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Abstract
When conducting endovascular interventional surgery, doctors usually experience high viscous resistance resulting from direct
contact with blood when operating the guide wire in blood vessels, which reduces the operational efficiency. Improper operation
can cause vascular injuries and greatly reduce surgical safety, sometimes leading to the death of the patient. This paper presents a
new method that applies transverse microvibrations at the proximal end of a conventional passive guide wire to reduce viscous
resistance. The effect of the proposed method in reducing the viscous resistance in the fluid is studied. The influences of the tube
diameter, medium density, and applied vibration frequency on the viscous force are investigated. Finally, for endovascular
therapy, a mathematical model of the viscous force of the guide wire based on the proposed method is established in the
environment of human blood vessels to predict the magnitude of the viscous force exerted on the guide wire and analyze the
drag reduction effect of the proposed method. The effectiveness of the proposed method in drag reduction and its feasibility in
improving surgical safety are experimentally demonstrated. The experimental results indicate that the proposed method can assist
the doctor during complicated and variable operation conditions.
Keywords Vascular interventional surgery . Transverse microvibration . Viscous resistance . Drag reduction

1 Introduction
Minimally invasive vascular interventional therapy has been the
primary medical procedure for diagnosing and curing cardiovascular and cerebrovascular diseases (Rafii-Tari et al. 2014). The
medical catheter and guide wire are the main surgical equipment
used in this treatment approach. During the operation, the guide
wire is placed in a catheter and inserted into the blood vessel.
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The catheter and the guide wire move together until they reach
the target location for the doctor’s operation. With the increasing
popularity of endovascular therapy, researchers have been
searching for new technologies to improve the accuracy and
effectiveness of this procedure (Alderliesten et al. 2007; Tang
et al. 2012; Khoshnam and Patel 2013; Khoshnam et al. 2015).
However, this therapy is limited by the complexity of the
blood vessels. The motion of the guide wire in the blood
vessel is subjected to various resistances in the course of surgery because of the complex vascular shape, blood viscosity,
and other reasons. S. Guo et al. (Guo et al. 2018a; Bao et al.
2018a; Zhang et al. 2018; Zhao et al. 2018; Guo et al. 2018b)
developed a series of master–slave vascular interventional robotic systems capable of force detection and accurate force
feedback that have been applied to clinical trials (Bao et al.
2018b) (Figs. 1, 2, and 3). The quantitative data obtained from
studies in a human-body model using high-precision sensors
indicated that the guide wire was subjected to a high viscous
resistance in blood vessels, which could be a harmful factor
affecting the efficiency and safety of surgery. Importantly, as
blood is viscous, when the guide wire moves in the human
blood vessels, a large viscous force is exerted between the blood
vessel and the guide wire because of the direct contact with
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blood. This force can reduce the efficiency and safety of the
surgery, and is a nonnegligible part of the total resistance encountered by the guide wire. The excessive resistance of the
guide wire in the blood vessels can cause a sudden bounce in
the forepart of the guide wire (i.e., the front end of the guide wire
is subjected to a larger resistance at some bends, and the energy
accumulated reaches a certain push force, which causes the front
end to suddenly move forward). This can cause great damage to
the blood vessels. In particular, in some lesion locations with
large viscosities, the effect of viscosity on the microwire will be
severe, and the microwire will be unable to pass through this
segment of the blood vessel. During the actual operation, the
physician must have sufficient practical experience to perceive
and judge the magnitude of the contact force between the guide
wire and the blood vessels because there is no way to obtain
information about the viscosity conditions at the distal end of the
guide wire. If not, it can easily lead to improper operation of the
guide wire and cause damage to the blood vessels. Moreover,
the errors or repetitive operations may cause damage to the
patient, resulting in a certain amount of risk from the surgery.
Particularly, in cerebrovascular interventional procedures, clinical results show that the use of excessive force by doctors can
easily lead to severe cerebrovascular injuries, even death, because of the small diameters of the cerebral blood vessels.
Consequently, there is an urgent need to reduce the viscous
resistance to improve not only the smooth operation and efficiency of the doctors, but also the safety of the surgery.
The abovementioned problems also exist in clinical trials
(Bao et al. 2018b); therefore, a device to reduce the viscous
force must be developed.

Fig. 1 Schematic diagram of the system (Bao et al. 2018b)
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Fig. 2 Catheter and guidewire clamping principle: a grasper clamping the
catheter/guidewire statically and directly b catheter and guidewire
grasped by using the conical clamping principle (Bao et al. 2018b)

However, existing research on the viscous resistance experienced by a guide wire in a blood vessel is insufficient. In
addition, an appropriate nondestructive and effective method
that can reduce this resistance has not yet been developed. In
the field of mechanical machining, since the 1950s, a considerable amount of research has focused on vibration machining
based on vibration mechanisms (Cloutier et al. 1999), and it
has been continuously developed and applied. This type of
machining process introduces ultrasonic vibrations (above
16 kHz) using an ultrasonic oscillator, which eventually produces sufficiently large mechanical vibration amplitudes at the
end of the tool. Thus, the force between the tool and the machined surface in the machining process can be reduced, improving the cutting precision and durability of the tool
(Babitsky et al. 2003; Kim and Loh 2007).
At present, the method of applying microvibrations to the
interventional catheter and guide wire is mainly used for peripheral and coronary chronic occlusions. The vibration angioplasty device is a handheld motorized device that moves
axially (16 to 100 Hz) in a standard dedicated guide wire.
When using this device, a success rate of 75% was observed
in the summarized results of difficult-to-treat coronary chronic
total occlusions (CTOs) (Sakes et al. 2016; Yalonetsky et al.
2013). The Crosser catheter (FlowCardia, Sunnyvale, CA)
converts electrical current to high-frequency vibrational energy (21,000 cycles/s) using piezoelectric crystals. These axial
vibrations are then transmitted to the tip of the device (Melzi et
al. 2006). When the guide wire cannot pass through in the
event of a peripheral chronic occlusion, the axial highfrequency vibrations emitted by the Crosser catheter can loosen the hard parts of the plaque and allow the wire to pass

Fig. 3 a The principle of the RVIR-CI; b a novel principle with simpler
frame structure (Bao et al. 2018b)
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through the lesion, thereby clinically achieving both mechanical and ultrasonic disruptions (Zander et al. 2010; Laird et al.
2014; Igari et al. 2016). Numerous axial vibration devices and
actuation approaches have been proposed for CTO treatment
(Carmeli et al. 2012; Pansky et al. 2009; Pansky 2011). In
radial vibrations, a radial vibrating or translating motion is
used to disrupt the occlusions mechanically, using (radially
directed) mechanical impact forces. As in the case of axial
vibrating tools, the different tissue types can be adapted and
disrupted by the radial vibrating tools based on the frequency
and amplitude of the translations (Kim and Loh 2007). Nash et
al. (Nash et al. 2011) and Evans et al. (Evans et al. 2003)
patented two approaches of using radial vibrating motions
for causing disruptions. The clinical successes of these systems proved that the interventional operations utilizing
microvibrations were harmless and feasible.
In our previous study, it was experimentally verified that
adding transverse microvibrations to the guide wires could reduce the viscous resistance produced by the pushing process, in
certain human blood vessel conditions (Zhang et al. 2017; Guo
et al. 2017). In this paper, the viscous force experienced by the
guide wire in the fluid and an effective drag reduction method
for endovascular therapy are studied. A new method that applies
transverse microvibrations at the proximal end of a conventional
passive guide wire is proposed to achieve viscous resistance
reduction. We focus on exploring the factors that may have an
impact on the viscous resistance of the guide wire because of the
complexities associated with human blood vessels and the existence of individual differences.
To demonstrate that the presented method of exerting
microvibrations on the guide wire is capable of reducing the
viscous resistance within the fluid, first, the viscous force of
the guide wire in the fluid is measured using the experimental
method of controlling variables under various experimental
conditions. Second, the degrees of influence of the pipe diameter, medium density, and vibration frequency on the change
in the viscous resistance are studied through experimental and
numerical analyses. Finally, based on the proposed method, a
mathematical model that can be applied to human blood vessels is established. This model can be used to predict the
amount of viscous force experienced by the guide wire in
the blood vessel in the presence or absence of vibrations depending on the blood vessel sizes and blood densities of different human beings. Furthermore, the most appropriate vibration frequency can be selected to minimize the viscosity resistance of the guide wire according to the real human body and
the vascular conditions during actual intravascular surgery.
Thus, the proposed method can be used to improve the surgical efficiency and safety, potentially assisting the doctor under
complex and variable surgical conditions. The remainder of
this paper is structured as follows: Section II describes the
proposed drag reduction method; Section III presents the experimental design and the experimental device used to
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validate the proposed method; Section IV provides the experimental results along with a study on how the viscous force
changes with the influential factors; Section V presents a discussion; and Section VI concludes the paper with suggestions
for future directions.

2 Proposed method
This section presents a study on the viscous resistance experienced by an object moving in a viscous fluid, followed by a
presentation of the proposed methodology. A solid that moves
relative to a fluid will be subjected to a viscous resistance
caused by friction. The viscous force is a relatively moving
interaction between two layers of fluid, which impedes the
relative motion. The viscous resistance to an object moving
in a viscous fluid is caused by the relative movement between
the fluid on the object and the surrounding fluid, which will
impede the object movement. The fluid layer on the surface of
the object is static relative to the object, whereas the outer fluid
layer has a fluid velocity. Therefore, a velocity gradient can be
observed, and a viscosity is experienced at the surface, which
will impede the object movement. In the interventional operation, the guide wire in the blood will suffer greater viscous
resistance because of the blood viscosity.
The motion situation of the guide wire in the blood vessel
and the exerted transverse microvibrations and directions are
shown in Fig. 4. The guide wire moves at a fixed speed vg,
and the arrow indicates the direction of the movement. The
blood flow velocity and direction are expressed by vb. The shear
stress τ, namely, the viscous frictional resistance per unit contact
area of the guide wire is presented as follows (Cheng 1993):
τ ¼η

dv
dy

ð1Þ

There is a linear relationship between the viscous resistance
and the viscosity coefficient η of a fluid and the velocity gradient (du/dy). The viscosity coefficient varies with temperature and pressure, but the pressure has very little effect. The
viscosity coefficient decreases with the increasing temperature
for liquids, but increases with the increasing temperature for
gases. According to the method proposed in our previous
study, the transverse microvibrations exerted on the guide
wire will produce heat locally in the guide wire, resulting in
a rise in the local temperature and a decrease in the viscosity
coefficient (Zhang et al. 2017). According to formula (1), the
viscosity resistance of the guide wire will be reduced, thereby
achieving drag reduction.
In addition, when an object is moving in a fluid, the viscous
resistance of the object is also related to the area of contact of
the object with the fluid. The smaller the contact area with the
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Fig. 4 Schematic diagram of the
intravascular movement of the
transverse microvibration guide
wire. Color indications: red =
blood

fluid, the lesser the viscous resistance to which the object is
subjected. In this paper, blood is considered as a Newtonian
fluid. Therefore, according to Newton’s law of viscosity, the
viscous force of the guide wire in blood is (Qi and Du 1993):
F¼η

dv
Δs
dy

ð2Þ

where Δs is the contact area of the guide wire with blood. As
the guide wire vibrates, the relative motion of the guide wire
and the blood layer attached to it can reduce the area of the
liquid layer attached to its surface, thereby reducing the viscous resistance arising from the contact with blood. In our
previous studies, it was experimentally demonstrated that
exerting transverse microvibrations at the proximal end of
the guide wire could reduce the viscous resistance within the
effective frequency range during the pushing process in simulated human blood (Zhang et al. 2017). Through experiments, we further explore herein the feasibility of the proposed method in various fluid environments. The interactive
relationship between the viscous resistance and its influencing
factors is analyzed based on the proposed method under interventional surgical conditions.

3 Experimental setup and details
The purpose of this study is to prove the feasibility of the
presented method for viscous resistance reduction within a
Fig. 5 Experimental setup for the
viscous force detection of the
transverse microvibration guide
wire: a experimental setup, b
movement of the guide wire in the
PVC tube, and c transverse
vibration system

complex fluid and study the influence of environmental factors and experimental parameters on the viscous resistance, as
well as the interactive relationships among the factors. The
experimental device used in our work was improved using a
higher precision sensor to obtain accurate data, which were
necessary for the following experimental analysis. The designed device can exert transverse microvibrations on the
guide wire and measure the amount of the viscous force encountered by the guide wire in real time. The improved experimental setup for the real-time viscous resistance detection of
the guide wire is shown in Fig. 5.
On the left side was an artificial blood vessel model fixed
on a designed adjustable bracket platform with an overall
white background filled with the prepared experimental medium. The parameters used in this study are summarized in
Table 1.
To mimic a real interventional surgery, the guide wire was
inserted into the iliac artery either through the aortic arc for
cardiovascular interventional therapy or via the carotid artery,
eventually reaching the narrower cerebral vessels. The sizes
and shapes of the blood vessels were not the same, but complex and varied. Four typical blood vessels were selected for
investigation, and medical soft pipes were used to simulate
real human blood vessels while performing the experiments.
The inner dimensions, diameters, and lengths of the simulated
blood vessels are shown in Table 1. In order to obtain clear
experimental images expediently, we selected highly transparent PVC plastic tubes with a length of 450 mm to simulate real
human blood vessels.
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Table 1 Experimental parameters
Equipment

Parameter

Simulated vessel model
Medium density
Vibration frequency

L = 400 mm, φ = 5, 7, 12, 25 mm
ρ = 1.29 × 10−3, 1.0, 1.050, 1.150 g/cm3
f = 50, 100, 500, 1, 5 k, 10 k, 15 k, 20 k, 25 k, 30 k, 35 kHz

To study the feasibility of applying transverse
microvibrations to the guide wire for decreasing the resistance
within a complex fluid, air (ρA = 1.29 × 10 − 3 g/cm3) and
physiological saline solution (ρL = 1.0 g/cm3), both of which
are present in the complex fluid, were selected as the experimental media. The simulated blood solution (ρL = 1.050 g/
cm3) and a high-viscosity solution (ρL = 1.150 g/cm3) were
prepared and mixed with 1.263 g/cm3 glycerol solution and
the physiological saline solution in proportion.
Because of the existence of individual differences, each
person’s blood density may not be the same. In addition, as
blood will be thick in the case of high blood lipid concentrations or other diseases, the human blood viscosity may also
demonstrate a tendency to increase. The purpose of selecting
these four fluids is not only to explore the feasibility of the
proposed method in the flow field but also to make the simulated environment as consistent as possible with the real operating environment in the blood vessels for aiding potential
applications in interventional surgery.
On the other side of the experimental setup was the vibrationapplying device of the guide wire (Fig. 6) and the motioncontrol mechanism. By connecting a piezoelectric ceramic slice
(50 mm × 50 mm), the guide wire engendered microvibrations
in the transverse direction, which were sustained by the piezoelectric ceramic slice. The clamping device was connected to the
base through the rail slider structure, and the base was mounted
on the slider of the screw slide table. The slipway was controlled
to produce the forward and reverse movements of the guide wire
in the simulated blood vessel model at a constant speed (i.e.,
19.5 mm/s). The viscous resistance of the guide wire was transmitted to the force sensor through the piezoelectric piece,
clamping device, and connecting member, thereby measuring
the viscous resistance of the guide wire. Different vibration signals with frequencies ranging from low to ultrasonic levels were
input to the piezoelectric ceramic slice to study the influence of
the vibration frequency on the viscous resistance of the guide
Fig. 6 Transverse vibration
system: a schematic diagram and
b effect diagram

wire. Eleven sinusoidal signals of different frequencies were
input (Table 1).
Thus, the 1Fr guide wire (L = 322 mm) was driven to produce fixed-amplitude transverse microvibrations at various
frequencies. The guide wire was then controlled through a
5Fr catheter. The catheter and the guide wire were passed
through a 2.5 mm sheath. Finally, the guide wire was controlled by the linear guide to pass through the catheter and
the sheath to perform the 30 mm distance reciprocating movement in the PVC pipe to simulate the movement of the guide
wire inside the blood vessel in the human body. A microforce
sensor (LRF 400, FUTEK) with a precision of 0.03 × 10 − 3 N
was mounted on the experimental device using a custom
printed adapter to measure the actual viscous resistance of
the guide wire within the liquid in real time at a sampling rate
of 200 Hz. With such small precision, in order to avoid the
influence of noise, the force sensor is calibrated before each
experiment, and each set of experimental data is subjected to
low-pass filtering and average filtering. To ensure that the
guide wire is subjected to the viscous force only, and to reduce
the interferences of the other resistances to the sensor measurement, the catheter was fixed on a printed catheter bracket
to avoid collision with the blood vessel wall, thereby achieving linear movement of the guide wire in the tube during the
experiments. The sheath was mounted on the right end of the
soft tube to ensure that the catheter and the guide wire were in
linear motion when entering the simulated blood vessel model. The motion state of the guide wire was monitored using a
camera that acquires images with a resolution of 640 × 480,
such that it can provide morphological image information of
the catheter and the guide wire in the experimental processes.
Using the experimental method of controlling variables, the
device described earlier was used to measure the amount of
viscous force size on the guide wire in the fluid under various
experimental conditions, namely, different simulated vascular
diameters, fluid densities, and exerted vibration frequencies.
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All experiments were performed at constant temperature. The
effects of the abovementioned three factors on the viscous resistance were then studied based on the experimental and numerical analysis, in addition to the interaction relationships among
these influencing factors. In this way, these factors can be
changed to improve the performance of the proposed method.
The measurements were performed for 10 times for each condition to make the experimental results more accurate. The viscous force information generated on the body of the guide wire
was then recorded. The results were averaged to obtain the
viscous force detected by the force sensor.

4 Experimental results and preliminary
evaluation
4.1 Effect of drag reduction
The viscous force measurement results of a guide wire in a
medical tube with an internal diameter of 12 mm under vibrations at low to ultrasonic frequencies, are shown in Fig. 7.
To demonstrate the feasibility of the presented method for
viscous resistance reduction within a complex fluid, the viscous force measurements after exerting the microvibrations
were compared with the viscous forces measured without
the vibrations. Under the condition of constant pipe diameter

Fig. 7 Results of the viscous
force of the guide wire with an
internal diameter of 12 mm: a
ρA = 1.29 × 10 − 3 g/cm3 b ρL =
1.0 g/cm3. c ρL = 1.050 g/cm3. d
ρL = 1.150 g/cm3
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and liquid density, the non-vibration force of the guide wire
was measured (repeated for 10 times) and averaged to obtain
the viscous force of the guide wire under vibration-free conditions. The viscous force was drawn as a red line. The results
showed that the viscous resistance of the guide wire in the
fluid changes with the variations in the vibration frequency.
Importantly, except in the medium of physiological saline
(Fig. 7b), the viscous resistance decreased in the lowfrequency range (50 Hz to 1 kHz). In the other three types of
media, the viscous resistance exhibited different degrees of
reduction in the vast majority of vibration cases.
In Fig. 7a, in addition to the vibration frequencies of 50 and
100 Hz, all other vibration frequencies could reduce the viscous resistance in air. It is clear from Fig. 7 that the proposed
method was effective in reducing the viscous resistance in the
fluid. When the vibration frequency was 20 kHz, the viscosity
resistance of the guide wire was reduced by 51.17% compared
with the case of no vibration in the simulated blood solution,
as shown in Fig. 7c. However, some points in the figure indicates that at some frequencies, the viscous force increased
after the microvibrations were applied to the guide wire.
Presumably, the surrounding media may bring varying degrees of disturbance because of the difference in the frequency
of the guide wire vibration. In addition, interactions existed
among the various levels of different affecting factors, which
showed different viscous force reduction effects. In summary,
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the abovementioned results suggested that the proposed method for reducing viscous resistance in complex fluids is effective and feasible in several types of complex cases. In view of
the complexity of human blood vessels and the individual
differences between humans, we explored herein the factors
that could have an impact on the viscous resistance of the
guide wire. According to the vascular and human characteristics, we conjecture that the factors that can affect the viscous
force of the guide wire include the tube diameter, medium
density, and frequency of the vibrations applied. We next present the interactive relationships among the changes in the viscous resistance and these factors.

4.2 Effect of the tube diameter
The effect of the tube diameter was analyzed. Figure 8c, d
clearly show that for the same medium and vibration frequency, the viscous force followed a parabolic trend with the increase in the inner diameter.
For example, in simulated blood, a parabolic trend was
presented when the frequency was 20 kHz. A minimum value
was observed when the tube diameter was 12 mm (Fig. 8c).
However, no such trend was observed in the physiological
saline solution (Fig. 8b). A parabolic trend in air was found
(Fig. 8a), but it was the opposite of that depicted in Fig. 8c, d.
The viscous force also reached the peak value at a diameter of
Fig. 8 Results of the viscous
force of the guide wire at different
tube diameters: a ρA = 1.29 × 10
− 3 g/cm3. b ρL = 1.0 g/cm3.
c ρL = 1.050 g/cm3. d ρL =
1.150 g/cm3
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12 mm. Note that the tube diameter and the medium density
interacted with each other. In Fig. 8c, when ρL = 1.050 g/cm3
and φ = 12 mm, the viscous force reducing rate reached a
maximum (51.17%) at 20 kHz. However, when ρL =
1.150 g/cm3 and φ = 12 mm, the reducing rate of the viscous
resistance was the least at 20 kHz (Fig. 8d) while demonstrating the same parabolic trend. For the remaining three tube
diameters (φ = 5 mm, 7 mm, and 25 mm), the drag reduction
had a good effect on the same medium (ρL = 1.150 g/cm3),
with an average decrease rate of 48.34%, 53.52%, and
38.18%, respectively (Fig. 8d). Figure 8 clearly shows that
under the same experimental conditions, the viscous force
changed with the tube diameter. The data suggested that the
guide wire diameter had a significant impact on the viscous
resistance.

4.3 Effect of the medium density
Patients with cardiovascular and cerebrovascular diseases often exhibit high blood thickness, high cholesterol levels, and
other such diseases; therefore, the blood viscosity will be high.
This section mainly focuses on the simulated blood solution
and the high-viscosity solution.
For different tube diameters, the results of the viscous force
measured in the different media were different for frequency
variations (Fig. 9). the effect of the viscous force reduction
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Fig. 9 Results of the viscous
force of the guide wire in different
media (ρL = 1.050 g/cm3 and
ρL = 1.150 g/cm3, respectively):
a φ = 5 mm, b φ = 7 mm c φ =
12 mm d φ = 25 mm

became more obvious (Fig. 9a) as the frequency and density
of the medium increased. Similar results can be observed in
Fig. 9c, d. In Fig. 9b, the result of the viscous force was
opposite to the abovementioned three cases when the tube
diameter was 12 mm. This finding indicated an interaction
between the medium density and the tube diameter.
When the tube diameter was 5 mm, Moreover, note that the
viscous resistance of the guide wire gradually reduced as the
frequency increased in high-viscosity liquids. For example, in
Fig. 9a, the maximum viscosity reduction was at 30 and
35 kHz when ρL = 1.150 g/cm3 and φ = 5 mm. This result
indicated that the medium density and the vibration frequency
also interacted with each other. From these results, we conclude that the medium density had an effect on the viscous
resistance of the guide wire.

4.4 Effect of the vibration frequency
The effect of the vibration frequency exerted on the guide wire
was studied. This method was aimed at the case of excessive
viscous force in interventional surgery; hence, the experimental results from the simulated blood solution and the highviscosity solution were analyzed to understand the effect of
vibration frequency on the viscous force. While evaluating the
influence of the vibration frequency on the change of the viscous force, the viscous force value measured after applying
the vibration was compared with the viscous force value

measured without the vibration. The change in the viscous
force of the guide wire was calculated using the following
formula (3):
δ¼

F 0 −F f
 100%
F0

ð3Þ

where δ is the reduction rate of the viscous force of the guide
wire at different vibration frequencies. A value greater than 0
indicates that the viscous resistance decreases, while a value
less than 0 indicates that the viscous resistance increases. F0 is
the measured viscous force of the guide wire when no vibration is applied. Ff is the measured viscous force of the guide
wire after applying vibrations at different frequencies.
As shown in Table 3, compared with the no vibration case,
the viscous force tended to continuously decrease with the
increasing frequency. All diameters showed good results at
high frequencies. In Table 2, the larger diameters (φ = 12
and 25 mm) showed the same tendency as in Table 3, and
the effect of drag reduction was better. However, in a soft tube
with a tube diameter of 5 mm (Table 2), the viscous force of
the guide wire exhibited an oscillatory tendency of first increasing, then decreasing, then increasing again with the increase of the vibration frequency. In a soft tube with a tube
diameter of 7 mm (Table 2), the viscous resistance of the guide
wire was reduced in the case of applying vibrations; however,
the viscous force increased at high ultrasonic frequencies (f =
30 k and 35 kHz).
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Table 2 Reduction rate results of the viscous force of the guide wire at
different vibration frequencies in the simulated blood solution
f (Hz)

φ = 5 mm

φ = 7 mm

φ = 12 mm

φ = 25 mm

50
100
500
1k

−4.86%
−8.51%
10.18%
−2.87%

8.52%
9.80%
2.10%
5.57%

−12.13%
−5.83%
−26.75%
10.27%

17.22%
20.86%
−7.62%
19.55%

5k
10 k
15 k
20 k
25 k
30 k
35 k

8.50%
−4.72%
−2.58%
−10.15%
0.80%
2.44%
−4.92%

15.62%
1.01%
20.33%
3.18%
7.94%
−17.52%
−11.03%

−2.88%
22.92%
13.05%
51.17%
20.31%
13.03%
21.90%

29.17%
30.22%
26.38%
12.49%
23.96%
27.28%
2.88%

Table 2 shows that the viscous resistance increased at φ =
12 mm and f = 50 and 100 Hz compared with the case of no
vibration. This result implied that in such fluid environments,
the use of vibration frequencies for the microvibrations cannot
reduce the viscous resistance of the guide wire. However,
Tables 2 and 3 show that most of the vibration frequencies
were positively correlated with the drag reduction.
Irrespective of whether the viscous drag was increasing or
decreasing, the initial flow state of the fluid was caused by the
addition of the microvibrations. Note that in the liquid medium (ρ ≥ 1.0 g/cm3), the drag reduction effect will be better for
a greater medium density when the vibration frequency gradually increases (Tables 2 and 3). For example, when φ =
25 mm, the maximum reducing rate of the viscous force was
18.85% in the physiological saline solution. The maximum
reduction rate of the viscous force can reach 57.86% in a
high-viscosity solution as the medium density increases.
This finding also confirmed a relatively large interaction between the medium density and the vibration frequency.
Table 3 Reduction rate results of the viscous force of the guide wire at
different vibration frequencies in the high-viscosity solution
f (Hz)

φ = 5 mm

φ = 7 mm

φ = 12 mm

φ = 25 mm

50
100
500

24.54%
38.28%
36.68%

40.99%
58.59%
60.48%

3.47%
−4.01%
11.49%

18.12%
31.12%
38.37%

1k
5k
10 k
15 k
20 k
25 k
30 k
35 k

39.87%
51.77%
52.75%
56.81%
54.25%
52.96%
63.62%
60.18%

44.40%
64.99%
51.37%
51.64%
52.86%
56.10%
48.25%
59.04%

10.62%
3.40%
−3.33%
−4.90%
5.37%
5.98%
12.30%
17.27%

35.66%
37.74%
28.03%
31.31%
44.05%
50.61%
47.08%
57.86%

The viscous resistance was affected by not only the vibration frequency, but also by several other factors. The effect on
the viscous resistance was the combined effect of several factors. We also need to consider the impact of the medium density and the tube diameter on drag reduction, as well as the
interactions among them. Overall, these data were consistent
with the notion that the tube diameter, medium density, and
exerted vibration frequency have an effect on the viscous force
of the guide wire, and interactions exist between them.
SPSS was used for variance analysis and ternary secondorder polynomial fitting according to the experimental results
obtained under the experimental conditions of the simulated
blood solution and high-viscosity solution to clearly present
the relationships among the abovementioned three factors and
the viscous resistance of the guide wire in the human vascular
environment of interventional surgery. The viscous resistance
of the guidewire can be expressed as follows:
F 1 ðρ; φ; f Þ ¼ 0:192028−0:148515  ρ−2:189  φ  10−3 −2:2  f 
10−5 þ 2:136  ρ  φ  10−3 þ 1:5  ρ  f  10−5 −3:3242
φ  f  10−7
ð0≤ f ≤500Þ

ð4Þ
F 2 ðρ; φ; f Þ ¼ 0:170785−0:134852  ρ−7:301  φ  10−3 −2:37  f
10−7 þ 6:168  ρ  φ  10−3 þ 1:21  ρ  f  10−7 þ 0:5
ð500 < f < 20000Þ
φ  f  10−8

ð5Þ
−3

−6

F 3 ðρ; φ; f Þ ¼ 0:152643−0:120216  ρ−7:122  φ  10 þ 1:757  f  10 þ
6:112  ρ  φ  10−3 −1:564  ρ  f  10−6 ð20000 ≤ f ≤ 35000Þ

ð6Þ
where F1, F2, and F3 are the viscous resistances of the guide
wire with the unit N; ρ (g/cm3) is the medium density; φ (mm)
is the tube diameter; and f (Hz) is the vibration frequency.
The viscous resistance of the guide wire can be calculated
using Eq. (4) (F = 42.277 N, p < 0.001) under the conditions
of applied microvibration and without vibrations and in the
low-frequency range. Similarly, the viscous resistance of the
guide wire can be obtained using Eq. (5) with F = 3.671 N and
p < 0.01 and Eq. (6) with F = 5.221 N and p < 0.01 under the
conditions of applied microvibrations in the medium–high
and ultrasonic frequency ranges. The model significance test
for p < 0.05 indicated that the model had statistical significance. The reason for the segmentation of the formula was
that the range of vibration frequency from 0 to 35,000 Hz
increased by approximately five orders of magnitude, and a
logarithmic form cannot be used for descending powers to
simplify the formula. Therefore, the established mathematical
model used a segmented expression in terms of the frequency
range. The expression for the viscous force should be segmented to ensure the accuracy of the formula.
Six groups of experimental measurement results were randomly reserved to form a verification sample set to verify the
accuracy of the mathematical model established herein. Note
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that these sample data did not participate in the establishment of the proposed model. Figure 10 presents a
comparison of the viscous forces encountered by the
guide wire (i.e., a comparison of the calculated values
obtained using the established mathematical model and
those obtained from the experimental measurements) under the experimental conditions used herein.
The measured and calculated viscous force values were
very similar, and the average error in calculating the viscous
force of the guide wire was 8.99%. The established mathematical model can estimate the viscous resistance of the guide
wire moving in the blood vessel, but the experimental equipment should be improved further to reduce the error. This
study focused on the three factors of tube diameter, medium
density, and vibration frequency. The influence of other factors on the experimental results were ignored, which can also
be one of the causes of the model error. The results confirmed
that the established mathematical model has a good performance in calculating the viscous force of the guide wire.
Further, the variations in the viscous resistance of the additional microvibrations relative to the case with no vibrations
are calculated as follows:
δc1 ðρ; φ; f Þ ¼



F 1 ðρ; φ; f Þ
 100%
1−
F 1 ðρ; φ; 0Þ


δc2 ðρ; φ; f Þ ¼

1−

F 2 ðρ; φ; f Þ
F 1 ðρ; φ; 0Þ

ð0 ≤ f ≤500Þ

ð7Þ


 100%

ð500 < f < 20000Þ

ð8Þ

Fig. 10 Comparison of the viscous forces obtained from experimental
measurements and model calculations. The white column is the viscous
resistance measured experimentally, and the mesh column is the viscous
resistance calculated using the established mathematical model. (Sample
1: ρL = 1.050 g/cm3, φ = 12 mm, f = 50 Hz; Sample 2: ρL = 1.050 g/
cm3, φ = 12 mm, f = 100 Hz; Sample 3: ρL = 1.150 g/cm3, φ = 5 mm,
f = 5 kHz; Sample 4: ρL = 1.150 g/cm3, φ = 12 mm, f = 5 kHz; Sample 5:
ρL = 1.050 g/cm3, φ = 25 mm, f = 25 kHz; Sample 6: ρL = 1.150 g/
cm3, φ = 7 mm, f = 20 kHz.)

δc3 ðρ; φ; f Þ ¼



F 3 ðρ; φ; f Þ
 100% ð20000 ≤ f ≤ 35000Þ
1−
F 1 ðρ; φ; 0Þ

ð9Þ
where δc1, δc2, and δc3 are the viscous resistance changes.
Values greater than 0 indicate that the viscous resistance decreases, and values less than 0 indicate that the viscous resistance increases.
Consequently, the mathematical model established herein
can be used to predict the viscous resistance of the guide wire
in the blood vessels under different human conditions, as well
as the drag reduction effect using the proposed method. In
addition, the most suitable vibration frequency to minimize
the viscosity resistance during endovascular surgery can be
selected according to the actual operating environment parameters. In summary, the proposed method of exerting transverse
microvibrations at the end of the guide wire can assist doctors
in operating under complex and variable operating conditions.

5 Discussion
The performance of the presented method and the effects of
the influential factors on the viscous resistance of the guide
wire were investigated herein. Our studies established a mathematical model for the viscous resistance of the guide wire.
The factors that may contribute to errors for all approaches
are summarized next. First, the experimental device may have
mechanical vibrations and some unavoidable mechanical friction, which can affect the reading of the mechanical sensor
and cause abnormal experimental data that can produce experimental errors. Second, the amount of experimental sampling data should be increased to make the experimental data
more accurate. Third, the force sensor has its own optimum
operating temperature. As the experiment progresses, the sensor will continue to generate heat-induced temperature rise,
which will affect the measurement accuracy of the force sensor and result in experimental errors. Fourth, the choice of
vibration frequency exerted on the guide wire should be more
uniform such that the expression of the model at each frequency will be more accurate. Fifth, the device can be applied on
the interventional robot, and the interventional robot is used to
clamp the guide wire from the end. The doctor operates with
the handle, and does not contact the vibration-vibrating device. S. Guo et al. developed a series of master–slave vascular
interventional robotic systems capable of force detection and
accurate force feedback; hence, they had no effect on doctor
operation. Finally, if the proposed method is to be used clinically, vibrations in the low-frequency range should be
avoided as much as possible. The natural frequencies of all
organs in the body are low (3–17 Hz); thus, if the vibration
frequencies of the guide wire and the internal organs are similar, they may cause visceral resonance, which is very harmful
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to the human body. Although important discoveries have been
revealed by these studies, some limitations must also be considered. This study focused on the investigation of three factors alone, that is, diameter, medium density, and exerted vibration frequency. Other factors may also affect the change in
viscous resistance and the effect of the proposed method.
Furthermore, the experimental results suggest other effective
factors are yet to be explored.

reduction effect of the proposed method, which could guide
the use of parameter selection. One important future direction
is to assist doctors in performing a smoother operation during
the surgical process.

6 Conclusions
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