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Figure 7.22: Needle insertion into animal tissue using the proposed patient-mounted robot.

Figure 7.23: Insertion force applied to the surgical needle during the experiment.

This experiment demonstrates that the robot is capable of measuring the direct interaction
forces acting of the surgical needle during an intervention. However, further experiments are
required to assess the accuracy of force measurement.

7.5 Conclusion

It was shown that the workspace of the robot is a cone of ±22.5◦ which is more than the
design requirement mentioned in Chapter 33. It was also shown that the proposed patient-
mounted, parallel mechanism provides a fixed RCM at a desired location beneath the skin
level. This is the main feature of the proposed design that makes it distinctive among existing
RCM mechanisms. In addition, the positioning accuracy of the robot in open-loop control was
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assessed by performing a path planning test. Finally, an experimental setup was developed to
evaluate force measurement during a simple needle insertion task into an animal tissue sample.



Chapter 8

Conclusions

8.1 Summary
This thesis describes the design and development of a compact, patient-mounted surgical
robotic manipulator for minimally invasive lung cancer diagnosis and treatment. It is intended
to support available needle-based interventions including needle biopsy, ablation and high-
dose-rate brachytherapy. To do so, the robot’s mechanism has a modular design to support
different sizes of surgical needles. Accurate positioning of the tip of the surgical needle plays a
key roll in the overall success of needle-based interventions. Movements of the patient relative
to the robot, which can be caused by physiological motions (i.e., breathing) or repositioning the
patient inside/outside a medical imaging scanner, may introduce considerable errors in needle
positioning. A simple, effective approach to address this issue is to attach the robot into the
patient’s body. For this purpose, the robot has a compact design that may be affixed to the
patient’s body using either straps or double-sided tapes. The light weight of the robot (i.e.,
around 1.6 kg), allows it to be passively supported while it is attached into the patient’s body.

The proposed robot is designed to perform minimally invasive interventions during which
a surgical needle may go through a trocar to pass the skin and reach the tissue. For that purpose
a Remote Centre of Motion is required to avoid hurting the patient while orienting the needle.
A novel parallel RCM mechanism was designed to provide four decoupled degrees of freedom
to orient and position a surgical needle within a spherical coordinate system. A comprehensive
review of the relevant literature indicates that no such RCM mechanism has been developed
before. Apart from the parallel structure, moving the RCM downward to minimize the applied
forces into the patient’s body, while keeping the required workspace is another major advantage
of the proposed mechanism over existing ones.

8.2 Concluding Remarks
During this research work, a robotic manipulator with an original design was developed for
the effective delivery of needle-based interventions for cancer diagnosis and treatment. This
robotic system was developed from ground up and provides a solid basis for future work with
the ultimate goal of improving cancer diagnosis and treatment. The robot has three significant
features:
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Compact, Patient-Mounted Design

The robot consists of a compact design that is capable of being attached to the patient’s body to
reduce errors that may be caused by the movements of the patient during the surgical interven-
tion. Physiological movements such as breathing and repositioning of the patient during the
intervention are the main sources of such errors that may degrade the overall targeting accuracy
of a robotic manipulator. Fixing the robot into the patient’s body is a simple effective approach
to get around such sources of error. The proposed robot is compact enough to be mounted on
a patient’s body and also fit inside a typical medical imaging scanner bore.

Novel Parallel RCM Mechanism

An original parallel RCM mechanism was developed to hold a surgical needle and orient it
around a fixed point. The parallel structure allows two actuators to be placed at the stationary
base of the robot to reduce the floating inertia. The improper location (i.e., at or above the skin
surface, rather than subcutaneous) of the RCM is one of the main problems associated with the
existing patient-mounted robotic systems that have a fixed RCM. In the proposed design, the
RCM is moved downward to minimize the forces that act on the patient’s body, while providing
the required workspace for the surgical needle. Compact and efficient actuation for each degree
of freedom is another feature of the robot.

Measurement of Needle–Tissue Interaction

The specific design of the robot along with the proper integration of a hollow force sensor
(ATI Industrial Automation) makes it possible to measure the interaction forces between the
surgical needle and tissue. The reason is that during a minimally invasive intervention, the
Pitch and Yaw DOFs orient the trocar towards target, while the needle is inserted through the
force sensor, the body of the mechanism and the trocar using another decoupled degree of
freedom (insertion). The force measurement can be used to provide force reflection to the
surgeon during the intervention. The force reflection may be helpful to properly guide the
needle towards the target (i.e., a tumour) and also to confirm its location within the tissue.

8.3 Recommendations and Future Work
During the course of this work, a prototype of a surgical robot for needle-based interventions
was designed and constructed. Preliminary validations were conducted on the robot and the
capabilities of the proposed robot were assessed. However, further experiments and trials are
required to fully evaluate the robot’s performance. Possible future work and recommendations
are discussed in three categories: mechanical, control and navigation of the surgical needle and
testing and validation.

8.3.1 Mechanical Recommendations
The evaluations of the robot have shown that the mechanical design satisfies the desired re-
quirements. However, some improvements in the mechanical design and the construction pro-
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cess may improve the overall performance of the proposed robotic manipulator. First, the
robot’s structure can be further reinforced as the overall weight of the robot can be supported
with a passive spring-based mechanism. The main improvement is related to the bearings that
provide the rotational motions at the joints. The use of bigger and stronger bearings is possible
without any need to increase the size of the robot. These would provide better alignment of the
two legs of the robot and the location of the RCM and improve the structural stiffness of the
robot.

The timing belts and pulleys accompanied by the tensioning mechanism has been proven
to be effective to transfer rotational motion from one link to another and ultimately provide the
RCM. For each motion transfer, there is one timing belt placed at one side of the main leg and
applying tension in the timing belts may cause slight deflection in the linkages. Having two
timing belts for each motion transfer, located on each side of the main leg can avoid such de-
flections and improve the robustness of the robotic manipulator. In addition, it is recommended
that the linear insertion actuation be improved by selecting better material for the plastic rollers
and also using better linear bearings to minimize the amount of friction applied to the needle.
As a result, the interaction forces between the tissue and surgical needle can be measured more
accurately.

Improving the machining precision is another mechanical recommendation for future pro-
totypes of the proposed mechanism. It is also recommended to develop more needle adaptors
for different sizes of surgical needles to support all of the possible needle-based interventions
for cancer diagnosis and treatment.

During the course of this research work, a passive mechanism that attaches to the operating
table to support the weight of the robot was designed. It is strongly recommended to develop
such a mechanism to passively suspend the robot above the patient’s body while it is attached to
the patient. Finally, registration of the robot into medical images (i.e., CT images) is required
to track the tip of the needle while it is inside the patient’s body.

8.3.2 Control Recommendations

Currently, the robot’s motion is controlled by considering the kinematics of the robot and
using the servo motor controllers for each degree of freedom. This means that control of the
position/orientation of the needle is open loop since there is no feedback from the position
of the needle. It is recommended that Master-Slave control be implemented so the robot can
be controlled by a surgeon using an interface (i.e. master console) while the location of the
needle in medical images is provided for the surgeon. Thus, the needle is simply guided by the
surgeon towards the target with direct feedback from the medical images (i.e., CT or ultrasound
images). The proposed robot is capable of measuring the pure interaction forces between the
needle and tissues, so the force measuremant can be used to provide a haptic feedback for the
surgeon. Thus, by integrating a commercially-available haptic interface into the robot control
system, the surgeon can sense the interaction forces between the needle and the tissue during
the intervention. This information can be helpful to confirm the location of a tumour within
living tissue.
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8.3.3 Testing and Validation Recommendations
Several tests should be done to assess the performance of the robot in a operation room con-
dition. Developing a model of thoracic cavity and artificial tissue samples is recommended
to provide an experimental environment to run the required experiments to fully evaluate the
robot’s performance and identify areas for improvement. The next step is clinical assessment
during which several animal trials need to be arranged to study the overall function of the pro-
posed robotic manipulator during a clinical application. These experiments and validations are
expected to provide valuable information regarding the strong and weak points of the proposed
robotic manipulator.
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Appendix A

Kinematics Equations

Forward Kinematics
0
7T (1,1) = sin(φ +θ2)sin(α)cos(θ3)− cos(α)sin(θ1)sin(θ3)+ cos(φ +θ2)cos(α)cos(θ1)cos(θ3)

0
7T (1,2) =−sin(φ +θ2)sin(α)sin(θ3)− cos(α)cos(θ3)sin(θ1)− cos(φ +θ2)cos(α)cos(θ1)sin(θ3)

0
7T (1,3) = cos(φ +θ2)sin(α)− sin(φ +θ2)cos(α)cos(θ1)

0
7T (1,4) = L2sin(α)−Psin(α)+dcos(φ +θ2)sin(α)−L1sin(α)cos(θ2)−dsin(φ +θ2)cos(α)cos(θ1)

+L1sin(φ +θ2)sin(α)sin(φ)+L1cos(α)cos(θ1)sin(θ2)+L1cos(φ +θ2)cos(α)cos(θ1)sin(φ)

0
7T (2,1) = sin(α)sin(θ1)sin(θ3)+ sin(φ +θ2)cos(α)cos(θ3)− cos(φ +θ2)sin(α)cos(θ1)cos(θ3)

0
7T (2,2) = sin(α)cos(θ3)sin(θ1)− sin(φ +θ2)cos(α)sin(θ3)+ cos(φ +θ2)sin(α)cos(θ1)sin(θ3)

0
7T (2,3) = cos(φ +θ2)cos(α)+ sin(φ +θ2)sin(α)cos(θ1)

0
7T (2,4) = L2cos(α)−Pcos(α)+dcos(φ +θ2)cos(α)−L1cos(α)cos(θ2)+L1sin(φ +θ2)cos(α)∗ sin(φ)
+dsin(φ +θ2)sin(α)cos(θ1)−L1sin(α)cos(θ1)sin(θ2)−L1cos(φ +θ2)sin(α)cos(θ1)sin(φ)

0
7T (3,1) =−cos(θ1)sin(θ3)− cos(φ +θ2)cos(θ3)sin(θ1)

0
7T (3,2) = cos(φ +θ2)sin(θ1)sin(θ3)− cos(θ1)cos(θ3)

0
7T (3,3) = sin(φ +θ2)sin(θ1)
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0
7T (3,4) =

−1
2
(sin(θ1)(L1 ∗ sin(θ2)−2dsin(φ +θ2)+L1sin(2φ +θ2)))

0
7T (4,1) = 0

0
7T (4,2) = 0

0
7T (4,3) = 0

0
7T (4,4) = 1

U and V functions

U =− (sin(θ́1)(cos(α)+2cos2(0.5θ1)cos3(α)−2cos3(α))− sin(α)(cos(θ́1)(2cos(α)

−2cos2(0.5θ1)cos(α))−2cos(0.5θ1)sin(0.5θ1)cos(α)sin(θ́1)))/(cos2(θ1)cos2(θ́1)

+ cos2(α)cos2(θ1)sin2(θ́1)+ cos2(α)cos2(θ́1)sin2(θ1)+ sin4(α)sin2(θ1)

sin2(θ́1)+2cos2(α)sin2(α)sin2(θ1)sin2(θ́1)+2sin2(α)cos(θ1)

cos(θ́1)sin(θ1)sin(θ́1)+2cos2(α)sin(α)cos(θ1)sin(θ1)sin2(θ́1)

−2cos2(al pha)sin(α)cos(θ́1)sin2(θ1)sin(θ́1))

V =− (sin(θ́1)(sin(α)(cos2(α)− cos2(α)∗ cos(θ1))−2cos(0.5θ1)sin(0.5θ1)+2cos(0.5θ1)

sin(0.5θ1)cos2(α))− cos(θ́1)(cos(θ1)+ cos2(α)− cos2(al pha)cos(θ1)))/(cos2(θ1)

cos(θ́1)
2 + cos2(α)cos2(θ1)sin2(θ́1)+ cos2(α)cos2(θ́1)sin2(θ1)

+ sin4(α)sin2(θ1)sin(θ́1)
2 +2cos2(α)sin2(α)sin2(θ1)sin2(θ́1)

+2sin2(α)cos(θ1)cos(θ́1)sin(θ1)sin(θ́1)+2cos2(α)sin(α)

cos(θ1)sin(θ1)sin(θ́1)
2−2cos2(α)sin(α)cos(θ́1)sin2(θ1)sin(θ́1))
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