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ABSTRACT

The currently available robotic systems rely on rigid heart stabilizers to perform totally endoscopic coronary artery bypass (TECAB) surgery on beating hearts.
Although such stabilizers facilitate the anastomosis procedure by immobilizing the heart and holding the surgery site steady, they can cause damage to the heart
tissue and rupture of the capillary vessels, due to applying relatively large pressures on the epicardium. In this paper, we propose an advanced robotic approach to
perform TECAB on a beating heart with minimal invasiveness. The idea comes from the fact that the main pulsations of the heart occur as excursions in normal
direction, i.e., perpendicular to the heart surface. We devise a 1-DOF flexible heart stabilizer which eliminates the lateral movements of the heart, and a 1-DOF
compensator mechanism which follows the heart trajectory in the normal direction, thus canceling the relative motion between the surgical tool and the heart
surface. In fact, we bring a compromise between two radical approaches of operating on a completely immobilized beating heart with no heart motion compensation,
and operating on a freely beating heart with full compensation of heart motion, considering the invasiveness of the first and the technical challenges of the second
approach. We propose operating on a partially stabilized beating heart with unidirectional compensation of the heart motion; the flexible stabilizer would exert much
less holding force to the heart tissue and the robotic system with unidirectional compensator would be technically feasible. In the proposed approach, a motion sensor
mounted on the stabilizer measures the heart excursion data and sends it into a control unit. A predictive controller uses this data to generate an automated
trajectory. The slave robots follow this trajectory, which is superimposed on the surgeon’s tele-operation commands received from a master console. Finally, the tool-
activation units in the slave robots actuate the articulated laparoscopic tools to perform the anastomosis procedure. The evaluation of the hypothesis showed that our
solution for the robotic TECAB on beating heart is both practical and cost effective. We showed in an in-vivo study that the flexible stabilizer can effectively restrict
the heart lateral movements, while allowing for its normal excursion. We found readily available linear motors which could afford the high forces, speeds and
accelerations required for following the heart trajectory. Finally, we showed that the tool-activation unit is capable of providing the maneuverability and workspace
required for the most challenging task of CABG procedure, i.e., anastomosis suturing.

Introduction

Cardiovascular diseases have been the leading cause of death for
many years and are expected to remain so. Among them, coronary ar-
tery diseases are the most prevalent and account for one in every seven
death recorded in the USA [1]. They happen by plague buildup inside
coronary arteries, which narrows the vessels and reduces the blood flow
and oxygen supply to the heart tissue, causing cell death, Angina or
even cardiac arrest. Treatment methods for coronary artery diseases
include changing lifestyle, medication, angioplasty and Coronary Ar-
tery Bypass Graft (CABG) surgery [2].

During CABG surgery, the physician harvests an artery (graft) from
elsewhere in the patient body (usually the saphenous vein from the leg
or the left internal thoracic artery) and bypasses the blocked coronary
artery. By doing so, the normal blood flow returns and the risk of heart

attack subsides [3]. Surgeons perform CABG in a variety of techniques
including open, minimally invasive, and totally endoscopic surgery.
Conventional open heart surgery is the most common CABG pro-
cedure. The surgeons make a large incision alongside the sternum and
crack it open to fully access the heart. In on-pump technique, the heart
is stopped and a heart-lung machine is used to circulate blood inside the
body [3]. Although a still heart makes the operation much easier for the
surgeon, such Cardio-Pulmonary Bypass (CPB) increases the risk of
secondary complications such as emboli [4], renal failure, cere-
brovascular accidents, and systemic inflammation [5]. The alternative
off-pump technique eliminates the risks of CPB by enabling operation to
be performed on a beating heart [3]. In this technique, an stabilization
device immobilizes the heart and holds the anastomosis site steady,
while the heart continues to beat, removing the need for CPB [3].
Both on-pump and off-pump conventional open heart CABG
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procedures are highly invasive surgical techniques since they require
cutting the sternum and opening the chest. An alternative solution is to
make a number of small incisions between the ribs and perform the
surgery using endoscopic instruments. Obviously, with such minimally
invasive CABG technique, the traumatic impact of the operation would
reduce dramatically and the patients experience less blood loss and
pain, recover more quickly, and suffer fewer complications [3,6-10].

A variety of minimally invasive CABG techniques have been utilized
in surgical practice. The two most common procedures are Minimally
Invasive Direct Coronary Artery Bypass (MIDCAB) and Minimally
Invasive CABG (MICS CABG). The MIDCAB procedure involves small
thoracotomy over the fourth or fifth left intercostal space and off-pump
harvesting and grafting of the left internal mammary artery (LIMA) to
the left anterior descending artery (LAD) [9,11-15]. Based on clinical
reports [12,16], the conventional MIDCAB is faced with a number of
limitations, including poor maneuverability, inadequate access to the
LIMA, and inability of revascularization of the arteries other than LAD.
The more recent MICS CABG procedure resolves some of these pro-
blems, by suggesting a more lateral thoracotomy [10-12]. However,
insufficiencies such as limited access, poor visualization, slow learning
curve, and the need for complex exposure, harvesting and anastomosis
maneuvers remain unsettled [10,15].

The robotic technology can help overcoming the difficulties asso-
ciated with MIDCAB and MICS CABG by providing great control, ex-
cellent view, and a comfortable posture for the surgeon. During the past
two decades, a variety of surgical robotic systems have been developed,
including Da Vinci from Intuitive Surgical [7,17], Raven from Uni-
versity of Washington, Seattle [7], MiroSurge from DLR, Germany
[7,18], SPORTS from Titan Medical, Canada [19,20], TELELAP Alf-X
from SOFAR, Italy [20], Senhance™ from Transenterix [21] and so on.
Among them, Da Vinci, is the only FDA-approved surgical robot for
cardiac surgery [15,19]. In robotic minimally invasive CABG, an en-
doscopic camera provides a high quality detailed view of the surgery
site, which helps performing the exposing, harvesting and grafting
procedures more conveniently and accurately. The highly articulated
end-effectors enhance the surgeon maneuvers, and the sophisticated
control system enables hand tremor filtering and three-dimensional
motion magnification, both facilitating the delicate high precision
motions required for coronary artery anastomosis. Finally, the thor-
acotomy incision reduces to 4 to 5cm and the rib opening is kept
minimized [3,8,10-12,15,22,23]. The robotic surgical systems can also
facilitate the Totally Endoscopic Coronary Artery Bypass (TECAB) sur-
gery which minimizes the invasiveness even more and also reduces the
operation time by eliminating the need for intercostal incision
[6,23-26]. Clinical studies, comparing the outcomes of the robotic
cardiac surgery and conventional mid-sternotomy CABG techniques,
have often reported statistically significant results in favor of the ro-
botic approach, in terms of reducing the mean duration of ventilation,
ICU stay, and hospital stay [11,14,27-32].

The minimally invasive CABG procedures might be performed on
beating hearts, by means of minimally invasive stabilizer, which is lo-
cated on the target area via an additional intercostal incision, or a re-
cently developed endoscopic heart stabilizer [6]. The surgery, however,
would be complicated, even in case of using surgical robots, due to the
residual motions of the heart [33-36]. More importantly, the heart
stabilizer provides mechanical stabilization by applying relatively large
pressures on the epicardium, as well as a strong vacuum attachment to
the heart surface, that can by invasive. It has been reported that the
forces applied by the stabilizers to immobilize the heart may cause
damage to the heart tissue and rupture of the capillary vessels [18,19].
In particular, in spite of the generally acceptable results reported for Da
Vinci in performing robotic minimally invasive cardiac procedures
[6,24,25,37], there are concerns over its usage in stabilized beating
heart operations due to the probable damage to the heart tissue
[34,35].

In this paper, we propose an advanced robotic approach for beating
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heart TECAB, as the “ultimate goal of bypass surgery” [25]. The aim of
this approach is to minimize the invasiveness of the current practice of
robotic TECAB, by reducing the restricting effects of the stabilizers and
allowing the heart surface to move freely along the normal direction
during operation. We seek a solution that is both practical and cost
effective. Our main concerns include minimum invasiveness, feasible
implementation and affordability (for both patient and hospital).

Our conception

Robotic compensation of the heart motion is an alternative strategy
to the stabilizer-based approach for beating heart TECAB surgery. The
heart surface trajectory, captured by a motion sensor, is followed by the
robotic arms that carry the surgical tools. Hence, there would be no
relative motion between the tools and the heart surface [38-41], en-
abling the surgeon to operate on a practically still heart. The surgeon
also enjoys a virtually stabilized view of the surgical site, provided by
the endoscopic camera attached to the robotic arms [42].

In spite of its attractiveness from clinical point of view, performing
robotic compensation of the heart motion has many technical chal-
lenges. Heart surface has a very complex motion, including three di-
mensional translations and rotations. To fully compensate the heart
motion, we require a highly dynamic robotic system with high fre-
quency motors and large bandwidth control in six degrees of freedom
(DOF). Achieving such level of dynamic maneuverability is impractical
with the currently available technology: it demands for a strong
structure, complicated mechanisms and very powerful motors, making
the system oversized and overweighed for heart surgery application.

In this paper, we propose a hybrid approach for performing robotic
TECAB on beating heart, considering the reports that the main pulsa-
tions of heart occur as excursions in normal direction, i.e., perpendi-
cular to the heart surface [43,44]. As illustrated schematically in Fig. 1,
the proposed approach consists of a 1-DOF heart stabilizer, a slave
robot, a master console and a control unit. The specially designed heart
stabilizer allows the heart surface to move freely in the normal direc-
tion, while eliminating the side movements at the target area. Hence, it
is sufficient to compensate the heart surface motion only in the normal
direction. A motion sensor, mounted on the heart stabilizer, measures
the heart excursion data in the dominant normal direction and sends
into the control unit. A predictive controller [45] uses this data, as well
as the trajectory data of previous heart beats, to generate an automated
trajectory. The slave robot follows the automated trajectory from the
predictive controller, which is superimposed on the surgeon’s tele-op-
eration commands received from the master console.

Slave robot

To provide the feel of an open surgery and completely follow the
surgeon commands, we propose using 7-DOFs slave robots. The first
three DOFs form the tool-orientation unit; they are used to move and
rotate the surgical tool about the entry point. A 2-DOF “spherical me-
chanism” provides a remote center of motion (RCM), where the rota-
tional axes of the mechanism and the tool axis coincide; this allows the
robotic arm to pivot the tool around the incision point [46]. A 1-DOF
linear mechanism inserts the tool into the body and controls its depth.
This mechanism also acts as the compensator of the heart motion.

The remaining four DOFs of the slave robot form the tool-activation
unit; they are used to drive the levers at the proximal end, i.e., handle,
of the tool. A 2-DOF “Agile Eye” mechanism actuates the distal wrist
joint of the tool, and another 2-DOF mechanism provides the roll and
grasp motions [47]. The combination of these motions enables the slave
robot to perform the complicated maneuvers required for CABG sur-
gery, especially the anastomosis procedure.

In order to enable following the heart motion with a sufficiently
high speed, the insert/compensator mechanism of the tool-orientation
unit is equipped with a high frequency linear actuator, which provides
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Fig. 1. Schematics of the proposed robotic beating heart surgery approach.
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Fig. 2. (A) Schematic illustration of the relative scales of heart excursions in the
normal and lateral directions, as reported by Ruszkowski et al. [44]. (B) The
tool is inserted through an incision made on the abdominal wall along the
normal direction of heart motion, i.e., perpendicular to the heart surface in the
target area. The small lateral movements of the heart are diminished by the
heart stabilizer.

the relative motion cancellation in the direction of the tool insertion.
Fig. 2A illustrates the relative scales of the heart excursions in the
normal and lateral directions, as reported by Ruszkowski et al. [44]. We
suggest inserting the tool though an incision made on the abdominal
wall along the normal direction of heart motion, i.e., perpendicular to
the heart surface in the target area (Fig. 2B). This would allow the in-
sert/compensator mechanism to cancel the normal motion of the heart
completely.

We also equip the robot with a six axis force/torque sensor, just
before the tool-activation unit, in order to measure the force interac-
tions between the robot and the tool. The information provided by the
sensor is used to produce a haptic feedback for the surgeon, and also to
generate safety alarms for retracting the tool, in case that the com-
pensation mechanism malfunctions.
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Minimally invasive 1-DOF heart stabilizer

The proposed 1-DOF compensator only follows the heart surface
excursion along the normal direction. Although being small, the lateral
movements of the heart surface remain uncompensated, which can
make the surgery difficult. To completely eliminate the relative motion
between the robot and the heart, we use a specially designed flexible
stabilizer. The fingers of this stabilizer are attached firmly to the heart
surface by suction, similar to the Octopus system [33]. However, with a
hinge between the proximal and distal ends of the stabilizer (Fig. 2B), it
only restricts the lateral movements of the heart surface, allowing the
heart to move freely in the normal direction. As a result, the proposed
stabilizer would exert a much lower holding force to the heart, in
comparison with the Octopus system, considering the fact that the side
movements of the heart surface are very small. It has been reported that
the maximum normal excursion (z direction in Fig. 2A) of the left
ventricular midwall is about 12 mm while its maximum lateral dis-
placements (y and x directions in Fig. 2A) are about 3 mm and 1 mm,
respectively [44]. The stabilizer is equipped with a motion sensor
which measures the dominant normal excursion of heart surface. The
predictive controller uses this data to predict the future heart trajectory
and send appropriate commands to the actuator of the heart motion
compensator mechanism.

The stabilizer is designed as an endoscopic tool, to keep the surgery
minimally invasive and eliminate the need for additional intercostal
incisions. In its closed configuration, the stabilizer can pass through a
20 mm trocar (Fig. 3A). By pushing the jaw opener at the proximal end,
the surgeon actuates the parallelogram mechanism at the distal end and
opens the suction fingers (Fig. 3B). Then, he/she uses the aligner me-
chanism to revolve the suction fingers about the pivot and align them
with the heart surface at the target area (Fig. 3C). By attaching the
fingers to the heart surface through suction, the complex motion of the
target area reduces to a pure normal excursion. During the surgery, the
encoder attached to the pivot measures this excursion. After finishing
the operation, the aligner and the jaw opener are pulled back to return
the stabilizer into its closed configuration.
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Evaluation of the hypothesis

In this paper, we introduced a robotic approach for performing
TECAB surgery on beating hearts. Now we are willing to evaluate the
performance of the proposed system. To do so, we first analyze the
surgery procedure and define the required functionalities for the robot.
Then we try to analyze and quantify the requirements and provide
practical solutions for them.

Slave robot: tool-orientation unit

The tool-orientation unit of the slave robot should provide sufficient
workspace for TECAB surgery. Rosen et al [49,50] performed extensive
in-vivo experiments and defined dexterous workspace (DWS) and ex-
tended dexterous workspace (EDWS) for laparoscopic surgeries. In an
earlier work [46], we designed and developed a laparoscopic robotic
arm based on EDWS. This robotic arm provided highly dexterous and
precise tool manipulation capabilities inside the EDWS, which was in
the form of an elliptical cone with orthogonal apex angles of 60° and
90°, and the vertex located on incision point. Moreover, the motor se-
lection of the robot was based on general laparoscopic surgery where
tools move smoothly and slowly.

Here, we intend to modify the design of this robotic arm and adapt it
to be used as the tool-orientation unit of the slave robots of the beating
heart robotic surgery. A similar design optimization procedure might be
utilized to find the dimensions of the mechanisms of the tool-orienta-
tion unit, such that the required workspace for the TECAB surgery is
achieved. The main concern in the design of the tool-orientation unit,
however, is the requirement of performing jerky movements, in order to
compensate the heart motion. In particular, the insert mechanism
should be capable of acting as the motion compensator too. For this
new functionality, the structure of the tool-orientation unit should be
redesigned to account for the dynamic and vibrational effects, and its
motors replaced with appropriate high-speed motors.

The structural design of the tool-orientation unit might be modified
considering the dynamic parameters, e.g., the stiffness of the structure,
the natural frequencies of the system, and the inertia of the moving
parts. For motor selection, the speed and acceleration of the human
heart and the inertial properties of the distal components are the main
parameters. The heart trajectory of a human has a similar pattern to an
adult pig, only differing in amplitude and heart rate. A study on pig’s
heart motion reported an average heart rate of 120 beats/min with an

~\(.
)
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B

Fig. 3. The flexible endoscopic stabilizer in (A) closed, (B) open and (C) operating configurations.

C

amplitude of 14 mm, maximum velocity of 0.175m/s and maximum
acceleration of 36.95 m/s> [40]. The compensator motor should be able
to move the distal tool-activation unit, with an estimated weight of
4kg, with the mentioned velocity and acceleration. A linear motor
seems to be a good candidate for such application with its high accel-
eration as well as short response time, both beneficial for accurate
tracking of heart trajectory. We selected the P01-37x120 motor from
LinMot with maximum velocity and peak force of 3.2m/s and 163N,
respectively [51]. This peak force is sufficient for moving the tool-ac-
tivation unit with the desired acceleration. Also, the maximum velocity
of the motor is about 20 times larger than the desired speed. The de-
signed tool-orientation unit, consisting of a robotic arm with three ac-
tuators, is shown in Fig. 4A. The first two actuators are used to orient
the tool and the third one, i.e., the linear motor, provides both the in-
sertion and compensation motions.

Slave robot: tool-activation unit

The tool-activation unit of the slave robot is located distal to the
compensator mechanism and therefore no extra inertial forces are ap-
plied on the actuators of the distal wrist, as well as those of the roll, and
grasp DOFs. The main concern in designing the tool-activation unit is its
capability of holding and manipulating the articulated laparoscopic
tools and providing the necessary workspace for the wrist maneuver. To
do so, we first overview the CABG surgery procedures and then analyze
its most challenging tasks that should be performed robotically.

To bypass the clogged artery, both the arterial and venous vessels
may be used. Surgeons preferably use Left Internal Mammary Artery
(LIMA) as it directly feeds from aorta and therefore needs no proximal
anastomosis. They firstly harvest the LIMA and then open the peri-
cardium to access the blocked coronary artery. After finding the
blockage, they apply proximal and distal occlusion tapes to prevent
bleeding at the anastomosis site. To finish the bypass, they make a small
incision in the distal coronary artery and perform end-to-side anasto-
mosis. In the case of using an alternative graft such as saphenous vein,
the last step is to suture the proximal end of the graft into the aorta
[16,24,26,52].

During robotic TECAB surgery, suturing is the most intricate task.
To perform anastomosis, the robot should be able to perform highly
delicate and precise maneuvers of running suture, as the most common
anastomosis technique [16,26], inside the limited space of thoracic
cavity. In this technique, the surgeon inserts the needle perpendicular
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Fig. 5. Schematics of running suture.

to the target epidermis using a needle holder, and rotates it through the
dermis until the needle tip exits from the contralateral side of the
wound (Fig. 5). Then, he/she grasps the needle body using a forceps,
held by the other hand, and pulls it out, while continues rotating the
needle through its arc [53]. The next step is knot tying of the suture.
This subtask is accomplished by circling the thread at the needle side a
few times around the needle holder, and then, grasping the end of the
thread with the needle holder and drawing it out through the thread
loops.

We can model the anastomosis and the knot tying procedures with a
number of simple movements. Assuming that the initial orientation of
the needle with respect to the tissue is correct, the insertion of the
needle into the epidermis can be achieved by linear motion of the
needle holder. Then, the needle holder follows a circular trajectory and
simultaneously rolls the tool tip to insert the curved needle deep into
the tissue. Afterward, the forceps approaches and grasps the needle tip
from the other side of the wound and continues the circular trajectory
to fully extract it from the tissue. To perform the knot, the forceps
should circle the needle around the needle holder for at least one turn.
We modeled this trajectory by a conic motion around the needle holder.
Finally, the needle holder performs a series of linear movements to
completely draw the thread through the thread loops and tie the knot.
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As suggested before, to optimize the 1-DOF heart motion compen-
sation, the tool should be inserted into the body from between the rips
and in a location along the normal direction of the heart motion, i.e.,
perpendicular to the heart surface in the target area. So, we have
narrow choices for the initial orientation of the instrument. On the
other hand, the space inside thoracic cavity is very limited. Therefore,
to perform the CABG surgery and specially the anastomosis subtasks —
which require broad and rapid maneuver of the tool tip in both position
and orientation — we need articulated instruments with distal wrist and
roll motion. We consider a two DOF distal wrist with about + 90°
pitch/yaw range of rotation and a continuous + 180° distal roll. These
degrees of freedom enable the surgeon to accurately perform the in-
tricate subtasks of anastomosis at the target area on the heart surface.

One of our main concerns in the proposed surgical robotic system is
its affordability for both hospital and patient. To minimize the opera-
tion cost for the patient, we propose using low cost conventional ar-
ticulated laparoscopic tools, instead of expensive exclusively designed
robotic instruments. A vast variety of laparoscopic instruments exist in
the market. Our main criteria include the wrist DOFs and bending
angle, as well as the capability of converting the instrument into a ro-
botic tool. Compactness, availability and cost effectiveness are the next
priorities for tool selection.

After analyzing the commercial laparoscopic tools, we firstly
decided to use Autonomy™ Laparo-Angle™ Articulating Instrument
from CambridgeEndo. The end-effecter of this tool contains a two DOF
snake-like wrist with + 90° pitch/yaw rotation, a continuous *= 180°
distal roll, and a grasper, scissor, etc. at the distal end. We measured the
range of motion and force requirements at the tool handle, and de-
signed a tool-activation unit to fully activate the instrument [47]. Re-
cently, the CambridgeEndo company went bankrupt and so we swit-
ched to SILS™ hand instruments from Covidien products, Medtronic
[54]. The new instrument has similar DOFs compared with the previous
one and only differs in the range of wrist motion — which is + 80° in-
stead of = 90°. So we adjusted the tool-activation unit to the new tool
by modifying the handle holding interface. The designed tool-activation
unit, consisting of four actuators and a 2-DOF Agile Eye mechanism, is
shown in Fig. 4B. Two actuators are used to drive the Agile Eye and
consequently the wrist joint, and the two others actuate the roll and the
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grasp DOFs of the wristed tool. The final design of the tool-activation
unit enjoys a modular design which makes it capable of actuating dif-
ferent wristed instruments by minor adjustments in the handle holding
interface.

Flexible stabilizer

The 1-DOF heart stabilizer shall be equipped with a motion sensor,
i.e., an encoder attached to the hinge, to measure the dominant normal
excursion of heart surface. The encoder should be very small to pass
through the 20 mm trocar and also accurate enough to measure the
normal heart excursion with a maximum error of + 0.5 mm. An abso-
lute encoder is preferred over the incremental ones since the former
eliminates the need for calibration in every use. Considering these re-
quirements, we selected a very small (8 mm diameter and 3 mm width)
absolute magnetic encoder, RM08S, with 12 bit positioning resolution
(4096 counts per revolution) and *+ 0.3° angular accuracy [48]. This
accuracy is equivalent to + 0.42 mm translational accuracy at the sta-
bilizer fingers and hence satisfies the = 0.5 mm accuracy requirement
for measuring the heart surface motion.

We evaluated the performance of a prototype of the designed flex-
ible stabilizer (Fig. 6A) during in-vivo animal tests. Prior to the tests,
the research protocol was reviewed by the university research ethics
committee which approved the compliance of the experiments with the
National Code of Practice for the Care and Use of Animals for Scientific
Purposes. We used the setup of Mansouri et al [55], in the Animal
Surgery Laboratory of Shahid Rajaie Cardiovascular Medical and Re-
search Center. The heart motion was measured by attaching markers to
the heart of a two-year old male dog and recording the 3D trajectories
of the markers using an infrared tracker [56] (Fig. 6B). The movement
of the heart, stabilized using the flexible stabilizer, was compared with
those of the free heart and the stabilized heart using the commercial
Octopus stabilizer. Results showed that the lateral rigidity of the flex-
ible stabilizer is sufficient to eliminate the lateral movements of the
heart effectively, similar to Octopus. However, the normal excursion of
the heart surface remained the same as that of the free heart, indicating
that no restriction force is exerted in the normal direction to the heart
surface.

Consequences of the hypothesis and discussion

In this study, we proposed a practical solution, based on an ad-
vanced robotic system, to perform Totally Endoscopic Coronary Artery
Bypass graft (TECAB) on a beating heart. We brought a compromise
between two radical approaches: 1) operating on a completely

Medical Hypotheses 124 (2019) 76-83

immobilized beating heart with no heart motion compensation, and 2)
operating on a freely beating heart with full compensation of heart
motion. The available surgical robotic systems perform TECAB using
the first approach; they rely on rigid stabilizers to immobilize the heart
surface completely, which can damage the heart tissue. The second
approach, on the other hand, is complicated technically and much ex-
pensive. Our proposed approach is to operate on a partially stabilized
beating heart with unidirectional compensation of the heart motion.

Our solution for the robotic TECAB on beating hearts is both prac-
tical and cost effective. The innovative 1-DOF stabilizer resolves the
problem of following the complex 3D heart motion by the robotic arm.
At the same time, it induces no damage to the heart tissue since the
heart surface can move freely in the dominant normal direction.
Moreover, we found readily available linear motors which can afford
the high forces, speeds and accelerations required for following the
heart trajectory in the normal direction. The unidirectional motion
compensation of the heart, however, imposes some limitations in the
insertion site of the surgical tool. Considering this constraint, we de-
signed a 4-DOF tool-activation unit to manipulate the articulated la-
paroscopic tools. We showed that this unit can provide the maneuver-
ability and workspace required for the most challenging task of CABG
procedure, i.e., anastomosis suturing. Finally, to minimize the opera-
tion costs, we proposed using low cost conventional articulated la-
paroscopic tools, as the surgical tools of TECAB.

Our proposed solution for robotic TECAB on beating hearts is pro-
mising. However, further research work should be performed to assess
its applicability in clinical practice. The efficacy of the designed flexible
heart stabilizer was examined in a single in-vivo animal test. More
experiments should be conducted in future to evaluate the effectiveness
of the stabilizer in restricting the heart lateral movements, as well as
measuring the normal excursion of the heart surface accurately.
Moreover, a prototype of the tool-orientation unit, with a unidirectional
compensator equipped with the selected linear motor, is under fabri-
cation to be examined experimentally. Similarly, we are in the process
of developing a prototype of the tool-activation unit of the slave robot
to assess its efficiency in performing the different tasks involved in the
CABG procedure. Finally, the whole robotic system, with all subsystems
assembled together, is planned to be tested on a beating heart simu-
lator, and then in animal tests.
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