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Abstract— Contact force quality is one of the most critical
factors for safe and effective lesion formation during cardiac
ablation. The contact force and contact stability plays important
roles in determining the lesion size and creating a gap-free
lesion. In this paper, the contact stability of a novel magnetic
resonance imaging (MRI)-actuated robotic catheter under tissue
surface motion is studied. The robotic catheter is modeled using
a pseudo-rigid-body model, and the contact model under surface constraint is provided. Two contact force control schemes to
improve the contact stability of the catheter under heart surface
motions are proposed and their performance are evaluated in
simulation.

I. I NTRODUCTION
Radiofrequency catheter ablation is the cornerstone of
atrial fibrillation treatment [1]. During radiofrequency ablation, the catheter needs to maintain steady contact with
the substrate tissue with appropriate contact force to create
a transmural scar, in order to create a gap-free lesion.
This paper focuses on the development of methods for
achieving robust contact stability of the novel magnetic resonance imaging (MRI)-actuated robotic intravascular cardiac
catheter system (presented in [2], [3]) while in contact with
cardiac tissue under cardiac motions. This type of robotic
catheter operates inside the bore of an MRI scanner and
is magnetically actuated by a set of electromagnetic coils
embedded on the catheter, in interaction with the MRI
scanner’s magnetic field, where the actuation of the catheter
is controlled by the currents passing through the coils [2],
[4], [5].
The disturbance caused by heart surface motions can
lead to unpredictable lesion formation during ablation; as
such, maintaining stable contact while being subjected to
the beating heart motions is critical. Maintaining the contact
force to remain inside the friction cone during the cardiac
motion will reduce the possibility of sliding and positional
errors, while sustaining an adequate contact force will ensure
the formation of a transmural lesion. In this paper, we
investigate the contact stability of the MRI-actuated robotic
catheter during cardiac motion. A contact model for the
Pseudo-Rigid-Body model of the catheter is introduced.
The contact force actuation Jacobian that approximates the
relationship between the change of the contact force and the
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change of the actuation currents is then formulated. A quasistatic contact force control method based on the proposed
contact model is then presented. Given an instantaneous
tissue surface, the proposed contact force control method is
applied to drive the contact force inside the friction cone and
provide a safe normal force for a target contact point on the
tissue surface. Two dynamic contact force control schemes
are then proposed to improve the contact stability under
heart surface motions. The first method is a least square
based contact force control scheme, which minimizes the
contact force residuals over a horizon of estimated heart beat
positions, relying on the quasi-periodic nature of the cardiac
motion. The second method is an online actuation current
update scheme, where the actuation currents calculated by
the quasi-static contact force control method are updated
at the servo control rate during the heart surface motions.
Finally, the simulation-based validations of the two contact
force control schemes are presented. The contact stability and
the robustness of the proposed contact force control schemes
are discussed and evaluated.
The rest of this paper is organized as follows. Related
work is presented in Section II. The pseudo-rigid-body
model of the robot under surface constraint is reviewed
and presented in Section III. The quasi-static contact force
control algorithm and dynamic contact force control schemes
are provided in Section IV. The contact stability analysis
and simulation-based validations of the contact force control schemes are presented in Section V. Conclusions are
presented in Section VI.
II. R ELATED W ORK
The role of catheter-tissue contact in catheter interventions
is critical to the success of radiofrequency ablation procedures [6]. A number of factors have been shown to have
great impact on the lesion formation during the ablation,
including ablation circuit impedance [7], tissue architecture,
myocardial blood flow [8], and contact stability. Adequate
contact force becomes the key determinant to transfer the
heat energy to the target tissue surface and an effective lesion
formation [8], [9]. Insufficient contact force can lead to failure of tissue heating despite enough power [7]; Respiration
is the main cause of relative motion of cardiac structures
[10], [11], which can result in positional errors and inadequate or excessive contact force during the atrial ablation.
Limiting force variations is an effective way of minimizing
the ablation complications cause by the respiration [11].
The relationship between the contact force and the lesion
formation during atrial fibrillation ablation has been widely
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studied. Force-sensing radiofrequency ablation catheter plays
an important role in measuring the contact force [1], [6],
[7], [12]. In [8], contact force is measured and analyzed
during pulmonary vein isolation using a contact force sensor.
This study suggests that the contact force for achieving
clinical efficacy in ablation should be > 10g (0.1N), and is
best controlled with an average contact force > 20g (0.2N).
Wakili et al. [13] show that all patients treated with contact
force < 10g experienced arrhythmia recurrence. Andrade et
al. [14] also show that contact force < 10g is associated
with higher rate of arrhythmia recurrence (100%) compared
to contact force > 20g (20%). Thiagalingam et al. [15] show
the “moderate” catheter contact force, which is around 20g,
can improve the possibility of creating reasonable lesion size.
High power ablation and excessive contact force increases
the risk of popping. In general, contact force > 10g is
required to guarantee a successful ablation. A desired contact
force of 20g is suggested by [15] and [16]. In this study, we
investigate the ability of the MRI-actuated robotic catheter
to maintain the contact force in this narrow therapeutic range
during the heart beat cycle [11], where we limit the desired
range to 10g∼25g (0.1N∼0.25N).
Maintaining stable contact with the tissue surface during
cardiac motion is essential for providing safe and reliable
cardiac ablation procedures. Saliba et al. [17] compare
the ablation results between the remote controlled robotic
catheter system and manual ablation catheters. The experiments suggest that the efficacy of the robotic catheter system
is similar to the conventional catheter systems. Di et al. [18]
also show that using a remote robotic manipulation system
can improve the efficacy and safety of ablation procedures.
An image guided active robotic catheter is proposed in [19],
where a closed-loop PID controller is used to regulate the
tip position and force with additional sensors. Yuen et al.
[20] present a design for a catheter tip force sensor and
propose a feed-forward controller for contact force control.
Kesner et al. [21] propose a robotic catheter system with
3D ultrasound image guidance and force control to keep
a constant contact force against the tissue motion. Yip et
al. [22] develop an adaptive Jacobian estimation method for
closed-loop position-force control of a catheter under heart
motion disturbances.
In this paper, we present the analysis of the contact
stability of the MRI-actuated robotic catheter under cardiac
tissue motions. Unlike the above studies, the contact force
control schemes proposed in this paper are formulated without using additional force sensors, and the contact force
control algorithms are proposed based on the calculation of
the contact force actuation Jacobian.
III. P SEUDO -R IGID -B ODY M ODEL OF THE C ATHETER
In the Pseudo-Rigid-Body (PRB) model, the catheter is
modeled as a series of pseudo-rigid links connected by elastic
joints (Fig. 1) [23]–[26]. Each joint is modeled as a spherical
joint which is parametrized by rotation angles in a set of axis
angle representations θi = [θi1 , θi2 , θi3 ]T [27], which implies

Fig. 1. The pseudo-rigid-body model of the robotic catheter with two
sets of tri-axial actuation coils subject to the surface contact constraint. The
contact frame C is chosen such that its origin is located at the contact point
of the catheter and the z-axis is the outward normal of the tissue surface.
x0 denotes the contact point position in surface frame, which remains static
during heart surface motion. The spatial frame S is given as shown.

non-ordered rotations. The twist of the i-th joint is given as


−θi × qi
ξi (θi ) =
,
(1)
θi
where qi is the initial position of the i-th joint in spatial
frame. The shape of the catheter under the n + 1-link PRB
model can then be described by the joint angle vector θ =
[θ1T , θ2T , . . . , θnT ]T ∈ C ⊂ R3n , where C denotes the configuration space of the catheter robot [27]. And the forward
kinematics of the catheter is given as [28]:
ˆ

ˆ

ˆ

gst (θ ) = eξ1 θ1 eξ2 θ2 . . . eξn θn gst (0),

(2)

where S is the spatial frame, and T is catheter tip frame.
The currents u = [u1 , .., ui , .., uM ]T applied to the actuation
coils embedded on the catheter result in magnetic moments
ni Ai ui on the coils, where ni and Ai are respectively the
number of turns and the area vector (in body frame) of
the i-th coil, i = 1, .., M, and M is the number of actuator
coils. The resulting Lorentz forces generated on the coils by
the static magnetic field of the MRI scanner are given by
(ni Ai ui )∧ Bi = −Bi ∧ (ni Ai )ui , where Bi is the static magnetic
field of the MRI scanner in the body frame of the coil i, and
∧ is the cross product operator.
These actuation moments can then be mapped to the joint
torques τ(θ , u) ∈ R3n as [27]:


M
0
b T
τ(θ , u) = ∑ Jsu
ui = A(θ )u.
(3)
i
Bi ∧ (ni Ai )
i
b is the body Jacobian corresponding to coil i, and
Here, Jsu
i




0
b T
A(θ ) = ... Jsu
...
,
(4)
i
Bi ∧ (ni Ai )

i = 1, .., M. τ(θ , u) will be denoted as τu in the rest of the
paper for convenience.
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A. Contact Model
Coulomb friction is employed to model the friction forces
between the catheter tip and the surface. In Coulomb friction
model, the friction cone is defined as:
q
λ f 1 2 + λ f 2 2 ≤ µs λc },
(5)
FC = { fc ∈ R3 :
where fc denotes the contact force, µs denotes the Coulomb
friction coefficient, and λc and λ f i respectively denote the
normal and the two tangential components of the contact
force. The set of contact forces which cause no slippage
between the tip and the surface must lie in the friction cone.
Suppose the contact between catheter and the surface is nonconforming, the origin of the contact frame is located at
the contact point, and its z-axis is in the outward surface
normal direction. Then the contact force would be in the
form by fc = [λ f 1 , λ f 2 , λc ]. The associated contact Jacobian
JC ∈ R3×3n relating contact forces to joint torques [29] is
given by:
JC = BTc Adg−1
Js ,
sc st




Bc = 




=
Adg−1
sc

1,
0,
0,
0,
0,
0,

0,
1,
0,
0,
0,
0,

0
0
1
0
0
0

(6)

B. Contact Force Actuation Jacobian
In this section, contact force-actuation Jacobian is derived
to approximate the relationship between the changes in
contact forces and the changes in actuation currents.
Substituting (3) into the quasi-static equation (9) as
JCT fc = A(θ )u − N(θ ) − Kθ .




,




RTsc , −RTsc pˆsc
0, RTsc

(7)

(12)

At a given joint configuration θ0 , A(θ ) and N(θ ) can then
be approximated at θ0 using Taylor’s theorem as A(θ ) ≈
A(θ0 ) + A0 (θ0 )∆θ and N(θ ) ≈ N(θ0 ) + N 0 (θ0 )∆θ , where
A0 (θ0 ) = ∂ A/∂ θ |θ =θ0 2 and N 0 (θ0 ) = ∂ N/∂ θ |θ =θ0 . Then (12)
can be linearized as
JCT fc ≈(A(θ0 ) + A0 (θ0 )∆θ )u − (N(θ0 ) + N 0 (θ0 )∆θ ) − Kθ0 .
(13)
Since the joint displacement ∆θ is small based on the quasistatic assumption, (13) can be approximated as
JCT fc ≈ A(θ0 )u − N(θ0 ) − Kθ0 .



(14)

The contact force-actuation Jacobian Jcu at joint configura†
tion θ0 is then calculated as Jcu = d fc /du ≈ JcT A(θ0 ).
IV. C ONTACT F ORCE C ONTROL U NDER S URFACE
M OTION


,

(8)

where Jsts denotes the spatial manipulator Jacobian of the
catheter. gsc denotes the transformation from the contact
frame to the spatial frame, and, Rsc and psc are respectively
the rotational and translational components of the contact
frame to spatial frame transformation.
The quasi-static equilibrium1 equation of the catheter
describing the relationship between the catheter shape and
the actuation currents under the tip contact position constraint
is given by:
N(θ ) + Kθ + JCT fc − τu = 0,

(9)

where K is the stiffness coefficient matrix, and N is the
gravitational effect term. The contact force is then calculated
as:
†
(10)
fc = JCT (τu − N(θ ) − Kθ ),
†

equivalently, 0 ≤ σµ ≤ µs where µs is the friction coefficient
between the catheter tip and the tissue surface.

†

where JCT is the left pseudo-inverse of JCT with JCT =
(JC JCT )−1 JC .
The contact ratio σµ between friction force and normal
force is defined as:
kλ f k
σµ (θ , u) =
,
(11)
λc
where σµ ∈ R. The catheter remains on the target contact
point if the contact force is inside the friction cone FC, or
1 Since the catheter moves with low velocity and acceleration during
catheter ablation, the inertial and Coriolis forces are negligible, and therefore
can be neglected.

Consider a given target catheter tip position on the tissue
surface. This target position is assumed to be static in the
surface frame, as shown in Fig. 1. The goal of the contact
force control is to improve the stability of the contact between the catheter and the tissue surface under heart surface
motion, namely, maintaining static catheter tip positioning
at the desired location on the tissue surface with adequate
normal contact force, despite cardiac motion.
In this section, first a quasi-static contact force control
algorithm which computes a set of actuation currents for
a desired normal contact force and target tip position for
a given instantaneous surface configuration is introduced
(Algorithm 1). Following this, two dynamic contact force
schemes, which aim to maintain stable contact between the
catheter and the tissue surface under cardiac motion.
In order to facilitate the subsequent presentation, let
Ψ(x,t) be a parametrization of the tissue surface, x = x0 be
the location of the desired contact point in the local tissue
coordinates, and t denote the time.
A. Quasi-Static Contact Force Control Algorithm
The proposed quasi-static contact force control algorithm
is presented in Algorithm 1. The algorithm computes the actuation currents for a desired normal contact force and target
tip position on a given instantaneous surface configuration,
neglecting the heart surface motion (hence the name quasistatic).
The algorithm assumes that the catheter tip is initially
in contact with the target point on the tissue surface. The
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2 Note

that A0 (θ0 ) is a tensor and A0 (θ0 ) ∈ R3n×M×3n

Algorithm 1: Quasi-Static Contact Force Control With
Tip Position Constraint for Robotic Catheter
1
2
3
4
5
6
7
8
9
10
11

Algorithm 2: Least Square Based Contact Force Control
With Tip Position Constraint Under Surface Motion

d , Ψ(x )
Input : u0 , fcn
0
t←0
d − f t | > ε do
while | fcn
cn
t
θ ← constrained equilibrium(ut , Ψ(x0 ))
fc t ← compute contact force(θ t , ut )
d − ft )
ktn ← α( fcn
cn
t
t , − f t , kt )
d fc ← (− fcx
cy n
†
Jcu ← JCT A(θ t )
† df t
du ← Jcu
c
t+1
u
← ut + du
t←t+1
end
Output: ut

1
2
3
4
5
6
7
8
9
10
11
12
13
14

initial actuation current u0 , the desired normal contact force
d , and the spatial coordinates of the contact point on the
fcn
tissue surface Ψ(x0 ) are given as inputs. In this algorithm,
the contact force is controlled for a given instantaneous
configuration of the surface; thus, the time parametrization t
in Ψ(x0 ,t) is excluded. In Line 3, the quasi-static equilibrium
configuration of the catheter is computed for the given input
currents and the tissue surface contact point using a potential
energy minimization based algorithm [28], [30]. The contact
force fc is then updated given the updated joint angles and
actuation currents. The change of the normal contact force
ktn is calculated from the desired normal component of the
contact force in Line 5, where α is the step size to adjust the
updating speed. The incremental change of the contact force
d fc is calculated in Line 6. A negative feedback is applied
on the tangential forces to keep the contact force inside the
friction cone during the contact control, while the normal
component is driven towards the desired value. In line 7,
the contact force actuation Jacobian Jcu is computed given
current joint configurations. The incremental current update
du is computed and applied respectively in Lines 8 and 9.
B. Dynamic Contact Force Control Algorithms
The goal of the dynamic contact force control algorithms is
to select an actuation current set that would maintain stable
contact between the catheter and the tissue surface under
cardiac motion.
The first dynamic contact force control scheme proposed
aims to identify a single actuation current set that would
be constantly applied and would maintain a stable contact
throughout the subsequent cardiac cycles. Selection of such a
single actuation level would require an estimate of the future
motion of the heart. There are a number of heart motion
estimation schemes proposed in the literature (e.g., [31]–
[36]), which take advantage of the quasi-periodic nature of
the heart motion. In this study, a relatively simple estimation
scheme, which uses the motion during the previous heart
cycle as an estimate of the range of motions during subsequent cycles, is employed [37]. The algorithm then iteratively

15
16
17
18
19
20

Input : u0 , {Ψ(x0 ,ti ), i = 1, .., m}
j←0
repeat
for all i in heart beat cycle {1, 2, ..., m} do
θit ← constrained equilibrium(ut , Ψ(x0 ,ti ))
†
Ji ← JCT A(θit )
fci ← compute contact force(θit , ut )
if fcin > ub then
d fcn ← −kn
end
if fcin < lb then
d fcn ← kn
end
d fci ← (−k f fcix , −k f fciy , d fcin )
end
J ← [J1T , J2T , ..., JmT ]T
T , d f T , ..., d f T ]T
d fc ← [d fc1
cm
c2
du ← (J T WI J)−1 J T WI d fc
u j+1 ← u j + du
j←j+1
until ( j = IterationLimit) or (kduk < ε);
Output: u j

computes the actuation current value that best approximates
the desired contact force vector over the estimated heart
motion trajectory in a least squares sense.
The full least square based contact force control algorithm
is given in Algorithm 2. The algorithm again assumes that
the catheter tip is initially in contact with the target point
on the tissue surface. The initial actuation current u0 , and
the spatial coordinates of the predicted positions of the
contact point on the tissue surface {Ψ(x0 ,ti ), i = 1, .., m} are
given as inputs. The algorithm first collects the contact force
actuation Jacobians and the calculated incremental changes
of the contact forces for all of the tip positions throughout
the estimated heart motion cycle. Specifically, for each tip
position in the heart beat cycle i, the equilibrium joint angles
θi under catheter tip position constraint are obtained in
Line 4. Similar to Algorithm 1, the contact force actuation
Jacobian is calculated and collected by Ji in Line 5. A
negative feedback −k f is applied on the tangential forces
to keep the contact force inside the friction cone during the
contact control. The normal contact force during the ablation
procedure is required to be maintained between the force
limits lb = 0.1N ≤ fci ≤ ub = 0.25N. The normal component
of the contact force is incrementally changed in steps of kn
towards the bounds as shown in Lines 7-12. The desired
contact force update d fci is then computed as Line 13. Lines
15-17 compute the actuation current update du as a weighted
least squares problem, where WI is the weight matrix. The
actuation currents are then updated in Line 18.
The advantage of this control scheme is the regularization
of the contact forces over the control horizon provided
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Fig. 2. The heart rate position data for 8s (2000 samples), corresponding
to approximately 8 heart beat cycles, of the overall 60s long experimental
heart motion dataset used in the simulation studies. The heart motion is
quasi-periodic, as shown in the figure. In cycles 4 and 5, the heart motion
experiences some irregularity.

by the least squares optimization. The weakness of the
method comes from its reliance on an estimation of the
future motions of the contact point. The further the actual
trajectories of the contact point deviate from the predicted
motion, the higher the risk for the actual contact forces
to violate the prescribed contact force bounds or to loose
contact stability.
In the second dynamic contact force control scheme proposed, the actuation currents are updated at the servo control
rate with the quasi-static contact force control algorithm as
proposed in Algorithm 1, using the current location of the
contact point on the instantaneous tissue surface Ψ(x0 ,t)
approximately as quasi-static.
V. S IMULATION -BASED VALIDATION S TUDIES
In this section, the results of the simulation-based validation studies evaluating the performance of the proposed
control algorithms are presented.
The parameters of catheter robot model used in this paper
are based on the parameters identified in [38] of our MRIactuated robotic catheter prototype. The mechanical model of
the catheter has 5 pseudo-rigid links, each with 20mm length,
for a total catheter length of 100 mm. For evaluation of
the control performance, we have used in vivo heart motion
data collected in our earlier studies [35]. Specifically, the
data used is a 60s long recording of the motion of a pointof-interest on a free beating heart with uniform heart rate,
sampled at a 250Hz sampling rate. (Fig. 2).
First, the quasi-static contact force control algorithm
proposed in Algorithm 1 is validated. The results of this
validation study also demonstrate the need for the proposed
dynamic contact force control algorithms. Specifically, in this
simulation study, the heart beat position at t = 0.18s is chosen
for providing an initial configuration, where the contact force
control in Algorithm 1 is performed with desired normal
d = 0.15N in order to compute the initial
contact force fcn
actuation currents u0 . Fig. 3 shows the resulting contact ratio
and normal contact force for the first 1.2s heart motion after
the actuation currents given by Algorithm 1 are applied to
the catheter. As shown in Fig. 3 (b), the normal contact

Fig. 3. (a) The contact ratio σµ over 1.2s of heart beat motion (300
samples) after actuation currents given by the quasi-static contact force
control algorithm (Algorithm 1) are applied. (b) The normal contact force
over the same 1.2s of heart motion after the quasi-static contact force
control. The upper force limit of 0.25N is marked by dashed line.

force at t = 0.18s is 0.15N, while the normal forces at heart
beat positions from 0.44s-0.72s exceed 0.25N limit. In this
example, the contact ratios for all 300 heart beat samples
happen to be under µs = 0.2, the coefficient of friction
between the catheter and the atrial surface [3]; however,
variations in heart motion may have easily lead to violation of
this condition, since the actuation currents were determined
without any consideration for heart motions.
For validation of the least square based dynamic contact
force control scheme, the first 1.2s (300 samples) of the
heart motion data is used as the prediction of the heart
motion for the subsequent heart beats. The least squares
optimization algorithm presented in Algorithm 2 is executed
over these 300 sample points of the estimated target motion
trajectory, with the update rates of normal and tangential
force kn = 0.0007, k f = 0.001, respectively. The change of
the contact ratios over the estimated motion trajectory during
the iterations of the least squares computation is shown in
Fig. 4 (a). The contact force before and after the least square
based contact control over the estimated motion trajectory
are presented in Fig. 4 (b). These results demonstrate the
operation of the least-square based contact control, showing
how these quantities progress over the iterations, bringing
the quantities to within the desired limits. Specifically, as
shown in Fig. 4, the least square based contact force control
drives the contact force within 0.1N ∼ 0.25N, and the contact
ratio to below 0.2, ensuring contact stability and safe contact
forces for the estimated motion trajectory.
The robustness of the obtained actuation currents are
then tested with the subsequent cycles of the heart motion.
Specifically, the actuation currents calculated by the least
squares based dynamic contact force control algorithm from
the first heart beat (first 1.2s of data) are used for the
subsequent 4 heart beat cycles, and the resulting contact
ratios and normal contact forces are shown in Fig. 5. In Fig.
5 (a), the contact ratio for all the heart beat cycles are below
0.2. Due to the irregularity of the heart beat cycle 4 and
5, as indicated in Fig. 2, the normal contact force increased
above 0.25N for some heart beat points during these 2 cycles.
This is caused by the imperfect motion prediction, which
assumes that the heart beat motions in subsequent cycles
exactly repeat the first heart beat cycle.
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Fig. 4. (a) The change of the contact ratio over the estimated motion
trajectory through 40 iterations of the least square optimization. The green
curve marks the initial contact ratios, the blue curves mark the change of
the contact ratios during the iterations, and the red curve marks the final
contact ratios. The contact ratio limit of µs = 0.2 is marked by the dashed
line. (b) The initial normal contact force and the final contact force over the
estimated motion trajectory. The upper and lower force limits are marked
by the dashed lines.

Fig. 5. (a) Contact ratio over the first 5 heart beat cycles (5.0s) after the
least square based contact force control. (b) Normal contact forces over the
first 5 heart beat cycles. The upper force limit of 0.25N is marked by dashed
line.

Next, the second dynamic contact force control scheme
where the the actuation currents are updated at the servo
control rate is evaluated. In the simulation study, a servo
control sampling period of 48ms, approximately matching
the targeted servo control rate of 20Hz of the prototype
catheter system [39], is used. Specifically, the quasi-static
contact force control method in Algorithm 1 is performed at
48ms intervals using the instantaneous target position of the
d = 0.15N
catheter. A desired normal contact force value of fcn
is used in the algorithm. The actuation currents computed
by the algorithm are then applied to the catheter for the
48ms sampling duration, until the next sample time, while
the ‘actual’ contact forces and contact ratios are calculated
at the full sampling rate of the underlying heart motion data.
The calculated contact ratios and normal contact forces for 5
heart beat cycles are given in Fig. 6. As shown in Fig. 6, the
contact ratio and normal contact force for the 5 heart beat
cycles are within desired ranges.

Fig. 6. (a) Contact ratio over the first 5 heart beat cycles. The actuation
currents are updated every 12 heart beat points (48ms). (b) Normal contact
forces over the first 5 heart beat cycles.

tion. Two dynamic contact force control schemes are then
presented. First, a least square based contact force control
algorithm is proposed where a single actuation current set is
calculated and applied over the full heart beat cycles. The
second scheme, where the actuation currents calculated by
the quasi-static contact force control algorithm are updated
at servo control rate for the given heart surface motions, is
also provided.
The simulation-based validations are presented for evaluating the performance of the two proposed contact force
control schemes. For the given heart motion, the least square
based dynamic control scheme is able to provide safe and
stable contact force. Due to the limitation of the heart motion
prediction method, the least square based control scheme
is not robust to large irregularities of the heart motion.
The validation results for the second dynamic contact force
control scheme show that the contact force is driven within
the safe ranges more robustly to irregularities in the heart
motion, at the expense of the need for more frequent changes
to the actuation current.
Even though the least square based contact force control
failed at irregular motions, the robustness of the algorithm can be improved using better heart motion prediction
methods. In our future work, we will incorporate more
sophisticated heart motion prediction methods, such as, those
presented in [31]–[36].

VI. C ONCLUSIONS
In this paper, the contact stability of the MRI-actuated
robotic catheter under cardiac motions is studied. The
catheter-tissue contact model based on Pseudo-Rigid-Body
Model of the robotic catheter is formulated. A quasi-static
contact force control algorithm is proposed to improve the
contact stability given an instantaneous surface configura4460
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