Fabrication of super-hydrophobic stainless steel needles and evaluation of their
drag reduction properties
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Naturally, some living things have non-wettable super-hydrophobic surfaces that depend on surface roughness and surface chemistry.
Mimicking such super-hydrophobic surfaces has applications for pain reduction and improving the functionality of needles used in health
care. This study prepared a stainless steel needle with a super-hydrophobic surface using ultrasonic etching for microstructure fabrication
and surface fluorination. The as-prepared stainless steel needle was super-hydrophobic, as evidenced by a water contact angle of 151.3°.
Investigations into the effect of ultrasonic etch time on wettability indicated that microstructures on the surface of the stainless steel needle
were important for developing super-hydrophobicity. Resistance properties of the as-prepared stainless steel needle were also governed by
surface morphology. Super-hydrophobic stainless steel needles have self-cleaning and low adhesion properties and a drag reduction effect
that may reduce pain during a puncture process. Simultaneously, the bionic needle with super-hydrophobic property has more applications
in biological antibacterial, and reducing retention of expensive reagents. Furthermore, this method can also be applied to micropipette tips,
and inkjet or bio-printer heads, which will make breakthroughs in small droplets manipulation, biometric, and inkjet printing equipment.

1. Introduction: Naturally, some living things have non-wettable
super-hydrophobic surfaces that depend on surface roughness and
surface chemistry. Mimicking such super-hydrophobic surfaces has
applications for self-cleaning [1, 2] and anti-adhesion [3-5].
Currently, super-hydrophobic surfaces can be created using electro-
chemical technique [6], laser etching [7, 8], chemical vapour depos-
ition [9, 10], post-treating [11], and sol-gel processing [12-14].
However, most of these methods are limited as they require a flat
two-dimensional structure to generate a super-hydrophobic surface.

Curved stainless steel needles are commonly used as puncture
instruments by health care providers for intravenous and intramus-
cular injections, biopsy sampling, and drug sensitivity tests. Patient
satisfaction with health care is associated with pain [15] and may
be increased by a reduction in injection pain. Injections may be
rendered painless by altering pain perception in the nerves in
the skin and/or by reducing the friction between the skin and the
needle. Painless injections have been achieved using microneedle
delivery, no-needle delivery, bionic-needle delivery, and surface
microstructured needle delivery. In particular, the surface micro-
structured needle has been the topic of recent research. Wang
[16] developed a drag reduction needle with a corrugated, serrated,
and concave microstructure on its surface. Dong et al. [17] reported
a super-hydrophobic hypodermic steel needle fabricated by a
complex polymer/particle dip-coating approach. Qi et al. [18] pre-
pared a super-hydrophobic stainless steel needle by hydrochloric
acid etching and silver (Ag) nanoparticle deposition and studied
the antibacterial property of the needle. However, these methods
used to construct microstructures always involve the high cost,
significant time, and complex process. In addition, studies on the
surface microstructured needle with both super-hydrophobic and
drag reduction properties used for painless injections are extremely
limited.

In the current Letter, a surface microstructured stainless steel
needle with both super-hydrophobic and drag reduction properties
was obtained using a two-step preparation process that included
ultrasonic etching and chemical modification. The etching process
created an irregular microscale roughness on the surface of the stain-
less steel needle. Subsequently, the stainless steel needle surface
was chemically modified with a low surface energy material.
Super-hydrophobic stainless steel needles have self-cleaning
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and low adhesion properties and a drag reduction effect that
may reduce pain during a puncture process. This Letter provides
a new approach to the preparation of multifunctional puncture
instruments for medical use.

2. Experimental section

2.1. Materials: Stainless steel needles (no. 12) were purchased from
the Jiangxi Hongda Medical Equipment Group Co. Ltd. Acetone,
alcohol, distilled water, hydrofluoric acid (HF), and 1H, 1H, 2H,
2H-perfluorodecyltriethoxy-silane (PFDTES, 97%) were used
without further purification.

2.2. Methods: Stainless steel needles were cleaned with distilled
water for 10 min. Conventional and ultrasonic etching methods
were compared. For conventional etching, a stainless steel needle
was placed directly into a beaker with 80 ml HF solution (60% in
water) as the etchant. For ultrasonic etching, a beaker filled with
80 ml HF solution (60% in water) was placed in an ultrasonic
cleaner, a stainless steel needle was set vertically into the etchant,
and ultrasonic etching was initiated. Needles were ultrasonically
etched for various times (range 1-8 min). Subsequently, the con-
ventionally and ultrasonically etched stainless steel needles were
washed in distilled water for 5 min to remove the residual solution
and dried in an oven at 7°C for 30 min. Dried stainless steel needles
were immersed in a solution of PFDTES and methanol (1:100) for
100 min and dried in the oven at 135°C for 2 h.

2.3. Characterisation: The surface morphology of the original and
as-prepared stainless steel needles was observed using a scanning
electron microscope (SEM, JMS-6700F). The hydrophobicity of
the original and as-prepared stainless steel needles was determined
from the static water contact angle (CA), which was measured
using the OCA20 optical CA measuring instrument with a 2 pl
water droplet. Water CA values from three different positions
on the same needle were measured, and the mean was calculated.
Surface chemical analysis of the original and as-prepared stainless
steel needles was made using energy dispersive X-ray spectroscopy
(Oxford X-Max80) and a substrate area of ~200x 200 um?.
Resistance to puncture of silica gel by the original and ultrasonical-
ly etched stainless steel needles was measured with a universal
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tester (WSN-500N) at 24°C and a puncture speed of 100 mm/min.
The maximum displacement of the puncture was 25 mm, and the
puncture test took 15s to complete. Mean resistance from three
stainless steel needles was calculated. Ultrasonically etched stain-
less steel needles that had undergone different etch times were
used to investigate the role of roughness in surface wettability
and resistance.

3. Results

3.1. Morphology and wettability: Stainless steel needles were pre-
pared by microstructure fabrication (etching) and chemical modifi-
cation with a low surface energy material (PFDTES) (Fig. 1). SEM
images and the water CA were used to compare the surface morph-
ology and wettability of the as-prepared stainless steel needles to an
original stainless steel needle (Fig. 2). The surface of the original
stainless steel needle that had been ultrasonically cleaned in dis-
tilled water for 15 min was relatively smooth (Fig. 2a). After modi-
fication with PFDTES, the water CA of the surface of the original
stainless steel needle was 124.4° (Fig. 2a, inset). The surface of
the stainless steel needle that had been conventionally etched
for 5 min was sparsely covered with microstructures, each with a
diameter of ~100 um (Fig. 2b). After modification with PFDTES,
the water CA of the surface of the conventionally etched stainless
steel needle was 141.4° (Fig. 2b, inset). The surface of the stainless
steel needle that had been ultrasonically etched for 5 min was uni-
formly covered with many microstructures, each with a diameter
of ~50 um (Fig. 2¢). After modification with PFDTES, the water
CA of the ultrasonically etched stainless steel needle was 151.3°
(Fig. 2c, inset).

beaker HF

waler
- -

step one:
- . :
——= microstructures
ctching agent ie etching o
2ag ultrasonic etching fabrication

:

I
|
|
I
distilled |
I
I
I
I

-
3 - water
~ needle a —
drying > ultrasonic cleaning
j» microstructures
e - g e i P s i -

PFDTES

| solution I step two:

| —— | low surface
| ) . energy

|

|

|

|

|

|

|

|

|

|

| drying oven
I /
|

|

|

|

|

|

| modification
immersion drying |

Fig. 1 Schematic illustration of the preparation process of a stainless steel
needle by ultrasonic etching
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Fig. 2 SEM images

a Original stainless steel needle following ultrasonic cleaning in distilled
water for 15 min

b Stainless steel needle obtained by conventional etching for 5 min

¢ Stainless steel needle obtained by ultrasonic etching for 5 min
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The wettability of stainless steel needles ultrasonically etched for
different times (1-8 min) was studied after subsequent fluorination
using water CA measurements (Fig. 3). The surface of the chem-
ically modified original stainless steel needle displayed a water
CA of 124.4° (Fig. 2a, inset). After a 5 min etch time, the water
CA was >150°, but it reached a maximum value of 153.8° after a
6 min etch time. There are two wetting states on rough solid sur-
faces, Cassie—Baxter’s wetting state and Wenzel’s wetting states.
These wetting states are determined by the microstructure and the
chemical composition of the surface. In Cassie-Baxter’s state,
trapped air pockets within the surface of the rough structure
prevent liquid from penetrating; therefore, a liquid drop sits on
the top of asperities on the surface maintaining a high CA and
rolling off at small tilt angles [19]. In Wenzel’s state, a liquid
drop can easily penetrate and wet the rough structure resulting in
high adhesion to the surface [20]. The stainless steel needle fabri-
cated after 6 min of etching and fluorination corresponded to the
Cassie—Baxter’s state. As the etch time was extended, microstruc-
tures were destroyed, and the wetting state switched to Wenzel’s
state. SEM images obtained at different ultrasonic etch times are
displayed in Fig. 4.
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Fig. 3 Water CA of the ultrasonically etched stainless steel needle and sub-
sequent fluorination as a function of ultrasonic etch time
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Fig. 4 SEM images of stainless steel needle surfaces as a function of ultra-
sonic etch time
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3.2. Analysis of surface wettability: Super-hydrophobicity is
defined as water CA >150°. Therefore, in this Letter, a super-
hydrophobic stainless steel needle was fabricated after ultrasonic
etching for 6 min and chemical modification with PFDTES. The
super-hydrophobic property of this stainless steel needle can be
expressed as [19]

cos O =f; cos 60— f, (D

where 6, is the water CA of the as-prepared super-hydrophobic
stainless steel needle; 6 is the water CA of the original stainless
steel needle modified with PFDTES (124.4°); and f; and f, are
the fractions of the solid/liquid and air/liquid interfaces
(fi tf2=1). According to the equation (6,=153.8°, 6=124.4°), f,
is 0.764; therefore, air occupies 76.4% of the contact area
between a water droplet and the as-prepared stainless steel needle
surface. Fig. Sa displays a schematic illustration of a water
droplet on the surface of the super-hydrophobic stainless steel
needle. The droplet of water is suspended on the surface of the
stainless steel needle, and the trapped air prevents contact
between the water and the surface.

3.3. Resistance test: A resistance test was used to investigate
the drag reduction property of ultrasonically etched as-prepared
stainless steel needles compared with the original stainless
steel needle. The resistance value and mean maximum resistance
of an original stainless steel needle and stainless steel needles
prepared using different etch times measured using a universal
tester (WSN-500N) are shown in Fig. 6. Resistance to puncture
of silica gel was lower for all fabricated stainless steel needles com-
pared with the original needle (18.2 N). When the ultrasonic etch
time was 6 min, mean resistance was at a minimum, and the drag
was reduced by a maximum of 55%. When the ultrasonic etch
time was >7 min, mean resistance increased, and the drag reduction
effect decreased.

It can be seen from the resistance test that the microstructured
needle has a drag reducing effect because the resistance value F
during the needle puncture is in accordance with the Coulomb
formula, which can be expressed as [21]

F=CA+N tanf3 ?2)

where F is the resistance value during the needle puncture, C is the
adhesion of the silica gel, 4 is the contact area between the needle
and the silica gel, N is the positive pressure received during the
needle puncture, and f is the friction angle between the needle
and the silica gel. During the resistance test, the surface microstruc-
tures created during the 6 min etch minimised the contact area
between the silica gel and the surface of the stainless steel needle,
and the positive pressure N, the friction angle 3, and the adhesion
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Fig. 5 Schematic illustrations of super-hydrophobic and drag reduction
properties

a Water droplet on the surface of the super-hydrophobic stainless steel needle
b Contact state between the structured stainless steel needle and silica gel
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Fig. 6 Resistance value and mean maximum resistance of an original stain-
less steel needle and stainless steel needles prepared using different etch times
a Resistance values of the original and prepared stainless steel needle as a
function of puncture time

b Mean maximum resistance values of the stainless steel needles as a
function of ultrasonic etch time

force C of the needle were not affected by the microstructures;
therefore, the resistance value F of the needle was reduced.

Besides, the microstructures allowed air to exist in the structural
depression. In this case, the surface of the microstructured needle,
the air, and the silica gel formed a rolling bearing model during
the resistance test (Fig. 5b). Compared to the original needle, the
resistance value of the microstructured needle was reduced under
the sliding friction condition.

4. Discussion: Recent studies revealed that the super-
hydrophobicity of certain biological surfaces is affected by
surface roughness and low surface energy [22-24]. In this Letter,
a super-hydrophobic stainless steel needle was fabricated using
6 min of ultrasonic etching and fluorination in PFDTES to create
surface microstructures and achieve low surface energy. The
as-prepared stainless steel needle was super-hydrophobic, with
water CA >150°. The surface of the stainless steel needle was uni-
formly covered with microstructures with a diameter of ~50 pm.
These microstructures can trap a large amount of air, which
reduces the contact area between water and the stainless steel
needle. The super-hydrophobic surface imparts both self-cleaning
and low adhesion properties to the stainless steel needle. In clinical
practise, this as-prepared stainless steel needle may enhance the
needle’s function and reduce injection-associated pain.

Previous studies confirm that surface roughness enhances super-
hydrophobicity. Long et al. [8] fabricated a super-hydrophobic
copper surface by picosecond laser nanostructuring and subsequent
modification with triethoxyoctylsilane. The surface showed robust
ripples with a large number of nanoscale structures, and the CA
was 153.9°. Qi et al. [18] fabricated a super-hydrophobic bionic
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needle by an electroless replacement reaction process between
an Ag nitrate solution and an activated stainless steel needle and
subsequent surface modification with octadecanethiol. Ag micro-
nanostructures were formed on the surface of the bionic needle,
and a maximum CA of 152° was achieved. Wang [16] fabricated
a bionic needle with corrugated, serrated, and concave micro-
structures on its surface; however, the super-hydrophobicity of
this stainless steel needle was not investigated.

Resistance properties of structures are also strongly governed by
surface morphology [4, 10, 18]. In the current Letter, the super-
hydrophobic stainless steel needle underwent a resistance test
in which silica gel was used to simulate skin. The microstructures
on the surface of the as-prepared stainless steel needle were
filled with air. This minimised contact between the stainless steel
needle and the simulated skin and reduced frictional effects. In
an in vivo model, biological fluids could displace the air in the
microstructures providing a lubricating effect during the puncture
process. Furthermore, the microstructures will cause vibration
perpendicular to the direction of the advancing stainless steel
needle, which could increase the flow of biological fluids and the
lubricating effect [16, 25].

5. Conclusions: In summary, a super-hydrophobic stainless steel
needle was successfully fabricated using ultrasonic etching and
surface modification. The super-hydrophobic surface of the stain-
less steel needle was attributed to the presence of microstructures
and chemical modification with a low surface energy material.
The as-prepared stainless steel needle had drag reduction properties
which could reduce pain during a puncture process. This Letter
provides a new approach to the preparation of multifunctional
medical puncture instruments, and we hope the ultrasonic etching
method can contribute to promoting small droplets manipulation
and biometric and inkjet printing applications.

6. Acknowledgment: We thank Zhongxu Lian for measuring
contact angles and resistance values.

7 References

[11 HeZ.W., Zhang Z.L., He J.Y.: ‘Cuo/Cu based superhydrophobic and
self-cleaning surfaces’, Scr. Mater., 2016, 118, pp. 60—64

[2] LomgaJ., Varshney P., Nanda D., £7 4z.: ‘Fabrication of durable and
regenerable superhydrophobic coatings with excellent self-cleaning
and anti-fogging properties for aluminium surfaces’, J. Alloys
Compd., 2017, 702, pp. 161-170

[3] Jin M.H., Liao M.Y., Jiang L.: ‘Preparation of super-hydrophobic
PDMS films and study on surface adhesion’, Chem. J. Chin. Univ.,
2007, 28, pp. 996998

[4] Cho E.C., Chang Jian C.W., Chen H.C., £r 4r.: ‘Robust multi-
functional superhydrophobic coatings with enhanced water/oil separ-
ation, self-cleaning, anti-corrosion, and anti-biological adhesion’,
Chem. Eng. J., 2017, 314, pp. 347-357

[5] Chen A.F., Huang H.X.: ‘Rapid transfer of hierarchical microstruc-
tures onto biomimetic polymer surfaces with gradually tunable

482
© The Institution of Engineering and Technology 2019

(6]

(71

(8]

9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]
[21]
[22]
[23]

[24]

[25]

water adhesion from slippery to sticky superhydrophobicity’,
Mater. Res. Express, 2016, 3, p. 025011

Zhang J., Sheng X., Cheng X.Q., ET 4L.: ‘Robust electrochemical
metal oxide deposition using an electrode with a superhydrophobic
surface’, Nanoscale, 2017, 9, pp. 87-90

Bachus K.J., Mats L., Choi H.W., £7 4L.: ‘Fabrication of patterned
superhydrophobic/hydrophilic substrates by laser micromachining
for small volume deposition and droplet-based fluorescence’,
ACS Appl. Mater. Interfaces, 2017, 9, pp. 7629-7636

Long J.Y., Fan P.X., Zhong M.L., £7 4..: ‘Superhydrophobic and col-
orful copper surfaces fabricated by picosecond laser induced periodic
nanostructures’, Appl. Surf. Sci., 2014, 311, pp. 461-467

Li H., Wang X., Song Y., £7 4L.: ‘Superamphiphobic aligned carbon
nanotube films’, Angew. Chem., 2001, 113, pp. 1793-1796

Gao J.M., Song X.F., Hua J., Er 4L.: ‘Superhydrophobic graphenic
carbon nanowalls fabricated by one-step PECVD’, Mater. Lett.,
2016, 184, pp. 273-277

Khorasani M.T., Mirzadeh H., Kermani Z.: ‘Wettability of porous
polydimethylsiloxane surface: morphology study’, Appl. Surf. Sci.,
2005, 242, pp. 339-345

Nakajima A., Fujishima A., Hashimoto K., £7 4..: ‘Preparation of
transparent superhydrophobic boehmite and silica films by sub-
limation of aluminum acetylacetonate’, Adv. Mater., 1999, 11,
pp. 1365-1638

LiJ., Zhao Z.H., Zhang Y., ET 4L.: ‘Facile fabrication of superhydro-
phobic SiO,-coated mesh used for corrosive and hot water/oil separ-
ation’, J. Sol-Gel Sci. Technol., 2017, 82, pp. 299-307

Khazaei M., Sadeghi M.T., Hosseini M.S.: ‘Stable superhydrophilic
coating on superhydrophobic porous media by functionalized nano-
particles’, Mater. Res. Express, 2018, 5, p. 015019

Wells N., Pasero C., McCaffery M.: ‘Improving the quality of care
through pain assessment and management’ (Agency for Healthcare
Research and Quality (US), Rockville (MD), 2008). Available at
https:/www.ncbi.nlm.nih.gov/books/NBK2658/, accessed June 2018
Wang J.C.: ‘Coupling bionic research on painless injector needles
based on insect piercing-sucking mouthpart’ (Jilin University,
Changchun, 2008)

Dong Z.C., Ma J., Jiang L.: ‘Manipulating and dispensing micro/
nanoliter droplets by superhydrophobic needle nozzles’, ACS Nano,
2013, 7, pp. 10371-10379

Qi X., Song W., Mao Z., £r 4L.: ‘Fabrication of a bionic needle with
both super-hydrophobic and antibacterial properties’, J. Bionic Eng.,
2013, 10, pp. 377-382

Davis S.P., Landis B.J., Adams Z.H., £7 4L.: ‘Insertion of micronee-
dles into skin: measurement and prediction of insertion force and
needle fracture force’, J. Biomech., 2004, 37, pp. 1155-1163

Cassie A., Baxter S.: “Wettability of porous surfaces’, Trans. Faraday
Soc., 1944, 40, pp. 546551

Wenzel R.N.: ‘Resistance of solid surfaces to wetting by water’, Ind.
Eng. Chem., 1936, 28, pp. 988-994

Jiang L.: ‘Super-hydrophobic nanoscale interface materials: from
natural to artificial’, Sci. Technol. Rev., 2005, 23, pp. 4-8 (in Chinese)
Blossey R.: ‘Self-cleaning surfaces — virtual realities’, Nature Mater.,
2003, 2, pp. 301-306

Burton Z., Bhushan B.: ‘Surface characterization and adhesion and
friction properties of hydrophobic leaf surfaces’, Ultramicroscopy,
2006, 106, pp. 709-719

Wang J.C., Chen L.L., Ren L.Q., £7 4L.: ‘Experimental research on
drag reduction of bionic injector needles’, J. Jilin Univ. Eng.
Technol. Edn., 2008, 38, pp. 379-382

Micro & Nano Letters, 2019, Vol. 14, Iss. 5, pp. 479-482
doi: 10.1049/mnl.2018.5539


https://www.ncbi.nlm.nih.gov/books/NBK2658/
https://www.ncbi.nlm.nih.gov/books/NBK2658/
https://www.ncbi.nlm.nih.gov/books/NBK2658/
https://www.ncbi.nlm.nih.gov/books/NBK2658/
https://www.ncbi.nlm.nih.gov/books/NBK2658/
https://www.ncbi.nlm.nih.gov/books/NBK2658/
https://www.ncbi.nlm.nih.gov/books/NBK2658/

	1. Introduction
	2. Experimental section
	3. Results
	4. Discussion
	5. Conclusions
	6 Acknowledgment

