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1. Introduction
Over the past three decades, surgical prac-
tice evolved from traditional open surgery to
Minimally Invasive Surgery and subsequently
to Robotic-Assisted Minimally Invasive Surgery
(RAMIS), reaching with the da Vinci Surgical
System the global gold standard.
The system offers enhanced dexterity and 3D vi-
sion, but it requires further development to re-
duce the surgeon’s cognitive workload and im-
prove patient safety. Current technological ad-
vancements do not aim to automate surgical
procedures, but rather to provide intelligent as-
sistance where the surgeon remains the central
decision-maker. Within this cooperative ecosys-
tem, the primary limitation of current systems
as the da Vinci remains the absence of haptic
feedback, forcing the operator to rely exclusively
on visual cues.
The contributions of this thesis are aimed at
keeping the surgeon’s focus on high-level proce-
dural decisions. The system leverages the kine-
matic data of the da Vinci Research Kit (dVRK)
[1] to autonomously generate minimum-jerk op-
timized paths, considering obstacles and the tar-

get selected without compromising the human’s
decision-making autonomy. The framework in-
trinsically reduces the execution time and elim-
inates the cognitive burden of path planning.
Furthermore, is implemented a haptic guidance
via an impedance control paradigm to provide
real-time assistance in following the trajectory,
increasing patient safety by preventing acciden-
tal collision.
A user study is conducted on a pick-and-place
task to evaluate kinematic performance and per-
ceived workload across distinct modalities.

2. State of the Art
Robotic surgery has evolved from pure mechan-
ical teleoperation towards semi-autonomous,
computer-assisted platforms. According to At-
tanasio et al. [2] autonomy taxonomy, current
advanced systems augment human capabilities
without replacing the surgeon’s decision-making
authority. The dVRK serves as a vital open plat-
form for exploring this transition, enabling the
integration of vision, control, and novel interac-
tion paradigms.
A foundational element of this assistance is tra-
jectory planning. By computing dynamically
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feasible, collision-free paths, the robot trans-
forms high-level goals into safe executable mo-
tions. In surgical contexts, both offline preop-
erative planning [3] and online real-time adjust-
ments [4] are crucial for adapting to dynamic,
deformable environments. Visual feedback be-
comes the dominant sensing modality for local-
izing tools, tracking tissue movement, detecting
constraints, and showing planned trajectories.
However, a persistent limitation in current
RAMIS platforms is the lack of haptic feedback.
Surgeons heavily rely on visual cues, increasing
cognitive load and the risk of tissue damage.
Due to the extreme difficulties of implementing
sterilizable, tip-mounted force sensors, research
has shifted towards model-based force estima-
tion and sensory substitution. Akbal et al. [5]
highlight that surgeons do not simply request
“force feedback” in a general sense, but instead
emphasize the importance of task-specific and
context-dependent cues.
Consequently, the most effective assistive strat-
egy is the implementation of active constraints.
Instead of attempting unstable force-reflection,
these systems use vision-derived geometric data
to create boundary-based haptic guidance. This
approach was first formalized by Bettini et al.
[6], who demonstrated how virtual fixtures could
be implemented to constrain tool motion along a
safe path or within a designated workspace. By
generating repulsive forces when the instrument
approaches forbidden zones, active constraints
provide a safe, stable, and cognitively efficient
physical guidance as Shi et al. [7].

3. Materials and Methods
The objective is to enable the user to reach a
target with high precision and safety. First, a
vision-based perception module is developed to
identify and localize objects. Second, a control
strategy is implemented to regulate the robot’s
motion. Third, a haptic feedback mechanism is
introduced at the master interface.

3.1. Stereo-Camera Calibration
The calibration of the da Vinci stereo cam-
era system represents the fundamental first step
in achieving reliable perception of the surgical
scene, which is necessary for accurate depth es-
timation and the three-dimensional localization
of targets.

Stereo image acquisition is performed via an
autonomous GStreamer pipeline, ensuring real-
time access to synchronized video streams (left
and right). For the calibration phase, a classi-
cal chessboard pattern is employed, providing a
regular grid of high-contrast points required to
estimate the system parameters.
The process estimates the intrinsic parameters
K and distortion coefficients D, which describe
how each camera maps 3D points onto the 2D
image plane. Instead, the extrinsic parameters
define the rigid transformation rotation matrix
R and translation vector t, between the left and
right camera reference frames, and they are used
to compute the essential matrix E epipolar plane
in 3D space. K and E find the fundamental ma-
trix F, epipolar line on the image. Following cal-
ibration, the rectification matrices R1 and R2

are computed to render the image planes copla-
nar and the optical axes parallel.
Finally, the projection matrices P1 and P2 map
the rectified coordinates onto the image planes
during real-time execution, while the reprojec-
tion matrix Q allows for the spatial localization
of the target.
The depth of the scene is extracted by calculat-
ing the disparity, the horizontal pixel displace-
ment between corresponding points in the two
images. For this phase, Hierarchical Deep Stereo
Matching Network (HSMNet) [8] is a compro-
mise between edge accuracy and computational
cost.
The final stage of the pipeline enables practi-
cal interaction with the reconstructed scene. By
manually selecting a pixel on the image, its ex-
act three-dimensional coordinates are computed
through the application of Q. The point thus
calculated is stored in the Endoscopic Cam-
era Manipulator (ECM) reference frame FT IPE

,
providing the essential geometric foundation for
subsequent trajectory planning and haptic guid-
ance generation.

3.2. Hand-Eye Calibration
To automatically track the surgical instruments
and overlay them onto the real-time endoscopic
video, a spatial correlation between the Patient
Side Manipulators (PSMs) and the ECM must
be established. This is achieved through a ded-
icated hand-eye calibration procedure (Fig. 1).
FRCME

is defined as the Remote Center of

2




	Introduction
	State of the Art
	Materials and Methods
	Stereo-Camera Calibration
	Hand-Eye Calibration
	Minimum Jerk Trajectory
	Haptic Feedback on MTMs

	Experimental setup
	Results and discussions
	Conclusions

