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Abstract— Catheter-based cardiac ablation is the preferred
method of treating atrial fibrillation. Conventionally, the
catheter is navigated in the heart using X-ray fluoroscopy
imaging and an electroanatomical map. Although successful,
these imaging modalities do not provide real-time feedback
on the quality of lesions created, which in turn could lead
to recurrence of arrhythmia. Intracardiac echo (ICE) catheter
provides real-time imaging within the heart to visualize both the
ablation catheter and lesions created. However, manipulating
the ablation and ICE catheters simultaneously is tedious and
time consuming. As a first step towards developing a robotic
ICE catheter that can autonomously follow the ablation catheter
and monitor the lesions, we have developed a dynamic model
for the ICE catheter. The model is based on the Cosserat theory
for flexible rods that relies on strain parametrization. The
model also accounts for frictional forces between the catheter
sheath and tendons, external loads and fluid forces acting on
the catheter. A good nominal model for describing the catheter
dynamics is essential to develop a robust control scheme for
the robotic ICE catheter. The parameters of the ICE catheter
are estimated using weight release, tendon-driven actuation and
fluid flow experiments. To the best of our knowledge, this is the
first dynamic model for the ICE catheter that accurately reflects
the dynamics of the catheter under pulsatile fluid flow within
a heart phantom.

I. INTRODUCTION

In recent years, there has been significant research in the
development of autonomous control algorithms of continuum
robots including catheters for robot-assisted minimally inva-
sive surgeries and therapies (MIST) [1]. One such application
pertains to cardiac ablation to treat Atrial Fibrillation, a con-
dition caused by ectopic beats primarily originating around
the pulmonary veins [2], [3]. The navigation of the ablation
catheters to burn tissue is performed under X-ray fluoroscopy
or real-time intracardiac echo (ICE) imaging combined with
an electroanatomical map. Although ICE-based guidance is
advantageous in providing real-time information about the
lesions created, it is tedious and requires simultaneous ma-
nipulation of the ablation and ICE catheters, which is nearly
impossible by a single operator. There have been several
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papers in the literature that have reported the development
of a robotic catheter for cardiac ablation [4]–[12].

Previous studies on modeling the catheter either consid-
ered the kinematics control only [13], [14] or did not consider
uncertainties due to the system’s varying parameters [15] and
disturbances associated with a real heart environment [16].
Therefore, their resulting approaches are not necessarily
robust and translatable to the clinical scenario. A myriad
of approaches have been investigated for dynamic modeling
and control of soft-robots and catheters. The existing body
of research in this area can be broadly classified into two cat-
egories, namely: 1) Piecewise constant curvature (PCC) that
represents the soft robot as a finite collection of circular arcs,
which can be described by only three parameters, including
radius of curvature, angle of the arc, and bending plane [17]–
[22]. 2) Piecewise constant strain (PCS) [23], [24]. Compared
to the PCC model, the discrete Cosserat approach taken by
the PCS model can handle not only constant curvature and
elongation, but also shear and torsion, which are fundamental
for dealing with the strong interactions with the environment
and characteristic of manipulation of the ICE catheter in the
left atrium. Other works also include modeling the catheter
based on the rigid-link representation [17], [25], [26].

Several researchers have also recognized the importance
of modeling the non-linear dynamic forces such as friction
for developing accurate control algorithm. Norouzi-Ghazbi
and Janabi-Sharifi [27] have proposed a discrete friction term
combined with the Cosserat rod model to account for the
frictional forces acting along the backbone of the continuum
catheter. Hu et al. [28] have also developed a kinetic model
of steerable catheters by taking into account the interaction
of the catheter with surrounding vasculature, however, not
considering the friction forces between the tendons and the
sheath of the catheter. None of the dynamic models for
catheters developed thus far have considered the combined
effects of both fluid flow dynamics and frictional forces to
accurately describe the behavior of the catheter within the
heart. This is critical for our application since the robotic ICE
catheter is responsible for the real-time visualization of the
ablation catheter and the surrounding heart while creating the
lesions. Uncompensated motion of the ICE catheter caused
by blood flow can result in jitter and motion artifacts in
the ultrasound images, which may result in difficulty in
monitoring the lesions created in real-time.

Our work contributes to the field by presenting a com-
prehensive dynamic model, identification tools, and a novel
hardware setup for a robotic ICE catheter. In this paper, we
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base our study on the PCS model as in [23] that utilizes the
continuous Cosserat’s rod theory and has been shown to be
sufficiently fast and accurate for the purposes of our appli-
cation. As the synthesis of a robust controller requires rea-
sonably accurate nominal parameters for the dynamic model,
we have included into our dynamic model the various non-
linear effects that a catheter may experience. Furthermore, we
also identify the nominal value and uncertainty range of the
unknown parameters of the system using multiple catheters.

We also develop and identify a dynamical model of the
fluid velocity behavior (with water simulating blood in our
experiments) and included it as part of the overall dynamics
of the robotic ICE catheter. The fluid velocity profile is
compared with that of a finite element analysis and the model
is validated on a patient-specific 3D printed heart phantom.
Additionally, we have also integrated friction models to
account for both static and sliding friction between the
tendons and the catheter sheath, motor backlashes and dead-
zone due to slack and twist of tendons.

The underlying identification problem consists of three
main steps: 1) identifying the catheter dynamics parameters
using weight release experiment, 2) identifying the friction
model parameters using known single-tendon actuation pro-
files, 3) identifying the pulsatile fluid drag parameters using
a 3D printed right atrium phantom. Based on the identified
dynamic model, the end goal is to devise a robust controller
such as an H∞ controller to steer the ICE catheter’s distal-
end in both a simulated and real heart environment with the
ability to handle parameter uncertainties and disturbances
as encountered in the clinical scenario. To the best of
our knowledge, this is the first paper that accounts for
the frictional forces along the tendons of the catheter and
fluid flow dynamics to accurately model the ICE catheter
dynamics within the heart phantom.

II. CATHETER DYNAMICS MODEL

A. Cosserat Rod Model for Catheter

We use Cosserat rod theory to express the equations of
motion of a catheter [23]. Let y = [p⊤ h⊤ q⊤ ω⊤ v⊤ u⊤]⊤

represent the state vector of the system, where the position,
quaternion, linear and angular velocities of each segment
are denoted by p and h in the global frame, q and ω in
the local frame, respectively, R gives the orientation of the
local frame with respect to the base (global frame) and (·)⊤
denotes the transpose operator. Total time horizon, sampling
time, and current time are denoted by T , dt, and t. The
pivotal parameters that describe the catheter dynamics are
the linear and angular strains denoted by variables v and
u. All state variables are expressed with respect to the arc-
length parametrizing variable s of the catheter ranging from
proximal s = 0 to distal end s = ℓ. The general dynamics of
an elastic catheter rod is given by the following set of partial

differential equations (PDE) [23]

ps = Rv, pt = Rq

Rs = Rû, Rt = Rω̂

ns = ρAR(ω̂q + qt)− f

ms = ∂t(RρJω)− p̂sn− l

qs = vt − ûq + ω̂v

ωs = ut − ûω

(1)

The material density, cross-sectional area, and second mass
moment of inertia tensor of the catheter are represented by ρ,
A, J while the external wrenches f and l are the distributed
forces and moments acting on the sheath. The hat operator
(·)∧ maps R3 to se(3), i.e.,

ω̂ =

 0 −ω3 ω2

ω3 0 −ω1

−ω2 ω1 0

 , (2)

and, conversely, the wedge operator (·)∨ maps se(3) to R3.
Also, subscript of s denotes derivative with respect to arc-
length, subscript of t denotes time derivative. The Kelvin-
Voigt model is used as the material constitutive law that acts
as a linear elastic law with material damping to relate strain’s
displacement and curvature to internal loading. This model
is expressed as

n = R [kse(v − v∗) +Bsevt]

m = R [kbt(u− u∗) +Bbtut]
(3)

where n and m are internal force and moment in the global
frame respectively, kse is stiffness matrix for shear and exten-
sion, kbt is the bending/twisting stiffness matrix, Bse is the
shear/extension damping matrix, Bbt is the bending/twisting
damping matrix, v∗ = e3 is the value of the linear strain
in the absence of internal forces and u∗ = 0 is the local
curvature of a straight catheter.

In solving (1), the boundary conditions must be satisfied
at both the proximal (fixed) and the distal (free) end of
the catheter. At the fixed end, a subset of the state vector
is known denoted by yk and/or may be specified in terms
of the actuation inputs τ , external wrenches f̄ , l̄, and the
unknown internal strains u, v comprising the unknown
subset yu of the state vector at s = 0. The proximal
boundary conditions (4) specify p(t, 0) = p0, h(t, 0) = h0,
q(t, 0) = ω(t, 0) = 0, while the internal strains u, v are
solved for by an iterative shooting method over the internal
moments by leveraging (3).

g(0) = Ξ
(
yu(0), τ , f̄ , l̄

)
yk(0) = ξ

(
yu(0), τ , f̄ , l̄

) (4)

where g(s) ∈ SE(3) defines the origin and orientation of
the local coordinate frame at arc length s [29]. At the distal
end of the robot s = ℓ, there are other general boundary
conditions that also must be satisfied,

b
(
y(ℓ), g(ℓ), τ , f̄ , l̄

)
= 0 (5)

The generic functions associated with the boundary condi-
tions above are denoted by Ξ(·), ξ(·), and b(·). Given that
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time and space are coupled, the aim of equation (1) is to
generalize the entire system dynamics expressed in space
as continuous functions of arc-length s and, thus, describe
the motion of the entire robot with respect to changes in
the states of the system y and the actuation inputs τ or
the components of an applied wrench f̄ , l̄ [29]. To express
the time derivative of each state we use the implicit time
discretization method developed by Till et al. [23] that
enables one to solve robot dynamics problems at real-time
rates. We call (i)yt current dynamics which contains the
dynamics of the system up until the current time-step i. (i)yt

is calculated as

(i)yt ≈ c0
(i)y + c1

(i−1)y + c2
(i−2)y + d1

(i−1)yt︸ ︷︷ ︸
history

:= c0
(i)y + (i)hy

(6)

Here (i)hy is defined as the sum of all remaining terms that
rely on the past history of y. The coefficients c0, c1, c2,
and d1 are computed using backward differentiation formulas
BDF-α method with respect to the sampling time dt, namely

c0 =
1.5 + α

dt(1 + α)
c1 = − 2

dt

c2 =
0.5 + α

dt(1 + α)
d1 =

α

1 + α

(7)

where α ∈ [−0.5, 0.0] interpolates between a trapezoidal
and a second-order backward differentiation (BDF2) inte-
gration methods [23].

B. BVP Solution via Shooting Method

The boundary value problem (BVP) [29] is a propagation
(shooting) approach that uses a nonlinear root-finding algo-
rithm with known and unknown parameters that iteratively
converges on values for the states of the system, such that
the solution satisfies some boundary conditions or make the
system’s constraint residuals zero. The BVP technique allows
both the actuator actions and the external wrench to influence
every aspect of the model, including the initial conditions,
the governing equations, and the boundary conditions.

The BVP of system (1) is solved via a shooting method.
Since b is a function of the unknown initial conditions
yu(0), a shooting method consists of using a nonlinear root-
finding algorithm, modified Newton method in our case [30],
to iteratively converge on values for yu which satisfy the
boundary residuals b = 0. For a particular value of yu(0),
evaluation of b simply requires numerical integration of
the initial value problem (4) consisting of the differential
equations from s = 0 to ℓ , which can be computed using
standard methods such as Euler, the Runge-Kutta, or Adams-
Bashforth families of algorithms [29]. Now, using (1) and (3)
the time derivative of each state can be expressed based on

the following set of PDEs:

pt = Rq

Rt = Rω̂

qt =
1

ρA

[
kse(vs − v∗

s) + ûkse(v − v∗) +R⊤f − ρAω̂q
]

ωt =
1

ρJ
[kbt(us − u∗

s) + ûkbt(u− u∗) + v̂kse(v − v∗)

+ R⊤l− ω̂ρJω
]

vt = qs + ûq − ω̂v

ut = ωs + ûω
(8)

Terms f , l encapsulate the distributed forces and moments
in the global frame, respectively. Moreover, the catheter’s
self-weight, square law drag air resistance, and other external
loads f̄ can be formulated as part of f ,

f = ρAg −RCq ⊙ |q| − f̄ (9)

where the Hadamard product ⊙ performs element-wise mul-
tiplication, so that

q ⊙ |q| :=
[
q21 sgn(q1) q22 sgn(q2) q23 sgn(q3)

]⊤
(10)

III. MODELING OF MAJOR NONLINEARITIES

A. Model of Static and Dynamic Frictional Forces

We express the total friction force as a sum of static and
sliding frictional forces:

f friction = f sliding + f static (11)

It is important to recognize that for an ideally flexible tendon
(zero bending stiffness), the internal forces consist of only
tension τ i. As such, the internal force along the ith tendon,
in the body frame, is modeled by:

nb
i = τi

pb
si

∥pb
si∥

(12)

The tangential velocity of the ith tendon is computed as

νi :=
dsi
dt

pb
si

∥pb
si∥

(13)

We make an approximation to evaluate the static frictional
force by considering only the x and y components of
the internal force (in the normal and binormal directions).
Moreover, the static friction should contribute only when the
tangential velocity in the ith tendon νi is zero (or below a
prescribed velocity threshold). Let βstatic denote the static
coefficient of friction between the sheath and the tendons.
Then, the static friction is modeled as:

f static = −H(νi)βstatic∥(nb
i )x,y∥ (14)

where H(·) is a smoothed sign function defined as
H(·) := x√

x2+ϵ2
, for an arbitrarily small ϵ > 0. In (14),

(nb
i )x,y = {(nb

i )x, (nb
i )y, noffset}. noffset is theoretically

expected to be zero but in practice it is a small value that
needs to be identified due to the contribution of friction from
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Fig. 1. (a) Mesh view of the heart’s right atrium generated by finite element analysis. (b) Surface spatiotemporal fluid velocity profile. (c) Experimental
versus simulated outputs using estimated parameters from identification algorithm employed to study the pulsatile fluid drag impact. The identification
features are labeled.

the unmodeled section of the catheter. The inclusion of this
residual noffset component compensates for the catheter arc
configuration in practice, which is not perfectly straight in
the rest position. For the sliding frictional forces, we are
interested in the x and y components of the local curvature
vector as friction between sheath and tendons increases with
bending curvature. Thus, the sliding friction is approximated
by the following heuristics1:

f sliding = −βslidingτ i∥ux,y∥νi (15)

Here βsliding is a sliding damping coefficient, νi is relative
tangential velocity between the tendon i and its channel
computed from past time steps, ∥u∥ is the magnitude of
the backbone curvature, and the negative sign indicates that
the frictional force is in the opposite direction to the internal
tensile force in the tendon.

B. Pulsatile Fluid Drag Impact & Blood Velocity Estimation

Since the ICE catheter is navigated within the heart, it
is important to model the effect of the fluid forces on the
catheter dynamics. The fluid drag force exerted on a catheter
is given by

F d = −1

2
ρfACf

[
(q − qf )⊙ ∥q − qf∥

]
(16)

where ρf denotes the fluid density, A is the catheter’s cross-
sectional area, and Cf is the Re-dependent drag coefficient.
Drag coefficient is a dimensionless number, which depends
upon the shape of the catheter and the Reynolds Number
(Re) for the fluid flow. The wall effects result in a parabolic
flow profile around the catheter. The pulsatile blood velocity
is modeled by an affine combination of a time-varying
periodic flow with a spatial parabolic profile Pr(δ), where
δ is the algebraic distance from the catheter segment to the
wall, as shown in Fig. 1(a). The pulsatile blood velocity is
denoted by qf (t). Without loss of generality, to simplify the
analytical expression, we only consider the first terms of the

1The magnitude of the sliding friction should increase with the magnitude
of the curvature u(s) along the normal and binormal local directions.

time-varying Fourier series of the electrocardiogram (ECG)
physiological pulse [31], such that

qf (t) = Pr(δ) (1 + Zf sin (ωf t+Φf )) (17)

with spatial parabolic profile Pr(δ) approximated as

Pr(δ) = aδ2 + bδ + c (18)

The parabolic profile coefficients are given by a = −1, b =
D
2 , c = Mf + b2

4a . Here, D is the atrium diameter, Mf is
the intensity peak value of the spatial profile and Zf is the
pulsation amplitude.

IV. EXPERIMENTAL SETUP

A. Hardware Development

We have modified the Sensei robot, Hansen Medical Inc.,
from closed to open architecture, which gives us full access
to the nine revolute and translation joints (see Fig. 2(b5)).
The Sensei robot was connected to a Delta Tau motion
controller and each motor was driven by a Maxon linear
amplifier. The slave active module is a 10 degrees-of-freedom
robotic system, which includes 7 rotational degrees of free-
dom and 3 translational degrees of freedom. Each axis is
driven using a DC motor and feedback is provided using dual
redundant incremental encoders mounted on the DC motor.
In order to adapt the mechanical hardware for our research
and have the ability to perform low level joint control on
each axis, we used the PowerPMAC motion controller from
Delta Tau Systems (now part of Omron Electronics). The
motion controller utilizes a real-time Linux with Xenomai
kernel and a custom motion control application that performs
the servo loop control on each axis. The motion controller
communicates with a high-level controller on a computer
(Intel i7-4790K CPU, 4.00GHz, 16.0 GB running Windows
10) using UDP. The high-level controller runs a soft real-
time multimedia timer and is responsible for generating the
desired trajectory which is input to the low-level controller.
We have also designed and manufactured a baseplate to con-
nect the catheter’s four tendons to four rotary motors on the
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Fig. 2. (a1–a3) Steps in the construction of the heart’s right atrium
phantom. From (a1) 3D Slicer segmentation to (a2) 3D printing and (a3)
phantom chamber fittings. (b1) and (b2) Designed and 3D printed baseplate
connecting catheter tendons to the slave robot motors. (b3) View of the
catheter experimental setup driven by Hansen-Medical Sensei robot and
actuated using Maxon linear amplifiers and Delta Tau motor controllers. An
EM tracker unit with two sensors is used. (b4) Disassembled catheter handle
to access four tendons. (b5) Robot with rotary and translational motors.

slave robot (see Fig. 2 (b1, b2)). Two 5-DoF electromagnetic
sensors (Northern Digital, Inc., Canada) were fixed to the
base and tip of the distal bending section of the catheter to
measure the real-time position and orientation of the catheter
tip.

B. Heart Phantom Manufacturing

To mimic the heart chamber, we have 3D printed the
right atria using a biocompatible resin (FormLabs, Inc.).
The diagnostic CT images of a patient undergoing cardiac
ablation were loaded in 3D Slicer, an open-source image pro-
cessing software [32]. The four chambers and the pulmonary
veins were manually segmented by an expert radiologist
Fig. 2 (a1). In this study, we were only concerned with the
right atrium. The segmented right atrium was converted to
an STL model, which was then loaded into PreForm, the
3D printing software developed by FormLabs Inc., MA, for
3D printing. The 3D printed atrium was connected to an
Abiomed AB 5000 circulatory support system to mimic the
flow of blood through the right atrium (see Fig. 2 (a3)).

V. RESULTS OF SYSTEM IDENTIFICATION

The main goal of identification is to determine the nominal
values plus uncertainty range of unknown parameters of
the dynamic model of the robotic ICE catheter. Due to
high dimensionality and non-convex nature of the problem,
our identification algorithm was a cascade of a global op-
timizer given by Multi-Level Single-Linkage (MLSL) fol-
lowed by a local optimizer given by local gradient-based
search algorithm for fine tuning of the optimal solution.
The NLopt library [33] was used for optimization. We
performed the identification experiments on five Siemens
Acunav ICE catheters with 2D and 3D ultrasound sensors
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Fig. 3. Catheter’s tip dynamic step response corresponding to the weight
release experiment for 20grams test weight Trial #1: (red) is simulated result
using the model with identified parameters. (black) is the measured response
used for catheter parameters identification.

as well as different diameters. Readers are referred to the
supplementary video for a detailed demo of experiments.

A. Weight Release Experiment to Identify Catheter’s Char-
acteristic Parameters

We performed weight release experiment (see Fig. 3) to
identify general parameters of catheter dynamic model as
presented in Table I. The optimization algorithm finds the
solution for the parameters by minimizing the cost function
which is a weighted ℓ2-norm of the errors between the
measured and predicted features. The general parameters of
the dynamic model are comprised of density ρ, Young’s
modulus E, air drag coefficient C, viscous damping ratio
Bbt, Poisson’s ratio σ, and mass of the ultrasound sensor
Wus at the tip of ICE catheter. The features include the
suspended tip position dinit before cutting the thread attached
to the test weight, the displacement after cutting the thread
to reach the peak value, dpeak, the steady state displacement
dss, three temporal features including the rise-time trise, first
prominence twidth,1st , and first valley width tvalley,1st .

(ρ∗, E∗, C∗, B∗
bt, σ

∗,W ∗
us) = argmin

x
λ⊤γ (19)

where the weight and parameter vectors are such that λ ∈
R6

+, γ := diag{sgn(x)}x, and the optimizing variables
are x = [d̃init d̃peak d̃ss t̃rise t̃width,1st t̃valley,1st ]⊤. To
determine the nominal value of each parameter, we averaged
the identified parameters over multiple trials. To determine
the lower and upper bounds of the uncertain parameters
we calculated minimum and maximum of the identified
parameters associated with multiple trials. As demonstrated
in Fig. 3, our estimated catheter tip response using the model
with identified parameters is in a good agreement with the
measured tip response.

B. Tendon-Driven Actuation Experiment to Identify Friction
Model Parameters

We identified four friction parameters including βstatic,
βsliding, noffset, and ϵ as introduced in Section III-A. To this
end, we actuated tendons connected to a pair of motors
(motor #2 and #4) to bend catheter’s tip in the vertical plane.
The input signal is a time-varying smoothed C2 trapezoidal
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TABLE I
IDENTIFICATION RESULT FOR THE WEIGHT RELEASE TRIALS WITH TEST WEIGHTS OF 5, 10, AND 20 GRAMS.

Parameters density
[
kg/m3

] Young’s
modulus [G.Pa]

air drag
coefficient

[
kg/m2

] viscous damping
ratio [Ns/m]

Poisson’s
ratio US weight [g]

Lower bound 4208 26.80 3.15× 10−7 3.78× 10−6 0.2 1.78
Nominal 6169 30.20 2.65× 10−6 4.93× 10−6 0.2 3.50
Upper bound 7881 37.80 5.06× 10−6 6.00× 10−6 0.2 5.70
Standard deviation 3223 2.90 1.42× 10−6 0.53× 10−6 0.0 0.82
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Fig. 4. (a) Experimental hysteresis profile of catheter showing the impact of friction on the motion of catheter (see the supplementary video). (b) Simulated
hysteresis profile of catheter showing the impact of friction on the motion of catheter. (c) Feature selection used for identification of the friction parameters.

function. The opposite pairs of tendons were actuated to bend
the catheter in a particular direction with the necessary pre-
tension applied to the tendons prior to actuation.

The resulting hysteresis profile from this experiment is
shown in Fig. 4(a) done for 7 trials with displacement input
peaks ranging from 4000 to 10000 encoder counts (only three
of them are shown here for simplicity). The features forming
the friction cost function are shown in Fig. 4(c) and include
the lower and upper bounds of transverse tip displacement,
dead-zone width at the extremes of actuation (labeled by the
magenta circle and cyan triangle), and hysteresis thickness
(labeled by black and green stars). Comparing experimental
hysteresis with model simulated hysteresis in Fig. 4(b), we
see a reliable match in the lower and upper bounds and
proportionality as the input amplitude changes.

C. Heart Phantom Experiment to Identify Fluid Drag Pa-
rameters

In this section, we describe the identification of the three
fluid drag parameters, Mf , Zf < 1, and Cf . The results
of the identification of the fluid drag parameters are listed
in Table II after being averaged for multiple catheters over
multiple trials. We inserted the catheters into the 3D printed
patient-specific right atrium model through the inferior vena
cava (IVC) in the direction of input flow, as expected in
the clinical scenario. The resultant tip displacement in the
presence of pulsatile fluid flow with frequency of ωf = 72
beat per minutes (BPM) is shown in Fig. 1(c) compared with
the simulated output using the identified parameters. The
result shows good agreement in matching the target features,
which are the mean shift in the tip position compared with
the case with no fluid drag, the pulsation period, peak, and
trough as labeled in Fig. 1(c). Using finite element analysis

TABLE II
ESTIMATED VALUES OF THE PARAMETERS OF THE DYNAMIC MODEL.

Symbol Definition Nominal Value Unit

ρ catheter density 6991 kg/m3

ρf blood density 1060 kg/m3

r cross-sectional radius 0.0041 m
ℓ catheter arc length 13.5 cm

βstatic static friction coefficient 493892 N/A
βsliding sliding friction coefficient 266 N/A

ε smoothing parameter 4.75e-6 N/A
noffset friction offset 0.0027 N
Mf peak of fluid velocity profile 173 mm/s
Zf amplitude of pulsation 0.95 N/A
Cf fluid drag coefficient 22 N/A

through COMSOL software we used 2D flow option with
no-slip wall condition to quantify the spatiotemporal fluid
velocity profile qf (see Fig. 1(b)). This result matches that
from the identified Mf ≃ 173 mm/s. The circulatory support
system pumps water based on an ECG signal, as shown in
Fig. 1(c). Without loss of generality in our modeling part we
used a sinusoidal pulsation function as the input.

VI. CONCLUSIONS

In this paper, we have developed a dynamic model for an
intracardiac echo (ICE) catheter and taken into account the
various nonlinear effects such as frictional forces and fluid
drag forces on the catheter. We have simulated conditions
similar to those encountered within the heart during cardiac
ablation procedures. This work forms the basis for develop-
ing robust control algorithm for robot-assisted control of an
ICE catheter that accounts for uncertainties and disturbances
present in the system.
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