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Abstract: Mastering coronary angiography requires practice. Cadavers and animals do not accurately
represent the human anatomical body, and practicing with actual patients has medical safety issues.
Simulation offers safe and realistic conditions for cardiology intervention training. In this study, we
propose a novel 3D printed simulator that contains physically realistic anatomy and has four access
points. It increases safety for patients and students, and production is low-cost. We aimed to make
and validate this simulator design as a prototype for coronary cannulation training. It was designed
using computed tomography (CT) scan data of aorta, coronary, and heart models, and was printed
by 3D printing with resin materials consisting of 75% or 85% clear resin and 25% or 15% flexible resin
additive. The simulator was constructed with a camera above the simulator with a degree of LAO
of 30°/0°, a display table, and an acrylic box. Twelve validators were interviewed for their expert
opinions and analyzed by a qualitative method. They scored the simulator’s suitability on a four-point
Likert scale questionnaire. They described the simulator as having admirable values for all aspects
(85.8%), curriculum suitability (92%), educational importance (94%), accuracy (83%), efficiency (78%),
safety (87.5%), endurance (81.2%), aesthetics (80.7%), storage (85.4%), and affordability (85.8%).

Keywords: 3D printing; coronary intervention; education; simulation; simulator

1. Introduction

Percutaneous endovascular interventions with minimally invasive procedures are
rapidly increasing because of their improved benefits, decreased hospitalization, and
minimal use of anesthetic drugs [1]. The operators have to hone their skills, which require
practicing in order to augment the actual procedural performances [2]. Learning by using
cadavers is expensive and difficult to maintain, while animal use is not representative of
the human body [3]. Furthermore, procedures performed on patients without practice may
do harm to the patients, and the issues surrounding the current awareness of the potential
for human error in medical practice still remain a hot issue regarding patient safety [4].

Simulation is used for high-risk and precise procedures; it is suitable for interventional
cardiology learning and can improve the students’ acquisition of new skills [5]. This benefit
is more prominent for amateurs than for experts [6]. Ideally, the skills of surgeons who have
trained with simulators are better than those who have little or no training [7]. Furthermore,
students’ interests and abilities will increase with new teaching media, such as the use
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of simulators. Training in coronary cannulation techniques is a basic skill for cardiology
residents. The use of three-dimensional printing is now well-known and increasing in
medical settings for learning, surgical preparations, bioprosthetic production, and organ-
assisted device-making [8-10].

This angiography procedure may cause complications to patients, such as dissection
of the aorta or coronary vessels, arrhythmia, myocardial infarction, bleeding, or death. Sim-
ulation allows students to practice without risk of these complications [11]. The 3D printing
may be used to make interventional cardiology simulators that have complex structural and
high precision models and fast production time. The 3D printing data come from comput-
erized tomography (CT) scans, magnetic resonance imaging (MRI), single-photon emission
tomography (SPECT), or 3D trans-thoracic echocardiography (TTE)/trans-oesophageal
echocardiography (TOE) [9,12,13]. Printing materials depend on the teaching purpose.
For example, acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) with fused
deposition modelling (FDM) can print hard materials for bone structures. Binder jetting
(BJ) and stereolithography (SLA) are often used for liquid materials such as resin to make
cartilage, tumors, liver segments, and heart parts. Polyjet (PJ) is applied to the combination
of materials and can be used to print rubber with rigid photopolymers for arteries, mitral
valves for catheter interventions, and arterial clips for cerebral aneurysms [14].

Simulator production must have replication precision that will replicate the real setting
environment, available tools, and student mentality. In the learning process, students are
given feedback from the instructor [15]. Normal CT scan data from coronary arteries
to femoral arteries from some patients are segmented, edited with reduced noise, then
smoothened, thickened, and stabilized to make the simulator design before simulator
printing and construction [16]. The quality of the image is dependent on the properties of
the medical imaging used and the type of printing method, and the cost spent is reflected
in the image size and selection, materials used, and printing methods [17]. Resin is widely
used from industrial sources because it has good strength and adhesion, is chemically
resistant and stable, has low shrinkage, and is easy to apply. The cross-linked density of
the resin determines the transparency and flexibility [18].

Virtual reality (VR) simulators show the topology of the 3D prototype; the images do
not describe a concrete structural depth and physical organ model compared to 2D images,
and they do not require high-cost maintenance [5,19]. This research aimed to produce a
simulator for coronary artery cannulation with all puncture sites that can serve as a concrete
structural and physical organ model. It mimics aortic characteristics by material selection
and enables students to observe anatomical and functional aspects for procedural learning
purposes. Resin can also be used for 3D printing materials in the simulator production,
which can significantly lower costs [16].

The contributions of this study area are described below:

e  Students are able to learn the coronary artery cannulation with four access points,
while seeing and feeling the real physical anatomy of the organ.

e  The 3D printing technology gives an advanced and cost-effective medical simulator
with simple, readily-available materials for manufacturing.

e  The selection of 3D printing materials for the simulator production resembles the
proposed organ and can be adjusted for the procedure learning purposes, providing a
clear and flexible 3D printout.

2. Materials and Methods

This was a research and development study to develop and assess the validity of a
new product. The subjects were chosen based on their expertise related to the simulator
function [20]. The design was built and printed with 3D technology into a prototype, and
then prototype validation was conducted by qualitative methods and a questionnaire. This
research was conducted in the Dr. Sardjito General Hospital, Yogyakarta, Indonesia; Faculty
of Medicine, Public Health and Nursing, Universitas Gadjah Mada; Integrated Digital De-
sign (iDIG) Surabaya Technology Institute; and Execute 3D Printing Workshop Yogyakarta.
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The total of 12 study subjects included experts in anatomy (n = 2), engineers (n = 2), and
an interventional cardiology team, which consisted of interventional cardiologists (n = 2),
an interventional fellow of cardiologist (n = 1), interventional nurses (n = 3), and radio-
graphers (n = 2). They participated in the research from January 2021 to February 2022.
Exclusion criteria included: (1) did not meet the criteria of the cardiology interventional
team, and (2) did not give informed consent.

2.1. Three-Dimensional Prototype Design

The simulator, which consisted of the coronary arteries, aorta and the branches, right
and left iliac artery, right and left femoral artery, subclavian artery, brachial artery, and radial
artery, was designed from anatomically normal CT scan data from IntelliSpace Phillips
version 10.1 (Philips, Best, The Netherlands). The CT scan data were chosen and modified
based on the imaging cardiologist, interventional cardiologist, and anatomy experts to
modify the organ structure for coronary artery cannulation importance. Then, the data were
edited by Autodesk Meshmixer 3.5 (Autodesk Inc., San Francisco, CA, USA) and Blender
2.93 (Blender Foundation, Amsterdam, The Netherlands) for organ segmentation and
smoothening of the design surface and saved into an. STL format. Data were transferred
into G-code before printing. The best material, the method for printing, printout thickness,
and simulator construction were discussed by both cardiologists and engineer experts. In
this step, the lattice structure (the support to strengthen the 3D printout) was also printed
and had to be removed manually. The assembly of the 3D printing was completed in an
acrylic box and display table to make the simulator (Figure 1). A LAO 30°/0° view was set
from the camera holder to resemble the real procedure.
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Figure 1. Manufacturing process of the simulator.

2.2. Three-Dimensional Design and Prototype Validation

There were two steps for the validation. First, the soft file data were examined by
anatomists and an interventional cardiologist to evaluate the suitability of the anatomical
design structure. Next, the second validation step was performed by anatomists, engineer-
ing experts, and an interventional cardiology team (interventional cardiologists, a fellow
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of interventional cardiology, interventional nurses, and radiographers) after formation of
the simulator prototype. In this step, interviews were conducted with all of the subjects
according to their expertise. The interview guide was based on their realm of expertise.
A 4-point Likert scale on the anatomical structure of the 3D printout was scored by the
anatomy experts and interventional cardiology team. The questionnaire that related to
simulator suitability for learning importance was completed by the interventional cardiol-
ogy team. The subjects’ responses were collected until the data reached redundancy, when
there was nothing new offered from the expert opinions concerning the simulator.

2.3. Analysis

The analysis was conducted using qualitative methods for the interview analysis. The
interview data, which were saved in audio recording or video, were summarized into open
coding, based on the important or main parts of the interviews that contained new expert
opinions. Data were made into short narrations or connections to simplify the research
understanding. If the data display was strong, then summaries of the simulator’s suitability
were built. The questionnaire on the prototype suitability of the anatomical 3D printout
was calculated as a percentage based on scoring of the suitability of each anatomical
structure by the anatomy experts and interventional cardiologist. The data on the simulator
suitability for learning from the questionnaire filled out by interventional cardiology team
were calculated manually by Sugiyono’s formula to determine the suitability percentage
(Table 1) [20]. Tables and graphics were included to emphasize the results.

Suitability = Oowined score 0,
Criteria score

Obtained score = Sum of all aspects and subject score

Criteria score = highest criteria x number of items x number of subjects

Table 1. Percentage of suitability [21].

Score Category

<40% Not feasible
40-55% Neutral
56-75% Feasible
76-100% Completely feasible

2.4. Ethical Issues

This research was conducted with approval from the Medical and Health Research
Ethics Committee of the Faculty of Medicine, Public Health and Nursing, Universitas
Gadjah Mada, Yogyakarta, Indonesia with the number KE/FK/0926/EC/2021. All of the
subjects were explained the research procedures and signed the informed consent form
before participating.

3. Results
3.1. Simulator Model Making

The researchers made non-systematic observations of the process of coronary angiog-
raphy learning in Dr. Sardjito General Hospital, Yogyakarta, Indonesia, where they used
the traditional method of observation, explanation, and training by the trainer, identified
as the interventional cardiologist. There were five CT scans from 21 patients used to design
the coronary arteries, aorta and the branches, iliac artery, femoral artery, subclavian artery,
and radial artery from IntelliSpace Philips version 10.1. The data were edited by Au-
todesk Meshmixer 3.5 (Autodesk Inc., San Francisco, CA, USA) and Blender 2.93 (Blender
Foundation, Amsterdam, The Netherlands) to delete, construct, and smooth the design
(Figure 1). Anatomical design validation included opportunities for the anatomists and
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interventional cardiologists to ask questions about the suitability of the anatomy and the
simulator design performance.

3.2. Design Validation

The design was representative of the anatomy. However, design correction from
both validators was needed. The common iliac artery and femoral artery branches were
maintained to resemble the catheter road and mark the false route pitfall, and some non-
existent parts of both artery branches were removed. The abdominal aorta branches, which
consisted of superior and inferior mesenteric artery, coeliac trunk, and renal arteries, were
exposed to mark the aorta location and the thoracic aorta branches. The left common
carotid artery and left subclavian artery were more medially located than normal anatomy.
Therefore, shifting both arteries to the left part of the thoracic aorta was required. The
superior extremity artery was reviewed to add the ulnar artery for puncture procedural
importance, but the CT scan data had a limitation to the contrast coloring of the ulnar artery
so adding the ulnar artery to this design could not be pursued. There was no comment on
coronary arteries (Figure S1, Supplementary Material). In addition, the replenishment of
clearly distinguishable markers, such as the skeleton, was expressed by the anatomist to
determine the catheter position. An acrylic box was applied to protect the 3D printout and
hold the water; the laminar flow was required to be similar to blood flow.

3.3. Design Printing

An exploration of raw materials for the 3D print of the design was conducted to find
those that had transparent, flexible, and strong characteristics. The design was also printed
hollow so as to be anatomically normal. This was also considered to be transparent so that
a catheter was able to be visualized as it crossed the hollowed aorta. The printout needed
to be flexible and strong to resemble the aorta characteristics, and so did the repetition
function of the simulator for skills training. A combination of clear and flexible resin with a
consistency of 75% or 85% of clear resin and 25% or 15% of flexible resin additive was the
most suitable mixture for the 3D printing of the design (Figure S2 of the Supplementary
Material). The mixture of 100% clear resin or 90% clear resin with 90% flexible resin additive
produced a whitish blur that was unclear in the visualization. However, the 50-50% mixture
was known to have low tear durability. The sticky printout was produced by the higher
percentage of flexible resin and is known to hamper catheter and wire movement. All of
these combinations were printed by the stereolithography (SLA) 3D printing technique,
which allowed fluid material for 3D printing. Coating with polyurethane (PU) was also
applied to the printed design to strengthen the model’s exterior and make it clear. The
heart design used the vacuum forming method with 3 mm mica, which compressed
the 3D printout from polylactic acid (PLA) material by the fused deposition modeling
(FDM) technique.

The mixture of latex had a very good elasticity, but this method was not good enough
because the color did not look transparent. This technique was suitable for making an
artery or vein puncture manikin. However, the molding technique with a silicone mold,
which was made by 3D-printed poly-lactic acid (PLA), was not effective and required a long
time to create. Gravitational forces also affected the resin mold, so the surface would not be
the same as others. Additional data are shown in Figure S3 of the Supplementary Material.

3.4. Simulator Forming

The 3D printing had a lattice structure that supported the printout, and this material
had to be removed manually. Then, the 3D printout design was placed in a large transparent
acrylic box in order to give protection and 40 L of water placement to lubricate the hollowed
model. A 850 cm stainless-steel display table, with four 4-volt light-emitting diodes (LED)
lamps and a 220-volt electricity cable inside, was utilized to position the model and acrylic
box. Four wheels were placed under each table’s legs to ease simulator mobilization. The
camera holder was attached to the display table on the top of the acrylic box. Meanwhile,
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the 1080 pixel (full HD) camera was placed above the 3D model with the position of LAO
30°/0°, which became known as the coronary cannulation view (Figure 2). The simulator’s
total dimension was 60 x 60 x 120 cm with a weight of 35 kg. This dimension was more
efficient than that of a real patient setting. The picture from the camera was transferred
into the monitor by a USB cable, so the trainers and students could perform the actions of
the procedure while looking at the monitor.

Figure 2. Three-dimensional printed coronary artery cannulation simulator.

3.5. Prototype Validation

A total of 12 validators (2 anatomy experts, 2 engineering experts, 2 interventional
cardiologists, 1 interventional fellow cardiologist, 3 interventional nurses, and 2 interven-
tional radiographers) were asked for their expert opinions about the simulator prototype.
The main simulator criteria were the educational importance and curriculum suitability,
accuracy, efficiency, safety, endurance, aesthetics, storage, price, and all of the performances.
This simulator was valued as completely feasible by all validators, with an average per-
centage of 85.8%. The aim of learning coronary artery cannulation was given a percentage
value of educational importance from all validators of 93.7%, a value of enriching students’
competence in coronary artery canulation of 96.8%. This simulator had a completely feasi-
ble value for curriculum suitability (92%), with the concept of the curriculum (93.7%) and
object clarity (90.6%).

This simulator was valued as very accurate (83%) with anatomical coherence (88.7%)
when examined by anatomy experts and the interventional cardiology team, which was
further valued for both a positional component (79.2%) and printout coherence (85.4%).
We used real patient CT scan data for the design and provided a feasible printout (Figure 3)
(additional data regarding the 3D printout anatomical suitability scoring percentage is pre-
sented in Table S1 of Supplementary Materials). The inserting and manipulating of the wire
and catheter were completely feasible (87.5% and 84.3%, respectively) for either clockwise
or counterclockwise catheter manipulation. However, the insertion and manipulation of
the wire and catheter were hard to perform (81.2% and 75%, respectively). The difficulty
of the catheter insertion was caused by the material used. Additionally, the 3D material
and the aortic arch angulation might interfere with the wire and catheter movement. The
catheter manipulation was found to be hard with the JL catheter because of the angulation
of the distal aortic arch (Figure 4B). However, the total efficiency of the simulator was
valued as feasible with a percentage of 79.2% on average by the validators.
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Figure 3. Three-dimensional printout of the anatomical suitability from the validator assessment.

Figure 4. (A) Evaluated area to reduce the thickness. (B) Evaluated area of aortic arch angulation.
(C) LAO 30°/0° camera position. (D) The view of LAO 30°/0°.

The aortic root clarity had to be increased by reducing the thickness of the junction
between the coronary artery and aorta and the number of heart model attachments on the
aorta (Figure 4A). The view position should be LAO 30°/0° in respect to the real position
of coronary artery cannulation by adding a marker bow to fix the position (Figure 4C,D).
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Indicators for catheter engagement must be supplied by adding color injection to the
coronary artery. The material used was valued at 79% by the average of all validators.
Moreover, this simulator was easy to assemble (78%), which was achieved only by adding
water to the acrylic box and plugging the cable into electricity and the USB to the monitor.
Hand support was added by making a table extension to support the operator’s hand. An
automatic table for up and down table movement was needed to match the operator’s
height. Table S2 of the Supplementary Materials lists the evaluation score of the coronary
artery cannulation simulator by the cardiology intervention team.

The safety of this simulator was completely feasible (87.5%), considering the material
used (87.5%) and utilization (87.5%). Electricity was a concern due to water use above
electricity. Therefore, the connection of the acrylic box had to be tight with an interlocking
connection, and the wire and catheter access had to be fixed to prevent leakage (Figure 54,
Supplementary Materials). Valve addition in the access might help with leakage prevention
and provide wire and catheter insertion and removal. Direct current (DC) electricity was
advised by the engineering expert since AC has a higher current level and continuous
distribution, which can easily lead to an electrical injury. Adding support to femoral access
should be effective as a fixator to reduce movement. The shape was elegant, but some
improvement was needed for better aesthetics (valued at 80.7%). The acrylic connection and
simulator cover was placed tidily, as shown in Figure S4 of the Supplementary Materials,
including the replacement of wireless gadgets. The simulator dimension is smaller than the
real procedure and easy to maintain (85.4%). A hand or tight manikin should be added to
increase aesthetics and provide students with simulated cannulation insertion access.

The endurance of the simulator was valued as 81.2% by all validators, with 82.3% for
strength and 80.2% for ease of maintenance. The simulator strength was tested by moving
the simulator 1.2 km on a steep road without water added to the acrylic box, but if the
water in the acrylic box was full, it would easily spill out from the box. Therefore, empty or
half-filled water is recommended for simulator movement. The problems with the material
used were color changes due to ultraviolet (UV) and water exposure. We found that the
resin printout color changed to yellow because of UV exposure and whitish blur due to
water exposure. These were concerns because the simulator used water and LED lights,
which included UV light. The experiment used LED lights for 14 days, which did not alter
the resin printout color. However, exposure to water changed the resin printout color to
white, and the changes were apparent in 5 days with exposure to well water and 14 days
with tap water. Additional data are shown in Figure S5 of the Supplementary Materials.

These color changes need further in vitro investigation for long-term changes and
environmental factors and simulator maintenance. Furthermore, mass testing is needed
for the further improvement of the simulator. Materials that are more suitable for UV
and water exposure need to be investigated. Simulator storage was easy (85.4%), and the
simulator needed a dark cover to prevent UV exposure and a way to empty the water after
simulator usage to prevent color changes. The addition of a wheel at each table foot made it
easy to move. The simulator cost a total of IDR 17.000.000,00 (USD 1170), which consisted of
aortic 3D printing (IDR 7,000,000.00/USD 481), a display table (IDR 3,000,000.00/USD 206),
an acrylic box (IDR 5,000,000.00/USD 344), electronics (IDR 1,500,000.00/USD 103), and
coronary artery cannulation tools (IDR 500,000.00/USD 35), but these costs did not include
non-material fees. Table S3 of the Supplementary Material summarizes the opinions and
feedback of the coronary artery cannulation simulator from the validators.

4. Discussion

This simulator concept was achieved by considering the cardiology student require-
ments to increase their coronary cannulation skills as described for concept suitability from
the curriculum, since the ability to perform examinations and construct a clinical interpre-
tation of invasive diagnostic tests of coronary artery disease that starts from puncture to
coronary artery cannulation is one of the cardiologist’s competencies that requires repetitive
training [22]. This study provided a simulator for coronary artery cannulation learning
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that was easy to use, safe, and cost effective from CT scan data. The curriculum suitability
was reflected by the concept suitability of the curriculum and object clarity for coronary
artery cannulation. Stereolithography printing allowed fluid material printing, which was
utilized in resin and produced a high-resolution printout that afforded object clarity.

Active learning has a better outcome than passive learning and simulating the real
experience will help students to remember 70-90% of the learning because students will
enjoy studying more [23]. Significant technical skills development has been achieved
by amateur students with simulator training [7,24]. The simulator was made based on
the students’” intellectual ability. Students” motivation and interest in coronary artery
cannulation learning will increase with the presence of simulators as learning media.
Hence, students’ competence in coronary artery cannulation will increase.

The component accuracy of this simulator was created to imitate real patients and situa-
tions, which also altered simulator efficiency. Segmenting the coronary artery, aorta and the
branches, and peripheral extremity branches consumed time and required multidiscipline
experts from cardiology imaging, cardiology intervention, and the anatomy department.
Therefore, the simulator dimensions must be arranged according to real human anatomy
from CT scan data in order to ease wire and catheter insertion and movement. However,
the disadvantage of flexible material was that it was easy to deform, which changed the
angulation angle of the aorta (Figure 4B) and hindered wire and catheter movement.

The material selection that resembled blood vessel elasticity character and provided
clear transparent visualization was challenging. Urethane acrylate oligomer, methacrylate
oligomer, resin, and polyurethane were utilized to build an artery design for surgical train-
ing, which requires elastic materials to mimic the vessel [25]. Coronary artery cannulation
is best positioned in LAO 50° because the aortic root, coronary artery, and sinus of Valsalva
do not overlap [26]. This positioning was referred to as the camera position by adjusting
the camera holder. A contrast agent was injected into the coronary artery to visualize
the coronary artery during the angiography procedure [27]. A whole hollowed coronary
artery must be formed to allow fluid color flow, which was still difficult to print due to
the thin layered and fragile 3D-printed coronary artery. In addition, an investigation of
non-lasting color for the resin is needed to maintain printout clarity. Learning the best
resolution and visibility of specific anatomical interests and data imaging interpretation
will require proper attention and sufficient time [28].

Simulator endurance was determined after testing. The strength was tested by the dis-
tance traveled by this simulator. The color changes were explained by the resin’s character.
Resin is a photo-initiator that is hardened by UV (250-450 nm) exposure. Polyurethane,
the material that was used for coating, turned yellow after UV exposure [29]. This was
explained by the oxidation reaction of the polymer backbone. Irradiation modifies the
physical and chemical characteristics of polyurethane surfaces and causes color changes
and degradation. In addition, urethane bridges the quinone-imide oxidation structure and
becomes a chromophore of yellow color [30]. The sun is a source of full-spectrum UV radi-
ation with a various wavelength that consists of UV-C (100-280 nm), UV-B (280-315 nm),
and UV-A (315400 nm). A UV LED lamp has a narrower spectral output, which emits
365 nm, 385 nm, or 405 nm wavelengths [31]. To protect from photodegradation, UV ab-
sorbers or stabilizers are used against UV light with miscellaneous mechanisms. Inorganic
UV absorbers spread light, while converting UV light to heat, higher wavelengths, and
radical interceptors, and free radicals are captured by organic UV absorbers [32]. Thus, the
UV absorber and a dark cover are needed to protect the simulator to avoid color changes.
For proper storage, the simulator should be placed away from sun exposure.

The color change differences caused by the water sources might be affected because of
the different biological properties between the well water and tap water. The more the resin
is exposed to water, the more water is stuck into the resin and causes resin softening due
to degradation, which also affects the resin and causes color changes [33]. Polyurethane
was used as a coating to strengthen the printout, but this was sensitive to humidity be-
cause of the free NCO group and had poor storage stability. Polyurethane, modified by
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glycidyl, strengthens the epoxy layer and makes a flexible cross-linking reaction [34]. These
color changes can be alleviated by reducing water exposure by emptying the water after
simulator usage.

Simulation technology has been used by some industries, including the medical field,
for high-risk situational training [6]. The coronary artery cannulation procedure uses
X-ray, in which the radiation can affect the students” and patients’” safety, and can also
cause complications that impact the patient [35,36]. Alternating current (AC) has a higher
current level than DC, and the distribution requires synchronization and continuous change.
Voltage changes will effectively pass into excitable tissues and skin, which leads to electric
shocks when the current is high [37-39]. Therefore, DC was recommended by the engineer
experts to replace AC in this simulator due to safety issues.

Virtual computerized media, such as CathlabVR from CAE Healthcare, Angio Mentor
from Simbionix, SimSuite from Medical Simulation Corporation, and Procedicus VIST
from Mentice, also provide cardiology interventional learning that includes coronary artery
cannulation in coronary angiography procedures with 3D pictures that are observed via the
monitor. They use single access from the femoral artery, or alternatively, Procedicus VIST
uses dual access from femoral and radial arteries [5]. There are simulators that also use 3D
printing technology but have different purposes. A specific normal heart and pulmonary
artery were made by only focusing on the anatomy learning and surgical decisions [25,39].
The mitral stenosis heart model was constructed by 3D printing for percutaneous mitral
annuloplasty learning [40]. A three-dimensional aortic model was used for endovascular
training with or without fluoroscopy [16,41]. In comparison to those virtual media, this 3D
printing anatomy printout of the simulator can be easily visualized in a real-size model on
the operation table directly. This also brings the benefits of showing the basic anatomy and
triggering students’ intellectual ability to imagine the anatomical position of the coronary
angiography in addition to the skill training of coronary artery cannulation. Four access
points from the right and left radial and femoral arteries with a fully constructed simulator
enriches the student’s insights and skills for coronary artery cannulation procedure.

One of the limitations of 3D printing is the inability to translate organ flexibility and
movement [14]. However, blood pulsation can be mimicked with the combination of
other computational technologies. Radial pulse waveforms can be produced by a robotic
tonometry system. This technology might be used to learn arterial puncture and diagnosis
techniques [42]. A 3D blood flow model has been developed with the computational
simulation by considering blood as a non-Newtonian fluid [43].

A small number of the validators might interfere with the validation result. A 3D-
printed model could be tested for both cardiology students and angiography trainees
to explore greater educational validation and simulator usage. Large mass production
and usage are needed to investigate long-term endurance. Small print dimensions will
further result in a longer production time. All of the limitations may be addressed in future
studies. Overall, the 3D printing of coronary artery cannulation simulation models has
the opportunity to improve coronary cannulation skills and may benefit both patient and
student safety.

5. Conclusions

This study produced a 3D-printed coronary artery cannulation model for simulation
and training purposes. We successfully developed a clear and flexible simulator with
highly specific organ images and characteristics in a real setting procedure by CT scan
data. Feedback using Likert scales provided evidence of its suitability as a prototype for
a 3D-printed medical model, although some improvements were needed to upgrade the
simulator. The printed model has specifications of a 3D-printed coronary artery cannulation
model from CT scan data, light from LED lamps, a video circuit, an acrylic box, and a
display table. This simulator provides educational value of diagnostic and coronary artery
cannulation skills, while proving efficient, realistically accurate for wire and catheter
manipulation, and aesthetic in shape and color, having good endurance, less technical
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maintenance, and safe materials, being free of radiation and fully portable, and having a
relatively low cost. Hollowed coronary arteries, a 3D-printed model for artery and vein
puncture, and artificial laminar blood flow are needed for further research.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/bioengineering9080338 /s1, Figure S1: Simulator design from
CT scan data; Figure S2: The mixture of clear resin and flexible resin additive; Figure S3: Materials
and production trials for simulator forming; Figure S4: Evaluated area for aesthetic, endurance, and
safety; Figure S5: Color changes are caused by UV and water exposure; Table S1: Three-dimensional
printout anatomical suitability scoring percentage; Table S2: Evaluation score of coronary artery
cannulation simulator from the cardiology intervention team; Table S3: Opinion and feedback on the
coronary artery cannulation simulator from the validators.

Author Contributions: Conceptualization, H.V.E., PPR.G. and D.W.A ; data curation, RLR.; formal
analysis, H.V.E.; methodology, H.VE., PP.R.G., D.W.A,, Y.Y,, HH. and D.K,; resources, V.A.N.H., Y.Y.
and D.K,; software, R.I.LR.; supervision, PPR.G. and D.W.A_; validation, H.V.E.; visualization, R.L.R.
and PPR.G.; writing—original draft, H.V.E.; writing—review and editing, PP.R.G. and D.W.A. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by “Penelitian Pengembangan Unggulan Perguruan Tinggi
(PPUPT)” number 7288/UN1/DITLIT/DIT-LIT/PT/2021 from the Ministry of Education, Cul-
ture, Research and Technology of Republic Indonesia; “World Class Research (WCR)” number
2718/UN1/DITLIT/DIT-LIT/PT/2021. Both of funding sources come from the Ministry of Educa-
tion, Culture, Research and Technology of Republic Indonesia; and “Rekognisi Tugas Akhir (RTA)”
Program Batch I number 3550/ UN1.PIII/Dit-Lit/PT.01.05/2022 from Universitas Gadjah Mada,
Yogyakarta, Indonesia.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The authors are grateful to Execute 3D Printing Workshop (Yogyakarta, Indone-
sia) and Integrated Digital Design iDIG (Surabaya, Yogyakarta) for simulator manufacturing, and all
radiographers and nurses from the CT Radiology Division and Diagnostic and Intervention Labora-
tory at Sardjito General Hospital, Yogyakarta for their effort to help in the research. The authors thank
Hariadi, Hendry, Dama, Arfi, Junaedi, Herianto, Rony, Suhardjo, Heru, Sulastri, Komang, and Ilmi
for their opinions as validators for this research to ameliorate the simulator’s performance. We also
would like to express our gratitude to all reviewers; Retna Siwi Padmawati, Department of Public
Health, Faculty of Medicine, Public Health and Nursing, Universitas Gadjah Mada; and especially to
Abdul Karim, Department of Computer Science, Universitas Gadjah Mada, Yogyakarta, Indonesia
for helping the improvement of journal quality publishment.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Smoljkic, G.; Gruijthuijsen, C.; Sloten, J.V.; Poorten, E.V. Towards Intraoperative Use of Surgical Simulators: Evaluation of Catheter
Insertion Models. In Proceedings of the 3rd Joint Workshop on New Technologies for Computer/Robot Assisted Surgery (CRAS),
Verona, Italy, 11-13 September 2013.

Chaer, R.A.; DeRubertis, B.G.; Lin, S.C.; Bush, H.L.; Karwowski, ].K.; Birk, D.; Morrissey, N.J.; Faries, P.L.; McKinsey, ].E.; Kent,
K.C. Simulation Improves Resident Performance in Catheter-Based Intervention: Results of a randomized, controlled study. Ann.
Surg. 2006, 244, 343-352. [CrossRef] [PubMed]

Sharei, H.; Alderliesten, T.; van den Dobbelsteen, J.J.; Dankelman, J. Navigation of guidewires and catheters in the body during
intervention procedures: A review of computer-based models. . Med. Imaging 2018, 5, 010902. [CrossRef] [PubMed]

Kapoor, PM.; Aggarwal, S.; Choudhury, E.; Ladha, S.; Kiran, U. Simulation in cardiac catheterization laboratory: Need of the
hour to improve the clinical skills. Ann. Card. Anaesth. 2016, 19, 521-526. [CrossRef] [PubMed]

Green, S.M,; Klein, A.].; Pancholy, S.; Rao, S.V.; Steinberg, D.; Lipner, R.; Marshall, ].; Messenger, J.C. The current state of medical
simulation in interventional cardiology: A clinical document from the Society for Cardiovascular Angiography and Intervention’s
(SCAI) Simulation Committee. Catheter. Cardiovasc. Interv. 2013, 83, 37—46. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/bioengineering9080338/s1
https://www.mdpi.com/article/10.3390/bioengineering9080338/s1
http://doi.org/10.1097/01.sla.0000234932.88487.75
http://www.ncbi.nlm.nih.gov/pubmed/16926560
http://doi.org/10.1117/1.JMI.5.1.010902
http://www.ncbi.nlm.nih.gov/pubmed/29392159
http://doi.org/10.4103/0971-9784.185548
http://www.ncbi.nlm.nih.gov/pubmed/27397459
http://doi.org/10.1002/ccd.25048
http://www.ncbi.nlm.nih.gov/pubmed/23737458

Bioengineering 2022, 9, 338 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Dayal, R.; Faries, PL.; Lin, S.C.; Bernheim, J.; Hollenbeck, S.; DeRubertis, B.; Trocciola, S.; Rhee, ].; McKinsey, J.; Morrissey, N.J.;
et al. Computer simulation as a component of catheter-based training. J. Vasc. Surg. 2004, 40, 1112-1117. [CrossRef]

Tejo-Otero, A.; Buj-Corral, I; Fenollosa-Artés, F. 3D Printing in Medicine for Preoperative Surgical Planning: A Review. Ann.
Biomed. Eng. 2019, 48, 536-555. [CrossRef]

Schmauss, D.; Juchem, G.; Weber, S.; Gerber, N.; Hagl, C.; Sodian, R. Three-Dimensional Printing for Perioperative Planning of
Complex Aortic Arch Surgery. Ann. Thorac. Surg. 2014, 97, 2160-2163. [CrossRef]

Luo, H.; Meyer-Szary, J.; Wang, Z.; Sabiniewicz, R.; Liu, Y. Three-dimensional printing in cardiology: Current applications and
future challenges. Cardiol. J. 2017, 24, 436—444. [CrossRef]

Plesoianu, F.A.; Plesoianu, C.E.; Tarus, A.; Tinica, G. Minimally Invasive, Fully Implantable Left Ventricular Assist Device:
Concept, Design, and Early Prototyping. IFMBE Proc. 2022, 87, 200-207. [CrossRef]

Ryan, T.J.; Bauman, W.B.; Kennedy, W.; Kereiaakes, D.].; Singh, S.B.; McCallister, B.D.; Smith, S.C.; Ullyot, D.J]. AHA Medi-
cal/Scientific Statement Clinical Competence in Percutaneous Transluminal Coronary Angioplasty. Circulation 1990, 81, 2041-2046.
Duriez, C.; Cotin, S.; Lenoir, J.; Neumann, P. New approaches to catheter navigation for interventional radiology simulation.
Comput. Aided Surg. 2006, 11, 300-308. [CrossRef] [PubMed]

Mussi, E.; Mussa, F,; Santarelli, C.; Scagnet, M.; Uccheddu, F.; Furferi, R.; Volpe, Y.; Genitori, L. Current Practice in Preoperative
Virtual and Physical Simulation in Neurosurgery. Bioengineering 2020, 7, 7. [CrossRef] [PubMed]

Garcia, J.; Yang, Z.; Mongrain, R.; Leask, R.L.; Lachapelle, K. 3D printing materials and their use in medical education: A review
of current technology and trends for the future. BMJ Simul. Technol. Enhanc. Learn. 2017, 4, 27-40. [CrossRef] [PubMed]
Brydges, R.; Carnahan, H.; Rose, D.; Rose, L.; Dubrowski, A. Coordinating Progressive Levels of Simulation Fidelity to Maximize
Educational Benefit. Acad. Med. 2010, 85, 806-812. [CrossRef]

Mafeld, S.; Nesbitt, C.; McCaslin, J.; Bagnall, A.; Davey, P.; Bose, P.; Williams, R. Three-dimensional (3D) printed endovascular
simulation models: A feasibility study. Ann. Transl. Med. 2017, 5, 42. [CrossRef]

Cappello, I.A.; Candelari, M.; Pannone, L.; Monaco, C.; Bori, E.; Talevi, G.; Ramak, R.; La Meir, M.; Gharaviri, A.; Chierchia,
G.B.; et al. 3D Printed Surgical Guide for Coronary Artery Bypass Graft: Workflow from Computed Tomography to Prototype.
Bioengineering 2022, 9, 179. [CrossRef]

Huang, J.; Nie, X. A simple and novel method to design flexible and transparent epoxy resin with tunable mechanical properties.
Polym. Int. 2016, 65, 835-840. [CrossRef]

Valverde, I. Three-dimensional Printed Cardiac Models: Applications in the Field of Medical Education, Cardiovascular Surgery,
and Structural Heart Interventions. Rev. Espafiola Cardiol. 2017, 70, 282-291. [CrossRef]

Sugiyono, D. Metode Penelitian Pendidikan: Pendekatan Kuantitatif, Kualitatif, dan R & D; Alfabeta: Bandung, Indonesia, 2013;
pp. 407-445.

Arikunto, S. Prosedur Penelitian Suatu Pendekatan Praktik; Rineka Cipta: Jakarta, Indonesia, 2014; pp. 53-55.

Kern, M J.; Skelding, K.A. Arterial and Venous Access. In The Cardiac Catheterization Handbook, 5th ed.; Kern, M.]., Andjelkovic, N.,
Mcllwain, B., Eds.; Saunders Elsevier: Philadelphia, PA, USA, 2011; Chapter 2; pp. 37-90.

Shaaruddin, J.; Mohamad, M. Identifying the Effectiveness of Active Learning Strategies and Benefits in Curriculum and
Pedagogy Course for Undergraduate TESL Students. Creat. Educ. 2017, 8, 2312-2324. [CrossRef]

Bagai, A.; O'Brien, S.; Al Lawati, H.; Goyal, P.,; Ball, W.; Grantcharov, T.; Fam, N. Mentored Simulation Training Improves
Procedural Skills in Cardiac Catheterization. Circ. Cardiovasc. Interv. 2012, 5, 672-679. [CrossRef]

Kurenov, S.N.; Ionita, C.; Sammons, D.; Demmy, T.L. Three-dimensional printing to facilitate anatomic study, device development,
simulation, and planning in thoracic surgery. J. Thorac. Cardiovasc. Surg. 2015, 149, 973-979.el. [CrossRef]

Caluk, J. Procedural Techniques of Coronary Angiography, Advances in the Diagnosis of Coronary Atherosclerosis; Kirac, S.F., Bakic, S.,
Smiljanic, T., Eds.; IntechOpen: Rijeka, Croatia, 2011; Volume 6, pp. 95-122. [CrossRef]

Chen, S.Y.J.; Carroll, J.D. Coronary Angiography, Practical Signal and Image Processing in Clinical Cardiology; Goldberger, ].J., Ng, J.,
Eds.; Springer: White County, IL, USA, 2010; Volume 13, pp. 157-185. [CrossRef]

Vukicevic, M.; Puperi, D.S.; Grande-Allen, K.J.; Little, S.H. 3D Printed Modeling of the Mitral Valve for Catheter-Based Structural
Interventions. Ann. Biomed. Eng. 2016, 45, 508-519. [CrossRef] [PubMed]

Lolsberg, J. Rapid Prototyping of Microfluidic Systems Using Two Photon Lithography. Student Report, Third /Fourth Semester.
Master’s Thesis, Aalborg University, Aalborg, Denmark, 3 June 2020; pp. 1-27.

Rosu, D.; Rosu, L.; Cascaval, C.N. IR-change and yellowing of polyurethane as a result of UV irradiation. Polym. Degrad. Stab.
2009, 94, 591-596. [CrossRef]

Understanding Ultraviolet LED Wavelength. Available online: https://phoseon.com/wp-content/uploads/2019/08/
Understanding-Ultraviolet-LED-Wavelenght_UVEB-Technology_June-2016.pdf (accessed on 1 July 2022).

Nikafshar, S.; Zabihi, O.; Ahmadi, M.; Mirmohseni, A.; Taseidifar, M.; Naebe, M. The Effects of UV Light on the Chemical and
Mechanical Properties of a Transparent Epoxy-Diamine System in the Presence of an Organic UV Absorber. Materials 2017, 10,
180. [CrossRef] [PubMed]

Gad, M.M.; Alshehri, S.Z.; Alhamid, S.A.; Albarrak, A.; Khan, S.Q.; Alshahrani, FA.; Alqarawi, FK. Water Sorption, Solubility,
and Translucency of 3D-Printed Denture Base Resins. Dent. |. 2022, 10, 42. [CrossRef]


http://doi.org/10.1016/j.jvs.2004.09.028
http://doi.org/10.1007/s10439-019-02411-0
http://doi.org/10.1016/j.athoracsur.2014.02.011
http://doi.org/10.5603/CJ.a2017.0056
http://doi.org/10.1007/978-3-030-92328-0_27
http://doi.org/10.3109/10929080601090623
http://www.ncbi.nlm.nih.gov/pubmed/17458764
http://doi.org/10.3390/bioengineering7010007
http://www.ncbi.nlm.nih.gov/pubmed/31947718
http://doi.org/10.1136/bmjstel-2017-000234
http://www.ncbi.nlm.nih.gov/pubmed/29354281
http://doi.org/10.1097/ACM.0b013e3181d7aabd
http://doi.org/10.21037/atm.2017.01.16
http://doi.org/10.3390/bioengineering9050179
http://doi.org/10.1002/pi.5144
http://doi.org/10.1016/j.recesp.2016.09.043
http://doi.org/10.4236/ce.2017.814158
http://doi.org/10.1161/CIRCINTERVENTIONS.112.970772
http://doi.org/10.1016/j.jtcvs.2014.12.059
http://doi.org/10.5772/18612
http://doi.org/10.1007/978-1-84882-515-4
http://doi.org/10.1007/s10439-016-1676-5
http://www.ncbi.nlm.nih.gov/pubmed/27324801
http://doi.org/10.1016/j.polymdegradstab.2009.01.013
https://phoseon.com/wp-content/uploads/2019/08/Understanding-Ultraviolet-LED-Wavelenght_UVEB-Technology_June-2016.pdf
https://phoseon.com/wp-content/uploads/2019/08/Understanding-Ultraviolet-LED-Wavelenght_UVEB-Technology_June-2016.pdf
http://doi.org/10.3390/ma10020180
http://www.ncbi.nlm.nih.gov/pubmed/28772538
http://doi.org/10.3390/dj10030042

Bioengineering 2022, 9, 338 13 of 13

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

Liu, C.Z;; Sun, M.M,; Jian, ].X,; Xue, G.; Song, C.Y,; Li, ] H.; Zhang, X.G.; Wang, L.; Zhao, M.; Zhang, B. Preparation of Flexible
Epoxy Resin Containing Polyurethane Segments. In Proceedings of the International Workshop on Materials, Chemistry and
Engineering (No. Iwmce 2018), Xiamen, China, 16-18 June 2018; pp. 565-570. [CrossRef]

King, S.B. The Development of Interventional Cardiology. J. Am. Coll. Cardiol. 1998, 31, 64B-88B. [CrossRef]

Zahr, F; Cigarroa, ].E. Introduction of Fluoroscopy and Radiation Safety. In Transcatheter Heart Valve Handbook: A Sur-geons and
Interventional Council Review; Iribarne, A., Schmidt, A.C.S., Nguyen, T.C., Eds.; American College of Cardiology: Washington,
DC, USA, 2010; Chapter 3. Available online: https://www.acc.org//-/media/Non-Clinical / Files-PDFs-Excel-MS-Word-etc/
Membership / TAVR-Handbook/Chapter-3-Fluoroscopy-and-contrast-angles-doses-and-radiation-safety-March-2-2018.pdf (ac-
cessed on 28 May 2021).

Prabhala, V.A.; Baddipadiga, B.P.; Fajri, P.; Ferdowsi, M. An Overview of Direct Current Distribution System Architectures &
Benefits. Energies 2018, 11, 2463. [CrossRef]

Fish, R.; Geddes, L. Educacion Popular en la elaboracién de materiales para capacitaciéon en TICs para el desarrollo social. J. Plast.
Surg. 2009, 9, 407-421.

Krishnasamy, S.; Mokhtar, R.A.R.; Singh, R.; Sivallingam, S.; Aziz, Y.F.A.; Mathaneswaran, V. 3D Rapid Prototyping Heart Model
Validation for Teaching and Training—A Pilot Project in a Teaching Institution. Braz. J. Cardiovasc. Surg. 2021, 36, 707-716.
[CrossRef]

Dankowski, R.; Baszko, A.; Sutherland, M.; Firek, L.; Kalmucki, P.; Wréblewska, K.; Szyszka, A.; Groothuis, A.; Siminiak, T. 3D
heart model printing for preparation of percutaneous structural interventions: Description of the technology and case report.
Kardiol. Pol. 2014, 72, 546-551. [CrossRef]

Goudie, C.; Kinnin, J.; Bartellas, M.; Gullipalli, R.; Dubrowski, A. The Use of 3D Printed Vasculature for Simulation-based Medical
Education Within Interventional Radiology. Cureus 2019, 11, e4381. [CrossRef] [PubMed]

Yang, T.-H.; Jo, G.; Koo, J.-H.; Woo, S.-Y.; Kim, J.U.; Kim, Y.-M. A compact pulsatile simulator based on cam-follower mechanism
for generating radial pulse waveforms. Biomed. Eng. Online 2019, 18, 1. [CrossRef] [PubMed]

Abuouf, Y.; AlBadawi, M.; Ookawara, S.; Ahmed, M. Effect of guidewire insertion in fractional flow reserve procedure for real
geometry using computational fluid dynamics. Biomed. Eng. Online 2021, 20, 95. [CrossRef] [PubMed]


http://doi.org/10.5220/0007441605650570
http://doi.org/10.1016/S0735-1097(97)00558-5
https://www.acc.org//-/media/Non-Clinical/Files-PDFs-Excel-MS-Word-etc/Membership/TAVR-Handbook/Chapter-3-Fluoroscopy-and-contrast-angles-doses-and-radiation-safety-March-2-2018.pdf
https://www.acc.org//-/media/Non-Clinical/Files-PDFs-Excel-MS-Word-etc/Membership/TAVR-Handbook/Chapter-3-Fluoroscopy-and-contrast-angles-doses-and-radiation-safety-March-2-2018.pdf
http://doi.org/10.3390/en11092463
http://doi.org/10.21470/1678-9741-2020-0433
http://doi.org/10.5603/KP.2014.0119
http://doi.org/10.7759/cureus.4381
http://www.ncbi.nlm.nih.gov/pubmed/31218145
http://doi.org/10.1186/s12938-018-0620-3
http://www.ncbi.nlm.nih.gov/pubmed/30602383
http://doi.org/10.1186/s12938-021-00935-y
http://www.ncbi.nlm.nih.gov/pubmed/34583689

	Introduction 
	Materials and Methods 
	Three-Dimensional Prototype Design 
	Three-Dimensional Design and Prototype Validation 
	Analysis 
	Ethical Issues 

	Results 
	Simulator Model Making 
	Design Validation 
	Design Printing 
	Simulator Forming 
	Prototype Validation 

	Discussion 
	Conclusions 
	References

