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1. Background

In recent two decades, the development of robot-assisted endovascular
catheterization system was motivated by the desire to reduce fluoroscopy
time, radiation dosage to surgeon and patient in addition to the reduction of
surgeon fatigue, and improvement of position accuracy of the catheter.
Unlike the conventional bedside technique, the robot-assisted endovascular
catheterization system allows the interventionalist to offer axial and radial
motion by master robot placed in a remote location through the control
console to guide the slave robot to insert, retract and rotate the catheter.
Currently, interventionalists overwhelmingly rely on 2-D visual feedback, as
one of their dominant information sources, during robotic endovascular
surgery. However, lack of the sensation of touch or haptic feedback from
catheter-tissues contact to the operator is a drawback in current
robot-assisted endovascular catheterization systems. The medical
professionals strongly rely on the sense of touch and their intuitive skills
during endovascular surgery. However, the employment of the robot-assisted
endovascular catheterization system removes the catheter from the
interventionalist’s hands, also eliminates the direct contact between the
clinician and patient. To this end, recreating effective haptic sensation by
master haptic interface becomes urgently in the robot-assisted endovascular
catheterization procedure.

Inspired by such motivations, the robot-assisted endovascular



catheterization system is presentesd. Firstly, a dynamic model of catheter
intervention is established to reflect the interactions between the catheter
and vasculature. Secondly, the haptic shared controlled architecture is
presented for the robotic endovascular procedure. Thirdly, an MR
fluids-based master haptic interface is presented. It can provide the
physicians with the ability to use their conventional bedside skills during the
robotic endovascular procedure. Fourthly, the catheter manipulator with a
novel miniaturized proximal sensing unit, as the slave robot, is proposed to
actuate the patient catheter in traditional ways (push, pull, and rotate) and
measure the contact force between the catheter and vasculature.

2 Research results
2.1 The establishment of a dynamic model of catheter intervention

The model of catheter interventional has been presented, and then
discrimination theory of ‘pseudo collision’ and ‘real collision’ is established.
This interaction force between the catheter tip and blood vessel wall can be
divided into three classifications: no contact and no collision, contact,
collision (pseudo collision or real collision). In our design, when the collision
force exceeds safety threshold value (deformation of blood vessel & exceeds
elastic limit Ouay), it can be viewed as ‘real collision’. Also, when the
deformation of blood vessel §does not exceed elastic limit Omax, 1t 1s viewed as

‘pseudo collision’.

2.2 Haptic shared control architecture based on catheter tip-vessel contact
situations

The surgery safety depends on the collision discrimination, hence the
haptic shared guidance has been designed to assist human decision making
during surgery practice. The designed haptic guidance was governed by the
collision forces between the catheter tip and blood vessel wall. The results
illustrate that designed model based haptic shred control scheme had
substantially reduced the total path length of the catheter, shorten the
procedure time, and decreased the duration times of “pseudo collision” and
“real collision” compared to no haptic guidance during the manipulation by
both the inexperienced and experienced operators.



2.3 Development of a robot-assisted endovascular catheterization system

The robot-assisted endovascular catheterization system is designed as
master-slave control architecture. The master haptic interface (to be placed
at a master side) measures the axial and radial motions of an input catheter
which is operated by the physician. Meanwhile, the haptic feedback can be
provided to the physician during the operation. To achieve a quick response
to haptic force, a novel hall sensor-based closed-loop control scheme is
proposed. The catheter manipulator (to be placed at the slave side) replicates
the physician’s operation motions which measured by the sensor part of the
master haptic interface. A novel force sensor attached to the proximal end of
the catheter in catheter manipulator is used to measure the contact forces

between the catheter and the blood vessel wall.

2.4 Performance evaluation of the robot-assisted endovascular
catheterization system

At first, the catheter manipulator was evaluated for axial and radial
positioning accuracy. It was found that the mean slip or error in insertion
was 0.6 mm (precision, £1.1 mm) for 100 mm length of the catheter
advancing. The maximum value of tracking error in radial motion is less
than 1.9 deg. The second experiment was performed to evaluate the lag
times of radial and axial motion transmission between the master haptic
interface and catheter manipulator. From the results, the maximum
response time in both directions is less than 160 ms. To verify the efficacy of
the proposed haptic guidance method, the evaluation experiments in vitro
are carried out. The results demonstrate that the proposed system has the
ability to enable decreasing the contact forces between the catheter and
vasculature.

3 Conclusions and future work

The development of robotic platforms in recent years has aimed to reduce
radiation exposure, increase precision and stability of motion, and add
operator comfort. However many such systems have been designed without
considering the combination of natural motions of the operator during
bedside practice with the robot-assisted endovascular catheterization system.

For most existing robotic solutions, the master interface takes the shape of a



joystick or a haptic device, therefore potentially altering the natural
behavior and motion patterns of experienced operators. Furthermore, existing
studies on effective haptic feedback with robot-assisted endovascular
catheterization system have been very limited. To address these issues, the
study presented in this thesis proposes the robot-assisted endovascular
catheterization system which can provide the operator with the ability to use
their conventional bedside skills in the robot-assisted endovascular
catheterization procedure. Meanwhile, the haptic feedback can be provided
to the operator during the operation. In this design, the force model was
presented to characterize the kinematics of the catheter intervention.
Afterward, the ‘pseudo collision’ and ‘real collision’ were utilized to descript
the catheter tip-vessel contact. The proposed haptic shared control strategy
has the ability to assist the surgeon in decision-making and improving
catheter interventional skills during teleoperated robot-assisted catheter
interventional neurosurgery practice. Experimental results also illustrated
that haptic shared control was a benefit for providing natural haptic
sensation and reducing the human cognitive workload as well as keep the
safety of surgery. According to the performance evaluation metrics, we also
found that the challenge of improving system transparency in robot-assisted
endovascular catheterization procedure can be addressed by adopting haptic
shared control.
For widespread use of robot-assisted endovascular catheterization

systems, the development of ergonomic robotic platforms that maintain the

natural skill of the operator is a potential area for future research.
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