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Abstract

In recent years, endovascular treatments, in which a treatment device such as a catheter is inserted into a blood vessel to directly
approach a lesion, have become increasingly popular worldwide. For safer treatment and further optimization of medical devices, a
deeper understanding of the vascular biotribology of the medical devices, biomodels, and blood vessels and an appropriate evaluation
method are required. This review paper presents the current state of research on the evaluation of the friction between an intravascular
device and a vascular biomodel. We review the experimental conditions, including the sample shape, sliding speed, contact pressure,
lubricant, materials, and temperature. Standardized methods should be established for evaluating the friction between an intravascular

device and a vascular biomodel.
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1 Introduction

Intravascular medical devices such as catheters, guidewires,
stents, and coils are used for the treatment of various
diseases, including infarction and aneurysms (Fig. 1). In such
endovascular treatments, medical devices are inserted into
blood vessels with guidance provided by X-ray angiography,
where a contrast agent is injected to allow X-ray imaging of
the blood vessels. During a catheterization procedure in blood
vessels, the surgeon directs a guidewire through the patient’s
arterial system to the desired position by inserting, retracting,
and turning the guidewire at the point of insertion (upper part
of Fig. 1). A catheter is then slipped over the guidewire until
it reaches the desired location, where it is used to perform
various procedures (e.g., coil embolization, balloon angioplasty,
and stent insertion, lower part of Fig. 1). In recent years,
endovascular treatments have become increasingly popular
worldwide because they allow lesions to be approached without
the need for wide tissue incisions. However, these treatments
are sometimes difficult because the blood vessel caliber is small
and vessels have many twists and turns. For example, the inner
diameter of the distal part of an internal carotid artery is about 4
mm [1, 2]. Many cerebral aneurysms form at the internal carotid
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artery, which has a highly curved part called the carotid siphon
[3]. The curvature of many parts of the carotid artery is less than
0.5 1/mm [3, 4]. Furthermore, the surgeon’s sensory perception
(visual and tactile) is severely reduced during manipulation in
such treatments because many intravascular medical devices are
long and flexible with few degrees of freedom (e.g., pushing,
pulling, and twisting at the proximal portion from outside the
human body, upper part of Fig. 1). Moreover, the frictional
force applied by the medical device on the blood vessel wall
can induce vasoconstriction, injury, and perforation and can
result in reactive intimal proliferation or distal embolization
associated with end-organ ischemia and infarction [5-7]. In
the case of cardiovascular catheters, damage to blood vessels
near the heart can cause hemorrhagic shock, which is a life-
threatening condition [8].

Furthermore, the precise delivery of a medical device is
prevented by unpredictable changes in friction. Specifically, the
changing contact and friction between the medical device and
a blood vessel make the mechanics complicated. Consequently,
friction diminishes the effectiveness or sometimes even
prevents the successful use of the device, necessitating the use
of more risky, complicated, and costly procedures. For example,
inappropriate techniques can increase the number of trial-and-
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Fig. 1 Schematic diagram of endovascular treatment using
catheter, guidewire, stent, and coil

error attempts during treatment, which can cause vascular
endothelial damage and prolonged exposure to radiation for
both patients and neurosurgeons [9].

Scaffold-like stents, such as coronary artery or carotid
artery stents, are used to stabilize the vessel diameter and blood
flow (lower right panel of Fig. 1). Similar stent grafts are used
for the endovascular repair of an abdominal aortic aneurysm.
The friction between the device materials and endothelial
cells affects the migration and displacement of the stent [10]
and the stent graft [11, 12] after deployment. Moreover, the
shearing force applied on a balloon-expandable vascular stent
mounted on a delivery system could displace and dislodge the
stent during the delivery process [13]. Furthermore, in vascular
anastomosis, the friction between the device and the vessel wall
significantly affects the success of procedures [14, 15].

Therefore, many studies have attempted to reduce the
friction between the medical device and the vessel. For example,
a hydrophilic polymer surface has been developed to provide
lubricity to catheters [7, 8, 16-23]. However, high catheter
lubricity sometimes results in the application of excessive force
to the catheter tip, leading to perforation of the blood vessel
[24]. Therefore, a simple and reliable method for quantifying
the subjective feeling of slipperiness and lubricity between the
medical device and the vessel is required. In order to realize
atraumatic advancement and precise positioning while avoiding
local obstacles, device performance must be characterized
based on the mechanical properties of the device, which should
be measured using standard methods under reproducible
conditions.

Biomodels that mimic various types of vasculature [9,
25-40] can be used to test new endovascular medical devices
and teach techniques to medical personnel; they also allow
the practice and planning of procedures before treatment
without exposing patients to X-rays. Moreover, biomodels are
more economical and ethical compared to human cadavers
and animals. Furthermore, it is very difficult to keep the
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experimental conditions constant for animal blood vessels
[7]. In order to provide an accurate simulation environment,
biomodels should be as similar as possible to actual blood
vessels. Because medical devices make contact with biomodels,
the mechanical properties of biomodels, such as their friction,
viscoelasticity, and surface shape, have a large effect on the
behavior of medical devices. Therefore, vascular models must
have flexibility (elastic modulus) similar to that of vascular
tissue and appropriate sliding (surface friction) that mimics the
vascular lumen [41]. However, as there are no standard methods
for evaluating these properties, the mechanical properties differ
among medical models.

Numerical analysis models [12, 26, 27, 42-55] have been
developed for medical education, surgical training, surgical
planning, intra-operative assistance, and medical device design.
These models require tissue models with realistic responses. For
example, in practice, an instrument encounters friction, which
changes its path through the vascular system [42, 55]. Accurate
friction parameters are thus required. Experimental data can
be used for the validation of new methods for predicting the
contact force between a catheter and a vascular artery [56].

Accurate frictional properties of the biomodel and medical
devices are expected to improve interventional neuroradiology
robotic systems [57-63]. Furthermore, friction affects the magnetic
navigation of an untethered device in an artery [64, 65].

As described above, various experimental methods can be
used to measure the frictional force between medical devices
and vessel walls or biomodels. However, there is no established
quantitative rating system for objectively evaluating and
validating these devices. Therefore, in this review, we present
the current state of research on the evaluation of the interaction
between intravascular devices and blood vessels or vascular
models. The properties measured under strictly controlled and
well-defined conditions provide a framework for systematic
comparisons between devices, facilitating the development of
more efficient intravascular devices [66]. Moreover, an objective
evaluation method will help end users differentiate between
devices and understand the strengths and weaknesses of each
device.

The rest of this article is organized as follows. In Section
2, we describe the sample shape and classify evaluation
methods based on the sample shape. In Section 3, we describe
the experimental conditions (e.g., sliding speed, contact force,
lubricant type, temperature, and materials) used to simulate
physiological conditions. In Section 4, we discuss future issues
concerning the evaluation methods. Finally, in Section 5, we
summarize this review.

2 Sample shapes

An overview of studies conducted on the vascular
biotribology of medical devices, biomodels, and blood vessels
is given in Tables 1, 2, and 3. In many of these studies, the
evaluation targets were both the biomodels and the medical
devices.

The evaluation methods strongly depend on the sample
shape. They are thus divided here into those based on
samples with simple and complex shapes, respectively. In the
experiments on samples with simple shapes (Table 1), one or
both surfaces were flat. In the experiments on samples with
complex shapes (Table 3), shapes similar to those of actual
medical devices and the actual vasculature system (a tube in
a tube) were used. Studies that performed experiments using
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Table1 Summary of studies that performed experiments on samples with simple shapes

Measurement technique and

Coefficient of friction

Ye Auth 1 ial le sh
ear uthors Sample materia Sample shape conditions (CoF)
Oxidized and
. unoxidized silicone Two flat surfaces. Sliding speed: 2.5 mm/s. In
Triolo and . . . .
rubber (SR), Apparent surface distilled water, isotonic None (pulling force was
1983  Andrade .
[17] polyethylene, and contact area was 2.7 saline, and blood plasma measured).
fluorinated ethylene cm?. environment.
propylene.
Molecular weight of
4 .
Nagaoka Catheter with or without hydrophilic polymer . OO'OOQ o more1s
. Inclined plane apparatus. In  essential for low surface
and surface, which was cut to a length of 5 cm and . K R . o
1990 . . ; physiological saline solution.  friction (below 0.035).
Akashi fixed on a glass plate, vs. crosslinked .
¢ . Weight: 100 g. CoF of uncoated
[16] 100-um-thick collagen film.
polyurethane (PU)
catheter was 0.32.
CoF were drastically
1990, Uyamaet  Polymer film obtained via photoinduced graft Slider that allowed travel at ~ reduced to less than 0.05
1991  al. [78,102] polymerization vs. glass plate. rate of 10 mm/min. In water.  or 0.1 by graft
polymerization.
. . Thrust-collar apparatus. In
1993 Tkeuchi et Grafte.d PU vs. alumina Ring on disk. distilled water. 0 to 30 mm/s.  About 0.04.
al. [69] ceramic.
Contact pressure: 1.3, 13 kPa.
Scanning force microscopy Tribometric
(SEM). Samples were measurements along
scanned under water and 500-nm scan line
i P ly(vinyl li PVP)-
1996 L\{u;:;]n et P[lj thigzry\(lzlr;}i;l\i ytl:;ZridZ;;?t(i y-coated phosphate-buffered saline quantified CoF to be 0.05
’ ’ 8 P- (PBS) solution and applied for coated catheter and
normal force was increased 0.50 for native PU
and decreased periodically. catheter.
CoF for wet and dry
h I.  Poly(vinyl alcohol) h; 1 (PVA-H R PVA-H .1 2
2004 Ohtaeta oly(vinyl alcohol) hydrogel ( yorS Friction tester. Dry and wet. was 0.1and 0.2,
[33] (box or tubular) vs. chrome. respectively. CoF for SR
was larger than 0.4.
Rh . 1load:
. Surface-modified . eometer Norn*.\a oad: 5 Grafting notably
Ruiz et al. Plate (10 mm in N. Angular velocity: 0.05
2008 polypropylene vs. . decreased CoF from 0.28
[19] diameter) on plate. rad/s. pH 7.4 buffer was
chrome-plated copper. to 0.05.
placed on surface.
Lowest peak CoF was
Ball (10 mm in diameter) on ~ produced by ceramics
Stoimenov PVA-H vs. metallic and disk tribometer. Lubricant: and glass (CoF < 0.05),
2013 et al. [101] non-metallic Ball on disk. deionized (DI) water. Dead followed by metal alloys
’ biomaterial. weight: 0.52 N. Sliding (CoF <0.05-0.08). It was
speed: 0.5-300 mm/s. highest for polymers (0.4
<CoF<1.5).
Rh 1-2 7).
20-mm-diameter steel plate vs. flat pristine or Co:m;i:cl;r(lobethe; DI CoF of hydrogel
2020, Limetal. . P o p. p skin-coated PDMS with
hydrogel skin-coated polydimethylsiloxane water and surfactant .
2021 [9,28] . . . DI water as lubricant
(PDMS) with diameter of 30 mm. solution. Normal pressure:
ranged from 0.07 to 0.15.
10-25 kPa.
. Sample was cut into 4 . .
Wang et Coating surface vs. em x 4 cm square and Slider-on-disk method. Total
2022 8 thermoplastic PU qué mass of slider and sample 0.06-0.11.
al. [18] adhered to stainless
surface. was 205 g.

steel slider.
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Table2 Summary of studies that performed experiments on living tissue

Measurement technique

Coefficient of friction

Yo Auth 1 ial le sh
Category ear uthors Sample material ~ Sample shape and conditions (CoF)
Blood. Application of None (“hard” friction
. . removes whole
. Capronand  Commercial balloon catheter (2F) balloon catheter in . e
In vivo 1989 . P ., e endothelium and “soft
Bruneval [5]  vs. rat thoracic aorta. hard” and “soft ..
. . . friction leaves parts
friction regimes in rats. .
intact).
Phosphonylated TV.VO cylinders Average maximum CoF of
low-densit with diameters Reciprocated friction untreated LDPE was
. Caldwell et Y of 11 mm and P 0.0384, significantly
Ex vivo 2002 polyethylene apparatus (25 mm/s, 192
al. [68] (LDPE) catheters lengths of 12 orcine serum) greater than that of
vs. porcine aorta, T VS &P ' phosphonylated LDPE
P " flattened aorta. (0.0285).
Reci ing sliding.
Polished glass pin (radius: 7.78 e‘C{procatlng sliding
. Dunn et al. ; . Sliding speed: 0.3 mm/s.
In vitro 2007 mm) vs. single layer of bovine . 0.03-0.06.
[10] . Average applied load:
artery endothelial cells.
0.4 mN.
Universal tester and
. 2006, Takashima Steel ball vs. flattened porcine indenter assembly. In 0.046 (mean dynamic
Ex vivo . . .
2007 etal. [55,71]  aorta. physiological saline CoF).
solution.
Kazmierska Commercial catheter vs. flattened =~ One-direction movement Static CoF: 0.01-0.13.
Ex vivo 2008 etal. [72] porcine aorta or porcine bladder (10 mm/s). In distilled Dynamic CoF: 0.01-0.09
’ mucosa. water. (for aorta).
o
Exvivo 2010  Lrokepovich elastomerorPU  Flat(10mm —yo o 0.16-1.35 (dry and wet).
etal. [73] vs. aorta or vena  square) on flat. .
defibrinated horse blood
cava from lambs. .
as lubricant.
. . . Sliding speed: 0.2, 0.5
Ex vivo 2012 Flaction et Cylinder vs. flattened bovine mmy/s. Blood and saline None (frictional force).
al. [75] hearts.
water.
Sliding speed: 30 mm/s.
Pressure: 20000 N/m2.
Prok ich  Polyvinylchloride (PV h
Ex vivo 2013 eter CEI;Z]V 1 v: i/l‘:t?eynz 4 Ozfceirfe ac():r)tacat eter With or without 0.68 (dry), 0.78 (wet).
’ ) P ’ defibrinated horse blood
as lubricant.
. Matsubara et Commercial coil vs. 10 unruptured . . None (maximum insertion
In vivo 2017 . . Manual insertion.
al. [93] human intracranial aneurysms. force: 1.42 N).
PU ball (¢p16 mm) with or without  Reciprocating sliding (6 ~ Clear differences in CoF.
Ex vivo 2020 Lin et al. [22] PLL (poly-L-lysmfz) and HA mmy/s). In PBS solution For E.B-Iayer PLL-H.A
(hyaluronan) coating vs. flattened ~ ataround 37°C. Normal  coating, CoF remained at
porcine aorta. load was 0.6 N. 0.02.
Reciprocating sliding. In Increa51.ng shdm.g speed
. caused increase in CoF.
. . Catheter loop vs. flattened porcine  PBS at 37°C. Normal .
Ex vivo 2020 Lin et al. [70] 1. Increase in normal load
aorta. load: 0.3-1.2 N. Sliding .
speed: 2-10 mm/s first caused decrease and
peed: ) then increase in CoF.
PU ball (¢p16 mm) with or without  Reciprocating sliding (6 CoF for PU star.ted very
. . . low (~0.03) but increased
. Wan et al. polyethylene glycol functionalized =~ mm/s). PBS solution at
Ex vivo 2020 . . gradually up to 0.17,
[20] hyaluronic acid coating vs. around 37°C. Normal . .
. significantly higher than
flattened porcine aorta. load: 0.6 N.
that for coated samples.
Ex vivo Translational friction Dynamic CoF of porcine
and 2023 Morita etal. ~ Commercial resin or porcine artery  tester. Air or saline. artery in saline was 0.0547.
simple [41] plates vs. alumina ball (¢ 15 mm). ~ Normal force: 50 gf. CoF of resin with silicone
shapes Speed: 1 m/min. coating was similar.
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Table 3 Summary of studies that performed experiments on samples with complex shapes

Measurement technique and conditions of frictional

Year Authors Sample material and shape
force
1991 Uyama et al. Catheterlobt.euned via photoinduced graft Pullout force from PVC tube with water.
[78] polymerization vs. PVC tube.
M ieri et
1996 al a[r;;]l ene Polyurethane catheter vs. tube filled with agar. ~ Time to pulling out.
Commercial catheter or guidewire vs. - . . .
. . Frictional resistance between guidewires and catheters
Ogata et al. water-filled polyurethane tube (100 cm in . ; . .
1997 . . . was measured by pushing guidewires in and out with
[7] length and 2 mm in inner diameter) with three stroke of 40 mm and speed of 500 mm/min
loops (30, 20, and 15 cm in diameter). P )
e Insertion force during continuous insertion by wire
1 1 (p4 .
2010 Nagano et Silicone rfibbex.‘ aneurysm model (p4 mm) vs delivery device (0.5 to 2.0 mm/s) or manual operation
al. [35] commercial coil.
by doctor. Water.
I ion f i
2012 Guo et al. Catheter vs. commerecial silicone rubber blood (;saesrtt:r):l;\f:)z bg;g;:iiif::f ?c’)itceen;vas about 1.5
[61] vessel model (EVE, FAIN-Biomedical Inc.). N ' 8¢ op & vt
Kobaya§h1 Guidewire vs. PVA-H curved blood vessel - .
2012 and Sekine Torque transmission and rotational response.
model.
[31]
2013 Haraguchi et  Silicone rubber aneurysm model (¢p5 mm) vs. Insertion force during continuous insertion by wire
al. [38] commercial coil. delivery device (1.0 mm/s).
Lamano et Acrylic aneurism model (¢p3 mm) with latex Membrane and insertion force by compression strength
2014 . . . . .
al. [40] membrane vs. commercial coil. testing machine. Insertion speed: 0.17 to 0.83 mm/s.
2014, Takashima Torus-shaped PVA-H blood vessel model vs. Force applied to blood vessel model during automatic
2017 et al. [26,27] commercial guidewire or catheter. insertion.
. Commercially available coronary stent system Insertion force during continuous insertion (8 mm/s).
Morris et al. . P . . . .
2015 [99] vs. three phantom patient-specific thin-walled Evaluation of pulsatile flow and dynamic cardiac wall
compliant coronary vessels. conditions.
2020 Haga ctal. P\./A-H 3D blood Ve.ssel r.nodel e Local pressure during manual insertion.
[25] microcatheter or guidewire.
2D i 1-sh, 1 1
. serpen‘t m.e tunnel-shaped b, ood vesse Insertion force during 1-8 mm/s insertion. DI water or
2020 Limetal. [9] model (pristine or hydrogel skin-coated) vs. .
. . ; surfactant solution.
commercial guidewire.
Forman et al Adenowires and three commercial wires with Insertion and withdrawal forces measured using
2021 (82] " proprietary hydrophilic coating vs. 2D coronary  interventional device testing equipment (IDTE, Machine
model system (ASTM 2394). Solutions).
2021 Klink et al. Plastic tube with inner lumen dlarr.leter (?f 3 mm - ertion force and vessel (tube) displacement.
[77] attached to pegboard vs. commercial guidewire.
2021, Takashima Silicone rubber or PVA-H aneurysm model (5  Insertion force during continuous insertion (1 mm/s).
2022 etal.[36,37] mm) vs. commercial coil. Water.
PDMS patient-specific vascular model coated Initial and maximum force during withdrawal (1
Kwak et al. . L . . . . .
2022 (39] with lubricating layer vs. three commercially mm/s). With saline solution. Pulsatile blood pump was
available stent retriever devices. used to generate pulsating flow.
Biomedical-grade polyimide tube (surface . . . .
I f IDTE. Fill h DI 1
2022 Leeetal. [8] modified) vs. urethane tube (inner diameter: 2 IE:;:OH oree using illed wit water, 15
mm). '
I ion f 1 lling flexible shafi
. Polytetrafluoroethylene (PTFE), FEP, acrylic nsertlc.)r? orceeva uatecll by puting exible shaft méde
2022 Liu et al. [50] tube vs. NiTi shaft from nitinol through pair of grips made from material
' ' used for channel (0.06-0.10).
Zhangetal.  Guidewire (¢0.33 mm) vs. 30°- and 45°-bent Insertion force. 1 mm/s. Physiological saline and
2022 simulated blood solution. With or without vibration of
[97] tube (5 mm). .
wire.
2023 Leroy et al. Peripherally inserted central venous catheters Insertion and retraction force evaluated using IDTE. 100
[83] vs. ASTM 2394 model. cm/min. DI water at 37°C.
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Fig.2 Examples of simple sample shapes and relative motions.
(a) Ball on flat plate (point contact). (b) Ring on disk (area
contact). (c) Flat plate on flat plate (area contact).

(b) Block
@ Block ~
N

/
Catheter

Catheter

Fig.3 Examples of simple sample shapes consisting of cylinders
and flat surfaces (line contact). (a) Two cylinders fastened
to a specimen holder. (b) Catheter loop.

living tissue, regardless of sample shape, are summarized in
Table 2.

As shown in Tables 1, 2, and 3, coefficient of friction (CoF)
values are used to evaluate the frictional properties for samples
with simple shapes, and other parameters, such as insertion
force and traction force, are used to evaluate those for samples
with complex shapes.

2.1 Simple shapes

Examples of simple sample shapes (Table 1) are shown
in Figs. 2 and 3. Samples with these shapes, rather than the
tubular complex shape of medical devices, are adopted because
they can be easily modified and characterized. For example,
samples with simple shapes can be evaluated using standard
tribological tests, allowing the use of commercial friction testers
and rheometers [9, 19, 28, 33]. Simple shapes are suitable for
testing the material itself. The calculated CoF values can be
utilized to compare experimental results from different studies.
Moreover, it is useful to characterize a given sample using both
atomic force microscopy [67, 68] and a friction test even though
the trends of nano- and macroscale friction can differ [68].

As shown in Figs. 2 and 3, various sample shapes can be
used to measure the frictional force. As shown in Figs. 2 and 3,
the contact geometry can be classified into point, line, or area
contact. The contact geometry affects the contact mechanism
(e.g., lubricating film formation). Unlike for line and area
contact, uneven contact is not a concern for point contact;
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however, the contact area may change during the experiment
due to wear. In addition, it is easier to prepare a flat plate than
a ball. For reciprocating motion, the effect of static friction
during changes in motion direction should be considered. For
the thrust-collar apparatus (Fig. 2(b)), since the nominal contact
area has a ring configuration between concentric circles, no
leading or trailing edge exists, so internal friction owing to
viscoelastic deformation is excluded from the measurements
[69]. When selecting a contact geometry, it is important to
carefully consider the optimal contact geometry for the purpose
of the test.

A combination of a cylinder and a flat surface (Fig. 3) can
be used to model a device because most intravascular devices
are flexible cylinders. Caldwell et al. [68] used two low-density
polyethylene cylinders fastened to a specimen holder, which
produced a line contact geometry when articulated against the
intima of the aorta by a reciprocating friction apparatus (Fig.
3(a)). For this combination, commercial medical devices can
be used. For example, Lin et al. [70] rubbed a porcine aorta
(adopted to mimic a human blood vessel) with a catheter loop
in reciprocating sliding mode to examine the role of catheter
loop curvature, stiffness, normal load, sliding speed, and the
endothelial glycocalyx layer on the friction properties (Fig. 3(b)).
Nagaoka and Akashi [16] fixed a 5-cm-long catheter on a glass
plate and evaluated it using an inclined plane apparatus where
one end of the plate was gradually inclined to obtain the initial
angle required for slipping to start.

Various types of relative motion, such as linear reciprocation
and rotation, can be applied to samples with simple shapes.
Most types of apparatus use motors. An inclined plane
apparatus [16, 55, 71] that uses gravity can also be used.

However, most experimental models fail to account for
the initial deformation of the vessel wall before and after
contact because the specimens are in contact with each other
at the outset of the experiment and already deformed by an
applied load. That is, these models consider the continuation
of the contact state, not the initial contact. Takashima et al.
[55, 71] investigated the frictional interaction between a blood
vessel and a catheter using an apparatus in which a steel ball
approached and slid against an inclined and flattened porcine
aorta, which deformed gradually as the ball approached.

It is useful to compare CoF values obtained for biomodels
with those of blood vessels (Table 2) [10, 20, 22, 41, 55, 68,
70-74]. In many cases, cut and flattened animal aorta, which
are commonly used, have CoF values in the range of 0.01-0.13
[41, 55, 68, 71, 72]. When untreated polymers were used, the
same samples were repeatedly used, or the blood vessel surface
was degraded (note that such conditions do not represent
clinical practice), larger CoF values were obtained [20, 22, 70].
Furthermore, Prokopovich et al. [73, 74] reported relatively
large CoF values (0.16-0.78) obtained with defibrinated horse
blood as a lubricant and assumed that these large CoF values
can be attributed to the difference between the commonly used
water and blood as the lubricant. The difference in sample shape
which contacts the blood vessel could have also contributed
to the large values (Prokopovich et al. evaluated the contact
interactions of aorta against a flat polymer surface, although a
ball or cylinder was used in many studies, as shown in Table 2).

2.2 Complex shapes

Experiments that more closely replicate an actual situation
require samples with complex shapes (Table 3). As shown in
Table 3, parameters such as insertion force and traction force
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(not CoF) are used to evaluate the frictional properties for the
samples with complex shapes. The combination of two tubes
(a tube in a tube) requires the bending of the outer tube to
realize contact. Therefore, to evaluate the frictional properties
of the guidewire itself, the wire is often drawn through a
circular loop of a polyethylene catheter (internal diameter:
1.57 mm) [76]. In many cases, a tube was fixed in a curved
shape and a commercial guidewire was inserted. For example,
Klink et al. [77] used plastic tubing attached to a pegboard
prepared with graph paper as a background; the pegboard
structure and the course of the curves were based on common
standards and guidelines [13]. Liu et al. [50] used two tubes and
acrylic constraints as a hollow channel. Uyama et al. [78] used
polyvinylchloride tube. Marmieri et al. [79] used a tube filled
with agar and evaluated the slipperiness of the catheter surfaces
using a pull-out test, where the catheter was pulled out from
the tube. It was reported that the difference between various
combinations became more obvious when guidewires were
pushed in rather than pulled out, suggesting that the rigidity of
the guidewires was a significant factor [7].

Experiments using more complex vascular models
made of silicone rubber [29, 35-39], acrylic [40], poly(vinyl
alcohol) hydrogel [25-27, 30-33], and elastomer-hydrogel
skin multilayers [9, 28] that mimic living tissue have also been
conducted. 3D printers are widely used to prepare biomodels
and can easily fabricate mold copies of the vascular tree, which
is subsequently embedded in a liquid resin that solidifies into
a solid biomodel. After the liquid resin has solidified, the mold
material is removed using the lost-wax technique [29]. The
increasing availability of 3D printers has led to an increase in
the use of complex vascular models. Complex biomodels can
realistically simulate a situation where the medical device slides
inside a tortuous human blood vessel. Complex patient-specific
biomodels are thus useful for testing medical devices prior to
their use in humans. A public database of human brain arterial
vasculature obtained using magnetic resonance angiography
can be used to prepare such models [80].

Several companies (e.g., Instron, Zwick Roell, and Machine
Solutions, Inc.) produce test machines for analyzing the
behavior of a guidewire and/or catheter [8, 81-83]. For example,
testing was performed at Machine Solutions, Inc. using an
interventional device testing equipment system to track a
catheter through a test fixture constructed according to the
American Society for Testing and Materials (ASTM) standard F
2394-07 [13, 81-83].

As shown in Table 3, most studies measured the insertion
force of the medical device. Note that the insertion force is
the sum of forces applied to all vessel parts by long flexible

Tube

Motion

Fig.4 Model of tube in tube
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medical devices. Moreover, the insertion force includes the

friction among the medical devices (e.g., the friction between

the catheter and the guidewire). For example, a previous
study found a difference between the coil insertion force and
the contact force of a coil on the aneurysmal dome using an

aneurysm model [40]. In order to measure local properties (e.g.,

contact pressure), it is necessary to use a model tube equipped

with small sensors [25, 30]. Catheter-type tactile sensors, which

measure force based on the piezoresistance effect [84-86],

capacitance [84], optical measurement [87, 88], pressure-

sensitive rubber response [89], or piezoelectric effect [90-92],

can be used to measure the contact force.

The measured insertion force should be compared with that
measured for insertion into the human body. However, there is
little in vivo data [5, 93], as shown in Table 2. Matsubara et al.
[93] measured the coil insertion force for cases of intracranial
aneurysm (10 unruptured human intracranial aneurysms) using
a force sensor that they had developed.

In tests that use samples with complex shapes, in addition
to the insertion force, trackability and pushability are often used
as evaluation criteria because friction affects the motion of the
medical devices. Trackability refers to the ability of a system to
be advanced to the target lesion; it is affected by factors such as
friction and bending stiffness [66]. For a model that uses a tube
inside a tube, the outside tube must be transparent to allow
the positions of the medical devices to be measured [32, 33].
Pushability characterizes the load transfer from the proximal
(interventionist’s) end to the distal tip of the catheter. High
load transfer allows finer and more direct tactile control of the
instrumentation [66]. Pushability and trackability are important
characteristics of endovascular therapy devices, although
there are trade-offs with respect to design, material selection,
manufacturing, and tolerance [66]. Because twisting motion
is applied to a guidewire to change tip direction, the torque
transmission and rotational response of the guidewire in a
curved blood vessel are important [31]. The frictional properties
along both the axial and circumferential directions of the blood
vessel model should thus be discussed.

The frictional properties between a model with a complex
shape and a medical device can be initially tested by touch to
determine the slipperiness of a sample. With this subjective
approach, all samples must be tested at the same time.
Therefore, many researchers have evaluated not only the
target samples but also standard samples under standardized
conditions.

Samples with complex shapes have the following problems.
e The number and positions of the contact points vary with

time during insertion, making it difficult to understand the
effect at each contact point. The frictional force depends on
the changing contact force and area. Moreover, because it
is difficult to keep the contact conditions constant, it is also
difficult to conduct repeated tests to evaluate wear.

e It is necessary to cut the vessel model into small pieces in
order to characterize the surface properties.

e The insertion force into the blood vessel model, not the CoF,
is measured. Therefore, another experiment is necessary to
measure the CoF. For example, Liu et al. [50] measured the
CoF by pulling a flexible shaft made from nitinol through
a pair of grips made from the material used for the curved
channel.

e Fabrication repeatability is low. It is difficult to repeatedly
prepare the same shape accurately. Moreover, it is difficult
to measure the shape of the inner surface.
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3 Experimental conditions

In order to evaluate the samples shown in Section 2,
experiments that simulate physiological conditions should be
conducted. Friction includes not only surface force interactions
such as interfacial adhesion, asperities deformation, and viscous
film shear, but also morphological reaction forces due to surface
viscoelastic deformation under the front of the slider [75]. In any
case, it is necessary to adopt clinical situations that often occur
or that cause problems (e.g., injure living tissues). Note that the
non-clinical performance testing recommended for a device’s
intended use may vary based on its risk profile associated with
the intended target vasculature (e.g., coronary, peripheral, and
neurovascular) [94]. The conditions that should be considered
are described below.

3.1 Sliding speed

It is well known that sliding speed strongly affects the mode
of lubrication and the CoF. Therefore, the insertion speed of a
medical device may affect the evaluation results; however, a
database of actual insertion speeds is not currently available. As
shown in Tables 1, 2, and 3, in many studies, the sliding speed
(controlled by electric motors) was several millimeters per
second. One reason for the speed selection could have been that
the speed was consistent with the subjective judgment of the
surgeon. However, in the near future, useful information will
be obtained from prior research where the speed derived from
the tracking data of a catheter or guidewire was proposed as a
metric for evaluating surgical skill [95, 96].

3.2 Contact force

Flaction et al. [75] reported that the applied normal force
is the dominant factor that affects the frictional force, as
determined through experiments that use a cylindrical tip and
bovine hearts. They also reported that when a normal force is
applied, the areas of contact between the cylinder and the tissue
play an important role [75]. The frictional resistance between
the guidewire and a vascular wall is also affected by the
contact time [97]. A negative correlation between the CoF and
normal load is commonly observed for soft tissue, such as skin,
intestines, and the esophagus [70].

Although the effect of the contact force is large, similar to
the sliding speed described in Section 3.1, a database of contact
force is not currently available. One reason for this is that
although many catheter-type tactile sensors [84-92] have been
proposed, there are no established and approved methods for
measuring the contact force in vivo. Moreover, it is difficult to
measure the actual normal force between a flexible intravascular
device and tortuous blood vessels because the contact state (e.g.,
number of contact points and reaction force from the medical
devices) greatly changes depending on the conditions, such
as vascular structure (which varies among individuals), the
clearance between the device and the vessel, and the mechanical
properties (e.g., stiffness of the medical device). For example,
a higher device stiffness leads to higher bending and normal
contact force and friction [76]. As various devices with different
stiffnesses are used according to the required pushability [66],
flexibility, and kink resistance [7], it is difficult to measure the
actual normal force under all practical conditions.

In many experiments on samples with simple shapes (see
Section 2.1), a weight was used to change the contact force. For
in vivo experiments, the inflation amount of a balloon catheter
can be used to control the contact conditions [5].
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3.3 Lubricant

Water and saline solution were used as the lubricant
in many studies. Test conditions such as the soak time are
particularly important for hygroscopic materials, whose
properties may change with exposure to water or other fluids
[13]. Therefore, some samples should be hydrated with aqueous
solution prior to testing [19, 28, 83]. When blood is used,
heparin can be added to avoid coagulation [75]. Note that the
lubricating effect of plasma [17] can reduce the frictional force.

The CoF of an elastomer is higher than that of a blood
vessel. Therefore, when an elastomer biomodel is applied in
the evaluation of medical devices, medical education, surgical
training, or surgical planning, a surfactant solution (e.g., 300
uM Tween 20 in deionized water) can be used as a lubricant
to better mimic a human blood vessel [9]. However, the use
of a surfactant solution may cause various problems, such as
microbubble generation [9].

3.4 Temperature

Ideally, the test path should be maintained at 37°C to
simulate physiological conditions. This is important for the
mechanical properties of hydrophilic or hydrophobic coatings
of catheters, which are associated with low-friction gliding, and
for the mechanics of polymer devices [66]. Several experimental
systems have been maintained at physiological conditions
(lubricant at 37°C) for the duration of the test sequence [20,
83]. However, because temperature control systems are
bulky and expensive, many experiments are conducted at
room temperature. For example, Kazmierska et al. [72] and
Prokopovich et al. [73] performed all measurements at room
temperature because it has been reported [100] that the CoF
between rabbit’s visceral pleura and parietal pleura is not
affected by temperature in the range of 19-39°C for a sliding
velocity of up to 30 mm/s. According to the temperature
dependence of the test materials and the lubricant, the
temperature should be maintained at 37°C or room temperature.

3.5 Materials

Common materials used for vascular biomodel
applications include polyurethane, polyamide (Nylon),
polytetrafluoroethylene (PTFE), steel, TiNi, and TiMoSn
[101]. Most catheters are coated with a lubricious film,
such as hydrophilic poly(vinyl pyrollidone), poly(2-
methacryloyloxyethyl phosphorylcholine-co-n-butyl
methacrylate) ([poly(MPC-co-BMAY]), or ComfortCoat” [70]. The
effect of hydrophilicity is large and thus the surface properties
of the models are often investigated in terms of the contact
angle using liquid droplets [9, 102]. Note that polyethylene has a
tendency to acquire memory of the loops of tubing in which the
catheter was tested over time [7]. Guidewire stiffness varies with
length (for example, flexible 50-mm tip, moderate 50-mm stent/
balloon support, and stiff 500-mm shaft); guidewire materials
may have a strong nonlinear response and recovery from
bending [13]. It may be necessary to simulate the lesion material
(e.g., calcium, fibrin, collagen, fat, cholesterol, endothelial cells,
smooth muscle cells, red blood cells, platelets, dead white blood
cells, and macrophages), type, and morphology [13].

When lubricious coatings are incorporated to decrease the
frictional force, coating integrity testing should be conducted
because coating separation (e.g., peeling, flaking, shedding
delamination, and/or sloughing off) or degradation may
adversely impact clinical performance [94].
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3.6 Other parameters
Other physiological parameters must also be considered.

For example:

* The material properties (e.g., stiffness) of samples can affect
the stress concentration at the contact surface. The stiffness
of not only the vessel itself but also the surrounding tissue
(e.g., muscle and fat) can affect the results [25, 71]. A
vascular model created with a soft material similar to an
artery may require surrounding materials, such as a gel
[103]. Moreover, the constraint force of a vessel (e.g., radial
and longitudinal tension) and tangential forces affect the
shearing force between the contact points.

* The surface roughness can affect the experimental results.
For example, the increased roughness of a phosphonylated
low-density polyethylene sample may help trap fluid in the
valleys, producing fluid film lubrication, as suggested by
the microelastohydrodynamic model, under appropriate
operating conditions [68].

e It has been reported that continuous insertion at a constant
speed into silicone that simulates an aneurysm requires
half or less of the maximum force required for intermittent
insertion by a doctor, presumably because static friction is
exerted when the insertion is paused [35].

* A pulsatile blood pump has been used to generate a
pulsating flow with approximately physiological conditions
[39]. Khoshbakht et al. [98] showed that fluid flow can
greatly change the tip contact force when the catheter is
close to the left inferior pulmonary vein. Moreover, Morris
et al. [99] showed that cardiac motion with pulsatile flow
significantly changes the insertion forces of a commercially
available coronary stent system inserted into three patient-
specific coronary artery models.

After non-clinical performance tests, clinical studies are
needed to demonstrate how the reduced insertion and retraction
forces measured under simulated use conditions translate to
ease of insertion scores and clinical outcomes (e.g., reduced
potential for vessel wall injury) [83]. Additional clinical trials
are needed to determine whether the differences in frictional
properties between several devices translate into improved
clinical outcomes (e.g., reductions in vascular injury, catheter
failure, and rate of infection) [83].

4 Future issues

As shown above, it is difficult to compare the experimental
results obtained using different evaluation methods.
Therefore, it is necessary to establish standardized methods
for evaluating the friction between an intravascular device
and a vascular biomodel. There are currently no standardized
models of the coronary vasculature, peripheral vasculature,
and neurovasculature. Nevertheless, an example of a tracking
fixture previously accepted by the United States Food and Drug
Administration in premarket submissions is described in Figure
X2.4 of ASTM F2394-07 [13, 94]. Although this model simulates
a coronary vessel in a 2-D plane, 3D biomodels are useful for
realistically simulating an actual situation where the medical
device slides inside a tortuous human blood vessel. A public
database of human arterial vasculature can be used to prepare
a standard artery model [80]. For comparisons of human
arterial vasculature, which varies among individuals, it is also
necessary to calculate the appropriate parameters to express the
blood vessel structures (e.g., curvature and torsion [3]). To keep
conditions constant, standard medical devices are necessary
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for the evaluation of blood vessel models, and vice versa. As
described in Section 2.1, experiments that use samples with
simple shapes have many advantages; standardized methods
using such samples are also necessary. The combination of
several standardized tests using samples with simple and
complex shapes would also be useful. As described in Section 3,
a database of experimental conditions (e.g., insertion speed and
contact force) is not currently available. Clinical data should
thus be collected and compiled.

5 Conclusion

In this review, we summarized methods for evaluating
the friction between an intravascular medical device and a
vascular biomodel. We presented the current state of research
on the vascular biotribology of medical devices, biomodels, and
blood vessels. We described the sample shape, classified the
evaluation methods based on the sample shape, and described
each method. Moreover, we described the experimental
conditions used to simulate physiological conditions. Finally,
we discussed the future issues concerning the evaluation
methods. It is necessary to establish standardized methods for
evaluating the friction between an intravascular device and
a vascular biomodel that can realistically simulate an actual
situation where the medical device slides inside a tortuous
human blood vessel.
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