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Electrosurgical knife is the most common invasive surgical instrument in a cutting and hemosta-
sis process, which easily leads the overheated tissues to pyrolysis, eschar and adhesion on the knife
surface. In order to minimize the adhesion of the overheated tissues, we investigated and fabricated
the surface micro-structures on the blade by fiber laser inspired by shark’s skin. The wettability of
the blade surfaces with different bionic shark skins were measured by the contact angles, revealing
the surface wettability effect. Frictional coefficients between the blade surfaces with different bionic
shark skins and pork liver tissues are respectively measured by friction test machine. After cutting
the pork liver, the adhesive tissue mass on the electrosurgical knives are weighed to study the anti-
adhesion. The relationship between adhesive mass, wettability and frictional coefficients on the bi-
onic shark skins are analyzed in the orthogonal experimental method. The experimental results show

that the bionic shark skin on the blades can effectively reduce the adhesive tissues.
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1. Introduction

Electrosurgery is broadly used in a wide variety of sur-
gical procedures, and electrosurgical knives are the most
common invasive surgical instruments in a cutting and he-
mostasis process [1]. In surgery, the surgeon controls the
radio-frequency electrical energy to the blade to generate
heat and cause hemostasis as tissue is cut, which easily
leads the overheated tissues to pyrolysis, eschar and adhe-
sion on the knife surface. Although electrosurgical knives
have proven effective for minimizing bleeding during sur-
gery, one problem is that the overheated tissue sticking to
the blade reduces cutting efficiency and ultimately requires
the replacement of the blade [2]. Traditional methods to
overcoming this problem rely on simple coating technology
[3] or edge shape optimization technology [4], which are
difficult to satisfy the requirements of minimally invasive
medical devices.

In recent years, the surface modification of the electro-
surgical knives to reduce tissue adhesion has attracted the
attention [5, 6]. Zhang et al. proposed the micro/nano-
structures on the knife surface, filled with biocompatible
lubricating liquids (e.g. water, silicone oil, polyethylene
glycol and polyethylene oxide) to reduce adhesion [5]. Lin
et al. used femtosecond laser to produce micro/nano-
structures on the electrode surface, which can effectively
avoid tissue damage [6]. However, these methods involved
the complex or expensive equipments, which limited the
applications.

Inspired by the remarkable nature example of the shark
skin, the excellent performances of drag reduction and anti-
fouling induced by its distinctive surface morphology with
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hierarchical micro/nano-structures attracted worldwide
attention [7-10], as shown in Fig.1. Chen et al. replicated
the outer surface of shark skin in a large area fabricated by
a bio-replicated micro-imprinting approach and the test
showed that the drag reduction and anti-fouling function of
the coating surface were excellent [9]. Fu et al. fabricated
the shark skin replica by the micro molding technique and
improve the wettability function [10]. Because of the shark
skin’s functional performances of drag reduction and anti-
fouling, we investigate and fabricate the biomimetic anti-
adhesion surface micro structures on the electrosurgical
blades in this paper. Compared with the expensive ultrafast
laser including femtosecond and picosecond laser, long-
pulse fiber lasers including the millisecond and microsec-
ond laser are cheaper and widely used in the industry. So
this work focused on the biomimetic anti-adhesion surface
structures fabricated by the long-pulse fiber laser.

Fig. 1 SEM images of the shark skin’s surface morphology [7] .

2. Experiment
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2.1 Materials

The experiments detailed in this paper were performed
on commercially available stainless steel 316L sheets with
thicknesses of 0.64 mm and electrosurgical blades made of
stainless steel 316L, respectively. Before and after laser
radiation, the samples were cleaned ultrasonically with
acetone, ethanol and deionized water successively.

2.2 Surface laser irradiation

Hierarchical structures on the sample surface were fab-
ricated using a SPI fiber laser (SPI-100C) system at the
wavelength of 1070 nm with the pulse width of 500 ps. The
sample was mounted on a computer-controlled XYZ mo-
tion platform. The laser micromachining system used in the
experiment mainly includes a laser source, an optical path
system, and a motion platform, as shown in Fig. 2. During
the laser processing, the surface micro-structures are fabri-
cated directly by controlling the motion platform with the
sample. The sample was irradiated by the laser beam nor-
mal to the surface, with focus spot of about 18 um diame-
ter. The scanning speed of 0.5~ 5 m/min and repetition rate
of 1000 Hz were used. The fluences in the range of
2000~20000 J/cm? were applied separately to the sample
316L sheets and electrosurgical blades. Arrays of micro-
grooves were directly written on the sample surface.

focus lens

laser beam

/ sample

microgroove

Fig. 2 Schematic diagram of the laser micromachining system.

In Fig. 1, the surface of shark skin is composed of ti-
ny diamond-shaped scales with small riblets aligned in the
direction of fluid flow, which contributes to the drag reduc-
tion and antifouling. Similar to the distinctive surface mor-
phology of shark skin, we built the surface structure model,
shown in Fig. 3. In the model, lots of same square scales
with length L built up the surface structures and the riblets
with pitch D in the direction along fluid flow cover the
scale surface. According to the model, the bionic shark skin
is directly written on the samples by fiber laser pulses. Fig.
4 shows a result of bionic shark skin surface fabricated by
laser on stainless steel. Fig. 5 shows the depth of the
grooves fabricated by the laser at the given laser power,
which made up the bionic shark skins.

To find the optimal structural parameters, orthogonal
experimental methods were used [11]. 9 blades with differ-
ent structures (in different parameters: P, D, L) are fabri-
cated, the structural parameters are shown in the table 1.
Another smooth blade without bionic shark skin was used
as a reference in the following experiments.

310

1.0 [ v=0.3
= g v=1.0
B V=3.0
5 V=50
H .
Sos
o g
g N
.
o
\
o LS A i |
10 7 21
Power/W

Fig. 5 The depth of the grooves fabricated by the laser at the giv-
en laser power.

Table 1 The experimental parameters of bionic shark skin.

Sample No. P/W D/um L/um
1 15 150 600
2 15 300 800
3 15 450 1000
4 21 150 800
5 21 300 1000
6 21 450 600
7 18 150 1000
8 18 300 600
9 18 450 800

2.3 Surface measurement and test

After different bionic shark skins were fabricated on 9
blades, the surface properties of bionic shark skins were
measured and tested. At first, scanning electron microscopy
(SEM, FEI Q45) and optical microscopy were used to
study the surface morphology of bionic shark skins. Second,
surface wettability of samples was studied by measuring
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the contact angle under ambient conditions. The friction
coefficients of samples were measured by friction and wear
testing machine under ambient conditions. At last, after the
blades with bionic shark skins were tested to cut the pig’s
liver, the mass of adhesion tissues on the blades were
weighed to study the anti-adhesion.

3. Results and discussion

The tissue adhesion on the blade is related to several
factors, such as blade materials, blade shape, surface wet-
tability, friction coefficients and so on. This paper mainly
focuses on the effects of surface wettability and friction
coefficient on the anti-adhesion performance on the com-
mercial electrosurgical blades made of stainless steel. The
effects of surface wettability and friction coefficient were
analyzed and discussed separately in the following.

3.1 Surface wettability effect

The samples (9 blades with different structures in table
1) were left in air, under ambient conditions before study-
ing their surface wettability by contact angle meter
(Dataphyscs, OCA20). A 5 pL droplet of deionized water
was dispensed onto the sample surface using a syringe
while an image was captured by a camera combined with a
6x magnification system. The contact angle was then de-
termined by analyzing the droplet images using the soft-
ware SCA20. The contact angles on each sample were
measured in several times and the average values of contact
angles were obtained, shown in Fig. 6.

In Fig. 6, the contact angle on the smooth original sam-
ple was 68°, which is smaller than the other samples with
bionic shark skin. So biomimetic shark skin can increase
the contact angle of the knife surfaces and reduce the hy-
drophilicity. The contact angle can be increased by up to
21%.

In order to find the role of structures parameters (P, D,
L) in the surface wettability, orthogonal experimental
methods were used to analyze the contact angle results in
Fig. 6. Orthogonal experimental results are shown in table
2. For example, in the case of parameter P (the left column
in Table 2), K1, K and K3 are defined as follow. K1, K and
K3 are sum of the contact angles on the samples at P=15,
21 and 18 W (shown in Table 1), respectively. Then
k1=K1/3=82.67, ko=K,/3=82.44, and k3=K3/3=81.18. At last,
Re= range of (ki, ka, ks) =1.49. Similarly, Rp= range of (ki,
k2, k3) =0.22 for parameter D; R = range of (ki, k2, ks)
=2.69 for parameter L. From table 2, R.> Rp> Rp, implying
that structural parameters affecting wettability are as fol-
lowing: Scale length (L)> Laser power (P)> Riblets pitch
(D). So the macro structures with scale length L play the
most important role in surface wettability.

The mechanism of surface structures affecting the
contact angle can be explained by Cassie-Baxter model
[12]:

cos (6%) =17 fcos (By) + f—1 (1)

where 0* is the apparent contact angle which corresponds
to the stable equilibrium state, Oy is the Young contact an-
gle as defined for an ideal surface, r is the roughness ratio
of the wet surface area and f is the fraction of solid surface
area wet by the liquid. The structural parameters (P, D, L)

of bionic shark skin change r: and f in the Cassie-Baxter
model, resulting in the increased contact angle.
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Fig. 6 Contact angles of sample surfaces: (a) Sample No.1; (b)
Sample No.2; (c) Sample No.3; (d) Sample No.4; (e) Sample
No.5; (f) Sample No.6; (g) Sample No.7; (h) Sample No.8; (i)
Sample No.9; (j) Original sample without bionic shark skin.

Table 2 Orthogonal experiment result of surface wettability

P/W D/um L/um

Ki 248.01 246.54 250.27

Kz 247.33 245.87 249.81

Ks 24354 246.47 2422

ki (=Ku1/3) 82.67 82.18 83.42
ko (=K2/3) 82.44 81.96 83.27
ks (=Ks/3) 81.18 82.16 80.73
Re o, 1) 1.49 0.22 2.69
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3.2 Friction test

To study the friction effect on the anti-adhesion per-
formance, the friction coefficients between the blade sur-
faces and pig’s liver slices were measured using the vertical
universal friction and wear testing machine (MMW-1). In
the machine, the pig’s liver was cut to the disc-shaped slice
with the diameter of g45mm and thickness of 2mm, which
was fixed on a metal substrate. The blade tip was cut into
the rectangular bar of 5mm length, that was fixed on a pin
in the machine. In the friction test, the pressure force be-
tween blade surface and liver slice is set to 10N, and rota-
tion speed of the blade tip on the liver slice is set to 10
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r/min. The friction experiments were carried out at room
temperature under ambient conditions. The friction coeffi-
cient of each sample was measured at least 3 times to ob-
tain the average value as the result. The friction coefficients
of all the blades with bionic shark skins in table 1 were
shown in table 3.

Table 3 Friction coefficients of samples with bionic shark skins.

Sample No. 1 2 3
Friction +0.088 +0.032 +0.050
coefficient f 0217055 0.20700gs 022745557
Sample No. 4 5 6
Friction +0.044 +0.062 +0.043
coefficient f 0-23—0.114 0'22—0.066 0-22—0.024
Sample No. 7 8 9
Friction . +0.053 .
cosfficient f | 02210083 0.21Zg0z  0.20%5:537

From table 3, No. 9 sample has the smallest friction co-
efficient among all the samples, however, the friction coef-
ficient of smooth blade surface without bionic shark skin is
0.2558. So bionic shark skin can effectively reduce friction
coefficient, and the friction coefficient was reduced by
21.88%.

The friction results were also analyzed by orthogonal
experimental analysis. The orthogonal experiment results
of friction test are shown in table 4. It can be seen that the
impact factors on friction coefficient of bionic shark skins
are as follows: riblets pitch (D)> Laser power (P)> Scale
length (L). This result implies that the micro riblet struc-
tures play the most important role in the friction effect.

Table 4 Orthogonal experiment result of friction test

P/W D/um L/um

Ky 0.638199 0.664491 0.64026

K2 0.667569 0.631209 0.637227

Ks 0.635868 0.647439 0.664149

ki (=K1/3) 0.212733 0.221497 0.21342
ko (=K2/3) 0.222523 0.210403 0.212409
ks (=Ka/3) 0.211956 0.215813 0.221383
Re o, 1) 0.010567 0.011094 0.008974

3.3 Anti-adhesion test

Finally, fresh liver was cut by electrosurgical knives
with bionic shark skins to test the anti-adhesion effect by
weighing the adhesive tissue mass on the blades. In the test,
cutting speed is 1000 mm/min and cutting depth is 12 mm.
The temperature of electrosurgical knives was kept to
250°C+10°C during the cutting process. After cutting, liver
tissue adhesion on the blades were shown in Fig. 7, where
Fig. 7(a) shows tissue adhesion on the original blade while
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Fig. 7(b) shows tissue adhesion on the blade with bionic
shark skin, indicating more tissue adhesion on the original
blade. After cutting, electrosurgical knife was cleaned to
remove the adhesive tissues. For each electrosurgical knife,
cutting experiments were repeated at least 3 times and the
average mass of adhesive tissue on the blades with bionic
shark skins in table 1 were obtained and shown in table 5.

Fig. 7 Liver tissue adhesion on the electrosurgical knives:
(a) Original blade without bionic shark skin; (b) The blade with
bionic shark skin.

Table 5 Average mass of adhesive tissue on electrosurgical knives

Sample No. 1 2 3
Adhesive ti

e | 26708 2331305 2551503
Sample No. 4 5 6
Adhesive tissue +0.07 . +0.07
mass (mg) 2637005 253%%%2  23770%:
Sample No. 7 8 9
Adhesive ti

mass (mgy | 2491083 2371017 2314092

As a reference, the average mass of adhesive tissue on
the original knife without bionic shark skin is 2.78 mg.
From table 5, we can conclude that the bionic shark skin
can effectively reduce the adhesion of liver tissue and the
adhesion mass can be reduced by maximum 16.91%. The
anti-adhesion experimental results were also analyzed by
orthogonal experimental analysis. The orthogonal experi-
ment results of adhesion test are shown in table 6. It can be
seen that the impact factors affecting the adhesion are as
follows: riblets pitch (D)> Laser power (P)> Scale length
(L). This result implies that the micro riblet structures also
play the most important role in the anti-adhesion perfor-
mance.

Compared with the results of friction test, the optimal
structural parameters and impact factors of adhesion test
were consistent. So it is suggested that friction plays a ma-
jor role in anti-adhesion. Considering surface wettability
effect, tissue adhesion decreases with increasing contact
angle in the certain range. In total, the smaller friction coef-
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ficient and the greater contact angle, resulting in less adhe-
sion.

Table 6 Orthogonal test results of adhesion test

P/W D/um L/um

K1 7.48 7.72 7.34

Kz 7.53 7.23 7.27

Ks 7.17 7.23 7.57

ki (=Ky/3) 2.49 2.57 2.45
k2 (=K2/3) 2.51 241 242
ks (=Ks/3) 2.39 241 2.52
Re. b, 1) 0.12 0.16 0.1

4. Conclusions

In order to minimize the tissue adhesion on the electro-
surgical knife during a cutting and hemostasis process, we
investigated and fabricated the anti-adhesion micro-

structures on the blade by fiber laser, inspired by shark skin.

9 blades with different bionic shark skins were fabricated
and orthogonal experimental methods were used to find the
optimal structural parameters.

The tissue adhesion on the commercial electrosurgical
blade made of stainless steel is related to surface wettabil-
ity and friction coefficient. The surface wettability of sam-
ples was studied by measuring the contact angle and exper-
imental results showed that biomimetic shark skin can in-
crease the contact angle and reduce the hydrophilicity. The
contact angle can be increased by up to 21%. Orthogonal
experimental results implied that the macro structures with
scale length L play the most important role in surface wet-
tability.

The friction coefficients of samples were measured by
friction and wear testing machine. Friction test results
showed that bionic shark skin can effectively reduce fric-
tion coefficient and friction coefficient was reduced by
21.88%. Orthogonal experiment results implied that the
micro riblet structures play the most important role in the
friction effect.

Finally, fresh liver was cut by electrosurgical knives
with bionic shark skins to test the anti-adhesion effect by
weighing the adhesive tissue mass on the blades by a bal-

ance. Orthogonal experiment result implied that the micro
riblet structures also play the most important role in the
anti-adhesion performance, consistent with the results of
friction test, which meant that friction plays a major role in
anti-adhesion. Adhesion test results showed that the bionic
shark skin can effectively reduce the adhesion of liver tis-
sue and the adhesion mass can be reduced by maximum
16.91%.
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