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Abstract

A major challenge during autonomous navigation in endovascular interventions is the complexity of operating in a deformable
but constrained workspace with an instrument. Simulation of deformations for it can provide a cost-effective training platform
for path planning. Aim of this study is to develop a realistic, auto-adaptive, and visually plausible simulator to predict vessels’
global deformation induced by the robotic catheter’s contact and cyclic heartbeat motion. Based on a Position-based Dynamics
(PBD) approach for vessel modeling, Particle Swarm Optimization (PSO) algorithm is employed for an auto-adaptive calibration of
PBD deformation parameters and of the vessels movement due to a heartbeat. In-vitro experiments were conducted and compared
with in-silico results. The end-user evaluation results were reported through quantitative performance metrics and a 5-Point Likert
Scale questionnaire. Compared with literature, this simulator has an error of 0.23±0.13% for deformation and 0.30±0.85mm
for the aortic root displacement. In-vitro experiments show an error of 1.35±1.38mm for deformation prediction. The end-user
evaluation results show that novices are more accustomed to using joystick controllers, and cardiologists are more satisfied with the
visual authenticity. The real-time and accurate performance of the simulator make this framework suitable for creating a dynamic
environment for autonomous navigation of robotic catheters.
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1. Introduction

Vascular disease is a common, abnormal condition of blood
vessels, and it can be severe. Narrowed or obstructed arteries,
typically due to atherosclerosis, affect blood circulation. Percu-
taneous Coronary Intervention (PCI) is a reliable and valid pro-
cedure for patients with symptomatic coronary stenosis. Based
on patient characteristics, different access sites can be selected.
Among them, radial access is recommended (Class I, Level A)
as the standard approach due to its fewer vascular complications
compared with the transfemoral approach [1].

Intra-operative path planning and control for a robotic
catheter will increase the level of autonomy in medical robotics
[2]. Vessel deformations in these procedures can be very high.
The displacement of vessels due to the collision of the catheter
with the aortic wall were quantified in [3, 4, 5]: the aortic
bifurcation was mostly displaced in a cranial direction with
the median craniocaudal dislocation of 6.7 mm (min 2.1 mm,
max 12.3 mm). A displacement at the aortic bifurcation of
1.4±1.1 mm was reported due to the passing of a stiff guidewire
[6]. This deformation of vessels makes robotic catheteriza-
tion very challenging and will require training. For training,
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a virtual endovascular catheterization system that simulates the
characteristics of percutaneous devices and the vasculature can
provide cost-effective and safe training environment for robotic
catheter manipulation compared with phantoms, ex-vivo or in-
vivo experiments. Moreover, important intra-operative data
can be collected (e.g., the catheter tip trajectory) and post-
processed to gain valuable insight for improving the outcome
and developing autonomous interventions [7]. Peral-Boiza et
al. [8] presented a virtual reality training platform involving the
progress of a flexible endoscope with a steerable tip into a vir-
tual rigid vascular phantom. Hao et al. [9] proposed a person-
alized cardiovascular intervention simulation system that can
simulate the complex interactions between vessels and tipped
guidewires.

To model and simulate intra-operative vessel deformations,
different prediction approaches were developed using Mass
Spring Model (MSM) [10], Finite Element Method (FEM) [6],
and Position-based Dynamics (PBD) [11]. Compared with the
first two methods, PBD is more suitable for real-time simu-
lations because it does not need a complex mesh generation
[11, 12, 13]. Although PBD is not as accurate as other methods,
its high efficiency and close match to real deformations have
been reported [14, 15]. However, PBD parameters do not have
physical meanings, and thus they should be properly tuned.

Different modeling methods for catheters and guidewires are
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studied. PBD and shape matching approaches were applied for
endoscope modeling [8]. FEM, MSM [16], and rigid multibody
links [17] were also developed for catheters and guidewires
[18]. Concerning the steerable tip, Cosserat rod [19], elastic
rod [9], constant-curvature [20], and rigid-link [21] were exten-
sively exploited as modeling approaches of steerable devices.
While the Cosserat rod provides an exact solution to the static
equilibrium of the device, the computational complexity and
cost become high when extending the modeling to dynamics.
On the other hand, the rigid-link modeling approach is well-
established, but the number of variables increases dramatically
when a realistic model is of interest. Constant curvature model-
ing may constitute a valuable trade-off between Cosserat rod’s
complications and assumptions of rigid-link models [22].

Although state-of-the-art research investigates deformations
of vessels due to the device’s contact, vessels movement due
to heartbeat motion, and the robotic catheter’s steerability, a
modeling and simulation method involving all those compo-
nents in one individual framework has not been reported yet.
Compared to literature, there are three significant contributions
in this work: (1) The deformations of vessels due to the device’s
contact are globally distributed, instead of a local deformation
by activating an individual bounding box as in Ye et al.’s work
[11]; (2) It involves the vessels movement due to heartbeat mo-
tion; (3) It uses a more general and autonomous approach for
patient-specific parameters calibration.

2. Materials and Methods

2.1. Modeling Method of Vasculature

Mimicking intra-operative deformations is essential for pro-
viding a dynamic environment in robotic system simulation. To
achieve this goal, we propose a vasculature deformation frame-
work depicted in Fig. 1 (top left) that illustrates the workflow of
a patient-specific vessel mesh model extracted from Computed
Tomography Angiography (CTA) images and deformed via the
PBD approach. A series of optimization processes were per-
formed to calibrate our modeling and simulation framework.
To simulate the deformable properties of the aorta accurately,
the vasculature PBD parameters were calibrated using Particle
Swarm Optimization (PSO) based on the data reported in the
reference [11]. Vessels movement due to a heartbeat was also
calibrated through PSO according to the cyclic movement of
the aortic annulus [23].

The data collection followed the ethical protocol approved
by the Centro Cardiologico Monzino (CCM) under the as-
signed code of 02_21 PA. The CTA images are from a patient
with cardiac disease. The simulation environment was devel-
oped in Unity 2020.3.7 using NVIDIA FleX on a workstation
equipped with an Intel Core i9-9900KF CPU @3.60GHz pro-
cessor, 32GB RAM, NVIDIA GeForce GTX 1660 GPU with
CUDA 11.0. The time step of the simulation was set as 0.02 s.

2.1.1. Vasculature reconstruction
First, we extracted a vessel mesh model from CTA images.

Pre-operative CTA images were acquired following the typi-

Figure 1: Overview of the proposed modeling and simulation system, present-
ing the workflow from the extraction of the patient-specific deformable vessel
mesh model (top left, Sec 2.1) and the device simulation procedure (bottom
left, Sec 2.2) to the visualization of the simulated training environment (right).

cal Multidetector Computed Tomography (MDCT) scan strate-
gies: cardiac Electrocardiogram (ECG)-synchronized CTA of
the aortic root and heart followed by a non-ECG-synchronized
helical CTA of the thorax, abdomen and pelvis. Respiratory
motion is also a common artifact seen in cardiac CT [24]. There
are novel studies regarding motion correction under a free-
breathing acquisition mode [25, 26]. In this study, a breath-
holding method was employed for CT scan acquisition, and the
respiratory motion was assumed to be negligible. The image
data were acquired with a voxel size of 0.789×0.789×0.625 mm
and a voxel number of 512 × 512 × 832.

Semi-automatic segmentation of the vessels and 3D mesh
model reconstruction were performed using the AW server (GE
Healthcare), followed by a manual refinement process. The 3D
models with embedded lesions were exported under the support
of the 3D suite (GE Healthcare). After that, to better represent
the aortic geometry and avoid undesired section distortion, a
constant thickness of 1 mm was constructed for the aorta and a
thickness of 0.55 mm for the coronaries using Meshmixer (Au-
todesk, Inc., CA, US), considering that the thickness of aorta is
between 0.97 mm and 1.99 mm [27] and the thickness of coro-
naries is between 0.55 mm and 1 mm [28]. Post-processing was
applied using MeshLab (ISTI - CNR) [29] by applying a sim-
plification of the mesh with the quadratic edge collapse dec-
imation with a default quality threshold of 0.3 and the target
number of faces of 7000. Finally smoothing was carried out
using a Taubin smoothing technique [30] with scaling factors
λ = 0.5, µ = −0.53 and 10 smoothing steps.

2.1.2. Position-based dynamics (PBD) approach
As first proposed by Müller et al. [31], the PBD approach

discretizes an object into a particle system composed of a set of
particles. Then it computes the time evolution of the system by
directly updating particles positions, subject to a set of equal-
ity and inequality constraints. The type of constraints among
particles can influence the system’s behavior. For generating
deformations of objects, a multi-cluster shape matching con-
straint [32] is considered. Specifically, the particle system is
represented as a set of clusters, and the clusters can overlap.
Since one particle can belong to multiple clusters, the final po-
sition correction is obtained by averaging all goal positions of
the belonging clusters.
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Table 1: PBD parameters kept constant for all simulations.

Category Parameter Value

FleX Container Particle Radius 3.0 mm
Solid Rest 2.5 mm
Particle Friction 0.1
Collision Distance 2.5 mm

FleX Soft Asset Particle Spacing 2.1 mm
Surface Sampling 6.0

FleX Soft Skinning Skinning Falloff 100
Skinning Max Distance 20

Figure 2: Overview of the steps to obtain the strain: (A) Based on the simplified
geometry of fibers, (B) we apply an external force (F) in the radial direction
(B) on the vasculature particle system. (D) Then the change of radius (r0, r) is
converted from the particle position (x0

k , xk).

The PBD approach implementation is based on the sim-
ulation library NVIDIA FleX. A realistic elastic behavior is
obtained by appropriately selecting cluster-related parameters:
cluster spacing (sc, the distance between adjacent clusters),
cluster radius (rc, the radius of each cluster region) and clus-
ter stiffness (tc ∈ [0, 1], the extent to which adjacent cluster
are constrained to each other). The cluster spacing and radius
would influence the overlapping of adjacent clusters and the
particles’ goal positions.

The other PBD parameters keep their values fixed across all
the simulations (See Table 1). The particle spacing and parti-
cle radius are set in accordance with the following rules: the
number of particles that discretizes the whole aorta should be
less than 10000, which is the maximum allowable number in
NVIDIA FleX, and the particle spacing should be less than the
two times of particle radius to maintain connectivity. The solid
rest and collision distance were set to 2.5 mm respecting the
particle radius. Furthermore, the flex soft skinning was deter-
mined for proper mesh rendering. As boundary conditions for
the simulation, we applied a fixed constraint, that removes all
degrees of freedom of movement, to the particles of selected re-
gions, such as the distal extremities of the internal and external
iliac arteries, of supraaortic vessels and of coronaries.

2.1.3. Vasculature PBD calibration
In this study, the stress-strain curve from [11] is used for cal-

ibration. Ye et al. [11] presented a geometric vessels model and
recorded a sequence of the forces acting on the vertex in the in-
ner wall and the subsequent displacement. A stress-strain curve
(σ − ϵ) was obtained, which depicts the biomechanics proper-

ties appropriately as reported [11]. In order to obtain the stress-
strain curve from the virtual system, we made an assumption
for simplicity.

Assumption 1: We assume the vessels can be considered as
a composition of two main families of fibers, which are axially
symmetric to each other (Fig. 2A). Two fibers yield the same
contribution along the circumferential direction.

Therefore, the whole fiber’s stretching is directly linked to
the extension in the circumferential direction. The displace-
ments along the circumference can be associated with the elon-
gation or shortening of the vessels’ internal radius (Fig. 2B).
We apply an external force (F) on the vasculature in the ra-
dial direction and compute the change of radius (initial radius
r0, deformed radius r) from the particle position. Specifically,
we apply an external distributed force (F) on the vasculature
particle system over a surface with an area of A in the radial di-
rection (Fig. 2C). At a specific mark (i.e., the k-th particle), its
position is deformed from x0

k to xk in a three-dimensional space
(Fig. 2D). Thus we estimate the internal radius by computing
the distance from the particle to the center of the cross-section
of vessels xC:

r0 = ||x0
k − xC || (1)

r = ||xk − xC || (2)

Therefore, the stress-strain curve is computed by:

σ = ||F||/A (3)

ϵ = (r − r0)/r0 (4)

The Particle Swarm Optimization (PSO) approach [33] is
employed to optimize the PBD cluster parameters (sc, rc, tc) by
minimizing the Root Mean Square Error (RMSE) (ev) com-
pared with the reference stress-strain curve:

min
sc,rc,tc

ev with ev =

√∑M
m=1(ϵ̂m − ϵm)2

M
(5)

where ϵ̂m is the mth strain of the reference stress-strain curve
and ϵm is the mth strain of the simulated strain stress curve with
m that spans from 0 to M, where M is the total number of sam-
ples.

The PSO algorithm considers each solution as a particle of a
swarm that moves through the search space to find an optimal
position. Each particle has a position χi = (x1

i , x
2
i , ..., x

N
i ) and

a velocity vi = (v1
i , v

2
i , ..., v

N
i ) in a N-dimensional configuration

space, where i denotes the ith particle and N represents the di-
mension of the configuration or number of unknown variables.
During every iteration, each particle is updated by following
two “best" values: the position vector of the local optimal solu-
tion (“cognitive" item) this particle has achieved so far and the
global optimal position (“social" item), obtained so far, by any
particle in the population according to:

vk
i = wvk

i + c1u1(∗pk
i − χ

k
i ) + c2u2(∗gk − χk

i )

χk+1
i = χk

i + vk+1
i

(6)
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Figure 3: Simulation scheme for heartbeat movement: a colliding cylinder rep-
resenting the heart applies an external force on the aortic root , and causes
annulus displacement da between two subsequent time steps (A) and (B).

where vk
i is the velocity of the ith particle at the kth iteration,

and χk
i is the current position of the ith particle at the kth iter-

ation. c1, c2 are positive constants, and u1, u2 are two random
variables with an uniform distribution between 0 and 1. In this
equation, w is the inertia weight which shows the effect of the
previous velocity vector on the new vector, ∗p is the local opti-
mal and ∗g is the global one. The hyperparameters of the PSO
algorithm were set as c1 = 0.5, c2 = 0.3 and w = 0.3.

The reference curve with a range of [0, 0.58] MPa [11] was
sampled with a constant interval of 0.02 MPa stress. Those val-
ues were given as an external force to the aortic wall using Eq. 3
and the corresponding strains were computed with Eq. 4. Once
the stress-strain curve was obtained, its RMSE ev was computed
relative to the reference and regarded as the particle penalty. At
this point, the PSO algorithm tries to reduce the penalty by up-
dating the particles of the swarm (i.e., cluster parameters in this
case) in the following iteration. Since PSO does not use the
gradient of the objective function, it does not need to be differ-
entiable. Moreover, PSO can evolve into more complicated and
customized problems.

2.1.4. Heartbeat movement and calibration
To mimic the vessel movement due to a heartbeat, we applied

a time-varying external force f (t) on the aortic root through a
colliding cylinder representing the heart (See Fig. 3). Using
the optimal PBD parameters obtained from the vasculature cal-
ibration, the heartbeat calibration process looks for the optimal
external forces that generate the heartbeat movement. The dis-
placement of the cylinder was tuned with respect to the referred
cyclic movement of the aortic annulus [23].

The annulus displacement da is defined as the longitudinal
displacement of the particles on the aortic annulus.

da(t) = za(t) − z0
a (7)

where za(t) is the average longitudinal position of the particles
sampling the aortic annulus at the current time and z0

a is that

position in the rest state (i.e., at the initial time). The PSO ap-
proach is employed to optimize these values by minimizing the
RMSE ea between the simulated and real aortic annulus dis-
placement da with respect to the time t.

min
f (0)··· f (T f )

ea with ea =

√√∑T f

t=0(d̂a(t) − da(t))2

T f
(8)

where d̂a(t) is the annulus displacement of the reference curve
at time t and da(t) is the simulated annulus displacement at time
t with t that spans from 0 to T f , where T f is the total number of
samples for heartbeat calibration.

2.1.5. Force bar visualization
To provide visual feedback of the collision force when the

device tip collides with the vessel wall, we obtained an abso-
lute collision force along the entire device shaft via Newton’s
Second Law of Motion and computed a ratio between the force
and the maximum force [34]. The maximum force denotes the
most insecure value that the user could apply. For example, the
maximum force is set as 0.8 N in femoral arteries, 0.8 N in the
aorta, 0.6 N in coronaries, and 0.8 N in subclavian arteries [34].

Only when the device tip collides with the vessel wall, the
contact force is considered, and the contact force is considered
along the entire device shaft. We made this assumption because
end-user interviews revealed that the cardiologists focus more
on the device tip for safety reasons. A mean filtering method is
applied to force computation. Therefore the force is sometimes
non-zero in the force bar visualization when the tip does not
seem to be in contact.

2.2. Modeling Method of Devices

2.2.1. Steerable catheter
Steerable catheters have one or even more bendable segments

to help navigate into the coronary ostium. Each steerable seg-
ment has three controllable movements: bending, rotating and
advancing. Constant curvature modeling may constitute a valu-
able trade-off between the Cosserat rod’s complications and the
assumptions of rigid-link models [22].

The constant-curvature modeling method considers a contin-
uum device as a set of finite curved links. These links are rep-
resented by a set of arc parameters, converted into analytical
frame transformations. For each steerable segment, we assume
that its shape is an arc with constant curvature κ at different
bending angles, arc center at C, and a total length of l. Fig-
ure 4A illustrates the segment base frame Fb convention cho-
sen, considering z-axis tangent to the base of the segment. The
configuration space is defined by arc parameters: the rotation
angle around z-axis ϕ ∈ [0, 2π], the arc length s ∈ [0, l], and the
arc curvature κ which entails the segment bending angle β = κs.

Given the configuration space (κ, ϕ, s), we perform the trans-
formation bTi from the segment base frame Fb to frame Fi at
any point (pi = [x, y, z]T , i ∈ [0,G]) along the arc, according to
the employed D-H table parameterization approach [35]. Then
the position pi in the global frame F0 can be expressed as:
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Figure 4: (A) Parameterization of the steerable segment modeling: ϕ denotes
the arc rotation angle around z-axis, s is the arc length at pi, and κ is the arc
curvature. C denotes the arc center. (B) Megellan robotic catheter. The joystick
controller settings for (C) steerable catheter and (D) flexible guidewire. The
GUI includes a fluoroscopy view with operation time, and an internal view
with visual feedback of collision force.

[pT
i 1]T = Tb ·

bTi ·
i pi with i pi = [0, 0, 0, 1]T (9)

where Tb denotes the transformation matrix from the global
frame F0 to the segment based reference frame Fb, and i pi de-
notes the origin of Fi (i.e., pi) expressed in Fi.

This transformation allows the mapping from the arc param-
eters space to the task space (pi). By emerging all steerable seg-
ments connected with a rigid link, the robotic catheter can reach
multiple points in 3-D space and realize the typical catheteriza-
tion movements performed in a clinical environment, namely,
push/pull, bend, and rotate.

As a proof of concept, we built the 6Fr Magellan Robotic
Catheter (Hansen Medical, USA) model (Fig. 4B) with the fol-
lowing specification: distal bending segment length of 30 mm,
proximal bending segment length of 25 mm, guide articulation
angle of 140◦ for distal bend and 60◦ for the proximal bend.

2.2.2. Flexible guidewire
A flexible guidewire advances through vessels to reach

the target position and provides a rough reference path for
catheters. The flexible guidewire modeling employs the MSM-
based method [16]. For the modeling implementation in Unity,
the guidewire consists of a set of capsules linked together with
a configurable joint component that are linear springs along the
longitudinal direction of the guidewire with a certain stiffness
Ks.

We provided two flexible guidewire models as a user choice.
We built the softer coronary guidewire model referring to the
Hi-Torque Balance Middleweight Universal II guidewire (Ab-
bot, Illinois, USA) [17] with the following specifications: an in-
ternal diameter Dint of 0.014 inches (0.356mm), and a bending
stiffness Kb of 75 Nmm2. We built the stiffer femoral guidewire
model referring to the Amplatz Super Stiff (Boston Scientific,
Massachusetts, USA) [36] with the following specifications: an
internal diameter Dint of 0.035 inches (0.889mm), and a bend-
ing stiffness Kb of 1850 Nmm2.

Therefore, the moment of inertia I is derived as

I = πD4
int/64 (10)

and the Young Modulus E is expressed as

E = Kb/I (11)

To the end, the stiffness Ks can be then computed as

Ks = EAs/L (12)

where Ks is the stiffness of the spring, E is the Young Modulus
(which is 8.5 GPa for Hi-Torque, and 60 GPa for Amplatz), As

is the cross section of the spring and L is the distance between
the joints.

In order to mimic the follow-the-wire movement of the
catheter-guidewire pair and provide a more realistic visual au-
thenticity, during the advancement of the guidewire, a flexible
catheter with a bigger diameter and with referenced mechanical
properties as in [37] can be inserted following the guidewire.
The combined system (i.e., catheter over a guidewire) is more
rigid since the stiffness of the spring is computed as a combina-
tion of those two objects:

K = Kgu + Kca

Kca = πEca(D2
ec − D2

ic)/4
(13)

where K,Kgu,Kca is the stiffness of the resulting system, the
guidewire, and the reference catheter. Eca is the Young modulus
of the reference catheter, Dec,Dic is the external and internal
diameter of the reference catheter. Moreover, the mechanical
property of the catheter [37] is specified as Eca of 85.5 GPa,
Dec of 2.96 mm, and Dic of 2.51 mm.

2.2.3. Guiding controller for devices
The guiding system of devices is a CHEREEKI controller

(Fig. 4C-D) by which the user can move the guidewire and the
robotic catheter in a push-pull configuration, and bend-rotate
at the distal/proximal segments of the robotic catheter. The
Graphical User Interface (GUI) provides a fluoroscopy view,
an internal view, visual feedback of collision force, and opera-
tion time (Fig. 4). The users can select starting sites and devices
according to their preference.

2.3. In-vitro Setup

In-vitro experiments were conducted for the deformed model
validation. We compared the displacement obtained during
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Figure 5: The in-vitro experimental setup: 1) a catheter with EM sensor em-
bedded at the tip 2) an aortic phantom with support 3) the second EM sensor
attached to the surface of the phantom 4) Aurora EM field generator 5) an ex-
ternal camera for filming the experiments 6) The PBD model in the simulator
with fixed particles marked in orange.

catheter contacts simulated on our PBD model (in-silico) and
the ones obtained on the aortic phantom (in-vitro).

The in-vitro experimental setup is presented in Fig. 5. Ex-
periments were performed in a transparent, deformable silicone
aortic phantom (Materialise NV, Leuven, Belgium) [38, 39].
This phantom is a dedicated synthethic test bed developed by
the EU-funded project CASCADE. The silicon model fabrica-
tion includes segmentation of CT data, 3D printing of patient
specific shells and vacuum casting of the silicon model. The re-
alistic mechanical properties of the deformable phantom were
verified through uniaxial tensile tests. See [38, 39] for more
details. The phantom was placed on a 3D printed support de-
signed to preserve the anatomical vascular orientation. We used
a polyethylene tube, with an outer diameter of 5 mm and stiff-
ness of 0.245 GPa [40], as a catheter to push it against the aortic
wall to validate phantom deformation alone. An Electromag-
netic (EM) sensor (Northern Digital Inc., Waterloo, Canada)
was embedded at the tip of the catheter to track its position. The
setup also includes the second EM sensor attached to the sur-
face of the phantom, Aurora EM field generator, and an exter-
nal camera for filming the experiments. The PBD model in the
simulator with fixed particles marked in orange is also shown
in Fig. 5.

The vessel deformation obtained in-vitro is defined as the dis-
placement dem of the EM sensor attached to the surface of the
phantom. It indicates the ground-truth deformation.

dem = ||xem − x0
em|| (14)

where x0
em is the initial position of the EM sensor attached to

the surface of the phantom, and xem is the current position.
The vessel deformation obtained in-silico is presented as the

displacement dk of the particle corresponding to the EM sensor
position in the PBD model. It indicates the simulated deforma-
tion.

Figure 6: The operation tasks: (A) To advance the guidewire from femoral
arteries to the abdominal aorta; (B) To advance the robotic catheter from the
aortic arch to the left coronary ostium or (C) the right one; (D, E) To advance
the guidewire from the coronaries ostium to the target position in the coronaries.
A simulated demo of intervention tasks is made available: https://youtu.
be/jdfQeZnBLhs

dk = ||xk − x0
k || (15)

where the particle position is deformed from x0
k to xk in a three-

dimensional space.

2.4. End-user Validation Protocol

The validity and visual authenticity of the virtual system
were evaluated by cardiologists from CCM, IRCCS, Milan,
Italy. The users are composed of ten experts (medical doctors
from CCM, experience level 6.4±4.9 years, including two coau-
thors GM and AM) and ten novices (six medical doctors from
CCM, experience level < 1 year, and four bioengineers). The
users were asked to test the usability of the simulator by per-
forming specific operation tasks of PCI (Fig. 6).

For each operation task, their performance matrices are
recorded. For evaluating user skills playing with the simulator,
two parameters are proposed as performance matrices: play-
time (if larger, it means a longer time of exposure to X-rays
and a higher risk of infection for the patient), accumulated col-
lision during the whole path (if larger, it means a higher risk of
vascular rupture due to contact with the device).

The users did not have any previous training on the simulator
and they had two chances to perform the task: the first one to
learn how to use the simulator and the second one to record
their scores.

Afterwards, the users were asked to fill a questionnaire to
help improve the simulator development. The questionnaire
stated 11 questions, and for each question, the users can insert
their level of agreement, according to the 5-Point Likert Scale.

3. Results

3.1. Calibration Results

3.1.1. Vasculature PBD calibration
To obtain the optimal cluster parameters, we applied an ex-

ternal stress perpendicular to the vessel wall with the range of
[0, 0.58]MPa and measured the displacement of the particles

6
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Figure 7: Quantitative comparison results between simulator performance and
literature: (A) The vessels stress-strain curve (σ − ϵ) from literature (blue) and
from the optimal case after calibration using PSO algorithm (red). (B) The an-
nulus displacement (da) along time t from literature (blue) and from the optimal
simulated case after calibration using PSO algorithm (red). The displacement
of the colliding cylinder representing the heart (as defined in Fig. 3) is presented
in yellow.

lying on the vessel wall in the radial direction based on As-
sumption 1 as shown in Fig. 2. Compared with the reference
curve [11], we computed the RMSE (Eq. 5) and minimized
it during the automatic PSO calibration process. The optimal
cluster parameters were: [sc, rc, tc] =[8 mm, 12 mm, 0.8] with
a RMSE of 0.26% while the mean error and standard deviation
are 0.23±0.13%. The optimal stress-strain curve is shown in
Fig. 7A.

3.1.2. Heartbeat calibration

The objective of heartbeat calibration is to automatically ad-
just the relevant parameters in the simulator to mimic the annu-
lus displacement in [23]. The reference curve [23] is the aver-
aged annulus displacement from 60 patients with aortic steno-
sis. It is referred to as the ground truth in calibration. The
relevant parameters are the displacement of the virtual heart
causing the displacement of the annulus. The PSO approach
optimizes these parameters by minimizing the RMSE between
the simulated and real aortic annulus displacement. Fig. 7B
presents the displacement of the virtual heart, the annulus dis-
placement from literature, and the simulated annulus displace-
ment after calibration, in three cardiac cycles in a time range
of [0, 2.68]s. The simulated annulus displacement is shown in
Fig. 7B with a RMSE (Eq. 8) of 0.90 mm while the mean er-
ror and standard deviation are 0.30±0.85mm. The mean abso-
lute error and the standard deviation of the absolute error are
0.64±0.63mm. The median, 90th percentile, and maximum ab-
solute error are 0.31mm, 1.67mm, and 2.44mm, respectively.
The simulated annulus displacement has smoother but in-phase
positive peaks and sharper anticipated negative peaks. How-
ever, the curve frequency was not altered. Therefore, it can
mimic the heartbeat movement at a similar frequency, even if
the peaks are not the same. The peaks represent the maximum
displacement of the annulus plane during cardiac cycles. If the
maximum displacement is more of interest, such as the longi-
tudinal displacement of the aortic annulus [41], the objective
function of heartbeat calibration can be changed to minimize
the error at peaks between the curves.

Figure 8: The comparison of displacement obtained during ten different
catheter contacts simulated on our PBD model (dem, in-silico, green) and
the one obtained on the aortic phantom (dk , in-vitro, blue). Their differ-
ence is marked in orange. The video comparison is made available: https:
//youtu.be/2p20Y2-YID8

3.2. In-vitro Validation

We conducted in-vitro experiments for the deformed model
validation. We compared the displacement obtained during ten
different catheter contacts simulated on our PBD model (in-
silico) and the ones obtained on the aortic phantom (in-vitro).

Figure 8 shows the comparison results of vessel deforma-
tion obtained in two ways: in-vitro and in-silico. The mean
error and standard deviation are 1.35±1.38mm. The RMSE is
1.93mm. The mean absolute error and the standard deviation
of the absolute error are 1.46±1.27mm. The median, 90th per-
centile, and maximum absolute error are 1.13mm, 3.44mm, and
5.66mm, respectively. The Pearson correlation coefficient be-
tween the two curves is 0.83, which indicates a strong positive
correlation between the in-silico and in-vitro displacement. It
verifies the comparability between the proposed PBD deformed
model and the silicone aortic phantom. It also reveals the pos-
sibility of further ex-vivo, in-vivo, and patient-specific model
validation. One of the error sources can be the inaccurate rigid
registration between EM space and simulator space. This in-
accuracy results in less accurate correspondence between the
second EM sensor and the particle in the PBD model. In this
work, a traditional registration method, Singular Value Decom-
position (SVD) [42], is performed. More accurate registration
methods will help reduce deformation prediction errors.

3.3. End-user Validation

As shown by Table 2, the performance difference between
novices and experts shows that novices are more accustomed
to using joystick controllers instead of manual operation. Ex-
perts spent more time performing task A, i.e., to advance the
guidewire from femoral arteries to the abdominal aorta, and
task C, i.e., to advance the robotic catheter from the aortic arch
to the right coronary ostium. Meanwhile, the experts presented
less collision in task C. The comparison results for other tasks
do not show statistically significant differences.

The questionnaire results in Fig. 9 show that experts have a
higher appraisal of the system, whereas novices are more adapt-
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Table 2: Performance comparison of ten novices and ten experts after performing specific operation tasks of PCI, including the operation time of each task and the
accumulated collision during the whole task.

Device Task User Playtime [s]
(Mean±SD)

Collision [N]
(Mean±SD)

guidewire CFA - abdominal aorta Experts 89.8±38.7
↕ ⋆

13.2±14.7

(Fig.6A) Novices 64.0±25.3 7.3±4.7

left coronaries angioplasty Experts 77.8±5.0 3.8±1.7
(Fig.6D) Novices 75.6±1.2 3.5±1.7

right coronaries angioplasty Experts 71.3±17.0 14.7±11.3
(Fig.6E) Novices 68.4±25.5 12.9±6.9

robotic catheter left coronaries cannulation Experts 187.8±156.0 5.8±7.8
(Fig.6B) Novices 109.1±60.2 2.9±2.6

right coronaries cannulation Experts 171.1±111.2
↕ ⋆

5.0±8.0

(Fig.6C) Novices 83.9±46.1 15.2±42.1
⋆, p <0.05 Kruskal-Wallis test for statistical significance analysis

Figure 9: The validity evaluation results of ten novices and ten experts, where
Q1-Q11 are the evaluation criteria specified in the questionnaire and 1-5 cor-
respond to the level of agreement: 1-Strongly disagree; 2-Disagree; 3-Neither
agree nor disagree; 4-Agree; 5-Strongly agree.

able to novel technologies, such as joystick controllers and sim-
ulated internal views. The experts have more diverse opinions
on Q6. Two cardiologists rated ‘1’, one cardiologist with three
years of experience, and one with six years of experience. The
proposed simulator is intended to use as a training platform for
robotic catheters [43, 44, 45]. Currently, conventional proce-
dures use flexible catheters without robotic assistance. Car-
diologists are more customized to use conventional catheters.
Therefore, robot assistance affected the scores on the training
capability of the proposed simulator. Scores on other criteria
can verify this inference as well. The cardiologists rated higher
on Q1 and Q2 and relatively lower on Q3. It shows that the
cardiologists are satisfied with the visual authenticity of the in-
tervention process and the deformable property of the vessels.
Those are essential factors in a robotic catheter simulation plat-
form.

Constructive feedback on future improvements was provided

by cardiologists as well. The coronary guidewire could be mod-
eled with a preshaped nitinol tip with the capability of rotating,
which would let it engage different branches of the coronar-
ies. In addition to the heartbeat motion, the respiration motion
could be included as well. As for the visual feedback of colli-
sion force, haptic feedback such as the vibration of the joystick
would be more intuitive. Augmented reality would provide a
more visually plausible training.

4. Discussion

4.1. Findings

An important finding of the questionnaire is that cardiolo-
gists prefer the internal view of vessels. The internal view
of the vessels can be reconstructed from IntraVascular Ultra-
Sound (IVUS) images [46]. The internal view is very useful
because the cardiologists can only see the structures in 2D in
reality without having information about a collision with struc-
tures inside vessels. Despite the absence of such a feature in the
traditional procedure, it would be helpful to have a real-time 3D
view of the anatomy, of the plaques, and devices advancement.
What is used in reality is the IVUS view (with a diagnosing
catheter) that could be helpful to know about the anatomy and
plaques etc., but it is not aligned with the advancement of the
balloon/stent catheter because the IVUS view and the interven-
tion treatment are not in the same phase. Despite the absence
of such an internal view in the treatment process, the goal is
to provide the cardiologists with another perspective that will
accelerate the process as they can view the interactions from
different views.

4.2. Possibility of Generalization

The deformed model is reconstructed from CTA images of
a patient with cardiac disease. It is patient-specific and can be
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employed for aorta models of other patients. Heartbeat vari-
ability can be achieved as long as a reference curve is given for
calibration, such as the reference curve [23].

Even though we used the 6Fr Magellan Robotic Catheter and
two specific guidewires as the proof-of-concept, it can be ex-
tended to other catheters and guidewires. We can use this sim-
ulator to optimize the design of robotic catheters, such as max-
imum bending extent, steerable tip length, and diameter. Those
parameters are adjustable in the proposed simulator. It can also
be used for autonomous path planning and control in a simu-
lated, cluttered environment.

4.3. Limitations and Perspectives

The joystick control approach is different from the tradi-
tional way to advance devices. Therefore cardiologists ex-
pertized in traditional interventions may perform worse than
game players. Existing robotic systems mostly use joystick
and workstation as the controller input, such as CorPath™GRX
(Corindus), Niobe™ (Stereotaxis) and R-One™ (Robocath). In
[47], a device controller is developed that mimics a standard
catheter handle, has a vibrotactile feedback, and is easy-to-use
by cardiologists. However, joystick controllers with vibrotac-
tile feedback are relatively easy to use and low in cost [14]. We
will carry on long-term-following experiments to investigate a
proper controller and its training effectiveness.

More operation tasks that reveal expert experience will be
carried out in end-user validation. Positioning and inflating
a balloon or stent catheter at the occlusion site can be devel-
oped as an operation task. This proof-of-concept is presented at
the following link: https://youtu.be/lqN4Uw4HZz8. How-
ever, accurate simulation of the mechanical properties of the
occlusions and stents requires thorough investigation in the fu-
ture. The accuracy of stent alignment at the target site can be
selected as a performance matrix. Moreover, the user’s choice
of the access route can be assessed to ensure the safety of needle
insertion.

Traditional fluoroscopy imaging does not provide enough in-
formation for cardiologists, such as depth. Augmented Real-
ity (AR) could be integrated for more visually plausible training
[48]. Deformable vessels with AR provide 3D visualization to
help guide and locate the instrument more intuitively. Clinical
studies in [49] highlight the need for intra-operative 3D visual-
ization to help develop safer interventions. Several commercial
systems, such as EnSite NavX (St.Jude), Carto (Biosense Web-
ster), and LocaLisa (Medtronic), develop AR techniques as an
alternative to classical imaging techniques.

5. Conclusion

This paper presents a realistic, auto-adaptive, and visu-
ally plausible simulator for endovascular catheterization pro-
cedures. The proposed workflow implements the modeling and
simulation of intervention devices and a deformable aorta that
could create a dynamic environment for intra-operative path
planning and control in robotic endovascular catheterization,

which will be presented in future works. Compared with litera-
ture, some novel properties of the proposed simulator are high-
lighted, such as a simulated movement of the vessels caused by
the heartbeat and an autonomous calibration using PSO algo-
rithm. The reported results of in-vitro validation show that this
simulator framework can be applied to different datasets and
represents a good surrogate for the modelization of deforma-
tion.
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