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The proposed adaptive control algorithm is the first of its kind and will guide the development in
surgical robotics research. It can also be used in other fields of robotics, such as industrial
applications. This development will help pave a future for surgeries in challenging scenarios.

Surgeons can use surgical robots to increase their accuracy in adult
surgery, but robots are unavailable for procedures in narrow workspaces. This research aims to
improve the safety and accuracy of surgical robots using endoscopic images to enable the use of
robots for surgeries in narrow regions.

In this project, the online calibration of surgical instruments with partial or complete task space
measurements using external sensors was investigated. Using such online calibration makes it
possible to have very high accuracy for the positioning of the tools, depending mostly on the
accuracy of the sensors. In parallel to the calibration, the investigation of the recognition and
tracking of instruments from endoscopic images was also investigated. Al-based methods for tool
tracking have been done usin? advanced simulators that generate convincing computer-generated
images. The results are available in high-ranked peer-reviewed publication (also green open-source)
and free software.



With the advent of thedaVinci Surgical System (Intuitive Surgical, Inc., USA), robot-aided surgery became
areality in thousands of operating roomsworldwide. Robot aid provides higher accuracy, higher endurance,
and added 3D vision. The success of the da Vinci in adult laparoscopy has motivated attempts to use it in
surgical scenarios with workspaces more constrained than adult laparoscopy, but those attempts were
unsuccessful.  Microsurgery requires thinner tools (~3mm diameter), the workspace is narrower (>5
times), and collisions can happen inside and outside the field-of-view. In this context, we had been
developing a novel surgical and control algorithms for microsurgery. We have had success in providing
constrained motion using a technique called vector-field inequalities inside the narrow workspace in the
head, based on the robot’s encoder information. However, due to interactions with soft tissues in the head
the robots and tools' parameters change over time. Hence, the measurement of tool position based only on
encoder information deviates from the actual tool position. This deviation can be over 3 mm, half the size
of the workspace, and affects the safety of collision avoidance algorithms.

The proposed research can be divided into two interdependent parts that will be combined and validated:
1. develop an image-based tracking of the surgical tools using image processing techniques,
2. develop an adaptive controller which can consider workspace restrictions,
3. combine 1. and 2. to develop areal-time image-based parameter adaptation algorithm, and
4. validate the proposed methodology using realistic surgical models.

Concerning (1.), we explored two research fronts:

1.a) The methodology was initially based on preparing synthetic images
using the open-source program Blender. The synthetic images were firstly
used to recognize only the shaft of the robotic instrument [1]. This was
important because the shaft of the instrumentsis easier to see and recognize

on theimages. Then, we expanded thisto tracking the whole instrument [2]. \ )
We used SSD-6D-based Al algorithms for instrument tracking. -

1.b) We developed a novel simulator use physics-based rendering [3]. In

this work, we generated a large number of images considering also the

interaction of the instruments with soft tissues. We evaluated different levels

of realism by comparing the results of networks trained with only synthetic ~Figure 1 CGimage generated in [1]
images on a test dataset composed of only real images. We used a UNET-

based Al algorithm for evaluation.

2.) We devel oped the worlds-first constrained kinematic adaptive controller [4]. The main idea of the work
isto separate the control and adaptation into two optimization algorithms. The first optimization algorithm
solves the control problem using vector-field inequalities for collision avoidance. The second optimization
algorithm solves the adaptation signal, that is, the change in kinematic parameters to reduce the
measurement error, that isthe difference between measured tool information and estimated tool information.
The second optimization problem has a constraint to guarantee that the task error of the first optimization
will never grow, guaranteeing Lyapunov stability.

3.) The combination of these two strategies has been done in the experiments shown in [4]. We first used a
high-accuracy sensor (Polaris Vega, NDI, Canada) to quantify the behavior of the controller under differing
levels of sensor information. Then, we used a camera-based system.

4.) The validation of each technique using the Bionic Brain surgical model was performed as needed. [1],
[2], and [3].

1.a) We were able to track the complete pose of
surgical instrumentsin theimage. The accuracy was
better than 1 mm, reaching the original goal of the
project.

1.b) We developed a simulator to obtain images in Figure2 Resultsof [2].

three different levels of realism. We showed that using the proposed physics-based rendering, we can obtain




statistically  significant better values for the
intersection over union of the semantically
segmented images.

2) The most important results of this work have been
summarized in [4]. We show that using partia
information we can have the adaptive controller
reduce the error in that specific dimension. For
instance, even with only position measurementswe can mloU over the real images
reduce the trandation error. With only orientation M
measurements we can reduce rotational error. We also 081
show a comparison between our controller and a state- .
of-the-art constrained kinematic controller. We show
that the proposed controller is superior, and we can
achieve very high levels of accuracy (much better than 021
r1n en;;nj)r,eg]ipr)gdl ng only on the quality of the sensor ool —_co WENEN WSEN NG4S ok

Figure4 Resaultsof [3].

Figure 3 Imagesgenerated in [3]
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Figure5 Main resultsof [4] and of thisresearch project.
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