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Continuum manipulators enable minimally-invasive surgery on the beating heart, but the challenges involved in manually con-
trolling the manipulator's tip position and contact force with the tissue result in failed procedures and complications. The objective
of this work is to achieve autonomous robotic control of a continuum manipulator's position and force in a beating heart model. We
present a model-less hybrid control approach that regulates the tip position/force of manipulators with unknown kinematics/
mechanics, under unknown constraints along the manipulator's body. The algorithms estimate the Jacobian in the presence of
heartbeat disturbances and sensor noise in real time, enabling closed-loop control. Using this model-less control approach, a robotic
catheter autonomously traced clinically relevant paths on a simulated beating heart environment while regulating contact force.
A gating procedure is used to tighten the treatment margins and improve precision. Experimental results demonstrate the capa-
bilities of the robot (1:4� 1:1mm–1:9� 1:4mm tracking error) while user demonstrations show the difficulty of manually per-
forming the same task (2:6� 2:0mm–4:3� 3:9mm tracking error). This new, robotically-enabled contiguous ablation method could
reduce ablation path discontinuities, improve consistency of treatment, and therefore improve clinical outcomes.

Keywords: Continuum robotics; soft robotics; cardiac ablation; beating heart surgery; hybrid control; surgical robotics.

1. Introduction

Minimally-invasive surgery has been revolutionized in
the past few decades by the widespread adoption of long,
flexible, continuum manipulators for performing many
interventional procedures [1]. These devices, including
endoscopes and catheters, are favored as they can pass
through a single, small incision and perform treatments
in distal locations within the body. The relative non-
invasiveness of these procedures significantly reduces
patient recovery times, nearly eliminate their hospital
stay, and leaves minimal scarring. Electrophysiologists

use catheters with ablating tips to target diseased
intracardiac tissues for necrosis in order to cure atrial
fibrillation (AF) [2]. Many challenges exist that make this
procedure especially difficult to perform [3]:

(1) Ablating tissue requires contiguous lesions to bemade
such that erroneous electrical pathways causing tissue
fibrillation are isolated from healthy tissue [4],

(2) controlling contact forces with tissue during an
ablation is required to avoid perforation,

(3) catheter positions are continuously disturbed by the
heartbeat in unpredictable ways, and

(4) sub-optimal visualizations involving electro-anatom-
ical mapping [5] and fluoroscopy [6] challenge clin-
icians to perform complicated three-dimensional
(3D) ablation tasks, generating significant mental
and physical fatigue.

These challenges present an opportunity for continuum
robot manipulators to improve cardiac ablation control
and alleviate the difficulties of these procedures [7].
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In this paper, we present a robotic solution for cre-
ating complex, contiguous lesions in the beating heart.
Specifically, a model-less control scheme is used for a
constrained continuum manipulator, to trace ablation
paths in a beating atrium without lifting off the tissue
phantom, while regulating contact force when moving
through the treatment path. We present filtering meth-
ods to prevent beating heart disturbances and sensor
noise from influencing the robot's closed-loop trajectory-
tracking. Furthermore, a gating algorithm for pulsing
ablation energy in-phase with beating tissues keeps the
ablation margins tight, maintains contact during ablation,
and spares healthy tissues. Finally, we demonstrate a 3D
Cox–Maze ablation task on a robotic testbed interacting
within a beating heart simulation environment. A
manual, handheld catheter is compared to robotically-
controlled catheters. To the best of our knowledge, we
present the first robotically automated continuum ma-
nipulator system for achieving continuous ablation paths
in a constrained, beating environment.

2. Background

2.1. Clinical motivation

Cardiac arrhythmia is a chronic condition where abnor-
mal electrical activity within the heart causes it to beat in
a morphologically irregular manner. AF is the most
common form of cardiac arrhythmia, affecting more than
2.5 million in the US alone [8]. It presents a significant
risk of morbidity, with a 3–5-fold increase in developing
a stroke [9]. The standard for treating AF is the use of
(radiofrequency-, cryo-) ablation catheters [10]. Multiple
locations in the atrial chamber are targeted for scar tis-
sue formation, in order to eliminate the electrical source
of AF (Fig. 1). This requires high catheter dexterity and

accurate control. Currently, radio frequency ablation fails
to cure at least 27% of patients after the first procedure,
with a 6% chance of serious complications arising during
the operation, and 1 in 1000 mortality rate [11].

The reason for failed procedures is due to the
inabilities of even well-trained physicians to control a
catheter [3, 12, 13]. Specifically, two driving factors were
identified [12]: the inability to steer the catheter to the
effective target site (25% of failed cases), and inability to
stabilize the catheter at the target site (23% of cases).
The catheters are heavily constrained along the length of
their body, and the number and locations of these con-
straints are constantly changing. Robot control has been
suggested to alleviate the difficulty of manually control-
ling cardiac catheters, and commercially available,
clinically-tested systems such as the Hansen Medical
Artisanr System [14] present teloperated solutions
that improve clinician ergonomics. These systems rely
on carefully tuned, highly calibrated geometric and me-
chanics models to describe the robot configurations for
unilateral teleoperation of the catheters' distal segment.

Another important contributor to disease recurrence
is that gaps in lesions continue to leak the electrical
signals causing AF. Contiguous ablations, where the
catheter is dragged along the tissue, have been suggested
to create uninterrupted lesions [15, 16]. Linear ablation
paths are constructed by positioning the sheath and the
catheter in a correct orientation and position, and
inserting/retracting the catheter. While they have been
shown to reduce disease recurrence [17, 18], these
procedures are difficult to perform manually, requiring
catheter and sheath positioning such that dragging would
create a linear ablation path. Only short, linear segments
of 2–3 cm [18] have been achieved using manual catheter
control, with stitching of linear ablations used to com-
plete the procedure. This is the motivation for investi-
gating robot control of entire ablation paths, such that
uninterrupted lesion formation along 3D treatment paths
can be achieved.

2.2. State-of-art

Traditional robot open-loop and closed-loop control
techniques depend on an accurate model of the contin-
uum robot in order to solve for joint displacements and
torques [20]. Because the environment can distort con-
tinuum robots into irregular and unpredictable config-
urations, it is difficult to model these robot manipulators
accurately [21].

Modeling of continuum robots has generally been
governed by the actuation mechanism employed to
articulate the manipulator. Models describing robot
kinematics have been formulated for tendon-driven
manipulators [22–25], pneumatically/hydraulically
actuated manipulators [26] and concentric-tube manip-
ulators [27–30]. These kinematic models assume

right
pulmonary
veins

le� 
pulmonary

veins

septal 
puncture

vena
cava

Le� atrial
chamber

To femoral vein

Abla�on Path

Fig. 1. The left atrial chamber and a catheter in a trans-septal
position. Dashed lines indicate the Cox–Maze ablation path that
is used to isolate electrical signals from diseased tissue in order
to prevent fibrillations from occuring [19].

M. C. Yip, J. A. Sganga & D. B. Camarillo

1750002-2

J.
 M

ed
. R

ob
ot

. R
es

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 W
SP

C
 o

n 
10

/1
6/

16
. F

or
 p

er
so

na
l u

se
 o

nl
y.



geometric configurations such as constant-curvature
or elliptical bending that can be inexact [31]. In order
to address this, considerable work has followed in
modelling the mechanics of manipulators. Mechanics
models have been developed for tendon-driven manip-
ulators [32], pneumatically/hydraulically actuated mani-
pulators [26, 33–35], concentric-tube manipulators [29,
36, 37], and SMA-actuated manipulators [38–43]. Some of
these methods have been extended to not only regulate
position of the end-effector but also end-effector forces.
These methods rely on measured deflections from the
estimated positions, given by an underlying mechanics
model, to translate to forces [41, 44–47]. Effects of internal
friction and tendondead-zones also complicate the system
and produce nonlinear effects. These complexities occur
within the actuation mechanisms as well as the environ-
ment, can be unpredictable, and vary significantly based
on robot designs, materials, and manufacturing practices.
Certain sliding friction and hysteretic effects have been
investigated recently to improve the mechanics model
estimations [48–50].

Yet another difficulty with modeling the flexible
backbones is that they require sensing of environmental
effects on the robot configuration to be accurate. Often,
minimal sensing is available, and distributed point
sensing still provides only sparse representations, and
can be difficult to achieve for miniature devices.
For example, commercial cardiac ablation catheters
often have only a distal position and orientation sensor
for visual feedback [51, 52]. Bajo et al. [45, 53–55] and
Jeon and Yi [56] utilized an understanding of the me-
chanics of their manipulator to infer contact forces on
the manipulator using a number of interspersed mag-
netic position sensors and a stiffness model of the
continuum backbone. Groom et al. showed these meth-
ods on cadavers for a vocal fold surgery application
[57]. Fiber-Bragg gratings have recently been investi-
gated as a sub-millimeter full-configuration sensor
[58–60], and while bench-top testing has shown rea-
sonable success, these technologies can be sensitive to
environmental conditions such as temperature, are
fragile, and drift, resulting in unaccounted and inte-
grated errors. Visual methods such as fluoroscopy
provides an image of the robot configuration that can
reduce errors from a model-based controller [61] but at
the cost of radiation.

As an alternative approach to the aforementioned
model-based methods, we described a method for con-
trolling continuum manipulators that adapts to the robot
mechanics and environmental disturbances with minimal
sensing, enabling it to operate in unknown and con-
strained environment such as the human body [62].
This method, called \model-less" control, was further
extended to demonstrate hybrid control such that posi-
tion and force trajectories could be regulated under
unknown environments and unsensed constraints [63].

3. Methods

The following section describes a full control framework
for achieving autonomous, contiguous cardiac tissue
ablations. A model-less approach is used to control the
manipulator, which involves performing real-time Jaco-
bian estimation to adapt to unknown environment con-
straints and disturbances. This method is described in
detail in the following section, and a schematic of the
high-level control architecture is presented in Fig. 2.
The stability of the model-less controller is shown in Yip
and Camarillo [63] for ideal conditions.

3.1. Initializing a Jacobian estimate

Let x ¼ ½x1 � � � xn�> represent the tip pose of the robot
and y ¼ ½y1 � � � ym�> represent actuator positions. Then,
the robot's pose is described as a function,

x ¼ f ðy; dÞ; ð1Þ
where f ð�Þ describes the effective transformation from
actuator space to end-effector task-space position, and d
represents unknown disturbances such as constraints
acting on the manipulator body and changing its con-
figuration. Differentiating both sides, we get

x
: � @f

@t

����
y;d
y:; ð2Þ

¼ Jy:; ð3Þ
where J is the Jacobian matrix at fy; dg. J can be initially
constructed by moving each actuator independently an

Fig. 2. The high-level control architecture.
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incremental amount, Δyi, such that Ji ¼ Δx=Δyi and

J ¼ ½J0 . . . Jn�: ð4Þ
A normalization matrix W is used to produce unit-col-
umn vectors in the Jacobian estimation:

W ¼ diagðjjJ0jj2; . . . ; jjJnjj2Þ; ð5Þ
where jj � jj2 is the vector 2-norm operator. Thus,

Δx ¼ ĴWΔy; ð6Þ
where Ĵ ¼ JW�1 is the Jacobian matrix estimate with
column vectors of unit length. This is useful during
closed-loop control when contributions of actuators to
end-effector displacement are chosen such that each ac-
tuator is given equal weighting.

One of the challenges with tendon-driven continuum
manipulators is that antagonistic tendons need to remain
co-activated to avoid slack. Camarillo et al. [64] provides
a simple method for relating tendon tensions to tendon
displacements via a linear mapping KT:

Δ� ¼ KTΔy; ð7Þ
where � is the tension in the tendons. This mapping is
constructed during the construction of the initial Jaco-
bian estimate.

3.2. Optimal control of position and force

Regulation of orthogonal position and force trajectories
are implemented via a hybrid control approach. A force
sensor at the tip of the manipulator provides in situ, tri-
axial force measurements. These forces are measured in
the manipulator's end-effector frame fmg, and can be
defined in the environment frame feg through the rota-
tion matrix e

mR such that F ¼ e
m RFsensor . Let uF ¼ F=jjFjj2

describe the unit direction of the contact force.
The hybrid controller will regulate forces in the con-

tact normal direction, and regulate position in the tan-
gent plane [65]. Let xref ; Fref describe the reference
trajectories, and x; F describe the measured positions
and forces. Force regulation error in the contact normal
direction, eF, is defined as

eF ¼
PðFref � FÞ if jjFjj2 > �;

0 otherwise:

�
ð8Þ

where P ¼ uFu
>
F projects a vector into the contact nor-

mal direction, and � is a minimum threshold indicating
when the manipulator is not in contact, accommodating
for sensor noise and digitization effects. The position
error tangent to contact, ex , is therefore defined as

ex ¼
ðI� PÞðxref � xÞ if u>

F Δx < 0;

ðxref � xÞ otherwise:

�
ð9Þ

where I� P masks the errors in the force-regulating di-
rection, and where the condition u>

F Δx � 0 allows a
manipulator in contact to move out of contact.

Given (6), we define a proportional-integral closed-
loop control strategy is then

Δx ¼ Kpxex þ Kix

Z
ex � dx

¼ ĴWΔyx; ð10Þ
ΔF ¼ KpFeF þ KiF

Z
eF � dF

¼ Kr ĴWΔyF; ð11Þ
where Δx and ΔF are the desired incremental changes to
position and force, and Δyx; ΔyF are the incremental
actuator displacements regulating position and force
respectively, fKpx;Kix;KpF ;KiFg are the control gains, and
Kr takes Eq. (6) and maps displacements to forces
through a stiffness map. Let Km and Ke be the manipu-
lator stiffness and environmental stiffness matrices re-
spectively which are non-negative and symmetric. A
series-elastic coupling of manipulator and environmental
stiffness is Kr ¼ KeKmðKe þ KmÞ�1, which is also non-
negative and symmetric. In light of varying tissue stiff-
nesses, tuning of the control gains Kf and Kif is done to
achieve underdamped responses in force control and
position tracking, largely accounting for any over-
estimations or underestimations of Kr that is estimated
a-priori.

Finally, the controller should ensure that tendons
maintain a positive tension so that they do not go slack.
Thus, to maintain a positive tension � ,

� þ Δ� � �min: ð12Þ
The complete closed-loop controller, utilizing (7), (10)
and (11), is

minimize
Δ y

X3

i¼1

�ijjhijj2

hi ¼
h1 ¼ ΔyF
h2 ¼ Δyx
h3 ¼ � þ Δ�

8<
:

subject to

Δx ¼ ĴWΔyx

ΔF ¼ Kr ĴWΔyF
� þ Δ� � �:

ð13Þ

Minimizing the three objectives — (i) actuation for con-
trolling applied force, (ii) actuation for following a tra-
jectory, and (iii) total tendon tensions — provides a
pareto-optimal solution to the instantaneous closed-loop
control problem. Δyx and ΔyF are explicitly minimized as
they independently control positioning and force-
reflecting actuations. The commanded actuation to the
robot is then Δy ¼ Δyx þ ΔyF. The components are in-
dependently minimized as the solution spaces for Δyx ,
ΔyF are not orthogonal. Thus, if minimizing only their
sum, Δy, we lose independent control of position and
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force actuations. Finally, � þ Δ� is explicitly minimized
to prevent unnecessary co-activation of tendons and
manipulator buckling.

3.3. Dynamic disturbance rejection

Three periodic, dynamic disturbances arise during any
cardiac catheterization procedure: disturbances from
respiration, disturbances from blood flow, and dis-
turbances from the beating heart [66]. In this paper, we
will focus on heartbeat disturbance rejection. Commer-
cial navigation systems (NavXr, St. Jude Medical or
CARTOr, Biosense-Webster) measure and remove most
of the breathing effects from their magnetic measuring
systems. Friedman [67] provides an overview of these
and other methods. Because the blood flow and heart-
beat disturbances will share a dominant frequency, both
disturbances should be rejected by the same filter.

To prevent dynamic disturbances from affecting the
closed-loop controller, a low-pass filter is applied to all
position measurements, force measurements, and ten-
sion measurements for the optimization problem in
(Eq. (13)). A second-order Butterworth filter is used with
a cut-off frequency at 0.1 Hz (given the major frequency
content of heartbeat, healthy or arrhythmic, are equal
or greater than 1Hz [66]). This achieves a 10-fold at-
tenuation of the peak-frequency oscillations of the dis-
turbances on the manipulator. Closed-loop control gains
are then tuned such that trajectories are bounded by the
remaining, residual error �. Since typical heartbeats dis-
places the catheter by less than 10mm [67], the setpoint
will experience approximately � � 1mm, and the gains
are chosen such that during trajectory regulation, the
manipulator remains within approximately � without
introducing unstable behavior as a result of phase lag
from the low-pass filter.

3.4. Jacobian estimation using a windowing
approach

The robot Jacobian is estimated during each control cycle
using the measurements of x and y [63]. First, motion
artifacts is rejected by performing a windowing opera-
tion when estimating the Jacobian (Fig. 3). Let ðxk; y kÞ
and ðxk�w; y k�wÞ be the measured end-effector position
and measured actuator positions at the current time k
and some previous time k� w, respectively. We then
define

Δxk ¼ xk � xk�w ð14Þ
Δy k ¼ y k � y k�w ð15Þ

where we search for the most recent time index at k� w
in which jjΔxkjj2 > �. � is chosen to be significantly
larger than the dynamic disturbances after attenuation.

For a residual disturbance/noise signal of 1mm,
� ¼ 10mm represents a signal-to-noise ratio (SNR) of
10:1. In practice, we found an SNR of 10:1 produces an
adequate Jacobian estimates to achieve closed-loop
convergence in positions and forces.

Then, the model-less Jacobian estimate then de-
fined as

minimize
Ĵ kþ1

jjΔ Ĵjj2
subject to ðI� PÞΔxk ¼ ðI� PÞ̂J kþ1WΔy k

Ĵ kþ1 ¼ Ĵ k þ Δ Ĵ;

ð16Þ

where Ĵ k is the previous Jacobian estimate and Ĵ kþ1 is the
new Jacobian estimate. ðI� PÞ masks the force-reflecting
direction from the Jacobian estimate where I is the
identity. Thus, the Jacobian estimate combines prior
estimates from the force-reflecting direction with the
new estimates in the measured, nonforce-reflecting
directions to stay updated.

The list of position/actuation pairs are pruned after
each Jacobian estimation to t ¼ k� w::k. Pairs of mea-
surements are added only after the manipulator had
moved beyond the sensors' resolutions and noise floor of
the system.

3.5. Gating of ablation for tightening treatment
boundaries

Pulsing the ablation catheter energy, when phase-mat-
ched to the beating heart, has been shown to be effective
at tightening the bounds of the ablation, improving ab-
lation depth, and eliminating variations associated with
increasing lateral motions. Pulsing the energy with the
beating heart is fast enough to improve ablation margins
using real-time thresholding [68]. Let �x represent the
low-pass filtered position signal. Then, a condition for
duty-cycling the ablation energy is

PðtÞ ¼ on jjxðtÞ � �xðtÞjj2 � r and jjFjj2 > �

off otherwise:

�

ð17Þ

Fig. 3. A windowing operation is used on an ordered list of
actuations y and end-effector positions x to estimate the Jaco-
bian at time k. A window between the current position at time k
and prior position at time k� w is used to achieve a higher Δx
SNR for estimating the Jacobian matrix.
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The ablation duty cycling is independent of the robot
controller, can be turned on or off, and does not affect
tracking performance.

4. Experiments and Results

4.1. Experimental setup

A tendon-driven continuum manipulator was con-

structed (Fig. 4). The manipulator backbone is a contin-

uously flexible PVC tubing material (100mm length,

Shore A67, McMaster-Carr) with 3D-printed intermedi-

ate disks along the length of the manipulator that

provide routing channels for the tendons. The gross
diameter of the device is 6mm. Three tendons drawn
from the proximal end are terminated at the distal tip in
a triangular configuration, and provide spherical motion
at in the distal segment of the manipulator. Tendon
tensions are measured on individual load cells (LSP-5,
range 0–5 kg, Transducer Techniques), and driven by
servomotors (Maxon RE30, Maxon Motors). An insertion
motor drives the robot forwards and backwards, pro-
viding a third degree of freedom. A magnetic tracker
(trakSTAR 3D, Northern Digital Inc.) provides distal po-
sition and orientation of the continuum manipulator
through a small working channel.

A simulated beating heart environment was created
(Fig. 5). An atrial phantom constructed of lightweight

(a) (b) (c)

Fig. 5. (a) The benchtop, beating heart atrium simulator that reproduces heart dynamic motions. The atrial phantom presents a
3D surface with angles that match the anatomy of a typical heart [69], and a force sensor provides measurements of manip-
ulator-environment interaction forces. The dotted lines in (b) indicate the ablation path. (c) Shows the motion (x; y; z in the
environment frame) and frequency content of the beating heart testbed, measured from a magnetic sensor affixed to the
moving base.

(a) (b) (c)

Fig. 4. (a) The tendon-driven manipulator, (b) distal view of the continuum manipulator through the trans-septal puncture and (c)
a proximal view of the device.
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3/16 0 thick polystyrene foam core was created.a The
atrial walls were angled to capture standard angles [69]
required to reach both sets of pulmonary veins from the
septum during a Cox–Maze procedure [19] (Fig. 5(a)).
A tri-axial force sensor (Nano17, ATI Technologies) was

mounted to the environment and the measured signal
was inverted to represent measurements taken on force-
sensing catheters [51].b The phantom's inertial effects
were measured to be at maximum 10mN on the force
signal, and 1mN post-filtering.

(a) (b) (c)

(d) (e) (f)

Fig. 6. Manual control and robot control of trajectories. A median example of manual control (a)–(c) shows deviations from the
desired trajectories and more variability in contact forces. Robot control (d)–(f) using model-less control demonstrated tighter
simultaneous control of position and forces, all without a robot model or knowledge of body configuration.

a3.3 GPA; this phantom is stiffer than typical heart tissue (100 kPa [70])
because we needed to keep the inertial mass of beating environment
down to reduce force-sensor inertia readings. In practice, the sensor
would be tip-mounted on the catheter.

bWhile miniature tri-axial force sensors are commercially integrated
into catheters, they are not available separately and would be a chal-
lenge beyond the scope of this paper to design and instrument one onto
the distal tip.
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Realistic heartbeat motions were generated by a
planar motion stage on independent x=y linear slides.
Three-dimensional heartbeat motions of a atrial chamber
of the heart were extracted from [71] and principal
component analysis was used to identify the planar
motion that represented 90% of the signal. Two or-
thogonally-aligned cams with spring return pushed the
moving platform to deliver simulated heartbeat motions
at approximately 70 beats per minute.

To explore differences between robot control and
manual control, a manual cardiac catheter (Sm Crv Blazer
II, Biosense Webster) was used. This catheter used a knob
to provide a single degree-of-freedom bending at the distal
segment, twist in the handle to provide roll, and push/pull
on the handle to achieve insertion/retraction of the abla-
tion tip. Amagnetic sensor (2.2mmdiameter)was attached
to the manually-operated catheter to measure its position.
Raw and filtered positions of the catheter, and the desired
trajectories were presented to the users in a 3D-rendered
environment in OpenGL, and a slider presented the mea-
sured, filtered tissue forces. Desired trajectories were dis-
cretized into intermediate setpoints approximately 2mm
to 5mm apart, and software would step through the tra-
jectory once the catheter tip reached within 1mm of the
setpoint at over 50mN of force. Trajectories were approx-
imately registered to the environment by hand. The robot
was commanded to move at ~1mm/s in all experiments.

4.2. Manual/robot control of test trajectories

An expert user was asked to perform drag the catheter to
trace a planar circle, square and a heart trajectory on the
beating heart simulator while maintaining contact and
regulating 100 mN of force (Figs. 6(a)–6(c)). Throughout
the experiments, the user viewed a graphical display that

presented the filtered tip position and desired trajectory
in a 3D rendering and the filtered forces as a lengthening
bar gauge, as well as the mN value. Afterwards, the robot
was tasked with performing the same procedure using
the model-less control framework (Fig. 6). Errors (mean,
standard deviation, and max) are provided for raw
positions and forces in Table 1. Users completed tasks
successfully but also tended to drift from and return to
desired trajectories frequently. They had more variability
in their regulation of contact forces, both losing contact
more frequently and sometimes generating high instan-
taneous contact forces, which could risk perforations in
weakened-tissue walls during ablation. The model-less
control algorithm tightly regulated both positions and
forces, more accurately than manual control. Both man-
ual and robot-controlled catheters had similar task
completion times.

The robot was successfully followed the Cox–Maze task
by dragging the catheter while tightly regulating contact
with the tissue. Because the catheter is dragged with reg-
ulated force, we can ensure that consistent ablation is
achieved. Some registration error can be seen between the
desired trajectory and the regulated force/position tra-
jectories, showing the hybrid control correcting for small
inaccurate registrations to the anatomical structures,
which can be a common problem in the operating room.

4.3. Cox–Maze trajectory

The robot performed an autonomous Cox–Maze task on
the angled, atrial-chamber tissue phantoms by dragging
the catheter while tightly regulating contact with the tis-
sue (Figs. 7(a) and 7(b)). Because the catheter is dragged
with regulated force, we can ensure that consistent abla-
tion is achieved. Some registration error can be seen be-
tween the desired trajectory and the regulated force/
position trajectories, showing the hybrid control correct-
ing for small inaccurate registrations to the anatomical
structures, which can be a common problem in the
operating room. A comparison to a model-based [24]
approach is shown (Figs. 7(d) and 7(e)) to demonstrate
the value in continuously learning the Jacobian.c Amore in-
depth analysis of the benefits and limitations ofmodel-less
control over model-based control can be found in the two
publications by Yip and Camarillo [62, 63].

A gating sequence that would be used for pulsing
ablation energy was demonstrated in Fig. 8, and the
contact for condition ensured that the ablation energy is
delivered only when the manipulator is in contact
with the tissue. Decreasing windows for gating can

Table 1. Mean, standard deviation and max errors between
raw positions/forces and desired trajectory/forces. The filtered
values, regulated by the robotic controller and shown to the
human user, are shown in parentheses.

Traj. Metrics Manual Robot

Circle Pos. Error (mm) 4.4(3.0)� 3.9(3.4) 1.4(0.8)� 1.1(0.6)
Max Error (mm) 17.7 7.9
Force Error (mN) 6(3)� 74(40) 6(2)� 91(24)
Max Force (mN) 525 526

Square Pos. Error (mm) 3.0(1.8)� 2.7(1.7) 2.0(1.0)� 1.5(0.7)
Max Error (mm) 18.1 8.1
Force Error (mN) 22(17)� 101(62) 10(4)� 90(21)
Max Force (mN) 1051 548

Heart Pos. Error (mm) 2.5(1.6)� 1.9(1.5) 1.9(1.0)� 1.4(0.7)
Max Error (mm) 11.4 7.5
Force Error (mN) 29(29)� 66(47) 1(1)� 73(18)
Max Force (mN) 523 502

cA 90	 difference in axes represents an inverted behavior, and would
result in a positive feedback loop [62]. This behavior can be avoided by
learning the Jacobian using model-less feedback control.
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reduce the ablation margins. At the same time, gating
reduces the percentage of time during a trajectory in
which the ablation tip is actively delivering energy (Fig. 8
(c)). The advantage of gating is that it can nearly elimi-
nate effects of lateral motions [68] on ablation depth and
diffusion to tissues in the lateral path, achieving desired
depths of lesions sooner and with less damage to adja-
cent tissue.

5. Discussion

In this paper, we presented a novel method for roboti-
cally-controlling continuum manipulators in the beating
heart. The method used a model-less hybrid control ap-
proach for following treatment plans. This enabled
effective tip position/force control of manipulators
with unknown kinematic/mechanics, under unknown

(a)

(b) (c)

(d) (e)

Fig. 7. The robot performs the 3D Cox–Maze procedure by dragging the catheter on the beating heart phantom. (a) Generated from
taking the position of catheter and subtracting the motion of the atrial chamber measured using a magnetic sensor. The right shows a
second view, demonstrating error in position is allowed in the contact normal direction in order to regulate force (b). In (c), the
tendon tensions are regulated effectively during the trajectory. (d) Compares the learned and model-based [24] Jacobians over the
course of the trajectory. Finally, (e) shows the angle between the learned and modeled Jacobian vectors associated with each degree
of freedom.
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constraints along the manipulator's body. Algorithms for
handling real-time Jacobian estimation for closed-loop
control, in the presence of heartbeat disturbances and
sensor noise, were presented. A gating procedure was
presented in order to tighten the treatment margins and
improve precision. This method enabled complex 3D
cardiac ablation paths to be autonomously traced by
dragging the catheter in the heart while regulating and
maintaining contact. The proposed, robotically-con-
trolled, model-less approach to contiguous cardiac abla-
tion could reduce discontinuities in ablation paths,
reduce failed isolation of erratic electrical signals causing
fibrillation, and therefore improve clinical outcomes.

Experimental results demonstrated the capabilities of
the robot, and user demonstrations show the difficulty of
manually performing the same task. We do not suggest
that robot control and manual control can be compared
equally as they were performed on different manip-
ulators, and user control is highly variable and influ-
enced by visualization. Nonetheless, it is reasonable to
assume that robot control of these tasks would present
tighter regulation of positions and forces while present-
ing less variability in performance metrics than a manual
approach. Also, we showed that gating the ablations can
present potentially tighter tolerances in the ablation
margins, but these gating methods still need to be vali-
dated clinically [68].

The robotic method showed some imperfections in
the regulation of position and force. A potential con-
tributor to this deviation could be that Jacobian estima-
tion drifted from the true estimate and took longer to
converge, leading the robot to diverge from the desired
path. A second contributor could involve the estimate of
the force normal being affected by friction resulting from
dragging the catheter along the surface of the tissue
phantom. The different paths showed that sharp corners
in the paths have marginal effect on performance. This
enables position and force regulation, and continuous
Jacobian estimation to be capable in the presence of
dynamic disturbance and noise.

A number of challenges remain to be investigated that
will move this technology towards a pre-clinical animal
study that would validate the method's efficacy in-vivo.
First, we relied on prior methods described in [67] for
rejecting respiratory motion. However, imperfect
rejection can result in motion artifacts, which will reduce
the SNR of the Jacobian estimate. One method for com-
pensation is to shift the low-pass cutoff frequency (for
1Hz heartbeat rejection) to account for 0.3 Hz respira-
tion during trajectory regulation at the cost of
marginally-reduced robot speed. Perhaps a more refined
method would be to regulate the periodicity of the pa-
tient heartbeat and respiration using anesthesia and
high-frequency jet ventilation [72] such that narrower-
band filter designs could be implemented and so that
robot speed would not need to be limited as significantly
by a low-pass filter's phase lag. Second, a force-sensing
catheter and a realistic pulmonary vein interface (osti-
um) matching patient-specific anatomy and tissue stiff-
nesses should be investigated. Standard clinical catheters
have smaller diameters than the robot presented
(2.3mm for TactiCathTM Quartz Contact Force Ablation
Catheter, St. Jude Medical), which results in more sig-
nificant disturbances from internal friction [49]. While
model-less control is designed to compensate for the
nonlinear behavior as shown in this paper, the robot's
accuracy depends on the Jacobian update frequency and
SNR. More accurate registration of treatment paths to the
underlying anatomy, as well as wider margins to fully
encapsulate the pulmonary vein ostiums would com-
pensate for uncertainty in the geometry of the pulmo-
nary veins.

Improvements to the precision of ablation can be
achieved through additional control parameters. Angle of
contact has been explored as a statistically significant
factor in lesion formation [73], and orientation control of
the continuum manipulator would provide additional
variables for describing desired paths (e.g. where con-
trolling angled contact would be more conducive for
\dragging"). Pitch and yaw control of the manipulator tip

(a) (b) (c)

Fig. 8. Ablation is gated to tighten the deviation from the desired treatment path. (a) Shows when the ablation is turned on within
3mm of the low-pass-filtered path, and (b) shows when the ablation is turned on within 1.5mm. (c) Shows that percentage of time
ablating drops with tighter tolerances as expected, and the rise in time required without increasing the ablation power.
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achieved through extra tendon actuators would provide
independent control of these variables. Roll control
would likely be unnecessary since electrodes are typi-
cally circumferential.

6. Conclusion

The robotically controlled continuous-ablation method
demonstrated in this paper provides a new method for
treating AF that could achieve the same efficacy levels of
open-heart Cox–Maze methods [19] while retaining the
minimally-invasive nature of catherization procedures.
By maintaining contact throughout an entire Cox–Maze
trajectory, discontinuities can be avoided and electrical
isolation can be achieved consistently. Animal studies
with post-mortem histology and long-term tracking of
disease recurrence will be needed to evaluate whether
these types of robot-enabled continuous ablations have
statistical improvements over current, point-by-point or
linear ablation practices.
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