simple hydrothermal method. The
manufacturing process was shown in Fig. 1. In brief, the
pretreated Al alloy was immersed in the mixed solution of
0.05 M Zn (NO3), and 0.3 M NH,NOj;, then the pH of the
solution was adjusted to 6.5, the reaction was carried out in
an autoclave at 85 °C for 12 h. At this time, the surface of
Al alloy was covered with LDH film. And then the sample
was modified with ethanol/STA solution at 60 °C for 6 h to
obtain SHS. Finally, dimethyl silicone oil was injected into
the SHS to obtain SLIPS.

As we all know, the construction of superhydrophobic
surfaces requires a certain surface roughness and low sur-
face energy. In this work, the LDH film was constructed on
aluminum alloy by hydrothermal reaction. After modifica-
tion with stearic acid, carboxyl groups and metal ions form
complexes on the surface [26], which further increased the
roughness of the surface and reduced the surface energy to
obtain the superhydrophobic surface, as shown in Fig. S1.
Besides, we characterized the 3D surface profiles of the sam-
ples and measured their roughness. The surface roughness of
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Bare, LDH and SHS are 0.018 pum, 0.175 um and 1.63 um,
respectively (Fig. S2). The results show that STA modifica-
tion has great influence on the surface morphology, increases
the surface roughness of the sample and provide enough
space for oil injection.

The Fig. 2a—d shown the SEM and water contact angle
images of the samples under different processes. Figure 2a is
the surface of the Al alloy after pretreatment, we can observe
that there are scratches left by sandpaper rubbing on it. And
the surface of bare Al alloy is hydrophilic with a water con-
tact angle of 58°. After the hydrothermal reaction, the Al
alloy surface is covered with LDH film. The water contact
angle increases with the increase of surface roughness, but
it still shows hydrophilicity. The water contact angle of the
LDH film is 83° (Fig. 2b). Figure 2c and d show the LDH
modified by ethanol/STA solution at different magnification.
We can clearly see the petal-like structures on the Al alloy
surface in Fig. 2d. As shown in Fig. 2c, after modified with
ethanol/STA solution, the water contact angle of the sample
is about 155°, showing excellent superhydrophobicity. Since
the surface tension of silicone oil is lower than that of water,
silicone oil is easier to wet on superhydrophobic surfaces.
When silicone oil was injected into the SHS, an oil film
can be formed on the surface, and the petal-like structure of
the SHS can lock the lubricating oil to reduce its loss, thus
ensuring the stability of the SLIPS.

The water contact angle of SLIPS is 100° and the water
sliding angle is 3° (Fig. 2e and f). The dynamic behavior was
taken every 15 s. In addition, to explore the smooth charac-
teristics of the SLIPS, we also measured the CAs and SAs
of different liquids including oil-in-water on the SLIPS (Fig.
S3). It turns out that liquid not limited to water (N-hexane-
in-water, Oleic acid, Glycol, Ethanol and Diesel-in-water)
can slide at a low SA on SLIPS. The above results are mainly
attributed to the continuous lubricant layer of SLIPS, indi-
cating that SLIPS has excellent smoothness.

Fig.2 SEM images of a Bare, b
LDH, ¢ SHS, d high magnifica-
tion SHS, e the CA of SLIPS
and f dynamic behavior of a
water droplet on the SLIPS
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The FTIR spectrum of samples are shown in Fig. 3a,
due to the stretching and bending vibrations of hydroxyl
groups, the broad peaks at 3402 and 1639.4 cm™! appear
on the spectrum [27]. The peaks at 1332.7 and 821.45 cm™!
are from NO;™, indicating that the LDH film is success-
fully formed on the Al alloy substrate after hydrothermal
reaction. At 2916 and 2846.8 cm™', SHS has the stretching
vibration bands of C—H [28]. And the peaks that occurred
at 1537.2 and 1396 cm™! are due to the asymmetric and
symmetric vibrations of COO — groups [29]. According to
the analysis of the FTIR, it can be concluded that modifi-
cation of LDH film by STA has achieved nice results. As
illustrated in Fig. 3b and c, the chemical compositions were
also analyzed by the XPS spectrum to verify the element
types of on the SHS. As shown in the Fig. 3b, the Al peak
is not displayed, probably because Al is covered by other
elements or the Al peak intensity is too weak. Figure 3c
is the C 1 s spectra. The fitted peaks at 284.7, 285.1, and
288.7 eV belonged to —CH,, —CH; and O=C—0O groups of
the STA [25, 30]. These results further demonstrate that the
hydrophobic groups of STA are grafted into LHD films to
form SHS. Furthermore, the EDS results indicated that SHS
has high content of C element (Fig. S4). All the above results
indicate that SHS is obtained after STA modification, which
lays the foundation for the fabrication of SLIPS.

3.2 Chemical and Mechanical Properties

The chemical and mechanical properties are important
criteria to evaluate the quality of materials. Which has a
significant impact on whether the material can be can be
mass-produced and applied [31]. In practical applications,
metal materials are inevitably used in harsh environments,
so stable chemical and mechanical properties are extremely
important for Al-based SLIPS. Therefore, we explored the
effects of high shear force on the oil storage capacity of

CA=100°

—

®  gA=3°
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Fig.3 a FTIR spectra of the LDH film and SHS, b XPS and ¢ C 1 s
spectra of SHS

samples and different pH solutions, acid and alkaline solu-
tions on SLIPS.

For the exploration of the mechanical properties of the
SLIPS, we mainly focus on oil retention capacity. To apply

Table 1 The initial condition of the samples

Samples Initial weight (g) Silicone
oil-infused
®

LDH 1.0133 1.0241

SLIPS 1.0176 1.0534

a shearing stress on the samples, LDH/oil and SLIPS were
placed on a spin-coater and rotated at different spin rates
ranging from 1000 to 5000 rpm for 10 s to detect the vari-
ations in weights. Then we test the oil-locking ability of
the samples by the amount of residual silicone oil on the
surfaces (Am =quality after centrifugal — Initial weight).
The initial condition of the samples was shown in Table 1
and the test results were shown in Fig. 4a. According to the
Table 1, after the completion of silicone oil injection, the
average weight of SLPS increased by about 0.0358 g and
LDH gained about 0.0108 g. We preliminarily believe that
the oil locking ability of slips is stronger than that of LDH.
And then we measured the quality of the samples at differ-
ent spin rate, it is clear that the amount of oil retained on
the SLIPS is much higher than that of the LDH at different
speeds. Finally, after 5000 rpm, LDH only retained about
18.44% of the oil while the SLIPS kept about 43.06%. The
results indicated that SLIPS showed preferable lubricant
retention ability relative to LDH, which can be interpreted
from the point of surface morphology and structure, as men-
tioned above.

As shown in Fig. 4b, the contact angle of droplets with
different pH value on the SLIPS changes little. This result
shows that the oil film on the slippery surface has nice resist-
ance to H" and OH™. This is mainly due to the stable chemi-
cal properties of silicone oil. With the increase of the con-
centration of H* and OH™, the sliding angle of water droplets
on the SLIPS also increased slightly, but the sliding angle
was still less than 10°. In general, the oil film on the slippery
surface can prevent ions in the solution from destroying the
substrate surface, so contact angle and sliding angle of the
SLIPS do not change much under different pH values [32].
To further verify the chemical stability of the SLIPS, we
immersed the SLIPS and SHS in 0.1 M HCI and NaOH solu-
tions respectively for different times to observe the changes.
In acidic and alkaline environments, the change results of
CA and SA between the SLIPS and SHS were shown in
Fig. 4c, d and Fig. S5a. With the increase of immersion time,
the CA of SHS decreased gradually, whether in acid solution
or alkaline solution. Moreover, the CA of SHS decreased
more rapidly in acidic environment, the reason may be that
the surface of SHS is composed of layered double hydrox-
ides, and LDH is easier to combine with hydrogen ion than
hydroxyl ion. Fig. S5b shows the picture of the SHS after
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Fig.4 a Oil loss of samples at different spin rates. b CAs and SAs of SLIPS with different pH values. ¢ CAs and SAs of SLIPS after immersion
in 0.1 M HCI solution for different time. d CAs and SAs of SLIPS after immersion in 0.1 M NaOH solution for different time

corroded by acidic and alkaline solution. It is clear that the
surface damage was more severe after soaking in HCI solu-
tion. Obviously, the SHS cannot effectively resist the cor-
rosion of the substrate by acid or alkali solution. On the
contrary, as shown in the Fig. 4, the CAs of the SLIPSs
did not change much after soaking in the solution. With the
increase of immersion time, the SAs of the SLIPSs increases
gradually, but the overall SAs were less than 10°. It indicates
that the oil film on the SLIPS had certain resistance to the
corrosion of acid and alkali solution in a short time. In short,
the SLIPS is protected by the oil film, so it has better chemi-
cal and mechanical stability than SHS.

3.3 Anti-corrosion Ability

To study the corrosion resistance of the SLIPS, electrochem-
ical corrosion tests were carried out in NaCl solution and

@ Springer

compared with SHS and Bare. The potential polarization
curves were obtained by the assistance of a three-electrode
electrochemical workstation, and the corrosion current
(Icorr) density and corrosion potential (Ecorr) were obtained
via the Tafel extrapolation method. The data obtained from
the electrochemical corrosion test were selected to plot the
curve, and the results were shown in Fig. 5. As shown in
Table 2, the corrosion potential (Ecorr) and corrosion cur-
rent (Icorr) density of the group were displayed. The Icorr
and Ecorr of Bare, SHS and SLIPS were 7.871 x 107°A,
3.585x 107°A, 1.247x 10° A and — 0.752 V, — 0.736 V,
— 0.684 V, respectively. Generally, samples with superior
corrosion resistance have higher corrosion potential (Ecorr)
and lower corrosion current (Icorr) [33]. Therefore, this data
indicate that SHS is superior to Bare, while SLIPS is better
than SHS in corrosion resistance. It should be noted that low
current density comes from the oil film, which makes the
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Fig.5 Electrochemical corrosion tests of the Bare, SHS and SLIPS

Table 2 Corrosion characteristics of the samples in 3.5 wt% NaCl
solution

3.5 wt% NaCl solution

Samples Ecorr (V) Icorr (A)

Bare —0.7527.871x107°
SHS —0.736 3.585%x 107
SLIPS —0.684 1.247x107°

Fig.6 A Series of anti-fouling tests testified the self-cleaning abil-
ity of the SLIPS (left) and SLIPS (right) immersed in a coffee, b tea,
¢ milk and d cola. e The adhesion of different samples (Bare, SHS
and SLIPS) to the ice surface when water freezes. f Changes in the

SLIPS have excellent corrosion resistance. The oil film insu-
lates the contact between the substrate and the NaCl solution
to protect the Al alloy. The result showed that lubricant has
good physical barriers for protecting the Al alloy substrate
from corrosion.

3.4 Anti-fouling and Anti-icing

In our daily life, the surface with antifouling ability has a
huge impact, and it can improve the application range of
materials [34]. Here, to compare the anti-fouling capability
of the samples, they were immersed in comment different
liquids (including coffee, tea, milk and cola) for 10 s then
removed. It is noteworthy that all the liquid used for the test
is thoroughly stirred to uniform. The test results are shown
in Figs. 6a—d, after soaking in coffee, some liquid remains
on the Bare, and the SHS can still be kept clean due to the
water repellency (Fig. S6). Unexpectedly, the SLIPS can also
keep clean after soaking in coffee (Fig. 6). The same effect
was found in tea, milk and cola tests, the SHS and the SLIPS
remained as clean as at the beginning while the surface of
Bare had some residues (Figs. 6b—d). Remarkably, because
of the existence of oil film, the SLIPS can repel most liquids
with high surface tension, and the liquid can slide readily. In
short, the SLIPS has slippery and hydrophobic properties,
and liquid is not easy to remain on its surface, so it reveals
fine anti-fouling performance. And the SLIPS is superior to
SHS in the above-mentioned performances, thus, SLIPS may
be used in anti-pollution in various industries in the future,
such as construction, shipbuilding, automobile manufactur-
ing, and so on.

(@ 1601
150} SHS
ol & SLIPS
< a
%%0130—
= e
S 120F
S (=} a
110}
o -
1 1 1 1 1
90— 4 5

2 3
Icing/drawing cycle number

surface of the samples (Bare, SHS and SLIPS) after a long period of
freezing. e CAs of SHS and SLIPS after freezing and drawing with
different cycles in the anti-icing test
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Moreover, ice accretion has a serious impact on the usage
life of equipment and the application of materials, result-
ing in huge disaster and economic losses [35]. Therefore,
improving the ice resistance of materials is also a hot topic
for researchers. Herein, the anti-icing performances of
Bare, SHS, and SLIPS were tested. Under the condition of
— 10 °C, 15mL water was injected into the culture dish, and
then put the treated sample surface in contact with the water
surface until the water freezes. The adhesion effect between
the sample and the ice surface was compared. As shown in
the Fig. 6e, Bare and HSH were firmly adhered to the ice
surface, while SLIPS was easier to remove from the ice sur-
face than them. The reason for this phenomenon may be that
under low temperature conditions, the moisture adhering to
the solid surface instantly freezes and sticks to the ice sur-
face. However, SLIPS insulates the contact between water
and the substrate due to the existence of the oil film, and
the water molecules on the oil film are not easy to form ice
nuclei and the ice crystals grow slowly, making it difficult to
adhere to the ice surface [36, 37]. The CAs during freezing
and drawing cycles were measured and reflected in Fig. 6g.
In the icing/drawing test, due to the destruction of SHS and
the lubricant oil loss of SLIPS, they all lost their low sliding
angle. The CA of SHS drops to about 110° after five cycles
for icing/stretching, while SLIPS can maintain a relatively
stable CA due to the protection of the oil film. Furthermore,
the petri dish was left in the refrigerator overnight, after a
long time of freezing, there was almost no change on the
slips, but slight damage on Bare and SHS (Fig. 6f). Thence,
there is no doubt that SLIPS shows better anti-icing than
Bare and SHS.

4 Conclusion

In summary, the multi-functional SLIPS have been con-
structed on Al alloy by a simple hydrothermal method,
stearic acid modification and dimethyl silicone oil lubrica-
tion, successively. The experimental results showed that the
three main factors of SLIPS were surface roughness, low
surface energy and infused lubricant oil. The SLIPS based
on Al alloy not only revealed significant hydrophobicity, but
also has low slip angle, on which water droplets can slide at
5°. In addition, the stability of the SLIPS was also attractive.
In the physical and chemical properties experiments, 43.06%
of the lubricating oil can still be stored on the SLIPS after
high shearing force, and it can maintain a low sliding angle
after strong acid/alkali immersion.

Furthermore, the excellent anti-corrosion, anti-fouling
and anti-icing performance of SLIPS are of great help to
prolonged the service life of Al alloys and expand their prac-
tical application range. Moreover, SLIPS has broad appli-
cation prospects in the fields of automobile, shipbuilding,

@ Springer

architecture and so on. It is hoped that this paper can provide
some reference for expand the practical application range
of SLIPS.
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