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Abstract

A venous retention needle, as an implanted device, is very likely to cause thrombosis. In view of the thrombosis phenomenon
caused by retention needles, this paper compares the influence of different superhydrophobic surface retentions on blood
flow. Compared with other superhydrophobic bulges, the fluid velocity of the four-prism bulge is the highest (0.08 m/s),
and the vorticity and shear force of the hemispherical bulge are higher. A large number of vortices can inhibit thrombosis
better. The tire vortices generated in the superhydrophobic convex grooves are important vortices to inhibit thrombosis. The
enhancement and development of the tire vortex weakens the resistance near the wall of the needle and reduces the prob-
ability of platelet aggregation. The superhydrophobic surface structure studied in this paper can not only provide guidance
for the design of venous retention needles with better performance but also provide corresponding technical support for the

development of human implantation devices.
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1 Introduction

Anticoagulant materials, also known as blood-compatible
materials, are biomaterials that do not trigger blood clot-
ting. They are widely used in contact with human blood
and tissue, such as blood transfusion catheters, endovascular
stents, artificial blood vessels, and others in contact with
blood. Under normal circumstances, they will produce vary-
ing degrees of coagulation and form thrombi. The formation
of a blood clot can block the lumen of the catheter. The clots
can cause vascular disease and death in severe cases. As a
result, one of the main tasks and central contents of biomate-
rial research has always been how to improve the anticoagu-
lant performance of materials [1-3]. The super-hydrophobic
surface not only has the functions of being waterproof and
self-cleaning but also has anti-blood coagulation.
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Among all reactions between blood and materials, throm-
bosis and blood clotting are the most sensitive and complex.
Thrombosis is a solid mass formed when blood clots or some
components of blood stick to each other (usually in a living
heart or vascular cavity) [4, 5]. Thrombosis is related to
various blood components such as plasma proteins, clotting
factors, and platelets and is a complex chain reaction.

International experts have conducted a large number of
studies using in vitro evaluation methods and have developed
specific evaluation methods for anticoagulant materials, which
usually include platelet adhesion tests, whole blood coagula-
tion tests, hemolysis tests, etc. [6—13]. The researchers believe
that the super-hydrophobic surface, with its low apparent
free energy and less interaction, shows better anticoagula-
tion. Blood flow characteristics in rough microtubules may
also affect its anticoagulant behavior [14-16]. As the flow
in normal autologous blood vessels is generally laminar, the
rough structure on the super-hydrophobic surface may disturb
the flow layer, thus causing the original laminar flow on the
wall to be disturbed and inhibiting thrombosis [17]. In vitro
static adhesion experiments with platelets after modification
of super-phobic and super-hydrophilic surfaces also showed
that, compared with the unmodified super-phobic (contact
angle=170°) and super-hydrophilic (contact angle =10°),
the modification brought excellent blood compatibility [4].
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Therefore, the formation of thrombosis has an impor-
tant relationship with the surface structure of the retained
needle. Exploring these internal relationships can not only
extend the needle's useful life for relieving patient pain,
but also provide important guidance for the design of other
medical implanted devices.

2 Geometric model and boundary
conditions

In this paper, there are three models of super-hydropho-
bic surfaces proposed. The cube, pyramid, and hemi-
sphere, as the basic shape structures that are easy to
process, are selected as the research objects. The needle
wall flow fields of three different needles are shown in
Fig. 1. Their structural parameters are shown in Table 1.
The exit wall of the flow field is symmetric. The inlet
and outlet walls are called pressure inlet and pressure
outlet, respectively. The CATIA software was used to
construct geometry.

The blood is a kind of non-Newtonian fluid. The stand-
ard k model was used for simulation calculation in order
to obtain accurate simulation results. The average time
domain of the Navier—Stokes equations to obtain the

Fig. 1 Model of vein retention
needle flow field
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continuity and momentum equations for incompressible
flow is as follows [18-20]:
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In the formula, 6, = 1.0 and o, = 1.3 are the turbulent
Prandtl number of k and ¢ respectively; S, and S, are the source
terms; G, is the turbulent kinetic energy caused by velocity
gradient. G, is the turbulent kinetic energy caused by buoy-
ancy; Y, is the fluctuation generated by pulsating diffusion in
compressed turbulence. The expressions for solving G, G, and
Y, are shown in Egs. (3, 4, and 5):
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Table 1 The structural
parameter vein retention needle

Structure parameter Values(mm)  Structure parameter Values (mm)
Needle diameter 0.8 Hump diameter (cube) 0.05
Flow channel length (a) 8 Hump height (cube) 0.05
Flow channel inner diameter 0.3 Hump diameter (rectangular pyramid)  0.05
Circular array (c) 20° Hump height (rectangular pyramid) 0.05
Axial array (d) 0.15 Hump diameter (hemisphere) 0.05
Flow channel outer diameter (b) 1 Hump height (hemisphere) 0.05
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Among them, pu;uj' is the rate of change of average
momentum; /3 is the coefficient of thermal expansion; g;
is the component of gravitational acceleration; and P, is
the Prandtl number. The turbulent Mach number M, and
vortex viscosity coefficient y, can be expressed as
follows:

k
k2
= pC, @

Other parameters in the standard k- model (Formulas
(5) and (6)) are as follows: C,=0.09; C;,=1.44, C,,=1.92;
C;,=tanh|v/u|; @ is the kinetic energy of sound propagation
in a fluid; # and v are two mutually perpendicular velocity
components.

3 Simulation model

Since there are many changes in the internal spatial struc-
ture of the flow field, tetrahedral grid elements can be
used to divide the solution domain to better fit the grid
with the wall surface, as shown in Fig. 2. The software of
Workbench and Fluent were used to conduct simulations.
In fluid calculation, in order to obtain the optimal grid
number of time cost and calculation accuracy, different
grid numbers were divided to solve the inlet and outlet
pressure difference respectively, and the grid model was
selected by comparing the difference between different
grid numbers and pressure difference. With the increase
of the grid, the computation time gradually increases and
tends to flatten out, as shown in Fig. 3. The grid number

Fig.2 Simulated grid model

2731421 is selected in this research, which can meet the
requirements of the venous indwelling needle in this
study. The fluid material is set as blood according to the
actual usage, and its physical parameters and flow state
are shown in Table 2. The flow field inlet is the pressure
inlet, and the pressure is 1500 Pa. Flow field outlet is
pressure outlet and natural pressure outlet.

4 Performance analysis of
super-hydrophobic surface

Since surface-induced blood thrombosis has become
a common cause of needle retention complications,
improving the blood compatibility of the human nee-
dle surface is a major problem in biomaterial science.
In this case, good blood compatibility can be achieved
simply by controlling the geometry of the surface with-
out changing its chemical composition. We believe that
using nature is the best way to solve nature’s problems.
Therefore, a super-hydrophobic surface with an ideal
size and shape is of great significance [21].

An interesting phenomenon was also observed in
platelet adhesion tests with two different super-hydro-
phobic surface structures (Fig. 4a). A small number of
adherent platelets were observed on the surface of the
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Table 2 Physm.a% properties and Blood Parameter
boundary conditions of related
materials Density 1060 kg/m®
Dynamic viscosity 0.004 Pa*s
Inlet pressure 1500 Pa
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left super-hydrophobic structure (Fig. 4b). However, it
is clear that there is little platelet adhesion on the sur-
face of the right super-hydrophobic structure (Fig. 4c).
In conclusion, different super-hydrophobic structures can
produce different inhibitory effects on thrombosis.

5 Result and discussion

5.1 Influence of super-hydrophobic surface on flow
field in needle

Figure 5 is the velocity flow figure near the wall of the needle
with three different structures. By contrast, it can be clearly
seen that the fluid velocity with the bionic projection of the
cube is higher. Its near-wall velocity is 0.02 m/s, which is
39% and 23% higher than that of the rectangular pyramid
and hemisphere, respectively. But for the hemispherical
bionic bulge of the needle, the vortex that is formatted in the
groove is the most complete. The bionic bulge structure with
a rectangular pyramid is inferior to the other two structures
in terms of near-wall velocity and vortex formation.

The bionic bulge attenuates the velocity near the nee-
dle wall and enhances the velocity far from the center
of the needle. So the bionic bulge makes the blood less
likely to form thrombosis. When the fluid flow begins to
flow through the wall, a part of the blood adheres to the
wall due to the viscosity of the fluid, and then the blood
flow is blocked and thrombosis is easy to form. As for

Fig.4 a After 90 min of contact
with freshly prepared platelet-
rich plasma, the two kinds
superhydrophobic surface was
observed by scanning electron
microscopy; b enlargement of
one structure on the left side; ¢
enlarged view of the other on
the right side [21]
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the bionic retention needle, some special vortex struc-
tures will be formed on the surface of the bionic projec-
tion when the fluid flows through the needle. They will
make the vortex in the flow field constantly upset and
re-fit. It is the existence of these bionic bulges that weak-
ens the negative influence of vortex on the blood flow
field and realizes the reduction of blood flow resistance.
It fundamentally inhibits the formation of thrombosis.

5.2 Influence of super-hydrophobic surface on force
in needle

Figure 6 depicts the flow field's retention needle vorticity.
It shows that the vorticity of blood flow in the rectangular
pyramid bionic needle is lower than the other two bulges
in the needle. The cube and hemisphere bionic structures
are better at forming vortices. And the vortex interferes
with most of the velocity and turbulence intensity near
the wall. The existence of vortices is beneficial because it
shortens the contact time between specific blood particles
and the needle wall, which is helpful to inhibit the forma-
tion of blood thrombosis.

Figure 7 shows the vortex core distribution figure in
the flow area. The vortices near the wall of the hemi-
sphere bulge bionic needle are finer and more uniform, as
shown in the figure. The distribution of the vortex core
makes the blood-wall contact unstable. This inhibits the
coagulation of platelets near the wall and reduces the
formation of thrombosis.
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Fig.5 Velocity flow diagram of Velocity Magnitude
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5.3 The mechanism of inhibiting thrombosis
of super-hydrophobic surface

As mentioned above, the fluid movement states are not the
same on different super-hydrophobic surfaces. This results
in various thrombotic inhibition effects. The special flow
named “tire vortex” is proposed to analyze and study the
conditions near the bulge. The drag reduction effect of the
tire vortex in the groove is shown in Fig. 8. The drag reduc-
tion mechanism of the vortex is also explained.

The grooves generate vortex flows near the bumps. The
vortex is like the tire of a wheel. The vortex that flows
through the grooves passes through the spinning tires,
thereby reducing losses. It, like the tire, will convert its

Fig.6 Distribution of vorticity Vorticity Magnitude
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sliding resistance to rolling resistance, surface contact to
point contact, and the vehicle’s running resistance to zero.
The flow in the smooth needle boundary layer is completely
attached to the wall. However, the tire vortex is near the top
of the groove on tires with superhydrophobic surfaces. So
the vortex is confined to the bottom of the bionic groove.
These tire vortex were critical in separating the vortex's
negative influence on the blood flow field. They stabilize
the flow field on the needle wall and achieve drag reduction.

In summary, the mechanism of thrombosis inhibition
by needle retention on a super-hydrophobic surface is
as follows: When blood passes through the surface of
the needle tube, flow separation is generated due to its
viscosity, and a large number of vortices are generated.
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Fig.7 Distribution of vortex core in needle

When these vortices encounter bionic bulges, tire vorti-
ces are produced. With the flow of blood, the tire vortex
has been continuously strengthened and developed. That
plays a role in inhibiting the original vortex in the blood
flow field and its fluid energy. And they also reduce
the energy loss in the flow field. The increase in blood
velocity reduces the probability of platelet coagulation
in the needle wall, which can inhibit the formation of
thrombosis. Different surface bulge structures have dif-
ferent effects on the formation and development of vor-
tices. By comparing the three bulge structures, it can be

Fig.8 Flow diagram of some Velocity
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concluded that the vein retention on the super-hydro-
phobic surface with the spherical bulge has the most
obvious inhibitory effect on thrombosis.

6 Conclusions

The mechanism of drag reduction and efficiency increase of the
bionic retention needle was analyzed and explored by compar-
ing three different bionic protrusion structures, so as to provide a
theoretical basis and guiding method for the design of a venous-
retained needle to inhibit thrombosis and its complications.

(1) Among the three kinds of super-hydrophobic bionic
bulges, the fluid velocity near the wall of the cube bionic
bulge is the highest, which is 39% and 23% higher than
that of the other two bulges, respectively, and its blood
flow is smoother. The spherical bionic bulge can effec-
tively increase the number of vortices near the wall of
the needle tube. Those vortices can reduce the probabil-
ity of blood adhesion in the blood flow field and have a
better effect on inhibiting thrombosis.

(2) In this paper, the “tire vortex” drag reduction mecha-
nism is proposed. The tire vortex effectively separates
the negative influence of the vortex in the flow field,
stabilizes the flow field on the needle wall, and realizes
the inhibition of thrombosis formation.

(3) The hydrophobic surface design of the venous reten-
tion needle can prolong the deposit time in the wall
of the needle and delay the thrombosis of the wall
caused by poor blood flow. The design of superhy-
drophobic surface structures can not only provide
guidance for the design of venous retention needles
with better performance but also provide correspond-
ing technical support for the development of human
implant devices.




Medical & Biological Engineering & Computing (2023) 61:867-874

873

Declarations

Ethical approval This study was used the software CFD to get the rel-
evant data. There were no humans or animals involved in the experi-
ment. This study was approved by the Third Affiliated Clinical Hospital
to Changchun University of Chinese Medicine, Jilin Province, China.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Gastaldello K, Melot C, Kashn RJ et al (2000) Comparison of
cellulose diacetate and polysulfone membranes in the outcome
of acute renal failure. A prospective randomized study. Nephrol
Dial Transplant 15:224-230

2. Suzui Y, Daitoku K, Minakawa M et al (2008) Poly-2-meth-
oxyethylacrylate-coated bypass circuits reduce activation of
coagulation system and inflammatory response in congenital
cardiac surgery. J Artif Organs 11:111-116

3. Santerre JP, Woodhouse K, Laroche G et al (2005) Understand-
ing the biodegradation of plyurethanes: from classical implants
to tissue engineering materials. Biomaterials 26:7457-7470

4. Khorasani MT, Mirzadeh H (2004) In vitro Blood compatibility
of modified PDMS surfaces as superhydrophobic and superhy-
drophilic materials. J Appl Polym Sci 91:2042

5. Vandencasteele N, Nisol B, Viville P et al (2008) Plasma-mod-
ified PTFE for biological applications: correlation between
protein-resistant properties and surface characteristics. Plasma
Processes Polym 5(7):661

6. Leibner ES, Barnthip N, Chen W et al (2009) Superhydrophobic effect
on the adsorption of human serum albumin. Acta Biomater 5(5):1389

7. Fan HL, Chen PP, Qi RM et al (2009) Greatly improved blood
compatibility by microscopic multiscale design of surface archi-
tectures. Small 5(19):2144

8. Kim YH, Han DK, Park KD et al (2003) Enhanced blood com-
patibility of polymers grafted by sulfonated PEO via a negative
cilia concept. Biomaterials 24:2213-2223

9. Rajesh KK, Muthiah G, Munia G et al (2006) Blood compat-
ibility of novel water soluble hyerbranched polyglycerol-based
multivalent cationic polymers and their interaction with DNA.
Biomaterials 27:5377-5390

10. Deweza JL, Doren A, Schneiderb YJ (1999) Competitive
adsorption of proteins: Key of the relationship between sub-
stratum surface properties and adhesion of epithelial cells. Bio-
materials 20:547-559

11. Wang DA, Jian J, Gao CY et al (2001) Surface coating of stearyl
poly (ethylene oxide) coupling-polymer on polyurethane guid-
ing catheters with poly (ether urethane) film-building additive
for biomedical applications. Biomaterials 22:1549-1562

12. Chen KY, Kuo JF, Chen CY (2000) Synthesis, characterization
and platelet adhesion studies of novelion-containing aliphatic
polyurethanes. Biomaterials 21:161-171

13. Young CN, Oh HK, Chen J (2002) Introduction of phosphoric
acid group to polypropylene film by radiation grafting and its
blood compatibility. Radiat Phys Chem 64:67-75

14. Patel J, Salem LB, Martin GP et al (2006) Use of the MTT assay to
evaluate the biocompatibility of beta-cyclodextrin derivatives with
respiratory epithelial cells. J Pharm Pharmacol Suppl 1(58):172

15. Hofmann-Amtenbrink M, Hofmann H, Montet X (2010) Super-
paramagnetic nanoparticlesa tool for early diagnostics. Swiss
Med Wkly 140:7-13

16. Chen L, Liu MJ, Bai H et al (2009) Antiplatelet and thermally
responsive poly(N-isopropylacrylamide) surface with nanoscale
topography. J AM CHEM 131(30):10467

17. Furstner R, Barthlott W, Neinhuis C et al (2005) Wetting and
self-cleaning properties of artificial superhydrophobic surfaces.
Langmuir 21(3):956

18. Yu C, Xue X, Shi K, Shao M (2020) A three-dimensional
numerical and multi-objective optimal design of wavy plate-
fins heat exchangers[J]. Processes 9(1):9

19. Yu C, Xue X, Shi K, Wang R, Zhang L, Shao M (2021) Opti-
mization of wavy fin-and-elliptical tube heat exchanger using
CFD, multi-objective genetic algorithm and radical basis
function[J]. Energy Science & Engineering

20. Liu C, Sheng C, Yang H et al (2018) Design and optimization
of bionic Janus blade in hydraulic torque converter for drag
reduction. J Bionic Eng 15:160-172

21. Mao C, Liang C, Luo W et al (2009) Preparation of lotus-leaf-
like polystyrene micro- and nanostructure films and its blood
compatibility[J]. J Mater Chem 19(47):9025

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


http://creativecommons.org/licenses/by/4.0/

874

Medical & Biological Engineering & Computing (2023) 61:867-874

@ Springer

Zhun Yu, male, graduated
from Changchun University of
Traditional Chinese Medicine
in 2011, the third batch of out-
standing Qing Chinese clinical
talents in Jilin Province. He has
long been engaged in cardiovas-
cular disease research and has an
in-depth study of cardiovascular
complications.

Lei Liu, male, associate profes-
sor, has been engaged in cardio-
cerebrovascular disease research
for nearly 20 years.

Yongzhi Deng, female, doctor’s
degree, master supervisor. She
has awarded the title of Advanced
Manager of traditional Chinese
medicine Talent Training Pro-
ject of Jilin Province during the
12th Five-Year Plan in 2016, and
Changchun Outstanding Individ-
ual Youth Volunteer.

Xiaowen Zhang, male, has been
working for 3 years, secretary of
scientific research Department of
the Third Clinical Hospital Affili-
ated to Changchun University of
Chinese Medicine, engaged in
traditional Chinese medicine
research.

Chao Yu, male, graduated from
Jilin University in 2019. He has
long been engaged in hydrome-
chanics and in-depth research on
near-wall flow.



	Study on the blood flow characteristics of venous needle retention with different super-hydrophobic surface structures
	Abstract
	1 Introduction
	2 Geometric model and boundary conditions
	3 Simulation model
	4 Performance analysis ofsuper-hydrophobic surface
	5 Result and discussion
	5.1 Influence of super-hydrophobic surface on flow field in needle
	5.2 Influence of super-hydrophobic surface on force in needle
	5.3 The mechanism of inhibiting thrombosis of super-hydrophobic surface

	6 Conclusions
	References


