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Abstract 

For a wide array of procedures, cardiologists and cardiac surgeons currently compete with one 
another to provide minimally invasive therapy with the goal of decreasing associated morbidity 
while providing quality treatment. Although the thoracoscopic techniques used by cardiac sur-
geons greatly reduce morbidity compared to open surgery, the percutaneous transvenous ap-
proaches favored by cardiologists are less invasive and can be performed on an out-patient basis. 
In light of this convergence, it is reasonable to consider the development of hybrid instrumenta-
tion and techniques that address the goals of both cardiologists and cardiac surgeons. 
 In this thesis, we propose that the development of a miniature mobile robot (HeartLander) 
that adheres to and traverses the epicardium will provide a tool for precise and stable interaction 
with the beating heart. The ability of the robot to adhere to the epicardium obviates the need for 
cardiopulmonary bypass or mechanical stabilization, while the mobility overcomes access limita-
tions that currently limit thoracoscopic techniques. Additionally, the ability of HeartLander to be 
deployed to the apex of the heart through a percutaneous subxiphoid approach may enable cardiac 
surgeons to provide out-patient procedures.  
 To demonstrate the utility of HeartLander, we focus on a subset three intrapericardial thera-
pies that require precise and stable treatments at multiple sites on the surface of the heart:  myo-
cardial injection of regenerative materials, epicardial lead placement, and epicardial ablation. To 
facilitate these clinical tasks, HeartLander must provide access over the entire epicardium, dem-
onstrate precise positioning to selected targets, and ensure safe and stable interaction with the sur-
face of the beating heart. To minimize the associated morbidity, the robot must achieve these 
goals with the chest closed, the pericardium intact, and the heart beating. Through a series of 
closed-chest, beating-heart porcine studies, HeartLander demonstrated navigation over the entire 
circumference of the heart, the acquisition of targets within 1.0 mm, and stability with residual 
motion less than 1.0 mm.  
 The novel HeartLander paradigm combines the tracking techniques, anatomical models, and 
minimal access morbidity of transvenous procedures with the epicardial access and fine control of 
thoracoscopic techniques. A hybrid device of this nature may provide advantages over current 
approaches within the field of cardiac care for certain procedures. 
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Chapter 1 

1 Introduction 

1.1 The Convergence of Cardiac Care 

Over the past 30 years, the field of cardiac care has progressed along two distinct paths in the ex-

ploration of decreasing associated morbidity while providing quality treatment. The main chal-

lenges presented by this goal are to access the heart without opening the chest, and to operate 

upon the heart while it remains beating. In the fields of cardiology, electrophysiology, and inter-

ventional radiology, physicians access the internal (endocardial) structures of the heart using thin 

catheter-based tools that are inserted into the systemic vasculature through small percutaneous 

incisions. In the absence of direct visualization, the physicians rely on tracked tools, anatomical 

models, and non-invasive imaging modalities to reason about their interactions with the heart dur-

ing these transvenous procedures. The field of cardiac surgery has moved toward thoracoscopic 

procedures, in which conventional surgery on the external structures of the heart is achieved with 

the chest closed using long cylindrical tools that are inserted into the body through small intercos-

tal incisions. Similar to open procedures, surgeons rely on visualization of the operative site and 

surgical instruments using 3-D thoracoscopic cameras inserted into the body.  

 For a wide array of procedures, cardiologists and cardiac surgeons currently compete with 

one another to provide minimally invasive therapy using alternative transvenous and thoraco-
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scopic techniques. Although thoracoscopic techniques greatly reduce the procedural morbidity as 

compared to open surgery, transvenous approaches incur even less morbidity and can be per-

formed on an out-patient basis. Accordingly, transvenous procedures have become the preferred 

technique for many cardiac therapies [1], [2], [3]. As the popularity of transvenous procedures 

has increased, the surgical community has begun to question the quality of transvenous outcomes 

as compared to surgical alternatives [4], [5], [6]. For any given procedure, a patient must consider 

both the quality of the outcome and the associated morbidity in comparing the transvenous and 

thoracoscopic alternatives. To complicate matters, the fields of cardiology and cardiac surgery 

often do not reach a consensus on the evaluation of outcomes from alternative techniques. While 

the financial structure of the healthcare industry in the United States is such that cardiologists and 

cardiac surgeons view one another as rivals, their goals of improving cardiac care while reducing 

associated morbidity using new technologies are similar. In light of this emerging convergence, it 

is reasonable to consider the development of hybrid instrumentation and techniques that address 

the goals of both cardiologists and cardiac surgeons [7], [8]. 

1.2 Thesis Statement 

In this thesis, we propose that the development of a miniature mobile robot (HeartLander) that 

adheres to and traverses the epicardium will provide a tool for precise and stable interaction with 

the beating heart. The ability of the robot to adhere to the epicardial surface of the heart obviates 

the need for cardiopulmonary bypass or mechanical stabilization, while the mobility overcomes 

access limitations that currently limit thoracoscopic techniques. Additionally, the ability of 

HeartLander to be deployed to the apex of the heart through a percutaneous subxiphoid approach 

may enable cardiac surgeons to provide out-patient procedures. The novel HeartLander paradigm 

combines the tracking techniques, anatomical models, and minimal access morbidity of transven-

ous procedures with the epicardial access and fine control of thoracoscopic techniques. A hybrid 

device of this nature may provide advantages over current approaches within the field of cardiac 

care for certain procedures. 

 To demonstrate the utility of HeartLander, we focus on a subset three intrapericardial thera-

pies that require precise and stable treatments at multiple sites on the surface of the heart:  myo-

cardial injection of regenerative materials, epicardial lead placement, and epicardial ablation. To 

facilitate these clinical tasks, HeartLander must provide access over the entire epicardium,



 
 

3 

 
Figure 1.1:  Illustration of HeartLander concept (the ribs and lungs are shown transparent, while 
the skin and pericardium are not shown). The robot is inserted through an incision below the ster-
num, adheres to the epicardial surface of the heart using suction, and provides access to any 
specified region on the heart surface. 
 
 

demonstrate precise positioning to selected targets, and ensure safe and stable interaction with the 

surface of the beating heart. To minimize the associated morbidity, the robot must achieve these 

goals with the chest closed, the pericardium intact, and the heart beating. Through a series of 

closed-chest, beating-heart porcine studies, HeartLander demonstrated navigation over the entire 

circumference of the heart, the acquisition of targets within 1.0 mm, and stability with residual 

motion less than 1.0 mm. 

 

1.3 The HeartLander Concept 

The organ-mounted paradigm of HeartLander addresses three limitations that currently hinder the 

adoption of thoracoscopic techniques for cardiac procedure. An illustration of the HeartLander 
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approach can be seen in Figure 1.1. The robot adheres to the epicardial surface of the heart using 

vacuum pressure, which has been demonstrated to be safe in the case of mechanical cardiac stabi-

lizers [9], [10]. By attaching directly to the epicardium, the robot is located in the moving refer-

ence frame of the beating heart, thus passively compensating for both heartbeat and respiratory 

motion. The robot is also equipped with actuators and a tracking sensor for semi-autonomous 

navigation to specified targets. Locomotion enables HeartLander to reach areas of the epicardium 

that are difficult to access using conventional intercostal thoracoscopy, such as the posterior wall 

of the left ventricle [11]. Mobility also allows the surgeon to radically change operative fields 

from a single insertion.  

 The locomotive capabilities of HeartLander also allow the insertion site of the robot to be 

independent of the operative site for the procedure. Accordingly, HeartLander is deployed though 

a percutaneous incision below the xiphoid process of the sternum. Unlike an intercostal approach, 

this subxiphoid approach provides access to the heart without breaching the space occupied by 

the lungs (shown in light gray in Figure 1.1), thus obviating differential ventilation and lung de-

flation [12], [13]. Therefore, the insertion of HeartLander does not require general anesthesia, and 

in principle could be performed on an outpatient basis.  

 Like an endoscope, HeartLander has a working channel through which a flexible therapeutic 

device can be inserted and applied to the heart. We have used HeartLander to successfully deploy 

several commercial therapeutic devices to beating porcine (pig) hearts, including pacing leads, 

myocardial injection needles, and ablation catheters [14], [15], [16]. 

1.4 Contributions 

• Development of a mobile robot to access the entire epicardium.  The miniature size of the 

HeartLander crawler permits it to travel beneath the intact pericardium to reach any location 

on the surface of the beating heart through a small subxiphoid percutaneous and pericardial 

incisions. The navigation system has demonstrated locomotion to points around the entire cir-

cumference of the heart. Thus, HeartLander provides total epicardial access thorough a mini-

mally invasive approach. 

• Development of a positioning system with high accuracy on the beating heart.  The drive-

wire mechanism, suction-based prehension, and real-time filtering allow HeartLander to act as 

a manipulator for reaching a series of target locations in distal regions on the beating heart. 
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The accuracy of the positioning system has demonstrated positioning errors less than 1.0 mm 

on the beating heart with the chest closed. 

• Platform stability beyond the current capabilities of mechanical stabilizers.  The minia-

ture size and prehension capabilities of HeartLander allow the robot to remain fixed on the 

surface of the heart without being displaced by the shearing motion of the pericardium relative 

to the heart. The robot has demonstrated resultant maximum 3-D displacement of less than 1.0 

mm over a period of 30 s around the entire circumference of the heart. This resultant drift is 

less than that provided by commercial mechanical stabilizers currently used in beating-heart 

surgery. 

• Application of pure pursuit to a new mobile robot domain.  The pure pursuit path tracking 

algorithm has been adapted from use in wheeled mobile robots to the wire-driven HeartLander 

crawler traveling on the beating heart. The incremental goal steps generated by the tracking 

algorithm were fed to the inverse kinematics of the wire actuation for step planning to the tar-

get location along the desired path. 

• Development of a novel method for generating a registered surface model.  A surface trac-

ing methodology was developed to provide a still 3-D reconstruction of the beating heart sur-

face through a subxiphoid incision. This model was automatically registered within the track-

ing system used by the robot during navigation. The technique takes the surgeon and engineer 

less than 30 minutes to complete, and required no preoperative or intraoperative radiation-

based imaging. 

• The design and construction of three generations of crawlers.  Three distinct generations 

of crawlers have been developed and tested in vivo. Each crawler was built to overcome diffi-

culties encountered by its predecessor, improving epicardial access and requiring less invasive 

approaches. The third generation crawler is capable of accessing the entire epicardial surface 

of the beating heart through a subxiphoid percutaneous incision. 

• Demonstration of sample therapy administration from robot platform.  The remote injec-

tion system permitted the surgeon to inject dye into the myocardium through the working 

channel of the robot. Dye was used to simulate regenerative material injection, and to validate 

the location of the robot on the heart during target acquisition trials. Additionally, a commer-

cial pacing lead and ablation catheter designed for transvenous application were successfully 

applied to the epicardium using HeartLander through a subxiphoid percutaneous incision. In 

combination with the navigation capabilities of HeartLander, this represents a highly accurate 

therapeutic system. 



 
 

6   CHAPTER 1.  INTRODUCTION 

1.5 Organization 

Chapter 2 provides background for the thesis by describing the state of the art in minimally inva-

sive cardiac surgery, and providing a literature review on miniature mobile robots related to 

HeartLander. Chapter 3 describes in detail the intrapericardial environment and therapies that are 

initially envisioned for administration from HeartLander. In Chapters 4 and 5, the design of the 

robot and control system are motivated and described. Chapter 6 presents the experimental results 

from a series of porcine studies used to evaluate the HeartLander system. Chapter 7 describes the 

preclinical testing of three intrapericardial therapeutic end effectors and two diagnostic sensors 

deployed from HeartLander in preclinical feasibility testing. Finally, Chapter 8 concludes this 

thesis and suggests future work. 



Chapter 2 

2 Background 

The state of the art in thoracoscopic technology is the teleoperated robotic system, a commercial 

version of which is gaining acceptance throughout the surgical community. Although robotic as-

sistance greatly improves upon conventional endoscopy, there exist three main limitations with 

regard to cardiac surgery:  required stabilization, access limitations, and associated morbidity. 

HeartLander was designed specifically to address these limitations. This chapter describes in 

greater detail the current solutions to stabilize the interaction between the surgical tools and the 

beating heart. Lastly, a literature review of two classes of mobile robots that are related to Heart-

Lander is presented. 

2.1 Teleoperated Robotic Surgery 

The morbidity associated with general surgery can be greatly reduced using endoscopic surgery, 

in which long thin tools are passed through a set of incisions to gain access to an operative work-

site without requiring an open procedure. Figure 2.1 shows a typical intercostal tool insertion con-

figuration for thoracic endoscopy, known as thoracoscopy. In cardiac surgery, thoracoscopy 

avoids the trauma of full median sternotomy – cutting the sternum and expanding the ribcage to 

expose the thoracic cavity – by inserting the tools between the ribs. The state of  the art in endo 
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Figure 2.1:  (left) Illustration of thoracoscopic cardiac surgery using handheld instrumentation. 
The two outer shafts – held by the surgeon – are the laparoscopic tools, while the center shaft is 
the scope. (right) Close up of the access ports and instrumentation. Image reproduced from Wil-
liam R. Mayfield, M.D. 

 

   
Figure 2.2:  The Da Vinci teleoperated robotic manipulator system.  Insets show close ups of the 
input handles (lower right) and the surgical robotic manipulators (upper right). Image reproduced 
from Medtronic, Minneapolis, MN. 
 

 

scopy is teleoperated robotic surgery, through which the motions of the surgeon’s hands on a set 

of input devices are mimicked by a set of robotically actuated tools located inside the patient. The 

surgeon views the motions of the robotic tools through a 3D endoscopic camera, with the view 

angle displayed as though the surgeon were viewing his or her own hands. In this manner, the 

surgeon is able to control the robotic tools intuitively. The commercially available da Vinci Sys-

tem (Intuitive Surgical, Mountain View, CA) can be seen in Figure 2.2. These robotic systems 

improve upon conventional endoscopy by increasing dexterity, restoring hand-eye coordination, 
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and reducing fatigue. Recently, the da Vinci System has been adopted in several surgical proce-

dures, including laparoscopic cholecystectomy and prostatectomy [17], [18]. As compared to 

urological and general surgery, the adoption of this robotic system in the field of cardiac surgery 

has fallen behind. I propose that there are three main limitations with the teleoperated endoscopic 

paradigm that have hindered its adoption in cardiac surgery:  required stabilization, access limita-

tions, and associated morbidity. All of these limitations result from the fact that teleoperated ro-

bots are an extension of the same endoscopic concept that has existed for almost one hundred 

years, which is not particularly well suited for operation on the beating heart. 

 Surgery on the beating heart is highly desirable because research suggests that cardiopulmon-

ary bypass can lead to serious complications [19], [20]. Teleoperated robotic systems require the 

stabilization of the physical interaction between the surgical tools and the heart surface for safety 

and accuracy. Although endoscopic mechanical stabilizers can be used to immobilize a small re-

gion of the epicardial surface, they add clutter to an already confined workspace, can impair heart 

function, and exhibit residual motion. Taking a different approach, some researchers are explor-

ing the potential of actuating the surgical tools to move in synchronization with the beating heart 

surface, thus actively compensating for the physiological motion. Both of these stabilization tech-

niques have drawbacks, which are explored in greater detail in Section 2.2. It has been suggested 

in the literature that the lack of wider acceptance in cardiac surgery is due to the fact that the sys-

tem fails to address adequately the issue of organ motion compensation for beating-heart surgery 

[21].  

 Additionally, there are several access limitations inherent to robotic thoracoscopy. In order to 

successfully access the full operative site for a procedure, the surgeon must be sure that tool inci-

sions are appropriately located and that the external arms of the robotic system are positioned 

such that they will not contact one another during the actuation of the tools. If either of these 

preparations are not correctly managed, the tools must be retracted from the patient and the prob-

lem rectified. Even with a correct initial setup of the robotic system, significantly changing the 

location of the operative site during the procedure may require additional incisions and reinser-

tion of the thoracoscopic tools. Meanwhile, distal regions of the heart such as the posterior left 

ventricle remain difficult to reach at all using this intercostal approach [11]. 

 Lastly, the intercostal approach for the robotic tool insertions requires general anesthesia and 

the deflation of the left lung in order to access the heart. As can be seen in Figure 1.1, the left 

lung surrounds the heart and must be bypassed when the endoscopic tools are inserted between 

the ribs. To avoid accidentally puncturing the lungs with the endoscopic tools, the left lung is de-
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flated so that it lies passively in the posterior of the thoracic cavity. In this manner, the anterior 

and left-lateral aspects of the heart can be safely accessed through intercostal incisions. The defla-

tion of the left lung requires general endotracheal anesthesia and differential ventilation, which 

add to the overall morbidity of the procedure and can lead to complications unrelated to the car-

diac procedure [22], [23]. 

2.2 Cardiac Stabilization 

Surgery on the beating heart is a major objective in the field because research suggests that car-

diopulmonary bypass, which allows the heart to be stopped, may be as harmful as full median 

sternotomy [19], [20]. Additionally, it has been shown to be highly related with postoperative 

stroke [24]. 

 The obvious complication in beating heart surgery is that the stationary tools of the surgeon 

must interact with the moving structures of the heart in a manner that is safe and effective. Ac-

cordingly, two methods are being developed to compensate for heartbeat motion during surgical 

procedures:  locally immobilizing the heart surface, and actuating the tools to move with the beat-

ing heart surface. These techniques are described in greater detail in the following subsections. 

2.2.1 Mechanical Stabilizers 

Local mechanical immobilization of the epicardial surface of the heart is the clinical approach 

generally followed today for beating-heart surgery. Suction-based positioners and stabilizers, 

such as the Medtronic Starfish™ and Octopus™ (Minneapolis, MN) shown in Figure 2.3, were 

first developed for open surgical procedures and mounted to retractors. Due to the increasing 

popularity of thoracoscopy, endoscopic stabilizers such as the Endosmart Endostab™ (Stutensee, 

Germany) and Medtronic Octopus TE™ (Minneapolis, MN) have been developed that operate 

with positive pressure or suction, respectively [25], [26]. The resulting forces exerted on the 

heart, however, can adversely affect its electrophysiological and mechanical performance [27], 

[28]. Care must be taken in order to avoid hemodynamic impairment or life-threatening arrhyth-

mia [11]. In addition to the clutter and potential adverse side effects, mechanical stabilizers do not 

completely immobilize the epicardial surface. Lemma et al. found that the residual motion of the 

coronary arteries ranged from 1.5 to 2.4 mm following stabilization with three commercial suc
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Figure 2.3:  Illustration of an open-chest beating-heart surgical field using a Medtronic Starfish™ 
heart positioner and Medtronic Octopus™ tissue stabilizer to expose and stabilize the operative 
site on the lateral wall. Image reproduced from Medtronic, Minneapolis, MN. 
 

 

 

tion-based mechanical stabilizers from Medtronic, Genzyme, and CTS-Guidant [29]. These au-

thors expressed their concerns that this persistent motion may result in less surgical precision and 

adversely affect the quality of outcomes. A similar study found that positive pressure stabilizers 

also exhibit significant residual motions and velocities [30]. 

 In addition to safety and residual motion concerns, it is difficult to expose and stabilize cer-

tain regions of the heart. For example, the posterior aspect of the heart is difficult to access, even 

during open-chest procedures. Typically, the surgeon will grab the apex of the heart with a posi-

tioner, and lift the body of the heart out of the mediastinum to expose the posterior aspect. It is 

often necessary to access this region of the heart because the left ventricle is most severely af-

fected by myocardial infarct and congestive heart failure (Buja and Krueger 2005). More conven-

ient access to the posterior aspect of the heart is certainly one of the major benefits of the Heart-

Lander paradigm. 
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2.2.2 Active Motion Compensation 

As an alternative, several researchers in robot-assisted thoracoscopic surgery are investigating 

active compensation of heartbeat motion by visually tracking the epicardium and moving the tool 

tips accordingly [31], [32], [33], but this research problem remains open. The motion of the beat-

ing heart is complex. In addition to the challenges of modeling or tracking the heart surface, ac-

tive compensation requires considerable cost for high-bandwidth actuation to manipulate in at 

least 3 degrees-of-freedom (DOFs) over a relatively large workspace [31]. 

2.3 Related Work 

Mobile robots have been studied extensively for the last several decades, thus I will limit my dis-

cussion herein to mobile robots that are considered to be miniature. One classification scheme for 

miniature mobile robots is based on the media in which they travel. There has been an abundance 

of research into miniature mobile robots designed to travel in the air [34], through liquid [35], 

[36], and on the ground [37], [38]. The two subsets of ground-based miniature mobile robots that 

are the most akin to HeartLander are those that climb in vertical environments and those that op-

erate within the human body. 

2.3.1 Climbing Mobile Robots 

There has been relatively little research into the design of miniature climbing robots, as compared 

to the more traditional environments mentioned above. This may be due to the fact that climbing 

robots require the miniaturization of the prehension source in addition to the sensors, actuators, 

and power supply. The most common forms of prehension in larger size climbing mobile robots 

are magnetism [39], suction [40], [41], [42], and claws or spines [43], [44]. Of these systems, 

only the tethered robot by Tummala et al. has a relatively small size. Alternatively, the smallest 

examples of climbing mobile robots all use conventional dry adhesives for prehension. Menon et 

al. developed two miniature climbing robots that use dry adhesives to adhere to smooth vertical 

environments [45]. One of these robots uses rotating “legged wheels” with sticky pads, while the 

other uses sticky treads. Another group of researchers developed a similar miniature climbing 

robot that also uses wheel-legs with compliant adhesive feet, is self-contained, and can transition 
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between orthogonal surfaces [46]. As the development of gecko-inspired dry adhesives  advances, 

these robots may be able to climb wet or biological surfaces as well as the smooth, dry surfaces 

on which they are currently tested [47]. HeartLander is unique as compared to these climbing ro-

bots in that it travels on a moving biological surface with extreme spatial constraints. In addition 

to overcoming the environmental difficulties associated with traveling in the human body, the 

robot must not damage the heart or surrounding structures. The design of HeartLander addresses 

the traversal of a new substrate material and set of operating constraints within the field of climb-

ing mobile robots. 

2.3.2 Medical Mobile Robots 

Although there has been some research into mobile robotics for medical applications, the targeted 

physiological environments are relatively stable. The majority of this research has been focused 

on navigating through the large intestine using inchworm-like robots [40, 48, 49]. These mobile 

robots advance the diagnostic scope though the intestine using the active front section, as opposed 

to the physician pushing the scope from behind. It is hypothesized that this self-propulsion will 

avoid distending the bowel and creating discomfort, which can happen in conventional colono-

scopy. These tubular robots are driven by shape memory alloys [43], pneumatics [48], or cables 

[40]. They generate traction with the surrounding luminal wall of the intestine using suction [48], 

graspers [48], spines [43]; and recently there has been some attention toward using microstruc-

tures for improving traction [50]. The majority of these robots are tethered, which naturally sup-

plies an access channel for treatment, although some researchers are exploring with wireless op-

tions [43]. Although the technical development of these robots has advanced considerably, it has 

yet to be seen if the clinical advantages will make them a viable alternative in practice.  

 Another novel application within the digestive system is the diagnostic exploration of the 

small intestine with miniature passive pill cameras [51], [52]. These wireless devices are pro-

pelled through the small intestine by natural peristalsis, and broadcast images to a receiver worn 

by the patient. Prior to the advent of these devices, visualization of the small intestine was only 

possible through open surgical techniques, as access using traditional endoscopy is not possible. 

Although the commercialized products sold today are passive, there is active research into using 

onboard radio frequency coils and battery powered legs to control the descent of these devices 

[53], [54].  
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 Recently, a wheeled mobile robot to travel over the abdominal organs has also been devel-

oped [55]. This work is unique in that it concentrates on a non-luminal organ, and applies the 

wheeled robot paradigm in vivo. This group modified a traditional mechanical model for the 

wheel-soil interaction of passenger vehicles for application to the tissues in the abdomen. This 

model was used to influence design parameters to generate traction.  

 Compared to these works, HeartLander has the additional burden of overcoming the motion 

of the heart and lungs while traveling in an extremely confined space. HeartLander will also inte-

grate the navigation techniques used by traditional autonomous mobile robots in order to effec-

tively position itself the beating heart. The active and passive devices that travel through luminal 

organs may avoid such considerations, because they are effectively traveling in an environment 

with one degree of freedom. Within the field of medial mobile robots, HeartLander will introduce 

the traversal of a new organ with the added task of overcoming and thus passively compensating 

for considerable organ motion. HeartLander will also apply the traditional navigation paradigm 

used by autonomous mobile robots to this field. 

 

 

  



Chapter 3 

3 The Intrapericardial Environment 

The ultimate goal of the HeartLander robotic system is to provide minimally invasive access to 

the epicardium in a precise and stable manner that will accommodate the administration of a vari-

ety of intrapericardial therapies. In order to minimize the associated morbidity, HeartLander must 

operate with the chest closed, the pericardium intact, and the heart beating. This results in a chal-

lenging environment for a mobile robot. The pericardium and surrounding organs create static 

spatial constraints, while the heartbeat and respiratory motions generate high dynamic forces. 

This chapter gives a brief description of the physiology of the intrapericardial cavity, and several 

potential therapies envisioned for administration from HeartLander. 
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3.1 Intrapericardial Physiology 

3.1.1 Cardiac Anatomy 

The heart lies at an oblique angle within the central lower section of the thoracic cavity known as 

the mediastinum, and is enclosed by the pericardium. Although the heart moves within the medi-

astinum during beating, it is surrounded by structures on all sides. In the coronal plane of the hu-

man body the heart is enclosed by the lungs, the diaphragm, and the great vessel insertions (Fig-

ure 3.1). In the axial plane, it is bounded by the lungs, the esophagus and spinal column, and the 

sternum (Figure 3.2). Accordingly, there is no free space around the heart in situ. 

 The function of the heart is to pump blood throughout the cardiovascular system for the dis-

tribution of gases, nutrients, and wastes within the body. An illustration of the pathway of the 

blood through the heart can be seen in Figure 3.3.  The heart is made up of four chambers that 

form two independent pumps (“left” and “right”) in series. Each pump has a thinner-walled 

atrium that acts as a holding area for the blood, and a thicker-walled ventricle for ejecting the 

blood away from the heart. The atria form the superior portion of the heart known as the base. 

The ventricles are located directly inferior to their corresponding atria, and form the apex of the 

heart. Deoxygenated blood from the body enters the right atrium, and is pumped out to the lungs 

by the right ventricle where it is reoxygenated. The reoxygenated blood then enters the left 

atrium, and is pumped out to the body by the left ventricle through the aorta. The plumbing of the 

pumps is such that they are independent, and blood flows only in one direction. The electrical 

conduction of the heart coordinates the right and left atria to pump synchronously, followed by 

the synchronous ejection of right and left ventricles. 
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Figure 3.1:  Illustration of HeartLander (HL) in the intrapericardial space (IP) in the coronal view. 
The surrounding organs include the heart (H), right lung (RL), left lung (LL), diaphragm (D), and 
the fibrous pericardium (FP). The sizes of the intrapericardial space (shown in white) and fibrous 
pericardium (dark gray) have been greatly exaggerated for clarity. The robot tether is not shown. 
 
 
 

 
Figure 3.2:  Illustration of HeartLander (HL) in the intrapericardial space (IP) in the axial view. 
The surrounding organs include the heart (H), right lung (RL), left lung (LL), fibrous pericardium 
(FP), sternum (ST), spinal column (SP), and esophagus (E). The sizes of the intrapericardial space 
(shown in white) and fibrous pericardium (dark gray) have been greatly exaggerated for clarity. 
The robot tether is not shown. 
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 The external surface of the heart is grossly convex, and forms a single continuous space 

within the pericardium. Although the boundaries between the chambers form grooves or sulci, the 

gross shape of the heart remains convex over the heartbeat cycle. The only rigid attachments to 

the heart are the great vessel insertions located at the base, allowing the remainder of the heart to 

move during the heartbeat. Thus, the external surface of the heart beneath the great vessels forms 

a single continuous convex volume within the pericardium. This geometry is conducive to tra-

versal with a mobile robot because it lacks surface features in which the robot might become 

stuck (i.e. “obstacles”), and navigation boundaries (i.e. “walls”). Accordingly, the majority of the 

surface of the heart can be reached from trajectories originating at the apex of the heart. This fact 

can be seen in Figure 3.4. The anterior surfaces of the right atrium, right ventricle, and left ventri-

cle are directly accessible from trajectories that originate at the apex and move over the anterior 

aspect of the heart. Meanwhile, the posterior surfaces of all four chambers are accessible from 

trajectories beginning at the apex that span the posterior aspect of the heart. By placing Heart-

Lander on the apex of the heart through a subxiphoid approach, the robot has access to the 

epicardial surface of all four chambers of the heart. 

 

 
Figure 3.3:  Illustration of the blood flow through the four chambers of the heart. The deoxygen-
ated blood (blue) enters the right atrium from the body through the vena cava. It is then pumped 
out of the heart to the lungs through the pulmonary arteries to be reoxygenated. The reoxygenated 
blood (red) then enters the right ventricle through the pulmonary veins. Lastly, the reoxygenated 
blood is ejected from the heart to the body through the aorta. Image reproduced from [56]. 
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Figure 3.4:  Illustration of the locations of the heart chambers in the (left) anterior view and 
(right) posterior view. The four chambers of the heart are the right ventricle (RV), right atrium 
(RA), left ventricle (LV), and left atrium (LA). 
 

 

3.1.2 Pericardial Anatomy 

The heart is enclosed within the mediastinum by a two-layered sac called the pericardium, which 

stabilizes the location of the heart, restrains the volume during filling, and provides friction relief. 

The thick, fibrous outer layer of the pericardium stabilizes and restrains the heart. It is attached 

superiorly to the great vessels of the heart, inferiorly to the diaphragm, anteriorly to the sternum, 

and posteriorly to the esophagus and vertebral column. While the fibrous pericardium is not rig-

idly attached to the lungs, close contact with pleural cavities is maintained by cohesion of a thin 

layer of liquid between them.  

 Friction between the beating heart and the stationary, fibrous pericardium is relieved by the 

thin, serous inner layer of the pericardium, which lined with epithelial cells and is thus smooth 

and moist. This layer of the pericardium reflects back over the outside of the heart, and attaches 

to the myocardium – the thick muscular layer of the heart – to form the epicardium (Figure 3.1). 

In this manner, the serous layer of the pericardium and epicardium forms a cavity known as the 

intrapericardial space. This is the space in which HeartLander travels. The intrapericardial space 

is naturally filled with a film of 20 to 50 mL of serous pericardial fluid, which acts as a lubricant 

for the heart. This fluid has a consistency similar to blood serum, and a density similar to water 

[57], [58]. The intrapericardial space, therefore, exists only as a virtual space that is less than 1 
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mm in thickness [59]. The absence of natural clearance between the epicardium and pericardium 

means that HeartLander must generate its own clearance by displacing the surrounding tissues. 

From this point on, I will refer to the visceral serous pericardium attached to the surface of the 

heart as “the epicardium”, and the connected layers of the fibrous pericardium and parietal seri-

ous pericardium simply as “the pericardium”. Beneath the epicardium lies the myocardium, the 

muscular layer of tissue that is provides the pumping function. The myocardium makes up the 

vast majority of the heart. 

 

3.1.3 Heart Kinematics and Dynamics 

Points on the epicardial surface of the heart undergo large displacements at high speeds during 

natural beating. Shechter et al. measured the 3-D displacements and velocities of several land-

marks along the left and right coronary arteries using angiograms in 10 patients, the results of 

which are shown in Figure 3.5 [60]. Over these anatomical locations, they measured the range of 

maximum resultant displacements to be from 8–23 mm. The range of maximum velocities for the 

same anatomical locations was 34–131 mm/s. HeartLander will be directly subjected to these 

high displacements and velocities as it travels over the epicardium. These physiological motions 

will present challenges to both effective locomotion and positioning accuracy.  

 The normal forces generated by the pericardium over the heart also fluctuate over the physio-

logical cycles. Although total heart volume remains relatively constant when compared to the 

variations of the heart chamber volumes, it varies approximately 8 – 10 % over the heart cycle 

[61]. The minimum heart volume occurs at the end of ventricular systole, after the ventricles have 

ejected their supply of blood out of the heart (Figure 3.6). Because the pericardium applies pres-

sure to the epicardial surface to restrain the volume of the heart, this pericardial pressure varies 

with the volume of the heart [62], [63]. Measurements of intrapericardial pressure in humans have 

shown it to vary from 0 to 17 mmHg [62]. Pericardial pressure also fluctuates slightly (from 2 to 

6 mmHg) over the respiration cycle [64], [65]. The intrapericardial pressure generates the normal 

force applied to HeartLander, and thus the friction forces experienced during motion beneath the 

pericardium. 
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Figure 3.5:  Data showing the 3D (upper-left) displacement of the right coronary artery (RCA) 
due to cardiac motion, (upper-right) displacement of the RCE due to respiratory motion, (lower-
left) velocity of the RCA due to cardiac motion, and (lower-right) velocity of the RCA due to the 
respiratory motion. The average for the 10 human subjects is shown in bold. All data are plotted 
over the phase of the physiological cycle to which they are attributed. This figure reproduced 
from [60]. 
 

 
Figure 3.6:  A measure of total heart volume (the volume of the contents of the pericardium) us-
ing MRI for a typical human over one heartbeat cycle. The THV variation in a human is typically 
between 8 – 10 %. The two curves show the measure of THV before and after a cardiac proce-
dure. This figure reproduced from [61]. 
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 Gilhuly et al. measured the forces and torques on a custom mechanical stabilizer (similar to 

the Medtronic Octopus™ ) attached to the anterior epicardial surface of a porcine heart [66]. 

These measurements were then extrapolated to human values according to the known relation-

ships between body mass and various properties of the heart. Data for the right and left ventricles 

were similar. The shear force along the base-to-apex axis of the heart ranged from -2 to 2 N, 

while the shear force in the lateral direction ranged from -0.5 to 0.8 N. The normal force ranged 

from -6 to 4 N. These shear forces will be applied to the upper surface of HeartLander by the 

pericardium. 

 In addition to the shear forces imposed on HeartLander by the heartbeat motion and the nor-

mal force imposed by the distention of the epicardium and pericardium, HeartLander must over-

come the weight of the heart when it is on the posterior wall of the heart with the subject in the 

supine position. For humans, heart weight is approximately 5g per 1kg of body weight [67]. 

Normal heart mass for men is less than 400 g, and for women is less than 350 g. However, heart 

mass can increase up to 800 g in cases of extreme hypertrophy – thickening of the ventricle walls 

due to scarring. This will result in a normal force ranging from 3.5 to 7.8 N. 

3.1.4 Tissue Mechanics 

The epicardium is a thin (0.1 mm) serous membrane consisting largely of a 2D plexus of collagen 

and some elastin fibers, with an outer layer of mesothelial cells [67]. Experiments in which ex-

cised portions of epicardial tissue were biaxially stretched have shown that it exhibits highly 

nonlinear stress-strain behavior [68]. A plot of the stress-strain behavior in Figure 3.7 shows that 

the tissue is compliant at low levels of stretch, then quickly stiffens after reaching a threshold. 

This tissue is also isotropic – similar properties in both axes – within the compliant regime, but 

becomes anisotropic as the tissue stiffens [68]. The nonlinear stress-strain property of the epicar-

dium suggests that as HeartLander grips the tissue to generate traction during locomotion, the 

robot will likely stretch the tissue some amount before it stiffens and provides the necessary reac-

tion forces. 

 The pericardium has a similar tissue composition as the epicardium (a 2D plexus of collagen 

and elastin), but is much more thick (0.5 mm). Also like the epicardium, it exhibits compliance at 

low stretch but eventually become almost inextensible at high stretch (Figure 3.8). In biaxial test-

ing it has been shown to be nonlinear and isotropic, and exhibits hysteresis and relaxation [69]. 

Because HeartLander must displace the pericardium in order to generate intrapericardial clear-
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ance, it is critical for the robot to have a low profile in order to avoid stretching the tissue beyond 

the compliant regime. If this were to happen, the normal force exerted on the robot by the peri-

cardium would be great, thus making motion difficult. 

 Human hearts also have a variable amount of adipose tissue between the epicardium and the 

myocardium [70]. This layer of fat is a metabolically active organ, and is directly attached to the 

myocardial tissue [71]. It has been suggested that epicardial fat serves as a local energy supply for 

the adjacent myocardium, and as a buffer against toxic levels of free fatty acids [72]. It is com-

monly found in the grooves or sulci between the chambers of the heart, but can cover 67 to 100% 

of the myocardial surface in elderly or diseased human hearts. Figure 3.9 shows a human heart 

that is completely covered in epicardial fat. The layer of epicardial fat tends to be the thickest (up 

to 11 mm) on the anterior and lateral walls of the right ventricle, and on the anterior wall of the 

left ventricle. In a clinical setting, HeartLander would likely be used on diseased hearts, and thus 

the presence of epicardial fat must be assumed. Although total coverage of thick epicardial fat 

may preclude therapy administered from the intrapericardial cavity, HeartLander must be able to 

traverse lower levels of fat coverage. 

 

 

 

 
Figure 3.7:  Stress-strain behavior from biaxial 
testing of the epicardium. Notice that the tissue 
exhibits highly nonlinear stress-strain behav-
ior, in that it is very compliant at lower levels 
of strain then stiffens quickly after exceeding a 
threshold. Both tissues also exhibit some hys-
teresis, and are relatively isotropic. This figure 
reproduced from [68]. 

Figure 3.8:  Stress-strain behavior from biaxial 
testing of the pericardium. Notice that the tis-
sue exhibits highly nonlinear stress-strain be-
havior, in that it is very compliant at lower 
levels of strain then stiffens quickly after ex-
ceeding a threshold. Both tissues also exhibit 
some hysteresis, and are relatively isotropic. 
This figure reproduced from [69] 
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Figure 3.9:  (left) Photograph of a human heart completely covered with epicardial adipose tissue 
(fat). (right) An axial cross section of the heart through the ventricles showing the thickness of the 
epicardial adipose over the heart surface. Notice that the layer is the thickest on the lateral and 
anterior walls of the right ventricle, and the anterior wall of the left ventricle; with very little fat 
on the posterior surface of the heart. Although this is an example of excessive epicardial fat, the 
distribution is typical. This figure reproduced from [70]. 
 

3.2 Intrapericardial Therapies 

There is a considerable number of both established and innovative procedures that could con-

ceivably be performed entirely within the pericardium. This means that they do not intrinsically 

require access to the pleural space or areas outside the pericardium.  Examples include:  

• cell transplantation [73];  

• gene therapy for angiogenesis [74];  

• intrapericardial drug delivery [75];  

• epicardial electrode placement for resynchronization [76];  

• epicardial atrial ablation [77];  

• ventricle-to-coronary artery bypass, VCAB [78].  

 Minimally invasive instrumentation is not currently available for most of these procedures, 

and those that do exist are typically designed for intercostal transthoracic access.  However, all of 

these procedures could be performed without deflating the left lung if suitable instrumentation 

were available.  These procedures would all benefit from the increased minimally invasive nature 

of HeartLander, and are thus considered for initial therapeutic applications. From an engineering 
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standpoint, these initial therapies envisioned for HeartLander share three main characteristics: 

they can be completed entirely from within the intrapericardial space, they require flexible 1-DOF 

tools, and they comprise multiple treatments made at precise locations on the epicardium. The 

planning for the treatment sites could be determined from preoperative diagnosis, or created in-

traoperatively based on readings from diagnostic sensors mounted on the robot. This thesis fo-

cuses on the administration of therapies with a definitive preoperative design, and thus a set of 

predetermined target locations for treatment. The specific intrapericardial therapies being ex-

plored are regenerative material injection, pacing lead placement, and epicardial ablation.  

For the injection of regenerative materials, we have designed and constructed a novel remote in-

jection system for use from HeartLander. For lead placement and ablation, we deployed commer-

cial therapeutic devices through the working channel of HeartLander. See Section 4.8 for more 

details. 

3.2.1 Myocardial Injection 

Congestive heart failure (CHF) caused by myocardial infarction is the leading cause of death in 

the industrialized world [79]. Myocardial infarction is the death of a region of heart muscle due to 

the obstruction of the local blood circulation to the tissue, typically caused by the blocking or nar-

rowing of the coronary arteries. The infarct area scars within hours of the ischemic event, and 

degrades the pumping function of the heart. If the myocardial infarction leads to CHF, the pump-

ing function of the heart fails to meet the circulation demands of the body, typically due to failure 

of the left ventricle [80]. The severity of this disease is illustrated by the fact that 50% of conges-

tive heart failure patients die with 5 years of diagnosis [81]. Because cardiomyocytes – heart 

muscle cells – are terminally differentiated, there are currently no effective means to replace 

scarred myocardium with viable functioning myocardium. Stem cells are precursor cells that are 

capable of proliferation, self-renewal, and differentiation into cardiomyocytes. Cardiomyoplasty, 

the injection of stem cells into failing myocardium, offers the potential to reverse the deleterious 

hemodynamic and neurohormonal effects that result from myocardial infarction and lead to con-

gestive heart failure [79]. Although clinical data on the effects of cardiomyoplasty are very lim-

ited, the results of preclinical animal studies and early clinical investigations have shown regener-

ated myocardium and increased perfusion in the infarct area leading to improved cardiac function 

[82], [83], [84].  
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 There are three general delivery methods currently used in cardiomyoplasty, the effectiveness 

of which have yet to be quantitatively determined. The most invasive technique is open-chest in-

tramyocardial delivery, where stem cells are injected directly into the contracting myocardium 

wall bordering the infarct. This method allows direct visualization of the target zone, and is the 

preferred approach when the patient is already undergoing an open cardiac procedure [79]. Less 

invasive techniques include intracoronary and intravascular delivery, which must be further de-

veloped to increase the localization of treatment to the targeted myocardium [79]. As the field of 

myocardial regeneration matures, delivery methods that provide enhanced access in a less inva-

sive manner, such as HeartLander, may prove useful. 

3.2.2 Epicardial Pacing 

Another potential treatment for congestive heart failure (CHF) is through cardiac resynchroniza-

tion therapy (CRT). In this procedure, pacing the heart – typically at multiple sites (i.e. biatrial or 

biventricular pacing) – alters the degree of atrial or ventricular electromechanical asynchrony in 

patients with major conduction disorders. An estimated 20 – 30% of class III and IV CHF pa-

tients have major left ventricular conduction disorders, and are thus considered potential candi-

dates for ventricular CRT [85]. CRT has been demonstrated to improve symptoms and exercise 

tolerance, as well as reduce mortality due to progressive heart failure by 38% as compared to op-

timal pharmacological therapy alone [86]. 

 The pacing leads for CRT can be placed using transvenous or thoracoscopic techniques. Al-

though transvenous placement decreased patient morbidity by avoiding thoracotomy, the lead 

placement success rates vary from 72 – 96 %, and response rates are only 60 – 75 % [6]. Surgical, 

thoracoscopic techniques – in which the leads are placed in the epicardium – report a 100% 

placement success rate and lower dislodgement rates [87]. In an attempt to improve the response 

rates for both placement techniques, researchers are exploring the effect of using electrical map-

ping to guide lead placement on a patient specific basis [6]. Several recent studies have suggested 

that the individualization of the pacing configuration can increase the hemodynamic improvement 

in CHF patients, and also reduces the number of non-responders [88], [89], [90]. As the applica-

tion of CRT matures, patient-specific mapping and accurate epicardial lead placement could be 

assisted by HeartLander. 
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3.2.3 Epicardial Ablation 

Atrial fibrillation (AF) is a condition in which the atria rapidly contract without synchronism to 

the normal heartbeat rhythm. This loss of pumping coordination leads to decreased cardiac out-

put. AF is the most common form of cardiac arrhythmia seen in clinical practice, and has been 

diagnosed in approximately 2.2 million people in the United Stated and 4.5 million in Europe 

[91], [92]. The condition is known to be an independent predictor of both death and stroke, and 

has been associated with significant morbidity [93], [94]. 

 Selective ablation or destruction of cardiac tissue with an electrode to break the faulty con-

duction pathway is a technique often used to treat AF. Ablation is typically performed by apply-

ing radio frequency (RF) energy to the heart, using either an endocardial or epicardial approach. 

Endocardial ablations can performed with ablation catheters inserted into the heart through the 

vasculature in a minimally invasive manner. For this reason, endocardial ablation has become the 

preferred approach for several types of arrhythmias. This technique, however, cannot access 

transmural or epicardial portions of arrhythmia circuits, and has an average success rate of 76 % 

(a figure that includes multiple procedures for approximately one third of the patients) [2], [95]. 

Epicardial ablation is often used to treat AF in the cases for which repeated endocardial ablation 

have failed. Some researchers are currently investigating methods of performing epicardial abla-

tion in a minimally invasive manner, thus achieving higher success rates with less patient morbid-

ity [95], [96]. Accessing the epicardium in a highly accurate manner through a subxiphoid ap-

proach using HeartLander could facilitate epicardial ablation. 

 





Chapter 4 

4 Robot Design 

The design of HeartLander enables navigation over the entire epicardial surface of the beating 

heart in a precise and stable manner, without damaging the surrounding structures. To minimize 

the associated patient morbidity, the robot also operates within the intrapericardial cavity in situ; 

i.e., the chest closed, the pericardium intact, and the heart beating. These considerations present a 

unique combination of difficulties for a mobile robot. 

 A percutaneous subxiphoid insertion is used to place HeartLander on the apex of the heart in 

a minimally invasive manner, without requiring differential ventilation and lung deflation. A teth-

ered design allows the functionality of powerful offboard components to be transferred to a robot 

that is sufficiently small and lightweight to operate within the intrapericardial environment of the 

heart in situ. A flow chart of the HeartLander system can be seen in Figure 4.1. Vacuum pressure 

is used to maintain prehension with the epicardial surface in a safe and reliable manner. Heart-

Lander generates inchworm-like locomotion by coordinating the epicardial prehension and the 

drive-wire actuation of the robot. The inverse kinematics of the crawler were determined for this 

purpose. A suite of onboard and offboard sensors provides feedback during navigation, and data 

for offline performance analysis. Several therapeutic end-effectors are proposed for deployment 

from HeartLander to the epicardium. These components result in a mobile robot that meets the 

rigorous design requirements within the intrapericardial environment. 
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Figure 4.1:  (upper) Flow chart for the HeartLander system. Mechanical connections are shown 
by solid lines, while data flow is shown by broken lines. (lower) Photograph of the operating 
room during in vivo animal testing, showing the surgeon interacting with the HeartLander sys-
tem. The approximate heart shape and robot location inside the body have been illustrated for 
clarity.  Insets show larger views of (1) the subxiphoid insertion, (2) the graphical display, and (3) 
the crawling robot. 
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4.1 Insertion 

Accessing the heart through an incision made below the xiphoid process of the sternum is a com-

pelling minimally invasive approach, which is becoming more commonly used [12], [13] [97], 

[98], [99]. This is an extremely efficient access method because it provides access to all of the 

chambers of the heart from the apex (Figure 3.4) and avoids entering the pleural spaces of the 

lungs (Figure 4.2). Traditional and robotic thoracoscopic tools are inserted between the ribs, using 

an intercostal approach to access the heart. To avoid accidentally penetrating the left lung with 

the rigid instruments, this approach requires general endotracheal anesthesia, differential ventila-

tion, and deflation of the left lung. HeartLander will be placed directly on the epicardial surface 

of the apex either by hand, or with assistance from a rigid subxiphoid videopericardioscope 

(SVP) [12]. This device has a transparent conical tip that allows it to separate the intervening 

muscular and connective tissue of the sternum, thus clearing a direct path to the heart (Figure 

4.2).  The main channel contains an endoscope to visualize the insertion procedure.  A second, 

inferior channel contains a grasper tool that is used to grab the pericardium and draw it back into 

the sharp edge of a cutting tool.  This passively makes an incision in the pericardium.  Heart-

Lander will then be inserted directly onto the epicardial surface through the SVP working chan-

nel, or through a port inserted after the SVP is extracted.  Once the treatment is complete, Heart-

Lander will be retrieved by walking backwards or manually retracting the tether back through the 

port.  Manual retraction also serves as the recovery method should the device become dislodged 

or damaged during the procedure. The tether has been made sufficiently strong for this purpose. 
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esign 

m consists of a miniature crawling robot that is connected to a suite of off-

entation  through a flexible tether (Figure 4.3). This design allows the 

the robot to be small, robust, lightweight, and potentially disposable. Be-

ial space has less than 1 mm of clearance, HeartLander must expand the 

ts own clearance (Figure 3.1). Accordingly, the size of the robot must be 

l that the pericardium and surrounding organs do not impede the motion of 

g the functional components of the robot – i.e., the motors, vacuum pump, 

red crawling portion can be made sufficiently small for this purpose. The 

lows the crawler to be simple and robust, which is critical for reliable op-

ned and volatile intrapericardial environment. Lastly, the crawler is me-

lly passive, which is important as a safety concern. 

ty of the crawling robot is not significantly hindered by the presence of the 

apericardial space is a single continuous volume. This means the epicar-

ers of the heart can be reached from the apex by a relatively straight trajec-

rdingly, tight turning maneuvers that would be difficult to execute with a
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Figure 4.3:  The supporting instrumentation boxes that house the motors and controls (left), the 
vacuum pump (upper right), and tethered crawling robot (lower right). 
 

 

tether are not necessary. Additionally, the maximum required length of travel for the robot is lim-

ited by the distance from the robot insertion location to the base of the heart. This distance is ap-

proximately 150 mm in humans [100]. In our present design, the tether is 650 mm in length so 

that the offboard instrumentation can be positioned away from the patient in a manner convenient 

to the surgeon. 

4.3 Locomotion Methodology 

HeartLander generates a cyclic, inchworm-like gait by controlling the distance between the two 

bodies of the robot and the vacuum pressure in the corresponding suction grippers. This locomo-

tion modality was selected because we believed that prismatic actuation was more reasonable 

than rotational actuation through a tether, and that the resulting crawling behavior would be able 

to overcome the spatial constraints and topological irregularities in the intrapericardial space 

[101]. One cycle of the locomotion process is illustrated schematically in Figure 4.4. During ex-

tension, the front body is advanced by powering the actuators while the rear body is fixed to the 

epicardium. During retraction, the rear body is advanced to meet the front body by reversing the 

actuators after epicardial prehension has been transferred from the rear to front body. This loco 
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Figure 4.4:  (left) Illustration of one cycle of the HeartLander crawler locomotion. The shaded 
circles show body with active prehension of the epicardium. The arrows indicate the direction in 
which the prismatic actuators are powered. (right) Illustration of turning, accomplished by differ-
entially actuating the drive wires. 
 

 
Figure 4.5:  (upper) Photograph of HeartLander body section drawing ovine epicardium into its 
vacuum chamber, and (lower) the suction mark in the tissue the was left behind. 
 

 

motion scheme requires that some amount of slack be maintained in the tether, and thus the tether  

has been made sufficiently long. Turning is achieved by choosing a step location for the front 

body that has a non-zero bending angle. 

 If the body with active prehension of the epicardium does not slip during either the extension 

or retraction phases, the efficiency for the step is 100%. This would result in the robot advancing 

by the full step length. In the intrapericardial environment, however, the body with prehension of 

the epicardium often slips somewhat, resulting in a step efficiency less than 100%. 
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4.4 Prehension 

Prehension of the epicardial surface is maintained using suction force generated by negative pres-

sure, which can be easily transferred though the tether and has been demonstrated to be safe and 

effective in commercial medical devices. These FDA-approved positioning and stabilizing de-

vices typically apply a pressure that is no greater than 400 mmHg [9], although some researchers 

report that the vacuum pressure can temporarily be increased to 600 mmHg without adverse ef-

fects on the underlying tissue or vessels [10]. The suction grippers on HeartLander should cause 

even less epicardial damage than mechanical stabilizers because they are applied for a far shorter 

duration, and move passively with the epicardium instead of constraining it. Thin latex strips sur-

round the periphery of each suction gripper, helping to create a vacuum seal with the epicardium. 

Vacuum pressure from the external pump is supplied to the suction pads of the body sections 

through two vacuum lines that pass through the tether. Preliminary tests with freshly excised 

ovine (sheep) hearts showed that the epicardium was completely drawn into the vacuum chamber 

and provided a qualitatively good grasp (Figure 4.5). During locomotion, the vacuum pressure is 

monitored by external pressure sensors and regulated by computer-controlled solenoid valves, 

both located in the supporting instrumentation.  

 As an interesting alternative technology, researchers are attempting to fabricate biologically 

inspired synthetic gecko foot hairs [47], [102]. These techniques develop arrays of spatulae or 

miniature fibers – mimicking those on the feet of geckos – to form a dry adhesive capable of ad-

hering to almost any surface, wet or dry, smooth or rough. When this technology matures, it may 

prove a viable supplement or alternative to suction. 

 Benchtop experiments were performed in order to quantify the effects of varying the shape of 

the suction pads used to grip the epicardium, and on the ability of the suction pads to grip the 

heart in the presence of epicardial fat. These studies are described in the following subsections.    

4.4.1 Chamber Shape Study 

This study was an attempt to investigate the traction generated by numerous mechanical designs 

of the suction pad grippers for HeartLander [103]. Our testing setup measured the force applied to 

a gripper pad adhering to excised ovine (sheep) epicardial tissue. The gripper pad was pushed 

until it lost traction and began to slide across the epicardial surface. Video was recorded in order 

to track the pad and tissue during the extension. By synchronizing the force and video data, we 
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were able to reliably determine the point at which the pad lost traction and began to slip during 

the extension. This maximum force prior to slip was the evaluation criteria by which the design 

and locomotion parameters were evaluated. Of the suction pads tested (Figure 4.6), the pad with 

no suction grate achieved maximum traction (Figure 4.7). These experiments provided physical 

design specifications to improve the traction of HeartLander on excised ovine epicardial tissue. 

 

 
Figure 4.6:  Bottom surfaces and profile cross sections for the gripper pads tested for traction on 
excised ovine (sheep) hearts. 
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Figure 4.7:  The forces recorded at the loss of traction for the different gripper pads extended at a 
speed of 2 mm/s with vacuum pressure of 400 mmHg.  
 
 

4.4.2 Chamber Depth Study 

In this study, the depth of an open circular suction pad – validated by the previous study – was 

varied in order to determine the effect of generating traction with the epicardium. The 6-mm di-

ameter suction pad was tangentially sheared over ovine epicardial tissue, with the maximum trac-

tion recorded with a handheld force gauge. The maximum traction was recorded for suction 

chamber heights of 2 and 4 mm, over a pressure range of 100 to 400 mmHg. Photographs of the 

epicardial tissue being drawn into the suction chambers at the two chamber heights over the pres-

sure range can be seen in Figure 4.8. In the case of the 2-mm chamber height, the epicardial tissue 

was completely drawn against the top of the suction chamber at approximately 300 mmHg. For 

the suction chamber with a height of 4 mm, the epicardial tissue did not contact the chamber ceil-

ing, even at the maximum pressure of 500 mmHg. The plots of the maximum traction forces re-

quired to slide the suction chamber over the epicardial tissue, seen in Figure 4.9, show that in-

creasing the depth of the suction chamber did not effect the maximum epicardial traction. As ex-

pected, the traction increased with vacuum pressure. This study validated the use of a relatively 

shallow open suction chamber, in which the epicardium maintains complete contact with the ceil-

ing of the chamber. 
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Figure 4.8:  Photographs of the ovine epicardial tissue drawn into the variable depth suction 
chamber by increasing vacuum pressure with the chamber depth set to 2 mm (upper row) and 4 
mm (lower row) 
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Figure 4.9:  Plot showing the maximum traction forces when the front body was sheared off the ovine 
epicardium with increasing vacuum pressure at depths of 2 mm (diamonds) and 4 mm (squares). 
 

4.4.3 Epicardial Fat Study 

Due to the likelihood that the diseased hearts on which HeartLander will be traveling will be cov-

ered in some amount of epicardial adipose tissue (fat), it was important to determine how this 

anatomical structure will affect locomotion. The first issue was to determine whether the suction 

line or suction chamber will become clogged after repeated steps across epicardial fat. The sec-

ond issue was to quantify the ability of the robot to generate traction on the epicardial fat, as this 
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is critical for successful locomotion. Ovine (sheep) hearts were used in this study, as they tend to 

have more epicardial fat than porcine hearts. The hearts were tested within one hour from being 

excised from the animal, and were kept warm within a saline bath heated to the average ovine 

internal body temperature (39° C). We defined four classifications of epicardial fat coverage: lean 

myocardium, thin epicardial fat, thick epicardial fat, and exposed epicardial fat (Figure 4.10). The 

lean myocardium had no epicardial fat. Thin epicardial fat was defined as having a thickness of 

less than 1 mm, under which the myocardium was visible. Thick epicardial fat was defined as 

having a thickness of 3 mm or more, under which the myocardium was not visible. For the ex-

posed epicardial fat classification, the epicardial layer that naturally covers the adipose tissue was 

dissected away (Figure 4.10).  

 The front body of a typical robot crawler with an open suction chamber was used in both the 

suction clogging and traction generation experiments. The suction chamber was supplied with a 

vacuum pressure of 400 mmHg, which is within the range proven to be safe for the epicardium. 

In the suction clogging experiments, the front body was dragged 20 mm across the heart surface 

with the vacuum pressure active at two locations that featured the thick epicardial fat and exposed 

epicardial fat classifications. These trials were repeated 50 times at each location. The bottom of 

the suction chamber was photographed after every 10 trials, and the suction chamber was thor-

oughly cleaned of any accumulating epicardial fat deposits between the two locations. In the trac-

tion generation experiment, the same crawler body was dragged 20 mm across the heart surface 

with the vacuum pressure active at four locations featuring the four classifications of epicardial

 

   
Figure 4.10:  (left) Photograph of a freshly excised ovine (sheep) heart with three of the epicardial fat 
coverage classifications that we defined for this study: lean myocardium, thin epicardial fat, thick 
epicardial fat, and exposed epicardial fat. (right) Photograph of a freshly excised ovine (sheep) heart 
with the fourth epicardial fat coverage classification: exposed epicardial fat. For this classification, the 
epicardial was dissected away from the heart in order to expose the underlying adipose tissue.  
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fat coverage. The maximum traction force for each trial was recorded by pulling the body with a 

handheld force gauge. These trials were repeated five times at each of the four locations. 

 Repeatedly dragging the crawler body over epicardial fat with the vacuum pressure active 

illustrated that the epicardial fat will not clog the suction line, but does accumulate in the suction 

chamber. Figure 4.11 shows photographs of the suction chamber after every ten trials on a region 

of the heart with thick epicardial fat coverage. It can be seen that the front corners of the suction 

chamber, which were facing opposite to the direction in which the body was dragged, accumu-

lated epicardial fat over the experiment. For the same experiment conducted over the exposed 

epicardial fat, the accumulation of fat in the suction chamber was more pronounced. It can be 

seen in Figure 4.12 that the entire front face of the suction chamber became completely filled 

with the dislodged epicardial fat after just 10 trials. After approximately 20 trials, no further ac-

cumulation of fat was possible within the suction chamber. The suction line did not become 

clogged with dislodged epicardial fat in either experiment. 

 The traction experiment showed that the suction chamber was able to generate traction on the 

surface of ovine hearts with thin or thick epicardial fat coverage, but not on exposed epicardial 

fat. The suction chamber generated an average of 1.5 and 1.4 N of traction on the lean myocar-

dium of the left and right ventricles, respectively (Figure 4.13). These measures served as con-

trols because was no epicardial fat coverage on the heart at these locations. The average traction 

on the heart with thin epicardial fat was 2.2 N, while the average traction was 1.4 N over thick 

epicardial fat coverage. On the exposed epicardial fat, however, the average traction was only 0.3 

N. The traction on the exposed epicardial fat decreased over the course of the five trials, likely 

due to the accumulation of dislodged fat along the inside of the suction chamber seen in the pre-

viously described experiment (Figure 4.14).  

 In conclusion, the presence of normal epicardial fat did not clog the suction lines or suction 

chamber of the crawler, and the suction chamber was able to generate traction over epicardial fat 

as well. Although some epicardial fat did accumulate in the open suction chamber when dragged 

over thick epicardial fat, the traction study illustrated that this accumulation did not decrease the 

ability of the suction chamber to generate traction. The far greater accumulation when the crawler 

was dragged over exposed epicardial fat did adversely affect the traction generated by the suction 

pad. Fortunately, we do not expect that HeartLander will often encounter exposed adipose tissue, 

because the epicardium naturally covers this tissue on the heart. 
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Figure 4.11:  Photographs of the open suction chamber after every ten dragging trials on a region of 
the heart with thick epicardial fat coverage. It can be seen that the front corners of the suction 
chamber, which were facing opposite to the direction in which the body was dragged, accumu-
lated epicardial fat over the experiment. The vacuum line did not become clogged with the dis-
placed epicardial fat. 
 

 
Figure 4.12:  Photographs of the open suction chamber after every ten dragging trials on a region of 
the heart with exposed epicardial fat coverage. It can be seen that the entire front edge of the suc-
tion chamber, which were facing opposite to the direction in which the body was dragged, be-
came completely filled with epicardial fat after approximately 10 trials. The vacuum line did not 
become clogged with the displaced epicardial fat. 
 

   
Figure 4.13:  The mean and standard deviation of 
the maximum traction testing over the four clas-
sifications of epicardial fat coverage. The suction 
pad generated similar traction over the lean myo-
cardium, thin, and thick epicardial fat coverage. 
The maximum traction on the exposed epicardial 
fat decreased significantly. 

Figure 4.14:  A plot of the traction testing of the 
open suction pad over the exposed epicardial 
fat.The traction was poor to begin with, and de-
creased significantly over the testing. It is likely 
that this trend reflects the fact that the front edge 
of the suction pad quickly became completely 
covered with dislodged adipose tissue. 

 



 
 

42   CHAPTER 4.  ROBOT DESIGN 

4.5 Crawling Robot 

Three actuation methods have been investigated for implementing the inchworm-like locomotion 

described in Section 4.3:  cable-drive actuation, wire-drive actuation, and onboard motor actua-

tion. All prototypes consist of front and rear bodies that are created using stereolithography from 

a low viscosity liquid photopolymer that cures in a strong, tough, water-resistant plastic that of-

fers many properties similar to traditional engineering plastics like ABS. Each crawler body has 

an independent suction pads for prehension of the epicardium using vacuum pressure, as de-

scribed in Section 4.4. The design, construction, and testing of the prototypes developed using 

these actuation modes are described in the next three subsections.  

4.5.1 Cable-Driven 

The cable-driven HeartLander has two active degrees of freedom (DOF) and one passive DOF, 

and can be seen in Figure 4.15. The active degrees of freedom are actuated by two sets of antago-

nistic cable pairs.  One cable pair provides rotation of the rear body relative to the suction pad on 

which it sits, which allows turning.  The other cable pair controls the translation of a prismatic 

joint connecting the rear and front body sections, allowing the robot to extend and retract. 

Stainless steel 3x7 braided cable with a diameter of 0.23 mm is used in both cable pairs. Sheath-

ing to maintain tension in the cables is provided by small plastic tubing. The passive degree of 

freedom is provided by a flexible connection between the prismatic joint and the front body sec-

tion.  This allows the front body to pitch in order to passively adapt to the curvature and motion 

of the epicardial surface. 

 Inchworm-like locomotion is accomplished through coordination between the motors control-

ling the two cable pairs and the solenoid valves that regulate the vacuum pressure in the front and 

rear suction pads, as described in Section 4.3. This internal coordination of locomotion is main-

tained by the control system, and is thus transparent to the physician. A joystick provides a simple 

manner with which to administer the following four commands: rotate right, rotate left, walk 

forward, and walk backward. The turning and locomotion speed can also be adjusted from the 

joystick, allowing fine position control in sensitive situations. Throughout the locomotive cycle, 

the software monitors the readings from external pressure sensors attached to the vacuum lines to 

ensure that at least one suction pad maintains a grip on the heart surface at all times. 
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 The cable-driven HeartLander prototype was bench tested using a poultry tissue model [104]. 

The robot was able to travel across the surface of the tissue without restriction from the tether, 

and perform dye injections (Figure 4.16). Although this prototype generated acceptable benchtop 

locomotion, the larger size of the crawler and friction between the moving parts made locomotion 

on a beating heart phantom (with pericardium) impossible. Accordingly, this design was not 

tested on a living animal model. 

 

 
Figure 4.15:  The cable-driven HeartLander prototype. The upper arrow highlights the 3.5-mm 
diameter CCD camera through the translucent tapered front body, while the lower arrow high-
lights the needle. The height of the robot is 10 mm and the length is 30 mm. 
 

 
Figure 4.16:  The cable-driven HeartLander prototype performing locomotion over poultry tissue, 
and performing a dye injection. 
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4.5.2 Wire-Driven 

The wire-driven prototype consists of two tandem bodies that independently adhere to epicardium 

(Figure 4.17). Each body is 5.5 x 8 x 8 mm (H x W x L), and weighs 0.3 g. The distance between 

the front and rear bodies is controlled by a pair of nitinol drive wires that run longitudinally 

through the tether, connecting the front body and the offboard motors. Low-friction plastic 

sheaths, which are attached to the rear body, encapsulate the drive wires as they pass through the 

tether and transmit the wire forces to the rear body. The two DOFs provided by the pair of drive 

wires allow the angle and distance between the bodies to vary based on the lengths of the wires 

between the bodies. This type of robot, which bends continuously along its length through elastic 

deformation, rather than at discrete joints, is known as a continuum robot. The drive wire con-

figuration exhibits high bending compliance in the direction normal to the transverse plane of the 

robot  (i.e., the z-axis), which permits the pericardium to naturally force the robot into contact 

with the heart surface. Accordingly, navigation on the heart surface reduces to a two-dimensional 

problem where the rotational and transverse DOFs provided by the drive wires are sufficient to 

span the epicardium. This continuum robot design facilitates a simple and small form factor for 

the crawler that passively conforms to the rapidly varying curvature of the heart without the need 

for a complicated force feedback system [105]. When the bodies are brought close together, the 

wire compliance diminishes, thus providing a more stable connection between the bodies. The 

nitinol drive wires are used for their super-elastic properties, and are not actuated using thermal 

variation. This prototype produced acceptable locomotion on a beating heart phantom with the 

pericardium intact, and thus was further refined and tested on live animal models (Chapters 6 and 

7). 

4.5.3 Onboard Motor 

A prototype that features onboard motors was developed for the purposes of reducing tether stiff-

ness, and thereby increasing turning efficiency. The prototype, shown in Figure 4.18, is 8.5 mm
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Figure 4.17:  Photograph of the HeartLander crawling robot. The bottom of each body contains a 
suction pad for prehension of the epicardium;  vacuum pressure is transmitted through vacuum 
lines in the tether. Two drive wires transmit the actuation from the offboard motors for locomo-
tion. A 6-DOF electromagnetic tracking sensor is mounted to the front body. 
 
 
 

 
Figure 4.18:  HeartLander crawler with onboard motors. HeartLander prototype with onboard mo-
tors. This prototype measures 8.5 mm high, 15 mm wide, and 46 mm long. The prototype has 
demonstrated locomotion on the anthropomorphic heart phantom. 
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high, 15.0 mm wide, and 45.5 mm long. Locomotion is accomplished in the same general manner 

as the other HeartLander prototypes, using an alternating inchworm-style locomotion, with each 

of the two feet having suction to adhere to the epicardium. The robot is entirely controlled using a 

LabView™ Virtual Instrument (National Instruments, Austin, Texas).  

 The feet were rapid-prototyped via stereolithography apparatus (American Precision Proto-

typing, Tulsa, Ok.) using Watershed™ 11120 stereolithography resin. The rear foot of the robot 

houses two ultrasonic piezoelectric linear motors (Squiggle SQL-3.4, New Scale Technology, 

Inc., Victor, N.Y.). Each motor is capable of an output force of 1 N. During the extension phase 

of each locomotion cycle, with the rear foot locked down via suction, each linear motor pushes a 

threaded rod forward in order to advance the front foot. During the retraction phase, after active 

suction is switched to the front foot, the direction of travel of the linear motors is reversed, and a 

spring pulls the rear foot forward to meet the front foot. The crawler has demonstrated locomo-

tion on artificial surfaces and on the beating heart phantom. The maximum speed is 0.004 m/s.  

 There is a tradeoff between onboard- and offboard-motor prototypes: in principle, onboard 

motor designs allow a more flexible tether, since there are no drive-wires coming from outside, 

and this facilitates steering. However, the need to mount the motors within the crawler makes the 

problem of miniaturization more challenging, a difficulty that must be addressed in light of the 

spatial constraints of the intrapericardial environment. Accordingly, the onboard motor prototype 

is considered for future development and miniaturization, but not for live animal testing. 

4.6 Kinematics of Wire-Drive Crawler 

This section develops the inverse kinematics for the wire-driven crawler. The wire-driven crawler 

is used in all further testing because it performed the best in benchtop testing. During navigation 

and fine positioning, the front body must be precisely maneuvered with respect to the stationary 

rear body. The inverse kinematics provide the relationship between the wire lengths between the 

bodies (i.e., the joint space variables) and the pose of the front body (i.e., the work space vari-

ables). The external normal force exerted by the pericardium on the robot allows us to consider 

navigation over the curved heart surface as a simplified 2-D problem. The direct mapping of these 

planar kinematics onto the curved surface of the heart causes an error between the robot pose cal-

culated from the inverse kinematics and the true robot pose on the curved epicardium. This error, 

however, can be largely neglected because the average curvature of the heart–particularly the 
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ventricular surfaces–is relatively small over the distances traveled in a single step of the robot 

[106]. Furthermore, this approximation increases in fidelity as the robot approaches the target and 

the step size correspondingly decreases (Figure 5.12). 

 Determining the inverse kinematics of a planar continuum robot can be reduced to predicting 

the length and shape of the curve formed by the primary backbone. In the case of the HeartLander 

crawling robot, the primary backbone is the extensible imaginary curve located halfway between 

the two wires, and bounded by the front and rear bodies (Figure 4.19). Between the bodies, the 

wires assume the shapes that minimize the potential energy generated by the boundary torques at 

the bodies. In the absence of external transverse forces, the minimum energy curves for the pri-

mary backbone and wires will have constant curvatures [105]. We believe that neglecting 

thetransverse external forces imposed by the pericardium and epicardium is reasonable over the 

small distance between the bodies. This constant curvature simplification results in the length of 

the primary backbone curve (L) being equal to the average of the lengths of the two wires. Addi-

tionally, the shape of the primary backbone can be represented by a single bending angle β be-

tween the y-axes of the rear and front bodies (Fig. 6). The resulting forward kinematics for the 

  

 

 
Figure 4.19:  Illustration of the front crawler body turning to the left, with kinematic axes and 
variables shown. The Cartesian location (x, y) of the front body with respect to the rear body is 
controlled by the wire lengths L1 and L2. The length of the primary backbone L and bending an-
gle β were used to calculate the inverse kinematics. 
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primary backbone can be determined from geometry as 
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where L1 and L2 are the right and left wire lengths, respectively, and 2r is the fixed distance be-

tween the drive wires. 

A geometric evaluation of the Cartesian coordinates of the front body in terms of the length and 

bending angle of the primary backbone yields the following forward kinematics for the front body 
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Combining (1) and (2) yields the forward kinematics for calculating the front body Cartesian po-

sition (i.e., workspace variables) from the wire lengths (i.e., joint space variables) 
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This pair of equations can then be solved for the joint space variables in terms of the workspace 

variables, yielding the following closed-form inverse kinematic equations: 
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4.7 Sensors 

HeartLander uses a suite of onboard and offboard sensors to provide feedback for navigation and 

gather data from the intrapericardial environment. Load cells within the offboard mechanical 

transmission measure the forces applied to the drive wires. These data provide a measure of the 

force required to drive the robot through the intrapericardial space, which directly affects locomo-

tion efficiency. Pressure sensors, also located in the offboard instrumentation, measure the pres-

sure in the suction lines and corresponding suction chambers. These data are used to ensure that 
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the vacuum pressure applied to the epicardium remains at a safe level, and to ensure that suction 

chambers have a complete seal with the epicardial surface during active prehension. Figure 4.20 

shows data recorded from the pressure sensors and load cells during locomotion on a beating por-

cine heart.  

 An electromagnetic tracking system (microBIRD, Ascension Technologies, Burlington, VT) 

is used to measure the position and orientation of the robot in real time, without requiring a clear 

line of sight with the sensor [107]. This tracking system has been used to track flexible diagnostic 

catheters inside the body in order to localize sensor readings and register intraoperative and pre-

operative imaging [108], [109], [110]. The miniature 6-DOF tracking sensor has a 1.3-mm diame-

ter and 8.0-mm length, and is mounted to the front body of the crawler. The magnetic transmitter 

is attached to the operating table. This tracking system has a translational resolution of 0.5 mm 

and an angular resolution of 0.1° within our workspace, and a maximum update rate of 68.3 Hz. 

The tracker data are used by the robot controller during navigation and fine positioning, and also 

to display the location of the robot on the heart to the surgeon through the user interface. A plot of 

the position data collected from the microBIRD sensor mounted on the front body of the crawler 

during locomotion on a beating porcine heart can be seen in Figure 4.20. 
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Figure 4.20:  (left) Pressure sensor and load cell data recorded during three steps on a beating porcine 
heart.  (right) The raw (solid line) and low-pass filtered (broken line) 3-D position data collected 
from the 6-DOF electromagnetic tracking sensor (microBIRD, Ascension Technologies) mounted 
on the crawling robot during locomotion on a beating porcine heart. 
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 We have also explored the use of flexible fiber optic scopes and CCD cameras to provide di-

rect visualization of the epicardial surface. The video from the CCD camera is displayed directly 

on a monitor for the surgeon, while the fiber optic images are first digitized by an external video 

camera before being displayed (Figure 4.21). The FS-066-24 flexible fiber optic scope  

(ScopeTechnology, CT) had a small diameter of 1.8 mm and included a light guide, but provided 

insufficient resolution and dramatically increased tether stiffness. To address these issues, we 

employed a 3.8-mm diameter color CCD camera (Fort Imaging Systems, France). The resolution 

of this camera is 537(H) x 597(V), which is sufficient for recognition of epicardial landmarks for 

both navigation and administration of therapy (Figure 4.21). The depth of field is 5-mm to infin-

ity and the field of view is 90 degrees, allowing visualization of the needle tip during puncture 

and injection. Lighting is provided by two sets of flexible incoherent fiber optic bundles. Al-

though more flexible than the fiber optic scope, the CCD camera still increased the tether stiff-

ness. The camera also required a great increase in the height of the crawler bodies and often over-

heated due to the confined space within the robot. Although illustrated as a proof of concept, the 

limitations of both fiber optic and CCD sensors led us to rely completely on the electromagnetic 

tracking system for localization on the heart. In the future we may consider direction visualization 

of the epicardial surface as necessitated by the therapeutic interventions. 

 HeartLander can also be equipped with various diagnostic sensors that measure properties 

through direct contact with the epicardium. To illustrate this concept, we have mounted a custom 

bipolar electrode to the bottom of HeartLander to measure the electrical activity of the heart (Sec-

tion 7.4). Additionally, we have deployed a commercial ultrasound probe through HeartLander to 

visualize the internal structure of the heart from the intrapericardial space (Section 7.5). 

 

 
Figure 4.21:  (left) View of the left anterior descending artery (LADA) through the flexible fiber 
optic scope.  (right) The view from the CCD camera located on the front body of HeartLander. A 
grid of 1-mm squares is shown, along with the tip of an implantable pacing lead (right side). 
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4.8 End Effectors 

We have designed or adopted commercial therapeutic end effectors for the three intrapericardial 

therapies initially considered for HeartLander:  myocardial injection, epicardial pacing, and 

epicardial ablation.  

4.8.1 Remote Injection System 

The remote injection system uses a custom 27G needle that passes through a sheath in the work-

ing channel.  After the robot reaches the desired epicardial location, the surgeon advances the 

needle by hand, through the sheath, into the tissue.  The depth of the needle puncture is set by the 

mechanical constraints of the system, such that the needle can extend 3 mm out of the protective 

needle channel to avoid deep punctures (Figure 4.22).  The injection is then performed using a 

syringe attached to the proximal end of the needle. During locomotion, the needle is safely re-

tracted into the needle channel. This end effector will be useful for the injection of regenerative 

materials into areas of myocardial infarction. Demonstration of myocardial injection of tissue dye 

is presented in Chapter 7. 

 

 

   
Figure 4.22:  (left) CAD images of the remote needle injection system, with the needle retracted and 
extended.  (right) Photograph of the remote needle injection system with the needle retracted and ex-
tended. 
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4.8.2 Lead Placement and Ablation  

The remote epicardial lead placement system provides the surgeon a way to advance and engage 

an FDA-approved implantable lead into the epicardial surface (Flextend™, Guidant, MN) from 

HeartLander. The lead is advanced toward the epicardial surface under visual feedback (Figure 

4.21) using a customized guide wire running through the tether of HeartLander. The lead is then 

engaged into the epicardial surface using the active fixation mechanism of the device, in the same 

manner by which the lead is approved to be engaged through an endoscope. The custom guide 

wire is then remotely detached from the tip of the lead, and HeartLander is manually retracted 

back over the lead by its tether – leaving the lead engaged with the epicardium. This system could 

be used to perform left ventricular epicardial lead placement for cardiac resynchronization ther-

apy in patients with congenital heart disease, where open procedures are difficult and dangerous 

[111]. The preliminary results of a lead placement are described in Chapter 7. 

 The working channel of HeartLander supports the application of a commercial 5F (1.65-mm 

diameter) Biosense Webster™ A-type electrophysiology catheter to the epicardial surface of the 

heart without modification. Chapter 7 describes preliminary testing in an animal model with the 

chest opened. 

 

 

 
Figure 4.23:  CAD images of the modified endocardial active fixation pacing lead in the retracted 
(left) and extended (right) states.  In the extended position, the active fixation lead has also been en-
gaged. 
 

  



Chapter 5 

5 Control System Design 

The HeartLander control system is designed to meet the clinical goal of providing precise and 

stable access to the entire epicardial surface of the heart. In designing and evaluating the control 

system, we decompose this goal into two distinct, yet related, tasks:  navigation and fine position-

ing. This chapter motivates the control design specifications, then describes in detail the individ-

ual components of the control system. Localization is performed by filtering the robot tracking 

data to remove the physiological motion, and displaying the position on a static model of the 

heart surface. The inchworm-like locomotion modality described in Section 4.3 is refined to im-

prove stepping efficiency based on the physiological constraints of intrapericardial environment. 

Path planning and tracking, which generate navigation, are also tailored to the intrapericardial 

problem space, and are described in detail. The surgeon interacts with the system through a com-

puter and joystick interface, and is provided feedback of the robot location on the heart as a sub-

stitute for direct visualization. 
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Figure 5.1:  Illustration of the navigation task, 
the initial portion of the general target acquisi-
tion decomposition. The robot begins each trial 
proximal to the apex of the heart, then navi-
gates to the navigation target under semi-
autonomous control. The circumference of the 
ventricles is the region between the broken 
lines, and three navigation targets are visible in 
green. 

Figure 5.2:  Illustration of the fine-positioning 
task, the final portion of the general target ac-
quisition decomposition. Following navigation 
to the remote target area, the robot makes a 
series of small, precise motions to each of the 
targets within the specified pattern. Six fine-
positioning targets are shown in red. 
 

 

5.1 Control Design Specifications 

To facilitate the selected intrapericardial therapies, HeartLander must demonstrate the ability to 

acquire to a series of targets on the beating heart in a precise and stable manner. The acquisition 

of any target series with arbitrary size, shape, and location can be decomposed into a navigation 

task to the general target region (Figure 5.1), followed by fine positioning to each of the local tar-

gets within the region (Figures 5.2). This decomposition allows the control system to balance 

speed and accuracy based on the requirements for each of the navigation and fine-positioning 

tasks, thus reducing the total task completion time. This is a logical decomposition of the general 

target acquisition task, but there exist many reasonable alternatives. During the navigation phase 

to the general target region, the speed with which the robot moves is more critical than the preci-

sion of its motions. In the fine-positioning phase, during which the targets are acquired, precision 
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is critical and must take precedent over movement speed. Throughout both the navigation and 

fine-positioning components of target acquisition, HeartLander must provide a stable platform 

relative to the heart surface in order to operate safely on the unconstrained epicardium. These ex-

perimental criteria of providing semi-autonomous navigation and fine-positioning in a stable 

manner drove the design and evaluation of the HeartLander control system. 

5.2 Localization of the Robot 

HeartLander stabilizes itself with the heart by attaching to the epicardium, and passively moving 

with the heart over the respiration and cardiac cycles. An instrument deployed from HeartLander 

can safely interact with the portion of the epicardium proximal to the crawler, because it is syn-

chronized with the heart surface motion. Thus, the robot and the epicardium exhibit the same 

transformations due to the physiological motion of the respiration and heartbeat cycles. These 

physiological transformations are measured in real time by the tracking sensor mounted on the 

robot, because the sensor measurements are defined with respect to the stationary magnetic 

transmitter attached to the operating table. For example, the tracking data will exhibit the underly-

ing physiological motion when the robot is at rest on the surface of the heart (Figure 5.3). For 

localization, however, we wish to know the position of the robot relative to the heart surface, 

which changes only as the robot moves over the heart – not with the underlying physiological 

motion. Accordingly, we will localize the robot with respect to the moving reference frame of the 

beating heart, rather than the stationary reference frame of the electromagnetic tracking system. 

With respect to this moving reference frame, the heart surface, the attached robot, and all targets 

located on the heart surface will be stationary over the physiological cycles. In order to transform 

the reference frame for the robot tracking sensor from a stationary to a beating-heart reference 

frame, we filter the underlying physiological motion from the robot tracking sensor in real time.  

This simulates the effect of mounting the magnetic transmitter to the beating heart, which is not 

physically possible. The result of this filtering is that the position and orientation of the robot will 

appear stationary when it is resting on the surface of the beating heart. Additionally, the tracked 

motion of the robot as it travels over the heart surface will not be superimposed over the underly-

ing physiological motion of the heart (Figure 5.3).  
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Figure 5.3:  The longitudinal axis of the position data from the tracking sensor on the front body 
of the robot crawler on a beating porcine heart. The robot is at rest for the first 12 seconds, then 
takes a step forward. The underlying physiological motion of the respiration (lower frequency) 
and the heartbeat motion (higher frequency) can be seen in the unfiltered data (solid line), but has 
been largely removed from the filtered data. 
 

 

 For localization, the surface of the heart – as well as targets located on the heart surface –

must also be defined with respect the same moving reference frame on the beating heart. These 

objects will appear stationary over the physiological cycles, and are described in detail in Sec-

tions 5.4 and 5.7. In this manner, the control problem reduces to that of a crawling robot traveling 

to stationary targets over a stationary surface. This simplification is only possible because the ro-

bot moves with the epicardium, and is thus located within the reference frame of the beating 

heart. The remainder of this section provides the details of the filtering techniques used to remove 

the physiological motion from the robot tracking system in real time. 

5.2.1 Filtering Robot Tracking Data 

During porcine testing, the animal is placed under general anesthesia and mechanically ventilated, 

while the heart is left to beat freely without the aide of anti-arrhythmic drugs. The respiration rate 

of the animal is adjusted within the range of 12 – 16 respirations per minute (rpm) or 0.2 – 0.27 

Hz to maintain an appropriate level of carbon dioxide in the blood. The respiration rate for hu-

mans is typically in the lower end of that range. The range of heart rate for a pig is 68 – 90 beats 



 
 

57 

per minute (bpm) or 1.13 – 1.5 Hz. The heart rate range for humans also overlaps within the 

lower end of that range.  

 Initially, we used a third-order Chebyshev Type II low-pass filter with a stopband cutoff of 

20 dB at a frequency of 0.2 Hz to remove all physiological motion from the tracking data in real 

time (Figure 5.4). Because locomotion over the heart surface is reduced to a 2-D problem within 

the intrapericardial space, we are primarily concerned with the physiological motion within the 

plane tangential to the heart surface (i.e., the transverse plane of the robot). In order to quantify 

the physiological motion attenuation provided by the filter, we first transform the tracker data 

from the magnetic transmitter reference frame to that of the robot adhering to the heart surface. In 

this manner, the x- and y-axes form the plane that is tangential to the surface of the heart, while 

the z-axis is normal to the surface of the heart. The low-pass filter with a cutoff of 0.2 Hz was 

shown to reduce the tangential component of the physiological motion 85 % from 7.3 ± 1.2 mm 

to 1.1 ± 0.5 mm. Although this level of attenuation is sufficient to achieve the desired positioning 

accuracy for our sample therapies, the filter also introduced an undesirable 5 s delay in the tracker 

data. This delay is apparent in Figure 5.5, when the robot takes a step after an initial 30 s resting 

period. 

 To address this filter delay, we implemented a series of filters consisting of a low-pass filter 

and two notch filters. First, a third-order Chebyshev Type II low-pass filter with a stopband cutoff 

of 20 dB at a frequency of 1.0 Hz is used to remove the heartbeat motion from the tracking data. 

This filter is able to attenuate the heartbeat motion despite the frequent fluctuations in heart rate, 

while introducing a much smaller delay than the same filter with a frequency cutoff of 0.2 Hz. To 

remove the respiration component of the physiological motion, we then use a series of two sec-

ond-order IIR notch digital filters, with notch frequencies at the primary (0.23 Hz) and secondary 

harmonics (0.46 Hz) of the respiration rate. Notch filters are appropriate for this task, because the 

respiration rate is precisely controlled by the ventilator. The first harmonic notch filter was de-

signed to have a narrow bandwidth of 0.0067 Hz at an attenuation level of -3dB, in order to avoid 

attenuating the robot motion with a nearby frequency of 0.25 Hz. The notch of the second har-

monic filter was widened to 0.13 Hz at an attenuation level of -3dB. The individual frequency 

responses that combine to form this filter set can be seen in Figure 5.6. This filtering method at-

tenuated the tangential physiological motion 81 %, from 7.3 ± 1.2 mm to 1.4 ± 0.5 mm. The delay 

caused by this filter was 1 s, which is significantly shorter than that of the low-pass filter previ-

ously used to remove both respiration and heartbeat motion (Figure 5.7). This second filtering 

method achieved an acceptable level of attenuation of the physiological motion, with an accept-
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able delay in the tracking data. The initial low-pass filtering method was used in early porcine 

testing, such as the navigation study presented in Section 6.2. The superior combination filter 

comprised of low-pass and notch filters was used in the more recent porcine testing presented in 

Sections 6.1 and 6.3. The amplitudes of the physiological motion before and after each of the fil-

tering techniques over a range of locations on various porcine hearts are presented in Table 5.1. 

The physiological motion is decomposed into the lateral, longitudinal, normal, and tangential 

components. 

 

            
Figure 5.4:  Plots of the magnitude and phase 
of the frequency response of the initial low-
pass filter used to remove the physiological 
motion from the robot tracker data. The filter is 
a third-order Chebyshev Type II low-pass filter 
with a stopband cutoff of 20 dB at a frequency 
of 0.2 Hz. The primary and secondary respira-
tion frequencies are shown by solid vertical 
lines, while the robot locomotion frequency is 
shown by the broken line.  

Figure 5.5:  The raw and filtered tracker data 
during robot locomotion on a beating porcine 
heart. The initial 30 s show isolated physio-
logical motion while the robot is a rest. As the 
robot takes a step, the physiological motion is 
superimposed over the robot motion in the raw 
data. The third-order Chebyshev Type II low-
pass filter with a stopband cutoff of 20 dB at a 
frequency of 0.2 Hz removes 85% of the 
physiological motion, but introduces a signifi-
cant delay of approximately 5 s. 
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Figure 5.6:  Plots of the magnitude and phase 
of the frequency response of the combined 
low-pass and notch filter used to remove the 
physiological motion from the robot tracker 
data. A third-order Chebyshev Type II low-
pass filter with a stopband cutoff of 20 dB at a 
frequency of 1.0 Hz is first used to remove the 
heartbeat motion. Two second-order IIR notch 
filters with notch frequencies at the 0.23 and 
0.46 Hz are then used to remove the first and 
second harmonics of the respiratory motion. 
The heartbeat and respiration frequencies are 
shown by solid vertical lines, while the robot 
locomotion frequency is shown by the broken 
line. 

Figure 5.7:  The raw and filtered tracker data 
during a trial with 30 s of resting data on a beat-
ing porcine heart, followed by robot locomotion. 
The data was filtered with a combined low-pass 
and notch filter. This filter removes 81 % of the 
physiological motion, and introduces a reason-
able delay of approximately 1 s. 
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Table 5.1:  The amplitude of the physiological motion of beating porcine hearts along the primary 
robot axes and plane tangential to the heart. These data were collected over five porcine studies, 
with locations spanning the circumference of the heart. The resultant motion within the tangential 
plane provides a measure of the physiological motion that must be overcome by HeartLander to 
safely interact with the surface of the heart. The residual physiological motion along these axes 
after the application of the two filtering techniques described in Section 5.2 is also shown. 
 

 
 

5.3 Locomotion 

The coordination of the inchworm-like locomotion of HeartLander is handled by the low-level 

controller, and is thus transparent to the physician. As described in Section 4.3, the motion is gen-

erated by extending the front body with the rear body locked to the epicardium, then advancing 

the rear body after switching the epicardial grip to the front body. When the efficiency is 100 %, 

the robot advances by one step length over each locomotion cycle. In the confined and volatile 

intrapericardial environment, however, the body with suction grip of the epicardium often slips 

somewhat, resulting in lower locomotion efficiency. To improve this efficiency, we have con-

ducted bench tests to determine the effect of extension speed on the traction of the suction pads. 

We have also designed a control method in which the tracking sensor data is used coordinate the 

Unfiltered Data Low-Pass Filter (0.2Hz) Low-Pass + 2-Notch Filter
Trial Location 

Long. Lat. Norm. Tang. Long. Lat. Norm. Tang. Long. Lat. Norm. Tang. 

15-1 anterior 2.7 3.1 4.2 4.1 0.4 0.8 0.4 0.8 0.7 0.9 0.8 1.2 
15-9 left-lateral 7.1 4.6 2.7 8.5 0.7 0.7 0.3 1.0 0.5 0.9 0.5 1.0 
15-11 posterior 8.3 4.2 5.3 9.3 0.9 0.7 0.6 1.1 0.7 0.7 0.8 1.0 
15-12 right-lateral 5.5 2.5 5.5 6.0 0.9 0.7 0.6 1.2 0.8 0.9 0.6 1.2 

16-1 anterior 2.6 6.4 4.8 7.0 0.5 0.9 0.4 1.0 0.7 1.2 0.8 1.4 
16-8 left-lateral 4.6 3.3 4.5 5.7 0.8 1.2 0.8 1.5 1.0 1.4 1.0 1.7 
16-10 right-lateral 8.4 4.7 2.7 9.6 1.9 1.2 1.0 2.2 2.5 1.4 1.0 2.8 
16-16 posterior 6.5 5.4 6.5 8.5 0.8 1.4 0.7 1.6 0.7 1.5 0.7 1.7 

17-1 anterior 4.3 4.6 10.8 6.3 0.4 0.2 0.6 0.5 0.9 0.6 1.2 1.1 
17-4 left-posterior 10.4 4.1 3.4 11.5 0.7 0.6 0.3 0.9 1.4 0.9 0.7 1.7 
17-6 left-anterior 2.7 4.7 9.2 5.5 0.4 0.4 0.6 0.5 0.6 0.9 1.3 1.1 

18-1 anterior 3.8 3.6 4.9 5.2 0.7 0.5 0.7 0.5 1.1 1.1 1.3 1.5 

19-2 left-lateral 3.7 4.9 1.6 6.1 1.5 0.4 0.2 1.6 0.5 0.5 0.3 0.7 

19-3 posterior 6.7 7.1 2.5 9.7 0.9 1.2 0.3 1.5 0.6 0.8 0.4 1.0 

mean  5.5 4.5 4.9 7.3 0.8 0.8 0.5 1.1 0.9 1.0 0.8 1.4 
std  2.4 1.2 2.6 2.2 0.4 0.4 0.2 0.5 0.5 0.3 0.3 0.5 
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locomotion timing of the robot with the respiration cycle. These efforts are described in the next 

two subsections. 

5.3.1 Stepping Speed 

This study was an attempt to investigate the effect of varying the extension speed on the traction 

generated by the HeartLander suction pads on the epicardium [103]. Our testing setup measured 

the force applied to a gripper pad adhering to excised ovine (sheep) epicardial tissue. The gripper 

pad was pushed until it lost traction and began to slide across the epicardial surface. Video was 

recorded in order to track the pad and tissue during the extension. By synchronizing the force and 

video data, we were able to reliably determine the point at which the pad lost traction and began 

to slip during the extension. This maximum force prior to slip was the evaluation criteria by 

which the stepping speed was evaluated. Increasing the extension speed up to 20 mm/s resulted in 

a corresponding increase in traction (Figure 5.8). Increasing the vacuum pressure also improved 

the traction, but the magnitude of the effect was less than the improvement gained from increas-

ing extension speed (Figure 5.8). These results indicate that an extension speed of 20 mm/s gen-

erates the highest traction force for the suction pad locked to the epicardium during a stepping 

motion. 

 

 

 
Figure 5.8:  (left) The forces recorded at the loss of traction over a range of extension speeds with 
an open gripper pad and vacuum pressure of 400 mmHg. (right) The forces recorded at loss of 
traction over a range of vacuum pressures with an open gripper pad, and two different extension 
speeds. 
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5.3.2 Step Coordination with Respiration 

In an attempt to further improve locomotion efficiency, the timing of the locomotion mechanics is 

coordinated with the phase of the respiration cycles. As mentioned in Section 3.1.3, the intraperi-

cardial pressure varies approximately 2 to 6 mmHg over the respiration cycle [64], [65]. We pro-

pose that this fluctuation in intrapericardial pressure directly affects the normal force, and thus the 

friction force, imposed on HeartLander by the pericardium. This hypothesis has been supported 

by video evidence recorded with the chest closed, in which the tightness of the pericardium over 

the robot appears to vary with the respiration cycle. The underlying physiological reason for this 

pressure fluctuation may be that the heart moves in the anterior direction (toward the sternum) as 

the lungs fill with air during inspiration, causing the pericardium to be drawn more tightly over 

the anterior surface of the heart due to its attachment to the diaphragm. Additionally, the in-

creased lung volume following inspiration likely exerts more external pressure on the surface of 

the heart.  

 In light of these considerations, we have coordinated the HeartLander locomotion to take 

steps only following expiration, when the lungs occupy the smallest volume. Although the respi-

ration cycle can be accurately measured with a mass airflow sensor, such as the AWM700 (Hon-

eywell, Freeport, Illinois), we estimate this information using the existing electromagnetic track-

ing system located on the front body of the crawling robot. During inspiration, the heart translates 

in the negative z-direction; i.e., in the anterior direction, toward the sternum. During expiration, 

the heart translates in the positive z-direction; i.e., in the posterior direction, toward the spine. 

Figure 5.9 shows a typical measurement of this motion recorded from a beating porcine heart in 

situ, where the oscillations due to heartbeat (higher frequency) and respiration (lower frequency) 

are visible. Using the onboard tracker data to estimate the respiration cycle obviates the addition 

of another sensor, and directly measures the property that we believe contributes to the intraperi-

cardial pressure fluctuation:  the antero-posterior (A-P) translation of the heart. 
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Figure 5.9:  (upper) The antero-posterior (A-P) translation of the robot resting on the surface of a 
beating porcine heart over four respiration cycles. The heartbeat motion (higher frequency) has 
been removed from the filtered data with a low-pass filter. The heart moves in the anterior direc-
tion (negative z) during inspiration, and in the posterior direction (positive z) during expiration. 
We hypothesize that stepping during the pause following the expiration motion will result in im-
proved locomotion efficiency, and therefore must detect the end of the expiration motions in real 
time. (lower) The A-P velocity for the filtered translation data in the upper plot. The end-
expiration events can be detected in real time (green vertical lines) by finding the zero-crossings 
that occur immediately after the data was positive for at least 1 s. This method correctly identified 
end-expiration events in 91 % of the respiration cycles in 800 s of data tested offline to validate 
the method. The ideal stepping regions are between each pair of green and magenta vertical lines. 
 
 

 Reviewing the tracking data with HeartLander adhering to various locations around the cir-

cumference of the beating porcine heart revealed that this A-P translation of the heart over respi-

ration is independent of the location of the robot on the heart. To take advantage of the portion of 

the respiration cycle during which the heart is in its most posterior location and the lungs occupy 

the smallest volume, stepping is performed during the resting period following the expiration mo-

tion. This resting period between the end of expiration and the beginning of inspiration lasts ap-

proximately one quarter of the total respiration cycle. For a respiration rate of 14 breaths per min-

ute (0.23 Hz), the end-expiration rest lasts approximately 1 s. Accordingly, the control system 

must detect the end of the expiration motion, and trigger a step that will be completed by the start 

of inspiration.  

 To detect the end-expiration (EE) phase of respiration, we monitor the velocity of the A-P 

tracking data with the heartbeat motion removed using a low-pass filter with a cutoff frequency of 
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1.0 Hz, as described in Section 5.2. The EE motion can be detected by finding the first zero-

crossing in the A-P velocity that immediately follows the peak associated with the expiration mo-

tion (Figure 5.9). To avoid misclassifying zero-crossings due to noise as EE events, we require 

that the velocity remain positive for a minimum duration of 0.6 s prior to the detection of an end-

expiration event. This inherently requires that an expiration motion immediately precede each EE 

event, which is logical. This detection method was applied to a library of over 800 s of data with 

HeartLander attached to various locations around the porcine heart. The results were 177 correct 

EE classifications (91.2%), 7 false-positives (3.6%), and 10 false-negatives (5.4%). False-

negatives result in the control system missing an opportunity to take a step until the next respira-

tion cycle, and are therefore not of great concern as long as the occurrence rate is reasonably low. 

The error rate of 3.6% for the false-negatives, which would result in stepping during the subopti-

mal phase of respiration, was considered acceptable. 

 The duration of the extension or retraction stepping motion must remain less than 1 s in order 

to complete the motion prior to the onset of inspiration. To test this hypothesis, we calculated the 

percentage of stepping motions that would have been completed (in simulation) prior to inspira-

tion for the previously mentioned library of 800 s of resting data. This simulation was performed 

over a discrete range of stepping durations from 0.25 to 2.0 s. Figure 5.10 shows the average per-

centages of the steps that fell within the EE resting period over the step duration range. A maxi-

mum step duration of 1.0 s was selected because it permitted enough time for a reasonable step 

length, while maintaining over 95% of the step within the EE rest period. 
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Figure 5.10:  The average percentage of stepping motion completed prior to the onset of inspira-
tion for a range of step durations using 800 s of offline data recorded during porcine testing. 
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5.4 Controller Overview 

In order to meet the different requirements of the navigation and fine-positioning components of 

general target acquisition, the control system has two operational modes. Switching between the 

control modes balances the tradeoff between speed and accuracy based on the requirements of the 

task. The navigation mode is used to quickly deliver the robot to the general target vicinity, while 

the fine-positioning mode is used to precisely acquire the individual targets within the pattern. 

Targets for both the navigation and fine-positioning tasks are defined with respect to the moving 

reference frame of the beating heart, in the same manner as the robot tracking data. Accordingly, 

the locations of the targets do not vary over the respiration or heartbeat cycles, and thus appear as 

stationary points in space. The 3-D locations of the targets are defined in the coordinate system of 

the electromagnetic tracker, and thus are properly registered to the robot tracker data. A diagram 

of the control system architecture for HeartLander can be seen in Figure 5.11. 

 A circular boundary – originating from the projection of navigation target into the transverse 

plane of the robot – separates the regions to which the control modes are assigned. (Figure 5.12). 

As mentioned in Section 4.6, all kinematics are considered only within the transverse plane of the 

robot. The circular control boundary has a radius equal to the single step length of the robot. 

When the robot is outside of this boundary, navigation proceeds along the path, without account-

ing for the filtering delay in the tracking data. This allows the robot to move to the general target 

vicinity rapidly. The error in the robot localization due to the filtering delay is ignored during 

navigation because the target will not be acquired in this control mode, making position accuracy 

less critical. 

 After the robot crosses the control boundary, the control system enters the fine-positioning 

mode. The front body of the robot is then maneuvered directly to the current target projection, 

using the inverse kinematics, until the target is acquired within the distance specified by the sur-

geon. In this second control mode, the accuracy of the robot localization with respect to the target 

is critical. After each motion of the front body toward the target, the control system pauses to ac-

count for the filter delay before updating the robot localization from the tracker data. If the target 

was not acquired during the previous motion, subsequent adjustments of the front body are made 

until the target is acquired within the specified distance. In this manner, the robot makes a series 

of fine-positioning motions, rather than full steps involving motion of the rear foot. This scheme 

also allows the acquisition of multiple local targets in minimal time.  
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 The semi-autonomous design of the controller keeps the high-level commands under the con-

trol of the surgeon, while managing the underlying control mode selection, path following, and 

actuator commands. Both control modes proceed as long as the surgeon advances the joystick. 

The surgeon also determines which target from the pattern is the initial target for navigation, and 

the order of the target acquisitions in the fine-positioning mode. We believe that keeping the sur-

geon actively involved in the therapy planning and execution will both ease the adoption of the 

technology and take advantage of user expertise. Additionally, the surgeon has the option to exe-

cute hard-coded, open-loop locomotion commands (e.g., walk straight, turn left) that override the 

semi-autonomous controller. These open-loop commands are available in case the surgeon desires 

more direct control over the actions of the robot in a particular situation.  
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Figure 5.11:  Control architecture for the HeartLander system. The control system generates 
semi-autonomous target acquisition using input from the surgeon through the user interface and 
feedback from the robot tracking sensor. Based on the distance of the robot from the target, the 
control switch will select the appropriate control mode: navigation or fine positioning. Both the 
navigation and fine-positioning control modes use the 3-D location of the current target, the heart 
surface model, and feedback from the robot tracking sensor to guide the robot toward the current 
target. Each control mode is tuned to balance speed and accuracy. The robot motion controller 
generates the lower-level commands to move the robot based on the desired motions passed from 
the higher-level controllers. 
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Figure 5.12:  Illustration of the target being projected into the transverse plane of the robot during 
navigation. The white circle shows the target acquisition region, while the light gray circle shows 
the control mode boundary between navigation and fine positioning. Note that when the robot is 
far from the target (left), the error cause by projection into the transverse plane is larger then 
when the robot is close to the target (right). This is due to the curvature of the heart. 

5.5 Path Planning 

At the start of a target acquisition trial, the control system generates a path that begins at the apex 

of the heart and ends at the navigation target selected by the surgeon. In the case of a multiple 

target acquisition, the surgeon generally selects the initial target to be the one that is closest to the 

apex and located along the approximate midline of the target pattern. This selection method 

places the target pattern in front of the robot following navigation, thus improving the chance that 

all targets can be acquired without additional navigation episodes. If multiple target patterns must 

be acquired at distant locations on the heart, the robot is returned to the apex and the aforemen-

tioned process is repeated for each pattern. Generating a direct path from the apex to the naviga-

tion target over the heart surface represents the optimal trajectory based on the heuristic of mini-

mizing the curvature and potential energy of the tether. This heuristic is used because the tether 

exerts a significant external force on the rear body when held in tortuous configurations, and 

these forces can adversely effect the accuracy of fine positioning. As can be seen in Figure 3.4, 

direct paths can be used to reach any target on the epicardial surface of the heart from the apex, 

because the intrapericardial space is a single continuous volume.  
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Figure 5.13:  An illustration of the path tracking component of navigation. (left) The goal point 
for the current step is selected as the point along the path (shown in gray) that is one “lookahead 
distance” from the current location of the robot. The lookahead distance is the radius of the circle, 
and the goal point is the intersection of this circle with the path (shown by the dot). (right) The 
front body of the crawler is moved to the goal point for the current step, and the process is re-
peated until the robot reaches the target. 

5.6 Path Tracking 

The path tracking component of the navigation controller defines the manner in which the robot 

follows the path from the apex to the initial navigation target. Specifically, the path tracker selects 

an intermediate point along the path as the goal point for the current step, plans a trajectory to the 

goal point, and issues the corresponding actuator commands. Path tracking is accomplished using 

pure pursuit [112], which is widely used in mobile robot path tracking, and has been shown to 

outperform numerous other control theory approaches and polynomial fitting approaches under 

various conditions [113]. Predictive [114], adaptive, and feedforward [115] variations of classical 

pure pursuit exist, but these more sophisticated methods deal with problems that arise in continu-

ous, high-speed applications.  Simple pure pursuit is a reasonable selection for this application 

because HeartLander makes discrete motions at relatively low speeds along paths with low curva-

ture.  The pure pursuit algorithm calculates the constant steering angle that delivers a car-like ve-

hicle from its current location to the goal point [112]. This task is geometrically similar to our 

path tracking task because the HeartLander crawler moves along arcs of constant curvature at 
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each step. The goal point is selected as the intermediate point along the path that is located a 

specified distance from the current robot location (Figure 5.13). This distance is called the looka-

head distance, and is the single parameter that can be adjusted to modify the path following be-

havior of pure pursuit. If the lookahead distance is small, the robot will tightly adhere to the path, 

but may oscillate about curves depending on the speed of the robot. If the lookahead distance is 

large, on the other hand, the robot will smoothly follow the path without oscillation, but may cut 

off sharp corners. The value of the lookahead distance is specific to the tracking strategy, and 

therefore cannot be optimized in the general case. We currently set the lookahead distance to be 

equal to the single step length of the robot – the maximum distance that can be traveled in a sin-

gle step – because we do not anticipate high path curvatures.  

 After the goal point has been determined, the path tracker calculates the actuator commands 

to generate the desired motion of the front body to the goal point (Figure 5.13). The path tracker 

uses the estimation of the front body location from the filtered robot tracking sensor to transform 

the goal point into the reference frame of the robot. The inverse kinematics (4) are then used to 

calculate the drive wire lengths between the bodies that will move the front body to the goal 

point. After the current step is complete, the next goal point is found and navigation continues 

until the robot enters the fine-positioning control mode near the initial navigation target. 

5.7 User Interface 

Prior to each study, an approximate surface model of the porcine heart is generated for the dis-

play. The surgeon first traces the epicardial surface of the beating heart with a probe, which has 

an electromagnetic tracking sensor fixed to the distal tip, in order to generate a 3-D point cloud of 

the heart surface. The perimeters of 2-mm coronal slices of the point cloud are then segmented by 

hand for the entire heart. A 3-D convex hull is fit to the segmented heart surface points using the 

software package Matlab™. Figure 5.14 shows the point clouds, wire frame model, and rendered 

surface model generated for a porcine heart. This technique of generating the surface model of the 

heart does not take into account the heartbeat or respiratory motion during the tracing task. Ac-

cordingly, the point cloud, and corresponding surface model, represent the approximate average 

position of the heart over the physiological cycles. No anatomical landmarks are currently repre-

sented on the surface model. Similar to both the robot localization and the definition of the tar-

gets, the heart surface model is defined with respect to the moving reference frame of the beating 
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heart. Accordingly, the model is stationary. Furthermore, because the positions heart surface trac-

ings, from which the model is derived, are measured with respect to the electromagnetic tracking 

system, the model is properly registered to both the robot tracking data and the targets. 

 

 

 
Figure 5.14:  A sequence of images showing the generation of the heart surface model for the 
surgeon’s graphic display. A point cloud (a-c) is first generated by the surgeon by tracing the 
beating heart with a tracker probe. A wire frame surface model (d-f) is then generated by fitting a 
convex hull to the hand segmented perimeters of the point cloud. Lastly, Matlab™ is used to cre-
ate a rendering of the wire frame model as a solid object with lighting (g-i). 
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 For both the navigation and fine-positioning tasks, the surgeon views a graphical display of 

the robot and target positions on the heart. During the navigation task, the path generated by the 

robot is also shown (Figure 5.15). The surgeon uses the display to select the current target, and 

monitors the progress of the acquisition. This display is the only form of visualization during the 

porcine testing in vivo because the closed chest and intact pericardium make direct visualization 

difficult.  

 

 

 
Figure 5.15:  Screenshots showing two views of a navigation trial from the graphic display. The 
ideal path (dark gray) and true robot path (light gray with black way points) can be seen. The cur-
rent robot location (large black sphere) overlaps the target location (large gray sphere), and thus 
they are difficult to differentiate. 



 



Chapter 6    

6 Robotic System Evaluation 

To perform the intrapericardial therapies envisioned for HeartLander, the robot must demonstrate 

the acquisition of a series of targets on the beating heart in a precise and stable manner. The ac-

quisition of a target series with arbitrary size, shape, and location can be decomposed into a navi-

gation task to the general target region, followed by fine-positioning to each of the local targets 

within the region. This decomposition is reflected within the control system to meet the different 

requirements for each of the navigation and fine-positioning tasks, and will also be reflected in 

the evaluation presented in this chapter. 

 We evaluated the performance of the HeartLander system through a series of studies using a 

beating porcine model with the chest closed and pericardium intact. This chapter describes the 

experimental protocols and results from these studies that demonstrate successful navigation, fine 

positioning, and stability. This demonstration of precise and stable access, complemented by the 

results from the therapy feasibility studies presented in Chapter 7, validate that HeartLander can 

be used as a delivery platform for intrapericardial therapy. 
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6.1 Animal Preparations 

Healthy Yorkshire swine (N = 3;  body weight 40–50 kg) were used in all porcine studies in ac-

cordance with a board-approved protocol. Porcine models were selected because they have well-

developed fibrous pericardia and extensive diaphragmatic attachments that are similar to those in 

humans [116]. The animals were maintained in the supine position. After standard single-lumen 

endotracheal intubation, a surgical plane of anesthesia was maintained using isoflurane, 1–3%. 

The heart was allowed to beat naturally, without the use of anti-arrhythmic drugs. The animal was 

placed on a ventilator, and breathing was regulated at 0.23 Hz. Invasive hemodynamic and arte-

rial blood gas monitoring was performed throughout the procedure. The surgeon accessed the 

apex of the heart through a subxiphoid percutaneous incision beneath the sternum, and placed 

HeartLander on the epicardium through a small pericardiotomy. This subxiphoid technique pro-

vided intrapericardial access for the robot on the beating heart without requiring differential ven-

tilation or lung deflation. A photograph of the surgical suite used for all animal testing can be 

seen in Figure 6.1. 

 

 
 
Figure 6.1:  Photograph of the surgeon interacting with the HeartLander system through the user 
interface. The surgeon commands the control system at a high level using the joystick, while re-
ceiving real-time feedback of the location of the robot on the heart surface from the display. 
Some of the support instrumentation can be seen above the animal. The crawler is located on the 
heart, although the tether is difficult to see due to its neutral color and small size. 



 
 

75 

 The surgeon was able to safely deliver HeartLander to the intrapericardial space using a 

subxiphoid approach in all porcine studies. A 30–40-mm percutaneous incision was made directly 

below the subxiphoid process of the sternum, and a small retractor was used to maintain the ac-

cess. A photograph of a typical subxiphoid approach to the porcine heart can be seen in Figure 

6.2. The surgeon then dissected the fascia and sinew located beneath the sternum to clear a direct 

path to the apex of the  heart. A smaller 10–15-mm incision was then made in the pericardium, 

and 1–3 sutures were used to tent this pericardial opening. This provided direct access to the 

epicardial surface of the apex, whereby HeartLander was placed beneath the pericardium (Figure 

6.3). In all studies, the heart was allowed to beat naturally without the use of pacing or anti-

arrhythmic drugs. All animals survived until end of the procedure, at which point they were 

euthanized according to the board-approved protocol. No adverse hemodynamic or electrophysio-

logical events, such as hypotension or fatal arrhythmias, were noted during any study. Normal 

sinus rhythm was maintained throughout. No significant epicardial damage was found by visual 

inspection or histological analyses of the excised hearts.  

 Following each subxiphoid access, the surgeon generated the heart surface model for the 

graphic display  (see Figures 5.14 and 5.15). The technique described in Section 5.7 was suffi-

cient to create heart models for all porcine studies. 

 

 
Figure 6.2:  A photograph of the subxiphoid approach used in all porcine studies by the surgeon to 
deliver HeartLander beneath the pericardium near the apex of the heart. A 30–40-mm percutane-
ous incision (A) was made beneath the xiphoid process of the sternum to expose the apex of the 
heart. A 10–15-mm incision was then made in the pericardium (B), thus providing access to the 
epicardial surface of the apex (C). 
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Figure 6.3:  Photograph from a thoracoscope showing HeartLander beneath the pericardium on the 
anterior surface of the heart. The outlines of the front and rear bodies have been highlighted using 
a broken line. It can be seen that the pericardium is tightly pulled over the robot, thus forcing both 
bodies into contact with the curved epicardium of the heart. 
 
 
 

6.2 In-Vivo Porcine Navigation Study 

In the navigation study, we evaluated the ability of HeartLander to travel to the general target 

area from the apex of the beating heart in a semi-autonomous manner. This is the first component 

of the decomposition of a general target series acquisition presented in this thesis, which drove 

the design of the control system. The specific goal for the study was to demonstrate semi-

autonomous navigation from the apex to regions that span the circumference of the ventricles, 

i.e., the anterior, lateral, and posterior surfaces (figure 6.4). This goal is clinically relevant as it 

covers the entire epicardial surface of the ventricles, which have great significance in the treat-

ment of many cardiovascular diseases. In a clinical application, navigation to the general target 

area would be followed by fine positioning to each of the individual targets in the specified pat-

tern for the application of treatments. These fine-positioning capabilities are evaluated in the next 

section of this thesis. 

 

 



 
 

77 

    
Figure 6.4:  (left) Anterior view of the illustration of the navigation task, the initial portion of the 
general target acquisition decomposition. The circumference of the ventricles is the region be-
tween the broken lines, and three navigation targets are visible in red.  (right) Apex view of the 
navigation targets spanning the circumference of the ventricles, the region between the broken 
lines. 

6.2.1 Navigation Protocol 

The apex was selected as the origin for all navigation paths because it is the anatomical location 

of the robot insertion beneath the pericardium, and can be used to reach the entire epicardial sur-

face. The ventricles were chosen as the termination points for the navigation trials because they 

are the most clinically-relevant regions for our initial intrapericardial therapies. Navigation targets 

were selected to span the entire circumference of the ventricles in order to illustrate the ability of 

HeartLander to reach the anterior, left-lateral, right-lateral, and posterior epicardial surfaces (Fig-

ure 6.4). The targets for navigation were defined with respect to the moving reference frame of 

the beating heart, in the same manner as the robot tracking data. Accordingly, the locations of the 

targets did not vary over the respiration or heartbeat cycles, and thus appeared as stationary points 

in space. The 3-D locations of the navigation targets were defined in the coordinate system of the 

electromagnetic tracker, and thus were properly registered to the robot tracker data and the heart 

surface model. 

 On the porcine heart, the lengths of the anterior and posterior surfaces of the ventricles are 

approximately 70 mm and 50 mm, respectively [117]. These dimensions are similar to those of a 

healthy human heart. Navigation path lengths should thus fall within the range of 30–50 mm, tak-
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ing into account the body length of the robot. The efficiency of the locomotion must be suffi-

ciently high to accomplish each navigation trial within the target time of 120 s. This rate would 

result in the completion of ten navigation trials in twenty minutes, which is a clinically acceptable 

level of performance. 

 Based on these experimental criteria, separate navigation trials were performed to 7 individ-

ual targets located around the circumference of the ventricles. The targets were selected with lo-

cations near the superior end of each ventricle, thus requiring navigation over the entire ventricu-

lar surface. The targets on the anterior surface of the heart were located more distally than those 

on the posterior surface, because the ventricles are longer on the anterior surface than the poste-

rior. Prior to each navigation trial, the surgeon selected the current navigation target. The surgeon 

then placed HeartLander on the epicardium near the apex, using the view of the ideal path to the 

target on the graphic display as a reference. The individual navigation trials proceeded until the 

surgeon released the joystick, or the robot acquired the navigation target. Accordingly, each trial 

consisted of a navigation component, followed by a single short fine-positioning target acquisi-

tion. Because the main goal was to evaluate the mechanics and control of navigation, the accept-

able fine-positioning target acquisition distance was set to a relaxed value of 2.0 mm. Following 

each navigation trial, the following parameters were calculated: number of steps, path length, path 

width, total duration, speed, and efficiency. The target acquisition distance was also calculated, 

although it was not the focus of this study. These values were also averaged over all trials for the 

entire study. All sensor data was collected at 100 Hz using an A/D converter. The tracking sensor 

data was low-pass filtered with a cutoff frequency of 0.2 Hz to remove all physiological compo-

nents of the motion, as described in Section 5.2. The path length for each navigation trial was cal-

culated as the sum of the progress made toward the navigation target over each step. Path width 

was defined as the maximum lateral deviation of the robot over each path. The efficiency was 

calculated as follows: 
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where n was the number of steps for the path, LC was the commanded step length, and LM was the 

step length measured from the robot tracker data. 
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6.2.2 Navigation Results 

In the navigation study, the surgeon successfully completed navigation paths to the series of tar-

gets located around the circumference of the beating porcine. During each trial, the location of the 

robot location and corresponding navigation path were displayed to the surgeon in real time (Fig-

ure 5.15). This allowed the surgeon to monitor the progress of the robot toward the target. As can 

be seen in Figure 6.5, the seven targets spanned the anterior, lateral, and posterior surfaces of the 

heart. Note that the paths were shorter on the posterior surface due to the decreased posterior 

lengths of the ventricles. The navigation metrics for each trial, along with the averages and stan-

dard deviations for the entire study, are available in Table 6.1. The paths averaged 38 ± 10 mm in 

length, and 3 ± 3 mm in width. The average locomotion speed was 29 ± 13 mm/min, resulting in 

an average path duration of 97 ± 58 s. The locomotion efficiency was 40 ± 15%. Although the 

focus of this study was the navigation performance, all navigation targets were successfully ac-

quired within the specified 2.0 mm. 

 
 

 

 

 
Figure 6.5:  Image of heart surface model showing the targets and completed navigation paths re-
constructed from microBIRD data collected in vivo using a beating-heart porcine model. All 
paths began around the apex (shown by white spheres), and terminated on the ventricles toward 
the base of the heart (shown by gray spheres). The seven paths illustrate coverage the ventricles 
around the circumference of the heart. 
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Figure 6.6:  (left) Posterior view of the heart surface model showing the navigation paths on the 
posterior left and right ventricles. (right) Photograph of the excised porcine heart from the naviga-
tion study, showing the light suction marks left by the robot on the epicardium. These marks are 
harmless for the underlying tissue, but show the navigation paths. It is clear that the terminations 
of the paths (shown by circles) successfully reached the bases of the ventricles. 
 
 
 
Table 6.1:  The performance data from the navigation study on a closed-chest beating-heart por-
cine model. 
 

 
 

Trial 
No. 

Anatomical 
Location 

No.  
Steps 

Path Length 
(mm) 

Path Width 
(mm) 

Duration 
(s) 

Speed 
(mm/min) 

Efficiency 
(%) 

Target 
Error (mm) 

1 Anterior Midline 6 52 2 68 46 59 1.6 
2 Left Lateral 14 50 7 207 15 28 2.6 
3 Left Posterior 4 28 7 56 30 55 0.5 
4 Posterior Midline 5 29 2 55 32 43 0.3 
5 Right Posterior 10 29 0 95 18 20 1.9 
6 Right Lateral 11 36 1 144 15 29 1.1 
7 Right Anterior 6 39 3 54 44 49 0.0 

Mean 
± Std  8 ± 4 38 ± 10 3 ± 3 97 ± 58 29 ± 13 40 ± 15 1.1 ± 0.9 

6.2.3 Navigation Discussion 

The navigation study demonstrated the ability of HeartLander to provide access around the cir-

cumference of the heart in a precise, semi-autonomous, and stable fashion. The average target 

acquisition distance for the seven trials was 1.1 mm, which was within the goal of 2.0 mm. The 

navigation path lengths were approximately 50 mm on the anterior surface of the heart, and 30 

mm on the posterior. These lengths indicate that the navigation trials adequately spanned the 
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lengths of the anterior and posterior ventricles. Furthermore, photographic evidence of the navi-

gation paths on the excised hearts from the suction marks left on the heart by the crawler verify 

these data (Figure 6.6). This distribution of the navigation targets over the anterior, left-lateral, 

right-lateral, and posterior ventricular surfaces illustrates the utility of HeartLander to provide 

general access around the entire circumference of the heart. Although the average locomotion 

efficiency was relatively low, 40%, the targets were acquired within an average of 97 s. This du-

ration falls within the goal of 120 s, and is reasonable considering that, in general, no more than 

ten navigation trials will be required for a single intrapericardial therapy. 

6.3 In-Vivo Porcine Positioning Study 

The purpose of the fine-positioning study was to evaluate the ability of HeartLander to acquire 

the targets in a local pattern using a series of small, precise motions of the front body in a semi-

autonomous manner (Figure 6.7). This task is the second and final component of the decomposi-

tion of general target acquisition that we selected to drive the design and testing of the control 

system. In a clinical application, the fine-positioning task would immediately follow the naviga-

tion of the robot to the general target area on the heart surface, which was described and evalu-

ated in the preceding section of this thesis. Following the acquisition of each target, the surgeon 

would perform a treatment to the epicardium through the working channel of HeartLander. 

Epicardial treatments were simulated in the fine-positioning study with injections of dye into the 

heart using the remote injection system described in Section 4.8.1. The observed locations of 

these injections on the porcine heart also served as a ground truth with which to evaluate the ac-

curacy of the target acquisitions. 



 
 

82                                                                      CHAPTER 6.  ROBOTIC SYSTEM EVALUATION 

 
Figure 6.7:  (left) Anterior view of the fine-positioning task illustration. (right) Apex view of the 
fine-positioning task illustration. The fine-positioning targets are shown in red, and the navigation 
paths in gray. 
 

6.3.1 Fine-Positioning Protocol 

To begin each fine-positioning trial, the surgeon used the computer interface to set the parameters 

of the target pattern, and position the pattern at the desired location on the heart surface model 

while viewing the graphic display. The size, shape, and density of the target pattern could be eas-

ily altered by the surgeon based on the anatomy of the general target region, e.g., the size or cur-

vature of the left ventricle. Through communication with our clinical and industrial colleagues, 

we selected a local target pattern shape comprising a series of targets located around the circum-

ference of a circle, with one additional central target (Figure 6.7). This pattern was considered to 

have sufficient size, shape, and complexity to simulate the treatment patterns for our selected in-

trapericardial therapies. The right and left ventricular surfaces were selected for the application of 

the target patterns due to their clinical significance. Over two separate animal trials, the circular 

pattern was applied to the anterior and posterior ventricular surfaces of the beating porcine heart 

with the chest closed and the pericardium intact. The first trial was located on the anterior surface 

of the porcine heart, and featured an acquisition pattern with 8 targets located around the circum-

ference of a 20-mm diameter circle with one central target (Figure 6.7). The second trial was lo-

cated on the posterior surface of the porcine heart, and featured a smaller acquisition pattern of 7 

targets located around the circumference of a 15-mm circle with one central target. This smaller 
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pattern was chosen because the size of the porcine heart was approximately 20% smaller than the 

heart from the first trial. 

 After selecting the pattern parameters and location on the heart surface model, the surgeon 

acquired each individual target within the pattern using the semi-autonomous, fine-positioning 

control mode of the HeartLander system. With the rear body gripping the epicardium, the control 

system advanced the front body of crawler toward the current target until the surgeon released the 

joystick or the robot moved within the specified range of the target.  

 Targets were defined with respect to the electromagnetic tracking system reference frame, 

and were therefore properly registered to the heart surface model and the robot tracking sensor. 

The positions and orientations of the targets did not vary over the respiration or heartbeat cycles, 

and thus appeared as stationary points in space. This simulated the mounting of the magnetic 

transmitter on the heart surface in order to compensate for the underlying physiological motion 

present for all components within the control space: the heart surface, the crawling robot, and the 

surface targets. This compensation was possible because the robot and targets moved with the 

surface of the heart. Targets referred to 3-D locations on the heart surface for which the anatomi-

cal mappings or labels were unknown. Proper anatomical mapping or labeling of the 3-D points 

on the heart surface would have required the integration of high-resolution preoperative or intra-

operative imaging techniques with our simple heart surface model, and was beyond the scope of 

this thesis. 

 To determine the offset between the robot and the target, the 3-D location of the target was 

projected into the transverse plane of the robot, calculated from the position and orientation of the 

robot tracking sensor (see Section 5.4). The control system then used the inverse kinematics of 

the crawler to calculate the drive wire lengths necessary to align the front body robot with the 

current target, based on the 2-D Cartesian offset. The real-time position and orientation of the 

robot tracking sensor provided feedback for closed-loop control of the robot as it aligned the front 

body with the current target. The distance between the robot and the target was calculated using 

the data from the electromagnetic tracking sensor on the robot and the 3-D location of the target. 

When the control system determined that this offset was within the acceptable value specified by 

the surgeon in the user interface, the suction pad of the front body was activated to grip the 

epicardium and fix the robot at the target. We did not constrain the orientation of the robot at the 

target because our therapeutic applications specify only the locations of the treatments. For the 

first trial, our goal for the fine-positioning task was to maneuver the front body of the robot 

within 1.5 mm. This threshold was determined from conversations with several cardiac surgeons 
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and electrophysiologists regarding our initial therapies. In the second porcine trial, we increased 

the precision requirement to 1.0 mm, in order to further test the limits of the fine-positioning sys-

tem. During both trials, our goal was to complete each individual target acquisition within 30 s. 

This single acquisition rate was considered reasonable because a therapy would consist of no 

more than 20 treatments, which would be administered within a total duration of ten minutes. 

 During target acquisition, the surgeon monitored the progress of the front body of the robot 

toward the current target on the graphic display. Following each target acquisition, the final dis-

tance between the robot and the target was calculated, along with the length of time for comple-

tion. The surgeon then made an injection of dye into the myocardium using the remote injection 

system in order simulate an epicardial treatment and to mark the physical location on the porcine 

heart. The accuracy of the fine-positioning system was determined by comparing the locations of 

the robot and the target, measured with the tracking system, to the physical dye marks on the ex-

cised porcine hearts following the trial. These calculations are described in detail in the next sub-

section. 

6.3.2 Fine-Positioning Accuracy and Error Definitions 

The 3-D locations of the targets, the robot, and heart surface were measured with respect to the 

electromagnetic tracking system reference frame. As described in the previous subsection, the 

comparable underlying motion due to respiration and heartbeat was removed in the localization of 

all components (i.e. robot, target, and heart surface) within the control system. The robot location 

was provided in real time by filtering the data from the robot tracking sensor, while the targets 

and heart surface model were defined in a static manner with respect to the tracking system refer-

ence frame. Additionally, the location of the robot on the surface of the porcine heart at the time 

of the dye injection can be estimated from the epicardial dye mark. In bench testing, it has been 

noted that these dye marks spread in a relatively even manner over the circular region of the 

epicardium drawn into the suction pad of the front body of the robot. Accordingly, the location of 

the robot at the time of injection was estimated as the center of the circular region encompassing 

the dye mark. Although this localization method was imperfect because we could not guarantee 

normal dispersal of the dye throughout the myocardium, it provided a ground truth with which to 

compare the tracker-based accuracy. 

 Accuracy was assessed at the both the absolute and relative levels. We defined absolute accu-

racy as the degree to which the location and orientation of the target pattern on the heart surface 
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model (based on the tracking data) matched the location and orientation of the target pattern on 

the excised porcine heart (based on the dye injection marks). This accuracy is critical because the 

tracker-based location of the robot on the heart surface model was the only visual feedback pro-

vided to the surgeon during the closed-chest animal testing. For the fine-positioning study, we 

performed a qualitative assessment of absolute accuracy. A rigorous quantitative assessment will 

be possible in the future when anatomical labels have been integrated into the heart surface model 

using high-quality preoperative or intraoperative imaging. 

 Relative accuracy indicated the degree to which the locations of the individual targets, rela-

tive to one another, aligned between the electromagnetic tracking data and the injection dye 

marks on the excised porcine heart. In the assessment of relative accuracy, the target patterns 

from the tracker data and injection marks were first aligned to minimize the sum of the root-

squared errors over all targets. The resultant planar distances between the tracker-based and dye-

based target locations were then calculated. Furthermore, the sources and magnitudes of the er-

rors that compose the total relative error between the tracker-based and dye-based patterns were 

determined.  

 There were three sources of error that contributed to the total relative error between the 

tracker-based patterns and the injection-based patterns:  (1) the known distance between the robot 

tracker and target when the control system determined the target to be acquired, (2) the known 

offset that occurred when the front body of the robot gripped the epicardium following target ac-

quisition, and (3) the unknown error due to the electromagnetic robot tracking. The first two 

sources of error were measured in real time and known to the control system, while the electro-

magnetic tracking error was only estimated by offline comparison to the dye patterns. 

 The absolute accuracy was qualitatively assessed for both the anterior and posterior patterns. 

The relative accuracy of the anterior pattern was not assessed because the pattern was acciden-

tally positioned across the left and right ventricles, despite the attempt of the surgeon to avoid this 

case. This placement violated one of the main assumptions of the control system design, and re-

sulted in abnormally large relative errors between the portions of the patterns located on the two 

chamber surfaces.  



 
 

86                                                                      CHAPTER 6.  ROBOTIC SYSTEM EVALUATION 

6.3.3 Fine-Positioning Absolute Accuracy Results 

The locations and orientations of the tracker-based and dye-based target patterns on both the ante-

rior and posterior heart surfaces were qualitatively compared in the assessment of absolute accu-

racy of fine positioning. The tracker-based pattern was evaluated using the 2-D projection of the 

robot positions and heart surface model into the plane corresponding to the appropriate view of 

the heart (i.e., anterior or posterior). The dye-based pattern was evaluated from a photograph of 

the excised porcine heart, showing the aspect of the heart on which the pattern was applied. The 

tracker images and dye photographs were scaled based on known distances in each image, and 

were aligned so the contours of the hearts matched. The scaled and aligned tracker images and 

excised heart photographs can be seen separately in the top two frames of Figures 6.8 and 6.9 for 

the anterior and posterior patterns respectively. These images were then overlaid in the lower-left 

frames of Figures 6.8 and 6.9, to show the agreement in scale and alignment of the hearts using 

these two different imaging modalities. Lastly, the tracker-based patterns (alone) were overlaid on 

the photographs of the dye patterns in the lower-right frames of Figure 6.8 and 6.9. These figures 

demonstrate good qualitative absolute accuracy in the position and orientation of the tracker-

based and dye-based target patterns on the anterior and posterior surfaces of the heart. In order to 

evaluate the agreement between each of the individual targets within the patterns, we address the 

relative accuracy in the next subsection. 
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Figure 6.8:  (upper-left) Image of the heart surface model and tracker-based target acquisition 
pattern on the anterior surface of the heart. This was displayed as feedback to the surgeon during 
the closed-chest testing. (upper-right) Photograph of the excised porcine heart and injection-based 
target acquisition pattern on the anterior surface of the heart. The two images are scaled and 
aligned properly. (lower-left) The tracker-based image and injection photograph overlaid. (lower-
right) The tracker-based injection target pattern overlaid on the injection photograph. The abso-
lute location and orientation of the target pattern qualitatively agree between the two methods, 
although the errors due to the cross-chamber placement of the pattern are apparent on the excised 
heart. 



 
 

88                                                                      CHAPTER 6.  ROBOTIC SYSTEM EVALUATION 

 

 
Figure 6.9:  (upper-left) Image of the heart surface model and tracker-based target acquisition 
pattern on the posterior surface of the heart. This was displayed as feedback to the surgeon during 
the closed-chest testing. (upper-right) Photograph of the excised porcine heart and injection-based 
target acquisition pattern on the posterior surface of the heart. The two images are scaled and 
aligned properly. (lower-left) The tracker-based image and injection photograph overlaid. (lower-
right) The tracker-based injection target pattern overlaid on the injection photograph. The abso-
lute location and orientation of the target pattern qualitatively agree between the two methods. 
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6.3.4 Fine-Positioning Relative Accuracy Results 

The errors between the positions of the individual targets in the tracker-based measurements and 

dye-based measurements were determined in the assessment of the relative accuracy of fine posi-

tioning for the posterior trial. All tracker-based patterns were generated from a 2-D view of the 

tracker data, with a view angle normal to the least-squares best-fit plane through the tracker data 

at the time of the dye injections. Figure 6.10 shows the tracker-based positions of the planned 

targets, referred to as pattern “A”, in the upper-left frame. This figure also shows the tracker read-

ings of the robot position at the time of target acquisition (pattern “B”, upper-right frame), and the 

tracker readings of the robot position at the time of dye injections (pattern “C”, lower-left frame). 

The dye mark pattern (pattern “D”) was assessed using a photograph of the excised porcine heart 

with the camera oriented normal to the surface of the heart on which the dye pattern was visible 

(Figure 6.10, lower-right frame). As stated in Section 6.3.2, the location of the robot at the time of 

injection was estimated as the center of the circular region encompassing the distribution of the 

dye over the tissue. All three tracker-based patterns (A, B, C) and the dye mark photograph (D) 

were scaled according to known distances in both imaging modalities. The locations of the 

tracker-based patterns were properly registered to one another because they were all measured 

with respect to the tracking system reference frame. To align the tracker-based patterns to the dye 

mark pattern from the photograph, the translation and rotation that minimized the sum of root-

squared distances between the tracker-based and dye-based injection locations were calculated. 

 The total relative error between each dye mark and the planned tracker-based target (A D) 

was due to the combined serial effects of three errors: 

1. the error between the tracker-based planned target and the robot tracker reading at the target 

acquisition event (A B),  

2. the error between the robot tracker reading at the target acquisition event and the robot 

tracker reading at the dye injection event (B C), and  

3. the error between the robot tracker reading at the dye injection event and the physical dye 

mark on the heart tissue (C D).  

The individual contributions of these sources of error can be seen in Figure 6.11, and in columns 

3-5 in Table 6.2. The average error between the planned targets and robot tracker readings at tar-

get acquisition (A B) was 0.7 ± 0.4 mm, which was within the range of 1.0 mm specified by the 

surgeon for the control system. The average error between the robot tracker readings at target ac-

quisition and dye injection (B C), caused by gripping the epicardium following target acquisi-
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tion, was 1.1 ± 0.5 mm. The average error between the robot tracker readings at dye injection and 

the dye marks on the excised heart (C D) was 0.8 ± 0.9 mm. The average total relative error 

between the tracker-based planned targets and the dye marks on the excised heart (A D) was 1.7 

± 1.0 mm. A 2-D plot of the positions of all three tracker-based patterns (planned targets, robot 

tracker readings at acquisition, and robot tracker readings at injection) and the dye mark pattern 

can be seen in Figure 6.12. The corresponding error values for each target, and averaged over all 

targets, can be found in Table 6.2. 

 

  

  
Figure 6.10:  (upper-left) The tracker-based pattern of the targets. (upper-right) The tracker-based 
pattern of the robot positions at the target acquisitions, as determined by the fine-positioning con-
trol system. (lower-right) The tracker-based pattern of the robot positions at the dye injections, 
after gripping the epicardium with the crawler front body. All tracker-based patterns were gener-
ated from a 2-D view of the tracker data with a view angle normal to the least-squares best-fit 
plane through the tracker data at the time of the dye injections. (lower-right) Photograph of the 
dye-based pattern, taken normal to the surface of the heart. 
 



 
 

91 

    

    

    
 
Figure 6.11:  Images of the three sources of error that contribute to the total relative error between 
the tracker-based targets and the dye-based injection marks. (upper row) Error from the tracker-
based target and robot at target acquisition. (middle row) Error from the tracker-based robot loca-
tions at target acquisition and dye injection. (lower row) Error from the tracker-based robot loca-
tion and dye-based marks at dye injection. 
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Figure 6:12:  A 2-D plot of the locations of all tracker-based patterns (targets, robot at acquisition, 
and robot at injection) and the dye-based injection marks. The acceptable range for target acquisi-
tion, used by the control system, is shown as the larger dark circles. 
 
 
Table 6.2:  The values for each of the three sources of relative error, and the total relative error 
for the 8 target acquisitions of the pattern applied to the posterior surface of the beating porcine 
heart. The distances of the targets from the initial starting location, and the durations for each tar-
get acquisition are also provided. 
 

M

Target 
No. 

Target 
Distance 

(mm) 

A B 
Error 
(mm) 

B C 
Error 
(mm) 

C D 
Error 
(mm) 

A D 
Error 
(mm) 

Duration 
(s) 

1 5.0 1.0 1.9 0.4 1.7 13 

2 9.8 0.4 0.8 0.6 2.3 28 

3 9.8 1.0 1.0 0.8 0.9 23 

4 15.9 0.9 1.6 0.7 0.3 9 

5 12.5 0.3 1.5 0.1 1.6 21 

6 15.9 0.4 1.1 0.3 1.9 20 

7 19.5 1.5 1.0 3.0 3.6 56 

8 5.0 0.3 0.3 0.7 1.1 11 
 
ean ± 
Std  0.7 ± 0.4 1.1 ± 0.5 0.8 ± 0.9 1.7 ± 1.0 23 ± 15 
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6.3.5 Fine-Positioning Discussion 

The fine-positioning study demonstrated high absolute accuracy in a qualitative sense;  i.e., visual 

alignment of the position and orientation of the target patterns measured with the electromagnetic 

tracking data and the dye injection patterns visible on the excised heart. The absolute accuracy 

was qualitatively high for the injection patterns on both the anterior (Figure 6.8) and posterior 

(Figure 6.9) surfaces of the heart. There are many errors inherent to a comparison of this nature. 

The size and shape of the heart can vary significantly between the in-situ and excised states due 

to the severed attachments of the great vessels, the absence of blood, and relaxation of the cardiac 

musculature. Additionally, both the tracker-based image and excised heart photograph show only 

a single pose of the heart over the cardiac cycle, which likely have no direct correspondence to 

one another. Accordingly, rigorous calculation of the absolute accuracy based on this comparison 

method would be inherently flawed, and could generate misleading results. We believe that the 

qualitative assessment of the absolute accuracy reported using this comparison method is fair, and 

successfully demonstrated that the graphical display of the robot tracking data over the heart sur-

face model corresponds to the same geometric location on the physical heart.  

 HeartLander also demonstrated high relative accuracy;  i.e., alignment of the positions of the 

individual targets measured with the electromagnetic tracking system and the dye marks visible 

on the excised heart. For this analysis, the tracker-based and dye-based images were aligned to 

minimize the sum of the root-squared distances between the tracker-based and dye-based target 

positions. Accordingly, relative accuracy measures the ability of HeartLander to precisely deliver 

treatments in a specified pattern, without regard to the absolute position of the patterns on the 

heart. This is obvious as the patterns were first aligned for maximum agreement. The control sys-

tem was able to position the front body of the robot within an average of 0.7 mm of the planned 

tracker-based targets, which was within the specified range of 1.0 mm for the posterior pattern. 

Target 7 was not acquired within the specified range (1.5-mm error), because the surgeon termi-

nated the trial after the control system was unable to acquire the target after approximately one 

minute. The average acquisition time was 23 s, which was below the goal of 30 s. The error be-

tween the planned tracker-based targets and robot tracker readings at the time of target acquisition 

(A B) is measured by the tracking system in real time, and therefore known to the control sys-

tem. Accordingly, this error can likely be reduced by tuning the control parameters or allowing 

the target acquisitions to run for longer durations to improve the accuracy. An additional average 

error of 1.1 mm between the planned tracker-based targets and the robot tracker readings  (B C) 
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occurred after the control system determined that the target was acquired, and before the dye was 

injected into the heart. This additional error was due to the front body of the robot gripping the 

epicardium of the moving heart, and was also measured by the tracking system in real time during 

the testing. In the future, this error can be reduced by using the robot tracking data to synchronize 

the gripping of the epicardium with the cardiac cycle. By gripping the heart surface at a specific 

phase of the cardiac cycle, the robot will overcome the variability of the heart position that likely 

causes this additional error. The last source of error for the relative accuracy is the error between 

the robot tracker readings at dye injection and the physical positions of the dye marks on the ex-

cised hearts (C D). This error could be due to positioning inaccuracy of the electromagnetic 

tracking system, or distortion of the excised heart from its shape in situ. In order to further clas-

sify this error, we must evaluate the dye marks (or another form of marking) on the heart in situ. 

Although this error is relatively small in magnitude, 0.8 mm, it must be addressed in future work. 

The average total relative error for the fine-positioning task was measured to be 1.7 mm. This 

error is larger than the specified range of 1.0 mm set within the control system, but takes into ac-

count the errors due to gripping the epicardium and the distortion of the excised heart, which 

were not taken into account by the control system. In the future, each of the three sources of the 

relative error must be reduced to bring the total relative error within the specified range. Nonethe-

less, this relative accuracy is impressive considering that the animal testing was performed with 

the chest closed, the pericardium intact, and the heart unconstrained. The results of this study, 

combined with those of the navigation study, demonstrate that HeartLander can acquire targets 

anywhere on the epicardial surfaces of the ventricles in a semi-autonomous and precise manner 

on the beating porcine heart with the chest closed and pericardium intact. 

 Future studies must also address the total accuracy of the fine-positioning system, which 

would comprise the absolute and relative accuracies described in this section. In such a study, 

HeartLander would attempt to generate a treatment pattern at specific anatomical locations on the 

surface of the heart, which would be compared offline to the visual locations of the treatments on 

the animal heart. A study of this nature would truly demonstrate the clinical potential of the 

HeartLander system, but would require the anatomical labeling of the geometric points that com-

pose the heart surface model. This mapping requires the integration of high-resolution preopera-

tive or intraoperative imaging techniques, which is considered to be future work for the Heart-

Lander project. 
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6.4 In-Vivo Porcine Stability Study 

This study evaluates the ability of the HeartLander system to provide stability during both the 

navigation and fine-positioning components of target acquisition. This capability is critical to 

demonstrate that HeartLander provides a stable platform relative to the heart surface in order to 

operate safely on the unconstrained epicardium. 

6.4.1 Stability Protocol 

Using the data from both the navigation and fine-positioning studies, we quantified the stability 

provided by HeartLander following target acquisition with both bodies fixed to the epicardium. 

Our goal for stability was to maintain the maximum resultant drift of the robot, after removing the 

physiological motion with a low-pass filter, below 1.0 mm for a period of 30 s. Considering that 

mechanical epicardial stabilizers currently used in cardiac surgery exhibit a residual motion of 

1.5–2.4 mm, we believe that this goal is sufficiently stringent [11], [12]. Additionally, the resul-

tant drift is a conservative estimation of stability because it attributes all motion that remains after 

low-pass filtering to slippage of HeartLander relative to the epicardium. In reality, there exists 

variation in the pose of the heart over the heartbeat and respiratory cycles that is erroneously clas-

sified as slipping by our methodology. The low-pass filtering stopband ripple attenuation was 

decreased from -20dB to -40dB to eliminate all physiological motion from the robot tracker data. 

This more aggressive filtering was used offline because the increased delay was not detrimental, 

as it is for real-time navigation and fine-positioning. If HeartLander did not slip at all relative to 

the epicardium, the maximum resultant drift would have a value of zero, indicating perfect stabil-

ity.  

 Stability was assessed at each of the navigation targets (N = 7) and each of the anterior fine-

positioning targets (N = 9). The navigation targets spanned the circumference of the ventricles, 

while the fine-positioning targets were all located on the anterior surface of the left ventricle. Ac-

cordingly, stability was assessed over a wide range of the heart.  

6.4.2 Stability Results 

Stability of epicardial fixation was estimated by measuring the maximum 3-D resultant drift of 

the robot for 30 seconds following target acquisitions in the navigation and fine-positioning stud-
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ies. Figure 6.13 shows the raw tracker data from the robot while resting on the heart, and the re-

sidual filtered motion that is attributed to slippage of HeartLander over the epicardium. For the 

navigation target acquisitions (N = 7), the average maximum resultant drift was 0.6 ± 0.1 mm. 

For the fine-positioning target acquisitions (N = 9), the average maximum resultant drift in-

creased to 0.9 ± 0.5 mm. Over all trials, the average maximum resultant drift was 0.7 mm. The 

stability data from all trials can be found in Table 6.3. 

 

 

 
Figure 6.13:  Plots showing the x, y, and z components of the motion measured by the micro-
BIRD™ tracking sensor when the robot is stationary and fixed to the epicardium with both suc-
tion grippers. The raw data (solid line) shows that the heart has considerable motion over the 
physiological cycles. The filtered data (broken line) shows that there is very little low-frequency 
drift of the robot over the epicardium during this 30 s period. 
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Table 6.3:  The stability data for both the navigation and fine-positioning studies. The stability 
measure was calculated as the maximum resultant deviation of the low-pass filtered position data 
over the 30 s window in which both crawler bodies were fixed to the epicardium of the beating 
heart. 
 

 
 

6.4.3 Stability Discussion 

The stability provided by HeartLander following target acquisition on the anterior, left-lateral, 

right-lateral, and posterior regions of the ventricles was shown to be greater than that of commer-

cial mechanical stabilizers used in surgery, which exhibit 1.5–2.4 mm of residual motion 

[11],[12]. The goal for epicardial stability was to keep the maximum resultant drift of the robot 

below 1.0 mm for a period of 30 s with both bodies fixed to the epicardium. The 3D drift aver-

ages for the navigation and fine-positioning studies were 0.6 and 0.9 mm respectively, below the 

target threshold in both cases. The decrease in stability for the fine-positioning study may have 

been due to the fact that the front and rear bodies were located farther from one another compared 

to the navigation task. This increased wire extension length may have allowed the external trans-

verse forces applied by the pericardium to slightly destabilize the front body. 

6.5 Locomotion Synchronization Study 

This study was conducted to evaluate the ability of the synchronization algorithm to detect the 

end-expiration (EE) events in respiration, and to determine the effects of synchronized locomo-

tion on various performance parameters. As described in Section 5.3.2, the rest period following 

EE was selected as the stepping synchronization modulator because it is the period during which 

Navigation Study Fine-Positioning Study
Target 

No. Anatomical 
Location 

Drift  
(mm) 

Anatomical 
Location 

Drift  
(mm) 

1 Anterior midline 0.7 Left antero-lateral 0.3 
2 Left lateral 0.3 Left antero-lateral 0.3 
3 Left posterior 0.7 Left antero-lateral 0.9 
4 Posterior midline 0.5 Left antero-lateral 0.4 
5 Right posterior 0.5 Left antero-lateral 1.0 
6 Right lateral 0.6 Left antero-lateral 1.3 
7 Right anterior 0.6 Left antero-lateral 1.7 
8   Left antero-lateral 1.0 
9   Left antero-lateral 1.0 

Mean 
± Std 

 0.6 ± 0.1  0.9 ± 0.5 
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the heart is at its most posterior location and the lungs occupy the minimum volume. We hy-

pothesized that the combined effects of these two factors would decrease the pericardial pressure, 

and thus friction force, on the HeartLander crawler during locomotion. Accordingly, we hypothe-

sized that locomotion efficiency would increase when the stepping actions (i.e., extension and 

retraction) were properly synchronized with the rest period following EE events in respiration. As 

with the previous testing, this study was conducted on a beating porcine heart, with the chest 

closed and pericardium intact. 

6.5.1 Locomotion Synchronization Protocol 

Locomotion synchronization trials were performed on the lateral wall of the right ventricle (Fig-

ure 6.14). Over the same pathway on the heart, 18 locomotion trials were conducted, half of 

which had stepping synchronization active (n = 9). The trials without stepping synchronization 

served as control trials (n = 9). The trial order was such that the stepping synchronization trials 

and control trials were alternated to avoid potentially confounding the results with time varying 

effects such as heart swelling. Each locomotion trial consisted of 6 steps. For the stepping syn-

chronization trials, the EE events were detected using the electromagnetic tracking data, as de-

scribed in Section 5.3.2. As in previous locomotion testing, data were collected from the vacuum 

line pressure sensors, drive-wire load cells, and electromagnetic tracking system. The following 

locomotion parameters were calculated for each step and averaged over the control and stepping 

synchronization sets of trials:  extension efficiency, retraction efficiency, step efficiency, step 

length, step progress, extension force, and retraction force. The values of these parameters for the 

control and stepping synchronization sets of data were then compared using the Mann-Whitney-

Wilcoxon test. This non-parametric test assesses the probability that two sets of observations 

come from the same distribution.  
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Figure 6.14:  The left plot shows an anterior view of a locomotion trial on the lateral wall of the 
right ventricle. The right plot shows a right-lateral view of the same locomotion trial. The loca-
tions of the robot at each step is shown by the black spheres. The robot orientation is also shown 
via the primary sensor axes at each step. 
 
 
 

 
Figure 6.15:  The upper plots show the unfiltered (solid line) and low-pass filtered (broken line) 
position data along the z-axis with the robot resting on the left-lateral (left plot) and the left-
posterior (right plot) surfaces of the beating heart. The end-expiration resting periods correspond 
with the plateaus in the filtered data. The lower plots show the time derivative of the low-pass 
filtered z-position data for the left-lateral (left plot) and left-posterior (right plot) locations. These 
data were used by the synchronization detection algorithm to identify the end-expiration events. 
The end-expiration events are shown by the vertical magenta lines. 
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6.5.2 Locomotion Synchronization Testing Results 

The synchronization event detection algorithm accurately detected the EE phase of respiration on 

the lateral wall of the right ventricle during locomotion using the onboard robot tracking sensor. 

The upper plots of Figure 6.15 show the antero-posterior (A-P) data from the electromagnetic 

tracking sensor onboard HeartLander. Recall that the z-axis is positive toward the posterior of the 

animal (i.e., the floor); therefore, the EE period occurs when the z-position data reaches its pla-

teau during the respiration cycle. The velocity of the low-pass filtered A-P data is shown in the 

lower plots of Figure 6.15. The EE events were detected as velocity zero-crossings where the 

previous data were positive for at least 0.6 s. The EE events shown by the vertical lines in Figure 

6.15 are correct, with the exception of the false positive detection around 7.5 s in the two right-

hand plots. Table 6.4 shows the percentages of extension step motions, retraction step motions, 

and both motions that were correctly synchronized with the EE rest periods during locomotion on 

the lateral wall of the right ventricle of a beating porcine heart. The numbers of correct synchro-

nized stepping motions are shown in parentheses. The percentage of correctly synchronized step-

ping motions (extensions and retractions) was 68% when synchronization was inactive, and 96% 

when active. A single step (extension and retraction) correctly synchronized with the EE rest pe-

riod can  be seen in Figure 6.16. 

  

 

 

Table 6.4:  The percentages of extensions, retractions, and both motions that were correctly syn-
chronized with the end-expiration rest periods during locomotion on a beating porcine heart. The 
numbers of correct synchronized stepping motions are shown in parentheses. Nine trials were 
performed with the synchronization inactive and active, with six steps per trial. 
 

 
 

 

 

 

Location 
Correct 

Sync Rate: 
Ext  (#) 

Correct 
Sync Rate: 

Ret  (#) 

Correct 
Sync Rate: 
Both  (#) 

Sync OFF  
(n = 9) 

64 % 
(34) 

74 % 
(39) 

68 % 
(73) 

Sync ON 
(n = 9) 

96 % 
(52) 

96 % 
(52) 

96 % 
(104) 
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Figure 6.16:  The position data from the robot tracking sensor during locomotion synchronized with 
the end-expiration (EE) rest periods of respiration. The synchronization events are shown by the verti-
cal lines, while the extension duration is shown by the light gray window, and the retraction duration 
is shown by the darker gray window. Note that both stepping motions occur when the z-position of the 
robot is at a plateau, indicating the EE rest period of respiration, and correct synchronization. 
 

 

Contrary to our hypothesis, the extension, retraction, and step efficiencies did not statistically in-

crease when synchronized to the EE rest period of respiration. Figure 6.17 shows the extension 

efficiencies for each individual trial (upper-left frame) and averaged over all trials (lower-left 

frame). Figure 6.17 also shows the retraction efficiencies for each individual trial (upper-right 

frame) and averaged over all trials (lower-right frame). Although it can be seen that the average 

efficiency for both extension and retraction was greater with synchronization active for the first 

five steps, this did not generate a statistically significant result. The means, standard deviations, 

and Mann-Whitney-Wilcoxon p-values for all locomotion parameters can be found in Table 6.5. 

Additionally, there was no change in the average peak extension or retraction forces with syn-

chronization (Figure 6.18). 
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Figure 6.17:  The extension efficiencies (left plots) and retraction efficiencies (right plots) for the 
locomotion synchronization (white) and control (black) testing. The upper plots show the effi-
ciencies for all trials, while the lower plots show the results averaged over all trials.  
 
 

 
Figure 6.18:  The extension peak forces (left plots) and retraction peak forces (right plots) for the 
locomotion synchronization (white) and control (black) testing. The upper plots show the peak 
forces for all trials, while the lower plots show the results averaged over all trials. 
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Table 6.5.  The locomotion parameters for the stepping synchronization trials (N=9) and control 
trials (N=9) performed on the lateral wall of the right ventricular surface of the beating heart. The 
p-values were determined using the Mann-Whitney-Wilcoxon test.  
 

 
 
 

Step 
Sync 

Extension 
Efficiency 

(%) 

Retraction 
Efficiency 

(%) 

Step 
Efficiency 

(%) 

Step 
Length 
(mm) 

Step 
Progress 

(mm) 

Extension 
Force 
(N) 

Retraction 
Force 
(N) 

Off 51 ± 14 56 ± 16 29  ± 13 5.2 ± 2.8 31 ± 5 7.4 ± 0.6 6.4 ± 0.4 
On 54 ± 12 58 ± 14 33 ± 13 5.5 ± 2.8 33 ± 4 7.4 ± 0.5 6.6 ± 0.6 

p 0.20 0.36 0.16 0.45 0.49 0.93 0.07 

6.5.3 Locomotion Synchronization Discussion 

Although the extension and retraction stepping motions were correctly synchronized with an ac-

curacy of 96%, none of the evaluated locomotion parameters (e.g., efficiency, peak force) demon-

strated a statistically significant change due to synchronization with respiration. The average ex-

tension, retraction, and step efficiency increased slightly with synchronization, but the increases 

were not statistically significant. This result is further enforced by the lack of change in the aver-

age measured extension and retraction peak force with synchronization, which we hypothesized 

would decrease when locomotion was synchronized with the EE rest periods. We believe that 

these results demonstrate that the anatomical changes that occur with respiration (described in 

Section 5.3.2) are not significant enough alone to reduce the pericardial pressure, and thus friction 

force, experienced by the HeartLander crawler in situ. In the future, we will synchronize the ex-

tension and retraction stepping motions with both the heartbeat and respiration phases. In this 

manner, we hope to take advantage of the natural fluctuations in the anatomical factors contribut-

ing to the normal pressure exerted on the crawler to improve locomotion efficiency.  



 

 



Chapter 7 

7 Preclinical Results In Vivo 

The results presented in Chapter 6 illustrate the ability of HeartLander to semi-autonomously ac-

quire targets located around the entire circumference of the ventricles of a beating porcine model 

in a precise and stable manner. These goals were derived from the tasks required to complete 

three initial intrapericardial therapies envision for administration from HeartLander:  myocardial 

injection of regenerative materials, epicardial lead placement, and epicardial ablation. In princi-

ple, each of these therapies can be effectively performed using the target acquisition abilities 

demonstrated in Chapter 6. To complete the demonstration of HeartLander’s utility, this chapter 

presents proof of concept testing with the end effectors required for each of these therapies. It 

should also be emphasized that although we have successfully demonstrated the use of therapeu-

tic end effectors for all three of the aforementioned therapies, these were feasibility studies that 

did not produce a medical result in the animal models. 

7.1 Myocardial Injections of Dye 

Following each of the target acquisitions described in Section 6.4, an injection of 0.10 mL of oil-

based dye was performed using the remote injection system. For the pattern on the anterior sur-

face of the heart, 8 out of 9 targeted injections successfully penetrated into the myocardium leav-
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ing a 6-mm diameter dye mark visible on the epicardium (Figure 7.1). The pressure data from the 

injection that failed to leave an epicardial mark indicated that the front suction chamber had grip 

of the epicardium during the injection. Additionally, a small needle stick was visible around the 

location where the failed injection should have occurred. It is likely that the needle penetrated 

into the cardiac vasculature beneath this target location, and that the dye was carried away into 

the blood steam rather than dispersing into the myocardium. For the successful myocardial injec-

tions, the dye penetration depth ranged from 3 – 7 mm, with an average penetration of 5 mm. 

This depth was sufficient to penetrate the entire myocardial wall thickness of the left ventricle in 

several locations (Figure 7.2). For the pattern on the posterior surface of the heart, all 8 targeted 

injections successfully penetrated into the myocardium leaving a 6-mm diameter dye mark visible 

on the epicardium (Figure 7.3). The average dye penetration depth for this pattern was 3.6 mm.  

 The remote injection system demonstrated a 100% injection success rate for the 17 target 

sites described in Section 6.4, with one injection accidentally performed into cardiac vasculature 

rather than the myocardium. After the targeting control system is properly integrated with preop-

erative or intraoperative imaging that shows the locations of the cardiac vasculature, injections 

into the cardiac vasculature will be avoided. The injection depths were sufficient for the clinical 

injection of regenerative materials. 

  

 

   
Figure 7.1:  Photograph of the anterior injection 
pattern with the chest opened and pericardium 
removed after testing. 8 out of the 9 injections 
were successfully made into the myocardium.  

Figure 7.2:  Photograph of two of the injection 
sites from the anterior target pattern, with an 
incision in the heart wall to reveal the dye pene-
tration depths of 3-5 mm. 
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Figure 7.3:  Photograph of the posterior target injection pattern with the chest opened and peri-
cardium removed following testing. All 8 injections were successful. 
 
 

7.2 Epicardial Pacing Lead Placement 

The deployment of a pacing lead was demonstrated with a larger version of the third HeartLander 

prototype that was equipped with the CCD camera and the remote epicardial lead placement sys-

tem (Figure 7.4). The device was inserted onto the apex of the heart in the manner described 

above, and walked to the targeted posterior wall. The pacing lead was advanced toward the 

epicardial surface using the guide wire, screwed down into the myocardium, and released from 

the HeartLander front body. The successful placement of the lead was confirmed by fluoroscopy 

(Figure 7.4) and actual electrical pacing tests with a threshold of 0.5mV/0.5ms (Figure 7.5) [15]. 

The electromagnetic tracking system was also used to record the 6 degree of freedom coordinates 

of the robot during navigation. No adverse hemodynamic or electrophysiologic events were noted 

during the trial. A histological study of the excised heart was performed to verify that no epicar-

dial damage was caused by the locomotion. This approach may be useful for epicardial LV lead 

placement for cardiac resynchronization therapy. 
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Figure 7.4:  (left) The third HeartLander prototype, and an enlarged version to carry the CCD 
camera and remote epicardial lead placement system. (right) Verification of the location and suc-
cessful attachment of the epicardial lead on the poster wall of the left ventricle using fluoroscopy 
(x-ray video). HeartLander highlighted by circle. 
 

 
Figure 7.5:  An ECG recording showing successful pacing of the heart using the epicardial lead 
placed by HeartLander. Notice the transition from the natural ECG signal on the left to the paced 
rhythm on the right. 

7.3 Tissue Ablation 

Spot ablations were performed on an open-chest beating porcine heart using a commercial abla-

tion catheter deployed from a third-generation crawler that was designed to carry larger payloads. 

The ablation catheter used was a 5F (1.65-mm diameter) Biosense Webster™ A-type electro-

physiology catheter with a 3-mm deflectable RF ablation tip. The catheter was deployed through 

the working channel of the crawler (Figure 7.6). The robot also contained a 1.8-mm diameter 

low-resolution fiberscope with a built-in light guide to provide visualization of the ablation tip. 

CCD 
Camera 

Pacing 
Lead 

Paced 
Rhythm

Normal 
Rhythm 

Pacing 
Initiation
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The spot ablations were performed with the chest opened. The pericardium was intact for half of 

the ablations (N=2), while it was removed for the other half (N=2) to allow direct visualization of 

the ablated regions. The ablations were performed for 30 s at 30 W, with saline irrigation prior to 

the applications. Examination of the ablations following the excision of the heart revealed that all 

ablations were successful (Figure 7.7). 

 

 
Figure 7.6:  Photograph of the larger HeartLander prototype deploying a commercial ablation 
catheter to the epicardial surface of the right atrium of a beating porcine heart. 
 

 
Figure 7.7:  Photograph of the excised porcine heart showing three spot ablations performed on 
the right atrium with the heart beating and pericardium intact. 
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7.4 Electrophysiological Sensing 

A bipolar electrode was fabricated using two Ethicon™ temporary cardiac pacing wires with mul-

tifilament surgical steel constructions.  The wires were attached to the bottom of the HeartLander 

front body, located 6 mm from one another (Figure 7.8). Contact between the electrodes and the 

epicardium was maintained by the suction chamber located between the electrodes. With the 

chest closed, the surgeon placed the robot at 13 distinct locations on the heart surface through the 

subxiphoid incision. The activation time was calculated from the ECG signal by an electrophysi-

ologist at each site, and the corresponding 3-D location of the robot from the electromagnetic 

tracking sensor was also recorded (Figure 7.9). The facets of the heart surface model were then 

assigned the activation value equal to the activation reading with the closest distance from the 

facet. In this manner, a crude activation map of the heart model was generated (Figure 7.10). In 

the future, bipolar electrodes mounted into the HeartLander crawlers can help to locate diseased 

regions of the heart during a procedure. 

 

 

 
Figure 7.8:  Photograph of the HeartLander prototype with a custom bipolar electrode mounted to 
the bottom surface of the robot for the measure of the electrical excitation of the heart in situ dur-
ing locomotion. 
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Figure 7.9:  Photograph showing the electrocardiogram (ECG) reading from the custom Heart-
Lander bipolar electrode measured from the epicardial surface of the heart in situ. 
 

 

 

 

 
Figure 7.10:  A heart surface model with the facets colored to indicate the activation reading from 
the bipolar electrode that was measured from the location closest to the facet. In this manner, the 
epicardial bipolar electrode readings were used to generated a course activation map of the heart 
model. 
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7.5 Epicardial Echocardiography 

As a proof of concept, a commercial intracardiac echocardiography (ICE) catheter was used to 

image the internal structure of a beating porcine heart from the intrapericardial space onboard 

HeartLander. The chest was closed and pericardium intact for this experiment. The ICE catheter 

was a disposable 8F (2.7-mm diameter) ACUSON AcuNav™ planar diagnostic ultrasound cathe-

ter. The catheter was deployed through the working channel of the larger third-generation 

crawler. The left atrium (LA), left ventricle (LV), and mitral valve (MV) were clearly visible on 

the ultrasound monitor, despite the lower quality of the image due to the inability to guarantee 

close contact between the catheter tip and epicardium (Figure 7.11).  

 

 

 
Figure 7.11:  Screenshot from the ultrasound monitor displaying the output from a commercial 
intracardiac echocardiography (ICE) catheter that was used to image the internal structure of a 
beating porcine heart from the intrapericardial space onboard HeartLander. The left atrium (LA), 
left ventricle (LV), and mitral valve (MV) were visible on the ultrasound monitor. 
 



Chapter 8 

8 Conclusion 

HeartLander is a miniature mobile robot designed to provide enhanced access for minimally inva-

sive cardiac intervention by traversing the epicardial surface of the beating heart in situ. Numer-

ous cardiac therapies can be administered from within the intrapericardial space surrounding the 

heart, through a series of treatments applied to the epicardial surface in a controlled fashion. Ac-

cordingly, the design of the robot and control system presented in this thesis were directly moti-

vated by the goal of providing precise and stable target acquisition over the entire epicardial sur-

face of the heart. The evaluation of HeartLander through a series of studies on a closed-chest 

beating porcine model demonstrated its ability to traverse the entire surface of the ventricles, ac-

quire clinically relevant target patterns with sub-millimeter accuracy, and maintain stability with 

the epicardial surface. In combination with the feasibility studies conducted using several thera-

peutic end-effectors, HeartLander has demonstrated the ability to provide enhanced minimally 

invasive access to the epicardium for intrapericardial intervention. In the future, this system may 

prove a useful tool for both cardiac surgeons and cardiologists. 
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8.1 Summary 

 In this thesis, we demonstrated that the development of a miniature mobile robot (Heart-

Lander) that adheres to and traverses the epicardium provides a tool for precise and stable interac-

tion with the beating heart. The ability of the robot to adhere to the epicardium obviates the need 

for cardiopulmonary bypass or mechanical stabilization, while the mobility overcomes access 

limitations that currently limit thoracoscopic techniques. Additionally, the ability of HeartLander 

to be deployed to the apex of the heart through a percutaneous subxiphoid approach obviates dif-

ferential ventilation and left lung deflation, which may enable cardiac surgeons to provide out-

patient procedures. 

 To demonstrate the utility of HeartLander, we focused on a subset three intrapericardial 

therapies that require precise and stable treatments at multiple sites on the surface of the heart:  

myocardial injection of regenerative materials, epicardial lead placement, and epicardial ablation. 

To facilitate these clinical tasks, HeartLander provides access over the entire epicardium, precise 

positioning to selected targets, and ensures safe and stable interaction with the surface of the beat-

ing heart. To minimize the associated morbidity, the robot achieves these goals with the chest 

closed, the pericardium intact, and the heart beating. Through a series of closed-chest, beating-

heart porcine studies, HeartLander demonstrated navigation over the entire circumference of the 

heart, the acquisition of targets within 1.0 mm, and stability with residual motion less than 1.0 

mm. Accordingly, the design of the robot and control system met the requirements motivated by 

our clinical goals. 

 The novel HeartLander paradigm combines the tracking techniques, anatomical models, and 

minimal access morbidity of transvenous procedures with the epicardial access and fine control of 

thoracoscopic techniques. A hybrid device of this nature may provide advantages over current 

approaches within the field of cardiac care for certain procedures.  

8.2 Contributions 

• Development of a mobile robot to access the entire epicardium.  The miniature size of the 

HeartLander crawler permits it to travel beneath the intact pericardium to reach any location on 
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the surface of the beating heart through a small subxiphoid percutaneous and pericardial inci-

sions. The navigation system has demonstrated locomotion to points around the entire circumfer-

ence of the heart. Thus, HeartLander provides total epicardial access thorough a minimally inva-

sive approach. 

• Development of a positioning system with high accuracy on the beating heart.  The 

drive-wire mechanism, suction-based prehension, and real-time filtering allow HeartLander to act 

as a manipulator for reaching a series of target locations in distal regions on the beating heart. The 

accuracy of the positioning system has demonstrated positioning errors less than 1.0 mm on the 

beating heart with the chest closed. 

• Platform stability beyond the current capabilities of mechanical stabilizers.  The minia-

ture size and prehension capabilities of HeartLander allow the robot to remain fixed on the sur-

face of the heart without being displaced by the shearing motion of the pericardium relative to the 

heart. The robot has demonstrated resultant maximum 3-D displacement of less than 1.0 mm over 

a period of 30 s around the entire circumference of the heart. This resultant drift is less than that 

provided by commercial mechanical stabilizers currently used in beating-heart surgery. 

• Application of pure pursuit to a new mobile robot domain.  The pure pursuit path tracking 

algorithm has been adapted from use in wheeled mobile robots to the wire-driven HeartLander 

crawler traveling on the beating heart. The incremental goal steps generated by the tracking algo-

rithm were fed to the inverse kinematics of the wire actuation for step planning to the target loca-

tion along the desired path. 

• Development of a novel method for generating a registered surface model.  A surface 

tracing methodology was developed to provide a still 3-D reconstruction of the beating heart sur-

face through a subxiphoid incision. This model was automatically registered within the tracking 

system used by the robot during navigation. The technique takes the surgeon and engineer less 

than 30 minutes to complete, and required no preoperative or intraoperative radiation-based imag-

ing. 

• The design and construction of three generations of crawlers.  Three distinct generations 

of crawlers have been developed and tested in vivo. Each crawler was built to overcome difficul-

ties encountered by its predecessor, improving epicardial access and requiring less invasive ap-

proaches. The third generation crawler is capable of accessing the entire epicardial surface of the 

beating heart through a subxiphoid percutaneous incision. 

• Demonstration of sample therapy administration from robot platform.  The remote in-

jection system permitted the surgeon to inject dye into the myocardium through the working 
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channel of the robot. Dye was used to simulate regenerative material injection, and to validate the 

location of the robot on the heart during target acquisition trials. Additionally, a commercial pac-

ing lead and ablation catheter designed for transvenous application were successfully applied to 

the epicardium using HeartLander through a subxiphoid percutaneous incision. In combination 

with the navigation capabilities of HeartLander, this represents a highly accurate therapeutic sys-

tem. 

8.3 Future Work 

Several improvements to the design of the robot and control system are necessary to prepare 

HeartLander for clinical use. One critical area of future research will focus on improving motion 

efficiency during both navigation and fine-positioning, thereby lowering the average target acqui-

sition time. Efficiency can be improved by further reducing the profile of the crawler robot, thus 

lowering the friction forces exerted by the pericardium on the robot. Safe lubricants, such as sa-

line, could also be secreted by the crawler bodies immediately prior to stepping motions to at-

tempt to lower friction with the environment. Although the coordination of the stepping motions 

with respiration did not yield an improvement in efficiency, coordination with the heartbeat cycle 

may generate results. The heart volume and position vary greatly over the cycle, and anecdotal 

evidence suggests that these factors may influence the normal force of the pericardium on Heart-

Lander. The main challenge will be to accurately detect the optimal phase of the heartbeat cycle 

for stepping, and to complete the stepping motion within that region. The high and varying fre-

quency of the heartbeat will make these tasks nontrivial. 

 Within the control system, a more sophisticated planner will be necessary in order to treat 

diseased regions on the heart as obstacles and avoid them during navigation. The planner should 

also be used to generate a complete plan to acquire the entire series of targets located on the heart, 

rather than treating each target as a separate trial. In this manner, the targets can be acquired in 

more efficient manner. 

 From a clinical standpoint, both the therapeutic and diagnostic capabilities of HeartLander 

must be further developed. One of the most exciting future applications is to mount diagnostic 

sensors as well as therapeutic end-effectors onboard the robot. HeartLander could then provide 

direct measurements from the heart that contribute to the diagnosis and planning of treatment, 

perform the designed treatment, then make additional sensor readings to validate the treatment. 
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Devices with the functionality to diagnose, treat, and validate are highly desirable in the health-

care industry. Additionally, high-quality pre-operative imaging, such as computerized tomogra-

phy or magnetic resonance imaging, must be integrated into the graphical interface. When prop-

erly registered, this will allow the surgeon to see details, such as the coronary arteries, on the 

graphical display that shows the current location of the robot. 
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