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Abstract   Cardiac catheters allow physicians to access the inside of the heart and 

perform therapeutic interventions without stopping the heart or opening the chest.  

However, conventional manual and actuated cardiac catheters are currently unable 

to precisely track and manipulate the intracardiac tissue structures because of the 

fast tissue motion and potential for applying damaging forces.    This paper ad-

dresses these challenges by proposing and implementing a robotic catheter system 

that use 3D ultrasound image guidance and force control to enable constant con-

tact with a moving target surface in order to perform an interventional procedure, 

in this case tissue ablation.   The robotic catheter system, consisting of a catheter 

module, ablation and force sensing end effector, drive system, and image-

guidance and control system, was commanded to apply a constant force against a 

moving target using a position-modulated force control method.  As compared to a 

manual catheter system, the robotic catheter was able to apply a more consistent 

force on the target while maintaining ablation electrode contact with 97% less 

RMS contact resistance variation.  These results demonstrate that the 3D ultra-

sound guidance and force control allow the robotic system to maintain better con-

tact with a moving tissue structure, thus allowing for more accurate and repeatable 

tissue ablation procedures.  

1 Introduction 
 

Advances in cardiac catheter technology allow physicians to treat a range of 

conditions inside the beating heart while avoiding both the invasiveness of open-

ing the chest and the cognitive impairment risks associated with cardiopulmonary 

bypass [1-3].  However, the majority of catheters currently used for cardiac inter-

ventions only allow for slow manual motions of the catheter tip and are unable to 

control the forces applied to the tissue surfaces.  Commercially available robotic 

catheter systems, such as the Artisan Control Catheter (Hansen Medical, Mountain 
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View CA, USA) or the CorPath Vascular Robotic System (Corindus Vascular Ro-

botics, Natick MA, USA), achieve manual catheter manipulation speeds while al-

lowing the operator to utilize robotic teleoperation to reduce radiation exposure [4, 

5].   However, neither the manual nor the commercial robotic catheter systems are 

able to compensate for the fast cardiac motion or regulate the forces applied to the 

tissue surface.   

The goal of our work is to enable a robotic catheter to track the fast motions of 

the heart while controlling the forces applied by the catheter end effector to the 

tissue in order to improve the safety and efficacy of medical procedures.  This ob-

jective is achieved through the use of 3D ultrasound (3DUS) guidance, active mo-

tion compensation, and catheter tip force control.  The medical application select-

ed for this project is the radiofrequency (RF) ablation of cardiac tissue.  Ablation 

is used by interventional cardiologists and cardiac surgeons to destroy cardiac 

conduction pathways that contribute to arrhythmias, or heart beat abnormalities 

[6].  The outcome success of this procedure is dependent on the electrode contact 

with the tissue and force application, and therefore can benefit from the robotic 

system proposed here [7-10]. 

In previous work, we have demonstrated in vivo the ability of the robotic cathe-

ter system to compensate for the fast motion of the heart [11].  A custom catheter 

tip force sensor was developed to enable the catheter to maintain a constant force 

relative to a target.  However, the force control system has to date only been eval-

uated on the bench top using noise-free simulated position signals without actual 

ultrasound image-derived signals [12, 13].   Other work in cardiac motion com-

pensation has focused primarily on interacting with the exterior of the beating 

heart [14-16].  In addition, the previous work in robotic catheters has primarily fo-

cused on teleoperation and position control [4, 5].  To the authors’ knowledge, the 

work presented here represents the first time 3DUS image guidance and force con-

trol has been used to enable a robotic catheter to accurately interact with a moving 

target.  Furthermore, this paper presents the first application of the 3DUS-guided 

and motion compensated catheter system to a clinical procedure, improving the 

therapeutic efficacy of ablation on the beating heart.  

The following paper presents the robotic catheter system, the force sensing and 

ablation end effector, and the force control method.  Next, the paper presents the 

system evaluation method, the experimental results, and finally concludes with a 

discussion of the implications and limitations of the results.  This work demon-

strates the potential benefits of integrating motion-compensation and force control 

with cardiac intervention catheters.  

2 Technical Approach 
 

The goal of the robotic catheter system is to use real-time 3DUS to measure the 

target tissue motion and then drive a robotic catheter to synchronize with the mo-

tion and apply a constant force to the tissue with a RF ablation end effector.  The 

system (Fig. 1) is composed of three main modules: the drive system that actuates  
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Fig. 1.  The robotic system servos the catheter using 3DUS guidance and force feedback.   

the catheter, the catheter module that is inserted through the vasculature into the 

heart, and the 3D ultrasound visual servoing system that tracks the tissue and 

commands the catheter to follow the motion.   The drive system contains a linear 

voice coil actuator and a position sensor that are able to rapidly adjust the catheter 

position.  The catheter module is composed of a stainless steel coil guidewire in-

side of a nylon sheath.  The sheath is positioned inside of the vasculature to guide 

the actuated catheter into the heart and the guidewired is servoed by the drive sys-

tem to compensate for the heart motion.  Finally, the visual servoing system utiliz-

es a 3DUS machine (Fig. 2, SONOS 7500 with X4 Ultrasound Transducer, Philips 

Healthcare, Andover, MA, USA) and a tissue tracking and motion prediction sys-

tem to determine the real-time motion of the cardiac tissue and control the catheter 

[17-20].  A more detailed description of the mechanical design of the robotic cath-

eter system is provided in [11]. 

A novel integrated force sensing and ablation end effector is presented here for 

the first time (Fig. 3).   The design goal of the ablation tool design is to enable the 

catheter system to apply RF energy to the fast-moving tissue inside the heart while 

applying a constant normal force.  The functional requirements of the ablation end 

effector are to sense forces, to ablate tissue using a clinical RF generator with the 

same efficacy as conventional ablation catheters, and to be robust enough to oper-

ate in the intracardiac environment.  The device consists of a force sensor de-

scribed in [12], a stainless steel electrode, and a fine wire that runs though the 

catheter to the RF current generator.  The current prototype is approximately 

5 mm in diameter and is created using rapid prototyping 3D printing technology.  

The size of the end effector can be further reduced with improved fabrication such 

as laser micromachining and metal laser sintering.  See [12] for a more detail de-

scription of the 3D printed force sensor technology.  Fig. 3b presents examples of  
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Fig. 2.  Ultrasound image showing the catheter, mitral valve annulus, and mitral valve leaflets. 

the RF ablation lesions created with this tool on porcine skeletal muscle tissue (RF 

generator: Stockert 70, Biosense Webster, Diamond Bar, California, USA).  

The objective of the control system is to apply a desired force on a fast moving 

target with the robotic catheter end effector.  A standard error-based force control 

approach will not work for the robotic catheter system because of the limitations 

identified in [11], including backlash and friction in the catheter transmission sys-

tem [21, 22].   These limitations prevent a standard force regulator from correctly 

responding to the force tracking error in a stable manner because the internal dy-

namics of the catheter obstruct the controller action from being accurately trans-

mitted from drive system to the catheter tip.  To overcome these issues, we pro-

pose a method that uses the force error term to modulate the commanded position 

trajectory of the catheter.  This approach is similar to the inner position loop force 

control approaches used to implement force control on high-friction industrial ma-

nipulators [23].   In addition to improved system stability, the use of an inner posi-

tion loop also allows the controller to directly compensate for the catheter friction 

and backlash as these limitations are position and velocity dependent [11]. See 

Fig. 4 for a block diagram of the control system.  

In this force control approach, the drive system is commanded to follow a de-

sired position, xd, that is the sum of the position of the moving target, xe and the 

position offset required to maintain the desired force, xf    

fed xxx 
                                       

(1) 

The force modulation term is  

        dtFFKFFKx edfiedff )()(
 
                   (2) 

where Fd is desired force, Fe is the force applied to the environment, and Kf, and 

Kfi are controller gains.  This control law is similar to the method presented by 

Villani et al in [24].    
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Fig. 3.  a) Ablation end effector solid model and prototype. b) Tissue sample (porcine skeletal 

muscle) ablated with the RF ablation end effector.   Lesions are approximately 4 mm in diameter.  

 

Fig. 4.  The force control system block diagram.  The blue lines indicate force values and the 

purple lines indicate position values. 

3 Experimental Evaluation 
 

The robotic ablation catheter system was evaluated in a water tank experiment 

to examine the ability of the system to maintain good RF ablation electrode con-

tact against a moving surface while applying a constant force.  A number of stud-

ies have demonstrated that cardiac ablation efficacy is directly related to the forces 

applied by the catheter tip and the quality of the electrode-tissue contact [7-10].  

Manually operated catheters do not adequately ablate tissue if they are bouncing 

or sliding on the tissue surface, in poor contact due to low forces, or creating tis-

sue perforations due to large contact forces [9, 10].  The objective of this evalua-

tion was to demonstrate that the robotic catheter system can improve ablation 

quality by maintaining good contact while accurately controlling the force. 

The system was evaluated by commanding the catheter to maintain a constant 

contact force against a moving target. The target was composed of a conductive 

    a                                                 b 
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pad used as the current return path electrode in clinical ablation and electrocautery 

procedures (REM Polyhesive II Patient Return Electrode, Tyco Healthcare, Gos-

port, UK) backed with compliant foam  (thickness: 25 mm, approximate stiffness: 

0.1 N/mm).  The target was translated with a 12 mm amplitude at a frequency of 

approximately 1 Hz (60 beats per minute).  Two motion patterns were tested: a si-

nusoidal trajectory and a human mitral annulus trajectory [25].  The ablation 

quality was evaluated by measuring the electrical resistance between the catheter 

tip electrode and the return electrode pad using an instrumented voltage divider 

(Fig. 5).  The water tank environment was used to allow the 3DUS guidance sys-

tem to visualize the catheter and target. 

The evaluation experiment was conducted using both the robotic catheter and a 

commercial manual ablation catheter (RF Marinr MCXL, Medtronic, Minneap-

olis, Minnesota, USA) for comparison.  A manual catheter was select for compari-

son to demonstrate the limitations of the current technology due to a lack of mo-

tion compensation and force control.  For the manual catheter, a load cell was also 

added to the target to record the forces applied by the catheter tip (LCFD-1KG, 

Omega Engineering, Stamford, CT, USA; range: 10 N, accuracy: +/-0.015 N).  

The robotic catheter was instrumented with the force-sensing ablation end effector 

and was operated under force control with 3DUS guidance.  Both catheters were 

rigidly braced 100 mm from the ablation tip at orientations perpendicular to the 

plane of the moving target.  The manual catheter was positioned so its ablation 

electrode was able to remain in contact during the entire target trajectory (Fig. 6).  

 

 

 

Fig. 5.  The catheter ablation experimental setup.  The moving target was connected to a 5 V DC 

signal and the catheters were instrumented with a voltage divider to measure the ablation re-

sistance.  Resistance measurements were used to evaluate tip contact quality for both a manual 

catheter and the robotic catheter system.  
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Manual Catheter 

 
 

Robotic Catheter 

 

Fig. 6.  The water tank setup for the manual catheter (top) and the robotic catheter (bottom).  

Both images show the catheters, the white 3DUS imaging probe, and the blue motion target. 

4 Results 
 

Fig. 7 presents the position trajectories of the 3DUS tracking system, robotic 

catheter, and motion simulator during the experiments.  Fig. 8 presents typical re-

sults of the ablation experiment on the sinusoidal motion target.  Both the manual 

and robotic catheters were in contact with the moving target for over 5 s during 

each trial, sufficient time to perform ablation.  The manual catheter was not able to 

apply a constant force or maintain a constant resistance.   

The reason for the manual catheter’s poor performance was because the motion 

of the target caused the manual catheter ablation tip to slide and tilt relative to the 

target surface as the motion simulator pushed on the catheter and caused it to 

buckle.  Compliance is a desirable feature in manual catheters because it prevents 

them from applying large forces and perforating cardiac tissue.  However, this 

bending compliance makes it challenging to achieve reliable ablation perfor-

mance.  As shown in Fig. 8, the manual catheter generated peak-to-peak resistance 

variations of over 20 kOhm and peak-to-peak force variations of 0.4 N.   

US Probe 

Catheter 

Target 

US Probe 

Catheter 

Target 

S. B. Kesner, R. D. Howe, “Motion Compensated Catheter Ablation of the Beating Heart Using Image Guidance and Force Control”, in Proc. of ISER  June, 2012.



8  

 

Fig. 7.  The position trajectories during the robotic catheter experiment: (top) The 3DUS tracking 

system; (middle) The robotic catheter position commanded by the force control system; (bottom) 

The actual target trajectory. 

The robotic catheter, in contrast to the manual catheter, achieved almost con-

stant resistance values while maintaining a desired force of 1 N with a force track-

ing error of 0.11 N RMS.  The RMS variation of the resistance value for the robot-

ic catheter was 0.25 kOhms, 97% less than the RMS variation of 9.88 kOhm for 

the manual catheter system.  The robotic catheter was able to achieve this level of 

performance because the 3DUS-guided motion compensation system and the force 

control algorithm enabled the ablation tip to maintain consistent contact with the 

target despite the fast motion (Fig. 8).  Similar force tracking results were obtained 

using the human mitral valve trajectory. 

5 Discussion 
 

These results demonstrate that image-guided motion compensation and force 

control can improve key parameters that determine ablation quality.  This con-

firms that our robotic approach has the potential to increase clinical efficacy of 

intracardiac procedures.  The system was able to apply a constant force while 

maintaining a constant ablation resistance with the ablation end effector on a mov-

ing target.  In contrast, the force and electrical contact provided by the manual 

catheter in the same experimental setup varied greatly.  This variation can primari-

ly be attributed to the buckling, sliding, and tilting behavior of the manual catheter                   
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  Manual                                        Robotic 

 

Fig. 8.  A comparison of the electrical resistance and interaction forces between a conductive 

target and a manual catheter (left) and the robotic catheter system (right).  The manual catheter 

applies a force and resistance that vary with the motion of the target.  In contrast, the robotic 

catheter achieved consistent contact with the moving target while applying a constant force.   

tip due to the target motion.  The 3DUS motion tracking enabled the robotic cathe-

ter to compensate for the target motion and maintain good ablation electrode con-

tact without the buckling behavior of the manual catheter. 

One insight from this work is that multiple forms of sensor information are re-

quired to command a catheter to safely and effectively interact with the moving 

target.  Force sensing alone is not sufficient for the catheter to track the target mo-

tion, as described in [13].  This is due to the fact that the catheter performance lim-

itations of backlash and friction prevent the system from responding fast enough 

to the quick tissue motion using only force feedback.  Motion tracking must also 

be used to overcome these limitations and maintain system stability [13].  The im-

age guidance provides the desired position trajectory for the tip of the catheter and 

the force feedback allows for minor adjustments in the tip position to regulate and 

maintain the tool-tissue interactions forces.  Without either 3DUS guidance or 

force sensing, the catheter would be unable to maintain the consistent ablation 

electrode contact and could either penetrate or retract from the target surface. 

Although the experimental results demonstrate that the robotic catheter system 

is able to apply a constant force while maintaining a consistent ablation contact, 

there are a number of limitations in this initial validation study due to the chal-

lenges of accurately simulating in vivo cardiac ablation in a laboratory setting.  

First, measuring the DC resistance of the contact does not consider the electrical 

frequency response of the cardiac tissue at the 500 kHz frequency used by the RF 
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energy generator.  In addition, the system was tested in water instead of electrical-

ly-conductive blood or saline, which alters the electrode conduction properties.  

Finally, the experimental setup did not accurately approximate the exact mechan-

ics of intracardiac ablation, including the compliance of the vessels in the heart 

and the tool orientation relative to the moving tissue structures.  The manual 

catheter performance depends on its orientation with respect to the moving tissue 

target, although similar fluctuations in force and resistance would have resulted 

for other orientations.  We anticipate that these issues will not impair the demon-

strated advantages of the robotic system because of the known properties of the 

ablation process and the success of previous in vivo tests of the image guidance 

systems [11, 26, 27]. 

6 Conclusions 
 

This paper presents the experimental evaluation of the robotic catheter system 

for cardiac ablation.  The system uses motion compensation and force feedback to 

maintain a constant force and ablation resistance on a moving target.  The experi-

mental results presented here demonstrated that the robotic system is able to main-

tain consistent ablation electrode contact with a translating motion simulator with 

a 97% reduction in RMS resistance variation over a manual catheter.  The result 

can be explained by the fact that a compliant manual catheter slides and buckles 

while in contact with a quickly moving structure, such as the actively contracting 

heart wall. 

Future work in this project will focus on the demonstration and evaluation of 

the technology in an in vivo setting.  While the motion compensation and robotic 

catheter system has been demonstrated previously in vivo [11, 26], the force con-

trol ablation system has not yet been tested inside a beating heart.  One possible 

challenge the system will encounter in vivo is how to respond when the tissue 

stiffness changes over the course of the heart cycle.  In addition, safety issues such 

as system stability and preventing tissue collisions will need to be further investi-

gated.  The project objective is to enable a range of beating heart surgical proce-

dures with a catheter, and the ablation procedure presented here is a first step to-

ward this ultimate goal. 
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