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Fig. 2: A schematic view of a da Vinci Classic instrument inserted
through a trocar port into the abdominal cavity.

and DLR MICA exchange the entire instrument instead of
the end effector [1, 39].

Implementation of Interchangeable Systems: Currently,
the instrument change procedure for the da Vinci RSA
involves the complete removal of the instrument from within
the abdominal cavity through the trocar port (see Figure 2).
To make interchangeable instrument end-effectors beneficial
to RMIS, end-effectors can be introduced through a separate
utility trocar port as described in [35]. The utility trocar
port can also be the point of entry for electronic cables and
catheters as described in [18] allowing for sensorized and
fluid delivery end-effectors to be introduced into the RMIS
workspace.

Robotic Interchangeable Instrument Systems: In 2007,
Friedman et al. proposed the early use of a robotic system
to automate instrument change on the da Vinci RSA [9].
However, their method required additional automated infras-
tructure including an industrial arm used to change the entire
da Vinci instrument after removing it from the abdominal
cavity.

Commercially Available Devices: In 2015, Teleflex Med-
ical was granted FDA clearance to market interchangeable
instrument-tips for non-robotic MIS instruments with a single
degree of freedom [38].

Existing non-robotic interchangeable instrument end-
effectors are not compatible with existing retractor geometry,
limiting the combination of possible instrument configura-
tions. Additionally, all of these devices allow only a single
controllable degree-of-freedom at the instrument tip with
similar limitations as in our initial design for a wrist mount
(described in [23]).

B. Autonomous Multilateral Surgical Tumor Resection

This paper focuses on the demonstration of fumor re-
section as imagined in a silicone-phantom tumorectomy
which includes four sub-tasks [8]: Palpation, Incision, De-
bridement, and Injection, using the finite element approach
described in a previous work [27]. Several researchers have
explored autonomous performance of RMIS sub-tasks [2, 6,
37, 41]. Moustris et al. [26] and Kranzfelder et al. [20] pro-
vide reviews of recent developments in semi-autonomous and
autonomous execution of various experimental and clinical
surgical procedures.

Palpation is necessary for surgeons to find inclusions
within tissues. Konstantinova et al. [19] provide an ex-
tensive survey on recent advances for sensor design and
deployment to enable successful haptic palpation. Algorithms
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for active exploration in tumor localization [28] and tumor
ablation [12] offer new methods to consider for improved
robotic palpation outcomes [10]. Sterilization of instruments
remains a challenging limitation for clinical use of tactile
force sensing in RMIS [4]. In this work, we automate the
palpation probe design presented by the authors in 2015 [23].

Scalpel instruments are available as stand-alone tools for
the da Vinci. However, they do not allow for interchange-
ability of instrument-tips. We created a scalpel instrument-tip
(shown in Figure 1) compatible with the proposed instrument
mount for use in the automated tumor resection pipeline
as described in Section V. In surgical theaters, electrical
cauterization is generally used for resection. However, these
instruments won’t function properly in a silicone-based phan-
tom tissue.

Surgical debridement is a tedious surgical sub-task in
which foreign inclusions or damaged tissues are removed
from the body [5, 11]. Automated brain tumor ablation and
resection with the RAVEN II has been explored in simula-
tion [12]. Kehoe et al. [17] used motion planning to perform
multilateral surgical debridement using the Raven II surgical
robot. We have explored tissue debridement and multilateral
cutting on deformable materials with the dVRK [27].

Targeted fluid injection allows for controlled and precise
delivery of materials such as chemotherapy drugs, surgical
glues, and stem cells. However, delivery to organs in inacces-
sible locations such as in the thorax, abdomen and pelvis is
challenging because of the relatively high degree of trauma
required [15]. Non-MIS robot injection tools have been
developed and evaluated in the past [36]. Robotic catheter
injection tools have also been studied [3]. However, there
is a need for low-cost RMIS compatible delivery devices
which enable access to internal organs and deliver controlled
quantities of localized fluids [14].

There are a number of clinically used methods for wound
closure including suturing, staples [40] and surgical adhe-
sives. Padoy et al. [29] demonstrated execution of a human-
robot collaborative suturing task on the daVinci platform
with a research interface. Surgical glue has shown promise in
closing small scale inter-cavity hernias [21], but little work
exists on the use of RSAs for precision application of fluids.

III. SYSTEM DESIGN AND INTERFACING

Our design motivation is to develop modular tooling for
the dVRK to allow for the demonstrable automation of a
multi-step surgical procedure. The interchangeable mounting
system has:

1. Kinematically constrained mounting on a standard surgi-
cal retractor end-effector using existing geometric features
Self-actuating retractor fixation requiring minimal grip
force

Preservation of existing retractor articulation

Form factor to fit through a 15 mm cannula during mini-
mally invasive procedures

Low-cost for single-use disposability.

2.
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Fig. 5: An autonomous simulated-tumor resection was performed using our suite of interchangeable instrument-tips and the da Vinci

8 mm Needle Driver; the dVRK performed a) Palpation with a haptic probe, b) Incision using a scalpel, ¢) Debridement using the Needle
Drivers, and d) Injection of a surgical adhesive. Full video of the task is available at: http://berkeleyautomation.github.io/surgical-tools

for use elsewhere in surgery and is the retrieving tool. The  mounted probe below the surgical retractor, then prompting
modular jaw-tip tool mount described in Section III-B can be  the jaws to open. The location of the flesh phantom was
used for the point of attachment for the TCA, and remains  registered to the dVRK robot by manually tele-operating to
the starting point for additional modular tools. The Retaining  the corners of the phantom and recording the global robot
Catch holds the jaw-tip mount in place during repeated tool  pose when palpation probe end effector distance was non-
exchanges; this is a passive fixation. The Too!l Return Guides  zero. These recorded points were used to fit a plane to the
force the returning jaw-tip mount to mate with the base of the  surface of the tissue.

catch basin, indexing the jaw-tip mount for the next removal. For wound closure, we chose to use an automated injection
The Shaft Catch Basin provides a large landing area for the  instrument developed for injecting stem cells; recent efforts
retrieving surgical arm to mate with the TCA rather than in automating suturing were not robust enough for the tumor
attempting to visually servo the points of the gripper jaws  resection procedure described in this paper [33]. The injector
into the jaw-tip mount. The Gripper Ramp passively forces has with three components: end-effector mounted needle
the retrieving arm to rotate its shaft such that the tips of (seen in Figure 1), a flexible catheter assembly, and a drive
the gripper jaws insert properly within the retrieved tool. —motor assembly mounted to the upper portion of the dVRK
The Indexing Slot guides larger tools (such as the Palpation  arm behind the sterile barrier [22]. The decision to use an
Probe shown in Figure 6) into place within the catch basin.  injected fluid sealant for a wound was inspired by research

Autonomous Tool-Changing Evaluation: A static third that supports the use of cyanoacrylate adhesives for wound
arm was added to the DVRK as shown in blue in Figure closure [21]. Injection volume and timing is controlled by
6 and is know as the presenting arm. The position of the finite state machine through a ROS node communicating
the presenting arm was calibrated to the global coordinate ~ With the microcontroller of the automated injector.
frame of the DVRK by tele-operating the individual arms Palpation: The dVRK retractor manipulates a palpation
to the location of the indexing channel on the tool-changing  probe (as shown in Figure 5) affixed to a modular instrument-
interface. Once the location of the static presenting arm is  tip mount to search for inclusions within a tissue phantom.
known the tool change process is repeatable. We were able  The dVRK slides the lubricated end effector of the probe
to demonstrate robustness by exceeding 30 repeated tool over the surface of the tissue in eight parallel passes while
change operations with the same hardware being re-used. the end-effector deflection is recorded by the ROS node.
However, this trial was performed ’open-loop’: once the Each parallel pass covers the entire 150 mm length of the
position of the presenting arm deviates from the initial setup,  tissue phantom (details in [23]). In each palpation pass the
all repeatability is lost. Further development of the TCA will  relatively stiff tumor causes a local maxima in end-effector
include features that are designed to facilitate visual servoing  displacement indicating the position of the tumor. Robot
of the retrieving arm into the Shaft Catch Basin. position data associated with the probe deflection data is
used to filter out noisy data near the edges of the tissue
where the probe loses contact with the surface of the tissue.

Tumor resection includes four sub tasks: Palpation, Inci- In Figure 5(a), a haptic probe is shown palpating a flesh
sion, Debridement, and Injection. Palpation of tissues is a  phantom; the position estimate of the underlying tumor is
means by which surgeons verify the location of tumors to  shown in the inset.
make precise incisions using their sense of touch. Retraction Incision: The surgical retractor is prompted to close and
and debridement require the interaction of the dVRK with e palpation probe is detached and replaced with a clevis-
flexible tissues. Surgical adhesive applications require the  ounted type-15 scalpel shown in Figure 1. A linear incision
placement of discrete amounts of fluid to precise locations. i made in the cutaneous phantom at a fixed offset from

Experimental Setup: The palpation probe was affixed the estimated location of the tumor to create a retractable
to the 8mm Needle Driver by manually placing the clevis- flap. The incision is performed in 1cm linear slicing mo-

V. EXPERIMENTS
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