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Robotic Surgery Background
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Robots completely changed surgical procedures, introducing:
• Enhanced dexterity
• Motion scaling 
• Tremor filtering 

Minimally invasive Surgery and Microsurgery are the most suitable 
surgical fields in which robots can produce a significant contribute



Robotic Surgery Background
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da Vinci® Surgical System:

• Widely used robotic
system for robot-assisted 
laparoscopic procedures

Symani® Surgical System:

• Most advanced surgical robot
for complex microsurgical
procedures 



Robotic Surgery Background
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Levels of Autonomy for Surgical Robots:



Goal, motivation and approach
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The goal of this thesis is to create reliable solutions to enhance the 
quality of intervention in surgical robotic procedures

The main motivation is to overcome robot’s limits in critical tasks 
whose success still relies on surgeon’s abilities

Two approaches are used simultaneously:

1. introduce advanced control methods, using shared control
paradigms and laying the foundations for full autonomous
surgical procedures

2. propose computer vision algorithms, adopting traditional and 
ML approaches, that represent a valid support for novel control 
methods in surgical robotics



Vision-based VF for polyp dissection
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Problem: Colorectal polyp 
dissection requires very 
accurate detection of region 
of interest and precise 
cutting

Solution: vision-based 
method to assist the surgeon 
by means of a shared control 
approach (Virtual Fixtures)

Results: high-quality 
dissection

R. Moccia et al. ”Vision-based Virtual Fixtures Generation for Robotic-Assisted Polyp 
Dissection Procedures”, IEEE/RSJ IROS 2019



Vision-based VF for polyp dissection
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Method:

• The optimal dissection path 
using visual computation of 
control points 

• Virtual Fixtures ensure 
realization of the planned 
path 

• Haptic guidance 
implementation through 
impedance control

R. Moccia et al. ”Vision-based Virtual Fixtures Generation for Robotic-Assisted Polyp 
Dissection Procedures”, IEEE/RSJ IROS 2019



Vision-based VF for polyp dissection
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Segmentation: Watershed transformation and Grabcut method

R. Moccia et al. ”Vision-based Virtual Fixtures Generation for Robotic-Assisted Polyp 
Dissection Procedures”, IEEE/RSJ IROS 2019

Cutting Path: formulated through a B-Spline curve

Attractive Force: imposed on VF path 



Vision-based VF for polyp dissection
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Results:

• Optimal path autonomously 
adapted to environmental changes

• Improved accuracy and precision of 
intervention

R. Moccia et al. ”Vision-based Virtual Fixtures Generation for Robotic-Assisted Polyp 
Dissection Procedures”, IEEE/RSJ IROS 2019



Suturing Needle Tracking
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Problem: Suturing represents a very difficult procedure in Robotic 
Surgery

Solution: tracking of suturing needle to define the grasping pose 
optimizing the cost of robot joint limits and singularities

Results: continuous suturing avoiding tedious interruptions

R. Moccia et al. ”Haptic-guided shared control for needle grasping optimization in 
minimally invasive robotic surgery”, Hamlyn Symposium Workshop 2019



Suturing Needle Tracking
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Method:

• Vision-based detection and 
tracking of suturing needle

• Grasping optimization avoids 
joint limits and singularities along 
the suturing path

• Haptic guidance suggests the 
optimal grasp to the surgeon 

R. Moccia et al. ”Haptic-guided shared control for needle grasping optimization in 
minimally invasive robotic surgery”, Hamlyn Symposium Workshop 2019



Suturing Needle Tracking
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Cost Function:

R. Moccia et al. ”Haptic-guided shared control for needle grasping optimization in 
minimally invasive robotic surgery”, Hamlyn Symposium Workshop 2019

Results: 

• post-grasp movements during the suturing task are free from constraints



Vision-based VF for collision avoidance
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Problem: In robotic surgery surgical 
tools could collide, creating serious 
damage to the robot or human tissues

Solution:  Tool collision avoided by 
rendering a repulsive force to surgeon 

Results: human-subject study

R. Moccia et al. ”Vision-based Dynamic Virtual Fixtures for Tools Collision Avoidance 
in Robotic Surgery”, IEEE Robotics and Automation Letters 2020



Vision-based VF for collision avoidance
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R. Moccia et al. ”Vision-based Dynamic Virtual Fixtures for Tools Collision Avoidance 
in Robotic Surgery”, IEEE Robotics and Automation Letters 2020

Method:

• Marker-less surgical tool tracking 
using EKF coupling vision and 
kinematics information

• Shared control (VF) and haptic 
guidance method



Vision-based VF for collision avoidance
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R. Moccia et al. ”Vision-based Dynamic Virtual Fixtures for Tools Collision Avoidance 
in Robotic Surgery”, IEEE Robotics and Automation Letters 2020

Tool segmentation:

• Deep learning solution for instrument segmentation, using fully 
convolutional neural network

• 3D position of PSM tip is reconstructed by using triangulation with 
direct linear transformation, while orientation is computed solving 
PnP problem



Vision-based VF for collision avoidance

Rocco Moccia 20

R. Moccia et al. ”Vision-based Dynamic Virtual Fixtures for Tools Collision Avoidance 
in Robotic Surgery”, IEEE Robotics and Automation Letters 2020

Tool tracking:

• Process dynamics:

• Measurement model:

• The output of the EKF provides current pose of tool end-effector with 
respect to robot base frame



Vision-based VF for collision avoidance
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R. Moccia et al. ”Vision-based Dynamic Virtual Fixtures for Tools Collision Avoidance 
in Robotic Surgery”, IEEE Robotics and Automation Letters 2020

Experimental validation:

• User-study involving novice and expert surgeons



Multiple Task Execution using CBFs
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R. Moccia et al. ”Multiple Tasks Execution using Control Barrier Functions in Surgical 
Robotics”, in submission

Problem: Robot-aided surgical procedures involve a sequence of complex 
tasks

Solution: Executing tasks simultaneously gives the robot the ability to 
accomplish numerous assignments in safety conditions

Results: Multiple task execution framework

Collaboration with 



Multiple Task Execution using CBFs
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R. Moccia et al. ”Multiple Tasks Execution using Control Barrier Functions in Surgical 
Robotics”, in submission

Method:

• Optimization-based approach  allows 
the accomplishment of multiple 
surgical tasks simultaneously 

• Task definition and execution is 
achieved by means of Control Barrier 
Functions (CBFs)

• Dual Quaternion (DQ) algebra 
ensures a more efficient geometrical 
representation of surgical site 



Multiple Task Execution using CBFs
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R. Moccia et al. ”Multiple Tasks Execution using Control Barrier Functions in Surgical 
Robotics”, in submission

Robot Kinematics in DQ:

• Dual quaternion: 

• Rigid body pose in DQ: 

• Forward and differential kinematics:



Multiple Task Execution using CBFs

Rocco Moccia 25

R. Moccia et al. ”Multiple Tasks Execution using Control Barrier Functions in Surgical 
Robotics”, in submission

Task definition:

Task execution:



Multiple Task Execution using CBFs
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R. Moccia et al. ”Multiple Tasks Execution using Control Barrier Functions in Surgical 
Robotics”, in submission

Experimental Evaluation in simulation on Symani® Surgical System:

• Position and Orientation test



Multiple Task Execution using CBFs

Rocco Moccia 27

R. Moccia et al. ”Multiple Tasks Execution using Control Barrier Functions in Surgical 
Robotics”, in submission

Experimental Evaluation on dVRK Robot:

• Forbidden region avoidance test



Multiple Task Execution using CBFs

Rocco Moccia 28

R. Moccia et al. ”Multiple Tasks Execution using Control Barrier Functions in Surgical 
Robotics”, in submission

Experimental Evaluation on dVRK Robot:

• Obstacle avoidance test



Other Activities
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Development of new surgical instruments (MUSHA Hand II): design 
and testing 

H. Liu et al., ”The MUSHA Hand II: A Multi-Functional Hand for Robot-Assisted 
Laparoscopic Surgery”, IEEE/ASME Transactions on Mechatronics 2020

Fingers

ϕ12mm 

tube

Actuation

unit

Force sensors

Finger-1

Finger-2

Finger-3



On-going Projects
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Problem: Ultrasound (US) scan of 
human organ requires accurate 
movements in safety-critical site

Solution:  Autonomous US scan 
using da Vinci robot and novel 
probes 

Method: 

• dVRK dynamic model definition

• Sensor-less force contact 
estimation

Collaboration with 



Products
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International Journal papers:

1. R. Moccia, F. Ficuciello et al. ”Multiple Tasks Execution using Control Barrier 
Functions in Surgical Robotics”, in submission (title is provisional), 2021.

2. R. Moccia, C. Iacono, B. Siciliano, F. Ficuciello, ”Vision-based Dynamic Virtual 
Fixtures for Tools Collision Avoidance in Robotic Surgery”, IEEE Robotics and 
Automation Letters, vol. 5, no. 2, pp. 1650-1655, June 2020.

3. H. Liu, M. Selvaggio, P. Ferrentino, R. Moccia, S. Pirozzi, U. Bracale, F.Ficuciello, 
”The MUSHA Hand II: A Multi-Functional Hand for Robot-Assisted Laparoscopic 
Surgery”, IEEE/ASME Transactions on Mechatronics, vol. 26, no. 1, pp. 393-404, 
February 2020.
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International conference papers:

1. D.E. Canbay, P. Ferrentino, H. Liu, R. Moccia, S. Pirozzi, B. Siciliano, F. Ficuciello, 
”Calibration of tactile/force sensors for grasping with the PRISMA Hand II”, Proc. 
IEEE/ASME International Conference on Advanced Intelligent Mechatronics, In 
proceedings, Deft, Netherlands, 2021.

2. R. Moccia, C. Iacono, B. Siciliano, F. Ficuciello, ”Vision-based Dynamic Virtual 
Fixtures for Tools Collision Avoidance in Robotic Surgery”, IEEE RAL Paper 
presented at IEEE International Conference on Robotics and Automation, Virtual 
Conference, 2020.

3. R. Moccia, M. Selvaggio, L. Villani, B. Siciliano, F. Ficuciello, ”Vision-based Virtual 
Fixtures Generation for Robotic-Assisted Polyp Dissection Procedures”, Proc. 
IEEE/RSJ International Conference on Intelligent Robots and Systems, Macau, 
China, November 2019, pp. 7928-7933.
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International conference papers:

4. M. Selvaggio, A. M. Ghalamzan E., R. Moccia, F. Ficuciello and B. Siciliano, ”Haptic-
Guided Shared Control for Needle Grasping Optimization in Minimally Invasive 
Robotic Surgery”, Proc. IEEE/RSJ International Conference on Intelligent Robots 
and Systems, Macau, China, November 2019, pp. 7734-7939.

5. C. Iacono, R. Moccia, B. Siciliano, F. Ficuciello, ”Forbidden Region Virtual Fixtures 
for Surgical Tools Collision Avoidance”, Proc. Institute for Robotics and Intelligent 
Machine the Conference, Rome, Italy, October 18-20, 2020.
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Workshops papers:

7. C. Iacono, R. Moccia, B. Siciliano, F. Ficuciello, ”Vision-Based Dynamic Virtual 
Fixtures for Tools Collision Avoidance in MIRS”, 10th Joint Workshop on New 
Technologies for Computer/Robot Assisted Surgery, Barcelona, Spain, September 
28-30, 2020.

8. M. Selvaggio, A. M. Ghalamzan E., R. Moccia, F. Ficuciello and B. Siciliano, ”Haptic-
guided shared control for needle grasping optimization in minimally invasive 
robotic surgery”, Proc. Institute for Robotics and Intelligent Machine the 
Conference, Rome, Italy, October 18-20, 2019.

9. R. Moccia, M. Selvaggio, F. Ficuciello, ”Haptic-guided shared control for needle 
grasping optimization in minimally invasive robotic surgery”, Hamlyn Symposium 
Workshop: From BCI to human robot augmentation, London, England, June 23-26, 
2019.
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Workshops papers:

1. M. Selvaggio, A. M. Ghalamzan E., R. Moccia, F. Ficuciello, B. Siciliano, ”Haptic-
guided needle grasping in minimally invasive robotic surgery”, IEEE ICRA 
Workshop - Next Generation Surgery: Seamless Integration of Robotics, Machine 
Learning and Knowledge Representation within the Operating Rooms, Montreal, 
Canada, May 20-24, 2019.

10.R. Moccia, M. Selvaggio, B. Siciliano, A. Arezzo, F. Ficuciello, ”Vision-based virtual 
fixtures generation for MIRS dissection tasks”, 9th Joint Workshop on New 
Technologies for Computer/Robot Assisted Surgery, Genova, Italy, March 21-22, 
2019.


