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Abstract.
OBJECTIVE: In this paper, we investigated the parameters with effective traceability to assess the mechanical properties of
interventional devices.
METHODS: In our evaluation system, a box-shaped poly (vinyl alcohol) hydrogel (PVA-H) and silicone were prepared with
realistic geometry, and the measurement and evaluation of traceability were carried out on devices using load hand force. The
phantom models had a total of five curve pathways to reach the aneurysm sac.
RESULTS: Traceability depends on the performance of the interventional devices in order to pass through the curved part of
the model simulation track. The traceability of the guide wire was found to be much better than that of the balloon and stent
loading catheter, as it reached the aneurysm sac in both phantom models.
CONCLUSIONS: Observation using the video record is another advantage of our system, because the high transparency of
the materials with silicone and PVA-H can allow visualization of the inside of an artery.
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1. Introduction

Catheters are used for drug administration, to observe, diagnose, or treat infarctions, aneurysms, and
stenosis, or for implantation in endovascular surgery (Embolization). Endovascular treatment using a
catheter was recently revealed as a minimally invasive treatment model [1–3], since which time the
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number of cases of endovascular treatment implementing catheters has been increasing. Surgeons ma-
nipulate the catheter using an angiography monitor in order to position it at the disease site. The supply
roller was developed to provide surgical instruments to edge the catheter away from a fluoroscope, and
the catheter was further developed as a tool for tele operation using LSM [4–6]. Similarly, the use of
ACIS can reduce radiation exposure to both surgeons and patients. The latest model of MMCS has a
small size, only 0.8 mm in diameter and 8 mm in length. The MMCS is used for needle guidance [7],
bronchoscopic manipulation [8], and laparoscopic surgery manipulation [9]. The MMCS was compared
with other corrective methods through use of a mathematical method by Kindratenko and Bennett [10].
Another method using an optical detector was presented for co-calibration between sensors [8,11,12].

However, only a few studies have investigated catheter performance, most of which were small-scale
clinical studies [13–17]. In addition, in-vitro studies on micro catheters are even rarer, owing to the
difficultly evaluating the performance and characteristics of micro catheters [18].

A box-shaped in-vivo model can provide stable conditions for interventional training, and is also con-
venient for the technical assessment of medical devices [19]. This is attributable to its stable geometric
structure. As PVA-H (Poly vinyl alcohol hydrogel) can be formed according to the desired design, a
box-shaped PVA-H model resembling the vascular lumen was developed. Assessment of the mechanical
characteristics of interventional devices such as guide wires, catheters, balloons, and stents are required
to provide experience to surgeons, and to provide an accurate assessment system for new devices to
medical device developers.

To characterize the mechanical properties of interventional devices, traceability was defined as the
device’s ability to easily move and trace the target via a curved vascular route. To assess the mechanical
characteristics of interventional devices, a box-shaped PVA-H with an actual geometric structure was
prepared, and its traceability was measured and assessed using the in-vitro tracing system.

2. Experimental methods

2.1. Poly (vinyl alcohol) hydrogel phantom model

To construct a realistic mold, it is prepared with combination of clinical imaging method, rapid typing
technique and coating of polymer, models of the cerebral vasculature shown in Fig. 3(a) were created
from patients undergoing clinically indicated conventional angiography with rotational data acquisition.
Figure 3(b) shows a model made of gypsum. A material of biomodel is deposited on the mold by various
technique (pouring, painting, dip-coating, etc.), and at last the mold is removed by lost-wax technique
(heating, chemically disolving, etc.).

A phantom model made of poly (vinyl alcohol) hydrogel (PVA-H) was developed to overcome the
previous weaknesses. PVA-H is mainly composed of poly (vinyl alcohol) (PVA) and water. It may also
include other organic solvent, such as dimethyl sulfoxide (DMSO). This hydrogel is made by utilizing
the characteristics of PVA to be easily dissolved in water or other hydrophilic solvents. Because PVA
has many hydrophilic groups (hydroxyl groups) in its molecular components (Fig. 1), the polymer chain
of PVA can bond to water or other hydrophilic molecules. The characteristics of PVA were researched
energetically in the 1960s, and many synthesis methods and applications were developed. Gelation of
PVA is one of those applications, and the PVA hydrogel is a beneficial gel which can also be applied
in the medical field [20]. Most PVA hydrogels are obtained by dissolving PVA powder in water at high
temperatures, after which freeze-thaw cycles are carried out to provide high strength to the gel [21].
However, PVA hydrogels obtained by freeze-thaw cycles are not usually transparent. In the late 1980s,
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(a) (b)

Fig. 1. (a) Chemical structure of PVA, and (b) PVA powder. DP is the degree of polymerization, and SV is the saponification
value. PVA has a hydrophilic group (hydroxyl group) in the unit with the subscript x, and a hydrophobic group (carboxyl group)
in that with the subscript y in its structure. For general information, the number of x is larger than y, and SV becomes higher
than 80%.

(a) (b)

Fig. 2. (a) The box-shaped PVA-H phantom model with the actual geometry. (b) The box-shaped silicone phantom model with
the actual geometry, which replicated the PVA-H boxed model.

Hyon et al. reported a strong, transparent PVA gel could be obtained by using DMSO aqueous solution
as the solvent [22]. According to their report, the transparency and tensile strength of the resulting gel
is variable due to the concentration of DMSO in the aqueous solution, and PVA hydrogels composed of
80 wt% of DMSO aq. are the strongest and most transparent.

The components (DP, SV) of the PVA polymer chain can be changed during chemical processing.
Ohkura et al. reported that the molecular component of PVA affects the sol-gel transition curve [23].
This result indicates that the molecular component of PVA also affects the physical and chemical char-
acteristics of the PVA hydrogel. In addition, the physical characteristics of the PVA gel are also affected
by the facticity of polymer structure [24]. The PVA-H model is shown in Fig. 2(a).

2.2. Experimental system for traceability testing

A three-dimensional pathway that simulated the intracranial carotid artery was constructed from PVA-
H and silicone. In this study, traceability was considered as the ability of the interventional devices to
track or move easily through a curved vascular pathway. To characterize the traceability, the proximal
push force by hand required to advance the catheters, balloon and guide wires through the in vitro
phantom model made of PVA-H or silicone was measured. Measurements were performed using seven
different interventional devices (1 balloon, 4 stent-loading catheters and 2 guide wires) to evaluate the
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(a) (b) (c)

(d)

Fig. 3. (a) Three-dimensional model of a patient is prepared with a combination of clinical imaging, rapid typing technique, and
coating of polymer. Models of the cerebral vasculature were created from patients undergoing clinically indicated conventional
angiography with rotational data acquisition. (b) The 3-D geometry was transferred to a model made of gypsum. (c) The
circulatory tracking system shown consists of a PVA-H model, an acrylic mold of that model, a sheath and a connecter [25]. (d)
Box-shaped in vitro phantom model mimicking the geometry of a human intracranial artery. This phantom model had a total of
five curve pathways to reach the aneurysm sac. A guide wire was inserted from the right (common carotid artery) inlet part.

traceability. All measurements were performed for a single device of each interventional device brand.
The stent-loading catheters (TaeWoongMedical Co., Ltd., Korea) had stents of different porosity on
the tips (64%, 71%, 74% and 80%). The guide wires tested included a single 0.016 inch Glidewire
GT (Terumo Co., Tokyo, Japan) and a single 0.016 inch Gateway (Boston scientific, Natick, MA, USA).
Traceability is essentially a measure of the resistance against the devices moving through a curved vessel
pathway. The lower the push forces felt, the better the traceability. Validation measurements have estab-
lished that the number of curves is responsible for the difficulty level of the relating model path [26]. The
tracking system tested consisted of a PVA-H phantom model or silicon phantom model, an acrylic mold
of the model, a sheath, and a connecter. These in vitro phantom models had a total of five curvatures, as
shown in Fig. 3(d). All devices were inserted into the tracking systems by hand force, and the motion
was recorded with a digital camera.

3. Results

The in vitro tracking system that was developed in the present study, described in detail in Fig. 3(c),
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(a) (b)

(c) (d)

Fig. 4. (a) Motion capture for evaluating traceability of a stent loading catheter in the PVA-H phantom model (Stent porosity:
80%). (b) Motion capture for evaluating traceability of a stent loading catheter in the silicone phantom model (Stent porosity:
80%). (c) Motion capture for evaluating traceability of a stent loading catheter in the PVA-H phantom model (Stent porosity:
64%). (d) Motion capture for evaluating traceability of a stent loading catheter in the silicone phantom model (Stent porosity:
64%).

was evaluated for traceability. Validation measurements have established that the number of curves is
responsible for the difficulty level of the related model path. Each device was advanced through this
tortuous pathway with the endpoint being measured as the maximal distance traversed by the devices.
As shown in Figs 4 and 5, our phantom model made of PVA-H or silicone was very clear to provide an
understanding of the catheter, balloon and guide wire movement. They could be inserted into the artery
smoothly.

The traceability of the guide wires was much better than that of the balloon and stent loading catheter,
as only they reached the aneurysm sac. Markedly, the Gateway guide wire (Boston scientific, Natick,
MA, USA) was the most deliverable, reaching curve 5 in both the phantom model in Figs 5(a) and (b).
On the other hand, the other guide wire tested, Glidewire GT (Terumo Co., Tokyo, Japan), produced
significantly different results. As shown in Figs 5(c) and (d), it could only reach curve 5 in the PVA-H
phantom model, but failed in the silicone phantom model.

These results suggest that the stents with higher porosity had higher stiffness. This phenomenon can
be explained by the higher friction coefficient of silicone and its higher stiffness, which made it difficult
to control compared to the PVA-H phantom model. For a given vessel wall architecture, the differences
in traceability must arise from differences in the endovascular devices; such differences most likely
originate from differences in the surfaces of the devices, such as surface roughness, composition, or
actual contact area among others, giving rise to frictional resistance. The bending stiffness of the stent
system will also contribute to the traceability.
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(a) (b)

(c) (d)

Fig. 5. (a) Motion capture for evaluating traceability of a guide wire (Bostion scientific, Gateway) in the PVA-H phantom model.
(b) Motion capture for evaluating traceability of a guide wire (Bostion scientific, Gateway) in the silicone phantom model. (c)
Motion capture for evaluating traceability of a guide wire (Terumo, Glidewire GT) in the PVA-H phantom model. (d) Motion
capture for evaluating traceability of a guide wire (Terumo, Glidewire GT) in the silicone phantom model.

A stiffer guide wire and micro catheter system may transmit force more efficiently because it will
act more like the example of a rigid rod; however, a stiffer system will also not conform to a curved
segment of a vessel, and hence can potentially result in greater contact forces, which will reduce the
force transmission and hence the traceability.

The most striking difference was observed in terms of the device’s abilities to reach the predetermined
region in both the PVA-H and silicone phantom models by using in vitro tracking system developed
herein. The best traceability was observed for the Gateway guide wire (Boston scientific, Natick, MA,
USA) in both the PVA and silicone phantom models. As shown in Figs 5(a) and (b), this guide wire
was able to consistently reach the lesion in both phantom models while the other devices failed. This
is likely because the guide wire had a more gradual transition in stiffness, from a floppy tip to a stiffer
body. Table 1 shows the comparison of our system with previous research.

4. Discussion

In this study, a leading effort was made to define and measure in-vitro objective mechanical variables
in order to compare the mechanical characteristics of six interventional devices which are currently
commercially available. It is no doubt that actual clinical conditions are more complex than in-vitro
conditions. However, in-vitro simulation is considered very useful for understanding the physical
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characteristics of interventional devices, as well as for providing the best guidelines to clinicians. Al-
though good outcomes obtained from in-vitro studies do not guarantee safety and ease of the approaches
in-vivo with subjects, poor outcomes obtained from in-vitro studies have shown a high possibility to
cause difficulty in complex lesions or risk of complications.

Various techniques have been used in clinical practices to promote the technical improvement of the
micro catheter/guide wire combination. One of the most commonly used techniques is to use the loose
part of the catheter that reaches the winding vascular distribution by gently re-inserting the guide wire af-
ter it was retreated sufficiently. Factors that affect the performance of devices inserted into blood vessels
include smoothness, rigidity, and durability. Device manufactures have employed various catheter mate-
rials, hydrophilic coatings, and mechanical designs to optimize the safety and traceability of catheters.
It is difficult to design an in-vitro model that stimulates cranial carotid artery circulation without fatigue
or change during use. The shape of a PVA-H model was designed to impose reasonable frictional re-
sistance, and to stimulate the curvature of cranial carotid artery circulation during catheter insertion. A
similar model might be made using a dead body or animal artery. However, such a model is difficult to
standardize during the long-term period of repeated test procedure. Furthermore, test errors may occur
due to the use of such models. The PVA-H model is considered to provide a reasonable material that can
build a route that will not confuse the measurement of catheter performance despite the poor expanding
ability of the in-vitro arterial segment.

Three delivery variables (pushing ability, traceability, and cross-over) based on resistance can be quan-
tified according to the portion of the delivery route. This definition also includes the measurement of
force that may be felt or applied by clinicians. Thus, these variables will potentially be able to show
clinicians how a specific stent is inserted to the end part of the proximal portion. As artery models
become more improved and more precisely upgraded, their definition will progress to reflect the new
understanding of stent insertion

Traceability depends on the performance of the interventional devices in order to pass through the
curved part of the model simulation track. In addition, the weak pushing force of the proximal portion,
known as the load, indicates that the traceability of proximal segment in the insertion (delivery) route is
good. The pushing force of the proximal portion constantly increases during the procedure performed
via the model. In this study, the optimized traceability was measured using the guidewires of two in-vivo
models (Boston scientific, Gateway). The catheter was pushed ahead, reaching the saccular aneurysm
of curve 5 (Figs 5(a) and (b)). The performance of the catheter and guide wire, that is, the curving
and twisting ability in the winding blood vessel, is likely to depend on “endurable” connectivity rather
than on the rigid nodule. The curving ability of the end part of the catheter and guide wire depends
on their geometric structure and materials. Traceability and curving ability are likely to be associated
with each other. The rigidities of the interventional devices were not precisely characterized in this
study. Nonetheless, the aforementioned test method enables the simple, easy, and accurate comparative
measurement of traceability which is imperative for clinical implementation.

5. Conclusion

The new system developed herein was evaluated in terms of mechanical properties of the interven-
tional devices, and their effects on traceability were determined.

In the current setting, the proposed system provided information about the ability of interventional
devices to pass and push through the tortuous pathway made of PVA-H and silicone.
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Other important features of the proposed methodology are its modularity and extensibility. While the
current test situation was suitably developed to simulate a neuro interventional environment, it is readily
adaptable to simulate procedures related to other medical fields. We hope that our study may aid in the
selection of appropriate instruments.
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