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Abstract

Open surgical approaches are still often employed in neurosurgery, despite the availability of
neuroendoscopic approaches that reduce invasiveness. The challenge of maneuvering instruments
at the tip of the endoscope makes neuroendoscopy demanding for the physician. The only way to
aim tools passed through endoscope ports is to tilt the entire endoscope; but, tilting compresses
brain tissue through which the endoscope passes and can damage it. Concentric tube robots can
provide necessary dexterity without endoscope tilting, while passing through existing ports in the
endoscope and carrying surgical tools in their inner lumen. In this paper we describe the
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mechatronic design of a new concentric tube robot that can deploy two concentric tube
manipulators through a standard neuroendoscope. The robot uses a compact differential drive and
features embedded motor control electronics and redundant position sensors for safety. In addition
to the mechatronic design of this system, this paper contributes experimental validation in the
context of colloid cyst removal, comparing our new robotic system to standard manual endoscopy
in a brain phantom. The robotic approach essentially eliminated endoscope tilt during the
procedure (17.09° for the manual approach vs. 1.16° for the robotic system). The robotic system
also enables a single surgeon to perform the procedure — typically in a manual approach one
surgeon aims the endoscope and another operates the tools delivered through its ports.

Keywords

neuroendoscopy; continuum robot; concentric tube robot; robot-assisted surgery; minimally-
invasive surgery

[. Introduction

Neurosurgery is in need of advanced robotic instruments. The brain is a sensitive and
confined volume, and operating on it requires high accuracy and small, dexterous tools [1].
Based on this, robotics has been applied in neurosurgery since the late 1980s [2]-[4], with
much of this early work focused on a stereotactic approach and integration of preoperative
imaging. Collaborative neurosurgical robots have also been developed, where the surgeon
and the robot hold the tool together, and the surgical field is visualized under a surgical
microscope [5]-[7]. The purpose of these systems is to provide better accuracy, steadier
hands, or image-guidance while operating in an open surgical setting. For a review of early
work on both stereotactic and collaborative systems, see [8].

In parallel with these advancements in robotics, pioneering surgeons have introduced manual
rigid endoscopy as a way to reduce invasiveness in comparison to open surgery [9], [10].
Rigid neuroendoscopy offers significant morbidity benefits by eliminating the need for large
craniotomies and reducing the volume of healthy brain tissue that must be disrupted to
access the surgical site. This reduces the rates of complications including intracerebral
hematomas, aphasia, hemiparesis, numbness [11], as well as ventricular collapse and
sagging of the brain due to blood and cerebrospinal fluid (CSF) loss [12]. Robotic systems
have even been applied to assist with endoscope holding and aiming, with one noteworthy
early system being the Aesop of Computer Motion, Inc., which moved in response to
physician voice commands [13]. The same basic concept has also been applied to
neuroendoscopy (see e.g. [14]). However, endoscope holding robots do not change the
fundamental paradigm of tilting the endoscope to both visualize the workspace and
manipulate brain tissue [15].

While there are compelling morbidity advantages to an endoscopic approach, wider adoption
of endoscopic techniques is limited by how challenging they are to perform safely. Tilting
the rigid endoscope (which is the only way to aim surgical tools) is limited to small angles
and potentially dangerous [16], since pressure is applied to delicate brain tissue. Surgeons
also cite challenges associated with having only a single surgical instrument (in contrast to
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two independent instruments in open surgery under a microscope) [10]. With having only
one tool deployed through the endoscope, the surgeons lose the ability to provide tension
and retraction to the tissue. Shim et al. noted that the field of neuroendoscopy could greatly
benefit from innovations in surgical instruments and robotic systems [17]. Greenlee et al.
reported in a broad study on endoscopic resection of colloid cysts that “... there is a clear
need for improved endoscopic instrumentation to allow precise, bimanual dissection” [18].
The system we describe in this paper is designed to address these needs by delivering two
concentric tube robots (see Fig. 1) through the ports in a standard clinical neuroendoscope
(Fig. 2), enabling bimanual manipulation and removing the need to tilt the endoscope.

An early robotic system aimed at similar goals was the NeuRobot, which delivered three
jointed serial robotic arms through a 10mm diameter custom endoscope [19]. This work is
noteworthy in that it was taken all the way through to human clinical trials in Japan [19]. In
contrast to the custom system of NeuRobot, the use of concentric tube manipulators in our
work enables us to deliver our manipulators through the existing ports in a standard 8.3mm
diameter neuroendoscope. Concentric tube manipulators are also straightforward to
manufacture in a variety of shapes and sizes [20], providing many new parameters for
optimization of robot capabilities based on surgical objectives such as desired workspace
and dexterity (see e.g. [21] for an example of optimization for transnasal pituitary surgery).
These new parameters arise because concentric tube robots are needle-sized flexible robots
composed of superelastic, precurved, concentric tubes that are typically made out of nitinol.
The tubes are precurved to a set curvature by heating up the tubes using a method described
by [20]. Once the tube is curved, it will retain its shape in free space but will take on the
shape of whatever tube it is placed inside (for example, the tube will straighten when placed
inside of a straight tube). As the component elastic tubes are translated and rotated with
respect to one another, a coordinated, controlled tentacle-like motion can be achieved using
mechanics-based models [22], [23] and real-time control methods [22], [24], [25]. For a
review of concentric tube robot research, see [26].

Concentric tube robots have been previously suggested for use through flexible endoscopes
in neuroendoscopic procedures [27], but new research on torsional windup and snapping in
concentric tube robots [28], [29] shows that any overlap of a curved nitinol tube with either a
curved endoscope tip or another curved nitinol tube will severely reduce the workspace of
the device. Thus, concentric tube robots are better suited to rigid endoscopes where the
nitinol transmission can be minimized [30], [31]. Hendrick et al. described a hand-held
system that delivered concentric tube manipulators through a rigid endoscope and applied it
in the context of prostate surgery [32]. Our system differs from this concept by
implementing on-board electronics, a compact drive system, and teleoperation, as our robot
is meant to be fixed in place during a procedure. Drake et al. suggested applying this concept
in neuroendoscopy in the context of endoscopic third ventriculostomy [33].

Much of the prior work on concentric tube robots, both in the context of endoscopy and in
other applications, has focused on feasibility, modeling, and control of the manipulators,
with the development of actuation units with embedded motor control left to future work
(see e.g. [22], [33]). At the same time, there have been some noteworthy advancements in
the design of actuation systems and compact gear transmissions, including the work of
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Webster et al. which introduced the differential drive [34], Walsh et al. who introduced the
concept a telescoping lead screw combined with a differential drive (as well as a low-cost
disposable concept) [35], and the work of Morimoto et al. which used the concept of
telescoping screws, while also generalizing the screw to contain gear teeth providing more
options for actuator placement [36]. Some of these mechanical concepts, particularly that of
Walsh et al. inspired aspects of the system described in this paper. However, our robot differs
in that it does not utilize the telescoping concept mentioned in [35], [36], and we package
two of the differential drive transmissions into a single system.

A. Contributions

In this paper we contribute the mechatronic design of a new actuation system for actuating
two concentric tube robots through the ports of a standard, clinically used endoscope. The
actuation system incorporates compact differential drives and redundant sensing.
Furthermore, it is modular; each tube is actuated by a copy of the same mechanism. It is the
first such system described in the literature with an onboard microcontroller and power
electronics for driving the motors. We also contribute the first experiments demonstrating the
feasibility of colloid cyst removal with a concentric tube system delivered through an
endoscope. We demonstrate for the first time that a robotic system can essentially eliminate
endoscope tilting while effectively performing the same procedure.

System Design Considerations and Overview

The size, speed, and safety specifications of this neurosurgical robot were determined by
considering clinical workflow, safety requirements for current surgical robot systems, and
ability to complete desired tasks. Design considerations for our system include:

1 Size and Weight: In order to easily integrate into an operating room setting, it is
desirable for the robot to be small and light enough to be lifted and moved with
one hand.

2. Tool Velocity: Previous experiments in neurosurgery determined peak tool

velocity to be 1.8 cm/sec when being teleoperated by surgeons [37]. We chose to
design for an allowable maximum velocity of 2.5 cm/sec, a target that is a little
faster than the peak measured velocity in surgery. The maximum rotational
velocity of the tool was designed to be 360 deg/sec. With a known dexterity of
the robot, reasonable input velocities from the user should create achievable
motor velocities based on motor selection.

3. Reachable Workspace: It is desirable to have the workspace of the robot match
the endoscope field of view during an operation. The endoscope camera has a
depth of view of 20 mm. The camera lens is deployed 5 mm forward from the
endoscope tip, meaning the tubes will emerge from the tip before they come into
the field of view. The maximum travel of the concentric tube manipulator beyond
the tip of the endoscope was determined to be 30 mm to best match the
workspace to the field of view.
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4, Redundant Sensing: Redundant sensing is necessary for safety in surgical
robotics [5], [38]; every actuator should have at least two sensors capable of
measuring its movement.

5. Homing: Automatic homing of the robotic system is necessary for calibration of
linear position and rotation for each tube.

6. Functionality: The robotic system needs to be capable of performing the same
tasks as the manual surgery, and should only require one surgeon to complete the
operation. Having two robot arms enables better tissue manipulation through
bimanual operation, as the surgeon is able to apply tension and retraction
combined with cutting that would not be possible with two manual arms.

Our system, shown in Fig. 2, is composed of a robot, neuroendoscope, and concentric tube
manipulators. The tubes extend from the end of a trocar where the surgeon can view the
manipulator movement through the endoscope. A surgeon interface and the robot both
connect and communicate to a control box via USB. The control box contains a computer to
communicate with the devices as well as a DC power supply (Delta, PMT-12V100W1AA)
to provide power for the entire system.

A. Tube Modules

The robot body is split into functional units referred to as tube modules, shown in Fig. 3.
Since each tube is independently translated and rotated, each module provides two degrees
of freedom, and the actuation space of the robot is 8 degrees of freedom. The task space of
each arm of the robot was position control in 3 degrees of freedom. Each tube module is
electromechanically equivalent and is capable of (1) controlling two DC motors to rotate and
translate the tube within it, (2) reading five electronic sensors, and (3) communicating with
the control computer. The only connections from the robot to the control box are a power
cable and a USB cable, which reduces wiring complexity and weight coming from the robot
itself, in comparison to prior robotic systems with off-board motor drivers. Because there is
latency/buffering in the USB protocol, the tube modules are daisy-chained, meaning that
they are connected serially to one another. Daisy chaining the communication wires also
reduced the number of required electrical connections between the tube modules and master
control device, simplifying assembly and reducing the likelihood of a bad connection. The
I2C data signal originating from the control box proceeds through all four modules
sequentially before returning to the control box. The daisy-chained setup enabled the
communication protocol to achieve a fixed communication rate of 250 Hz from the control
box to the robot.

B. Differential Drive

Each tube module features a differential drive mechanism, which tends to be more compact
than options involving long lead screws, rails, and carriages, or other similar mechanisms, as
have been used in many prior prototypes, by both our group and others (see e.g. [22], [24],
[27], [30], [32]). A collet nut is used to fix the tube inside the lead screw. The custom
stainless steel lead screw features a keyway along the tube axis and mates with two stainless
steel spur gears (SDP/SI) (Fig. 4). One spur gear with internal threads translates the lead
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screw when driven by a motor, while the other spur gear has a mating key to create a helical,
coupled translation/rotation of the lead screw when driven by a motor. A pure rotation can

be generated by commanding a differential rotation of both the threaded gear and keyed gear
simultaneously. The lead screw length was selected to accommodate the necessary
maximum extension of both manipulator arms for the procedure. Both gears are driven by 6
V brushed DC motors (Maxon, DCX10L) with an internal planetary gearhead (Maxon,
GPX10) having a gear ratio of 64:1. Motors and lead screw pitch were selected to satisfy
instrument velocity design considerations for a maximum tool velocity of 2.5 cm/s, and to be
able to overcome internal forces (i.e., friction) to the system. Additional information on the
selection process can be found in [39]. The internal structure of the robot is formed by
assembling the four modules together. Two modules are assembled along the axis of the
endoscope to form the actuation for one arm, and this is mirrored about the midline of the
system to create the actuation for the other arm, as demonstrated in Fig. 3. Each lead screw
is rigidly fixed to one concentric tube, and each manipulator is fixed to the end of a tube.
The inner tube from each manipulator arm pass all the way through the system, so that the
surgeon has access to the back ends of the tubes via the back of the robot and can insert tools
through their working channels such as suction, cautery, grippers, laser fibers, etc.

C. Concentric Tube Parameters and Model

The parameters of the concentric tubes are as listed in Table 1. These parameters provide
good overlap between the manipulator workspaces and the endoscope field of view, as
shown in Fig. 3. They are an example of a tube set that worked to facilitate our experiments,
but we make no claims to optimality. Many results exist for tube optimization (see e.g. [39],
[24], [40]), which could be applied to our system in future work.

The mechanics-based model of concentric tubes is well established in the literature [22],
[23] and we use it directly. The manipulators are commanded to move in surgeon-specified
directions using resolved rates [24]. The surgeon teleoperates each of these arms with visual,
endoscopic feedback.

D. Sensors for Redundant Encoding and Homing

The five sensors within the tube module are: two encoders, a digital hall-effect sensor, a
magnetic linear position sensor, and a magnetic rotary position sensor. These sensors (except
for the encoders) can be seen in Fig. 5. Redundant sensing is important for safety
considerations in surgical robotics [38] and the magnetic linear position sensor and the
magnetic rotary position sensor were used to add redundancy. The motor position controllers
are designed to operate on encoder feedback, but a watchdog timer is used to ensure the
redundant sensors match each other for recognition of single fault condition and safety.
Matched sensor values reset the watchdog timer, while mismatched readings will fail to reset
the timer and eventually trigger a system fault.

The magnetic linear position sensor reads from a linear multi-pole strip magnet that
translates with the lead screw. This provides redundant position sensing for the lead screw
position in addition to the optical motor encoders, because the motor encoder counts can be
converted to linear translation with knowledge of the gear ratios and lead screw pitch. The
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magnetic linear position sensor can also sense the end of the magnet, enabling it to be used
for translational homing of the lead screw by simply driving the lead screw until the end of
the magnet is detected. This design also enables sensing of the backlash present between the
motor and the translation of the lead screw which can increase positional accuracy. The
magnetic rotary position sensor senses the angular position of the lead screw. This provides
redundancy to the motor encoder counts which can be converted to lead screw rotations via
the same gear ratios and lead screw pitch as the linear translation redundancy. While this
sensor cannot identify an absolute angular position, it can be used for redundant sensing of
tube rotation and for backlash detection in the rotation of the tube. To home the angular
position of the lead screw we use a digital hall-effect sensor to sense the magnetic field of a
small magnet embedded in the hub of the gear that rotates the lead screw. Together, the
linear position sensor and digital hall sensor provide automatic homing capabilities for the
robot. Rotation and linear position can be homed independently for each tube and the entire
robotic system can be homed rapidly, without requiring user input or calibration. The optical
encoders on the motors (Maxon, ENX10) were used primarily over the magnetic encoders
for control feedback due to better resolution. Optical motor encoders were chosen over
absolute motor encoders because they are simpler to interface with and came packaged with
the motors.

E. Embedded Motor Control Boards

A block diagram of the tube module control board is shown in Fig. 6. The main component
of the control board is the microcontroller (dsPIC33F, Microchip). This microcontroller is
designed specifically for motor control applications and includes an interface for standard
quadrature encoders. The control board implements a lead-lag controller which updates on a
1 kHz timer interrupt to control the angular position of the motor shaft. The control signal is
the duty cycle of a 40 kHz pulse width modulated (PWM) signal, and the loop is closed with
incremental optical encoders which are mounted directly to the motors. The PWM signals
input to a dual full bridge output motor driver (Avago A4990), which sources power
necessary to drive both motors. The magnetic position sensors communicate with the
microcontroller via a serial 12C protocol, and the digital signal from the hall sensor is routed
to a digital input pin on the microcontroller.

A separate board with switching regulators takes in 12 V from a power supply in the control
box and converts to 3.3 V, 5V, and 6 VV DC power lines for the microcontroller, encoders
and sensors, and motors, respectively. A USB to serial converter converts the USB signal to
a serial peripheral interface (SPI) protocol.

Experiments

We now consider the specific surgical scenario of removing a colloid cyst with the new
robotic system described in this paper. Colloid cysts are benign tumors located between the
two brain hemispheres in the third ventricle. They account for 2% of primary brain tumors
and 15-20% of intraventricular masses [41]-[43] and are one of the types of brain tumors
that have been approached endoscopically [18], [44]. As such, colloid cyst removal is a
representative application well suited to measuring the endoscopic tilt required to complete a
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neurendoscopy procedure. We will then compare the manual approach to a bimanual, robotic
approach using our system. To simulate this environment, we created a phantom model
inspired by previous work for training surgeons in third ventriculostomy [45]. For our set of
experiments, we chose to simulate the colloid cyst resection surgical environment in a
phantom based on a patient CT scan.

A. Phantom Design

The colloid cyst from the CT scan sits within the foramen of Monro, as shown in Fig. 7. The
cyst is roughly 2 cm in diameter and is approximately spherical. The foramen of Monro, the
skull, the cyst, and the ventricles were identified by the participating surgeon (co-author
Naftel) as important structures to include in the design of the phantom. Each of these
structures was manually segmented from imaging data (Fig. 7).

The ventricles are hollow, open structures full of cerebrospinal fluid, and the foramen of
Monro is formed by a circular ring of tissue and is the connecting channel between the
lateral and third ventricle. In this CT scan, the cyst is sitting directly within the foramen of
Monro. Colloid cysts have a very thin outer membrane and some contain fluid-like contents
that can be aspirated. In this phantom design, the colloid cyst is designed to be aspirated.
Colloid cysts are also known to have a fibrous “stalk” attachment. This is a thin, string-like
structure that attaches the colloid to the superior (i.e. towards the top of the head)
surrounding brain anatomy. The cyst is sometimes described as hanging from its stalk within
the foramen of Monro.

A silicone molding technique was used to construct the brain phantom. The brain tissue
silicone mixture was poured until it completely filled the mold (Fig. 8, left), and left to cure
for two hours. The silicone formed around 3D prints of the segmented brain ventricles
(Protolabs, PA 850, Black Nylon-11 Selective Laser Sintering), which were removed when
the mold was completely cured to leave an empty space for the ventricles. After removing
the 3D printed ventricle structure, a pre-molded, stiffer foramen/cyst cavity structure
remained in the mold.

The design of the colloid cyst was inspired by the model outlined in [46]. Stretched Parafilm
(Heathrow Scientific) was used to form the outer membrane of the cyst, and the cyst was
filled with a viscous agarose mixture (Fig. 8, right). The desire was to simulate a colloid cyst
where the contents of the cyst could be aspirated, without the contents spilling out of the
membrane as soon as it was perforated. As the contents (agarose mixture) are inserted into
the cyst, the top of the cyst is tied off with a piece of string to retain the cyst contents. This
piece of string simulates the fibrous “stalk” that attaches the colloid cyst to its surrounding
brain anatomy. The cyst is then manually placed into ventricles, so that it hangs from its
superiorly-attached simulated stalk, as can be seen in Fig. 9 from the outside (left) and
through the endoscope view (right).

B. Experimental Procedure

To begin the experiments, an entry burr hole was drilled by the experimenting neurosurgeon
into the skull phantom. The trajectory was planned by eye, and the surgeon drilled the burr
hole to a diameter just larger than the endoscope. The endoscope/trocar used in this
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experiment is the Minop Invent 30° neuroendoscope (Aesculap, Inc.). The manual procedure
was completed with two surgeons: an experienced pediatric neurosurgeon and a
neurosurgical fellow. The neurosurgical fellow was in control of the hand tools that pass
through the working channel of the trocar, and the pediatric neurosurgeon was in control of
the endoscope/trocar. For the robotic procedure, the neurosurgeon is in sole control and
teleoperates both arms, and the endoscope is secured by a holding arm. The position of the
manipulators is controlled by the surgeon interface, for this case: two haptic user input
devices (Novint Falcon, Novint Technologies, Inc.), one for each manipulator. The user
interfaces were programmed in C++ to interact with the robot.

There are three basic stages to the experiment; first, the surgeon must perforate the thin cyst
membrane with a gripper so that the gelatinous contents begin to spill out. Second, the
surgeon aspirates the cyst contents until the cyst is sufficiently debulked. Lastly, the surgeon
must find the stalk attachment point (i.e. the string) and place the tool on the string to
simulate the cut that is required to free the cyst and remove it. In the experiment, as soon as
the tool is placed on the string, the experiment is considered complete, and the surgeon is not
required to actually cut the string. During the manual experiment, two tools are used
sequentially: forceps and an aspiration tube. First, the forceps are inserted into the tool
channel and used to perforate the cyst. The surgeon then removes the forceps in exchange
for a flexible aspiration tube which is connected to vacuum, and then switches back to the
forceps to simulate cutting the stalk. The tools can be changed as desired during the
procedure, but it takes time to switch from one to the other. For the robotic experiment, the
surgeon has the ability to aspirate with the left arm throughout the entire procedure and has
forceps in the right manipulator for the entire procedure. Since the forceps opening and
closing degree of freedom had not been motorized at the time of the experiment, the forceps
were actuated manually by the assisting engineer when the surgeon verbally requested that
they be opened or closed.

We tracked the movement of the endoscope during both the manual and the robotic
experiment using NDI Optotrak (Northern Digital, Inc.) in six degrees of freedom. The
Optotrak was rigidly mounted to a wall and the experimental setup was within the
workspace of the tracking system. A frame with optical tracking markers was mounted to
the endoscope to measure the movements of the endoscope during both the manual and the
robotic experiments. For the manual experiment, we also tracked the 1D insertion-retraction
motion of the forceps, and the tip location during the procedure could be measured through
the geometric relationship of the tracking markers to the tool tips. During the robotic
procedure, the motions of the tool tips were recorded using the kinematics of the concentric
tube manipulators.

The experiment begins with the endoscope in a neutral (i.e. not tilted) configuration with the
forceps at the tip of the endoscope. This enables tracking of the tip of the forceps relative to
the endoscope tip and the tilt of the endoscope relative to its neutral configuration at the
beginning of the procedure. The endoscope angle e is calculated by tracking the zaxis of the
endoscope, which is the axis that runs along the length of the endoscope. The change in
angle is measured from the neutral configuration, i.e. the position of the endoscope in its
starting configuration.
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For the robotic experiment, the robotic system/endoscope is held by a passive, lockable arm
and the surgeon teleoperates the concentric tube manipulators with the haptic user input
devices. The user interface maintains the surgeon’s hands within the boundaries of the
endoscope view by providing virtual walls, which apply forces to the surgeon’s hands if
he/she attempts to move outside the endoscope field of view. A push-button is provided on
the interface that can be used for clutching. The scaling between the surgeon’s hand motion
and the manipulator motion can be changed on demand during teleoperation by the surgeon.
The passive arm was allowed to be reconfigured if needed by the surgeon during the
procedure, and any reconfiguration of the system would be optically tracked and recorded.
The experiment was started in both the manual and robotic cases when the surgeon was
satisfied with the position of the endoscope/tools. In both cases, the surgeon verified the
tools could reach the cyst prior to initiating the recording of the experimental data through
the use of a 3D visual display and by calculating the distance between the tip of the
endoscope and the object to ensure that the robot would reach.

The endoscopic angulation e for both the manual and robotic experiments are shown in Fig.
10 and summarized in Table II.

The mean endoscope angulations were 3.97° and 0.46° for the manual and robotic
experiments, respectively. The max endoscope angulations were 17.09° and 1.16° for the
manual and robotic experiments, respectively. The surgeon was able to accomplish the entire
robotic procedure without reconfiguring the endoscope.

The movement of the endoscope in this case is the result of bumps, vibrations, tracking
noise, and flexibility of the robot/endoscope structure. Note that tracking was temporarily
lost due to line-of-sight obstructions for 0.42 s during the manual procedure and 14.35 s
during the robotic experiment. The calculations for e in Table 11 do not include times when
tracking was lost, but the experiment time does.

In Fig. 10 (Top), the stages were defined to begin/end when the tool was exchanged, and in
Fig. 10 (Bottom), the stages were approximated to begin/end based on the visual motions in
the endoscopic video feed. The most noteworthy results from Fig. 10 are that (1) it was
possible to complete the robotic procedure without reconfiguring the endoscope, (2)
endoscopic angulation as high as 17.09° was observed during the manual procedure in the
stalk cut stage of the procedure, and (3) 5-10° oscillations in endoscopic angulation were
common during the manual procedure. The maximum extension of the tool from the
endoscope tip was found to be 23.1 mm.

The locations, relative to the registered anatomy, that the tips of the tools reached for both
the manual and robotic procedure are shown in Fig. 11(a)-(c). Recall that the aspiration tube
movements during the manual procedure were not tracked due to the flexibility of the tube.
For the manual procedure, the locations of the tool tip during the cyst perforation stage and
the cyst cut stage of the procedure are clearly grouped (shown within ellipses in Fig. 11(a)).
The point clouds are highly axial, as one would expect since these points are generated by
axial extension/retraction of the tool through the endoscope. As is shown in Fig. 10 (Top),
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the endoscope moves considerably, approximately 10-15° between these two stages of the
procedure. The corresponding robotic manipulator positions for the cyst perforate/cut stages
of the procedure are shown in Fig. 11(b)). As is clear from this Figure, the manipulator tips
each move considerably less than the forceps did during the manual procedure. It is also
clear that both manipulator arms are used together during the perforation/cut portions of the
procedure. Fig. 11(a)-(c) also shows the manipulator tip positions during the entire
experiment; the point clouds approximate the conical workspace that the manipulator tips
were constrained to operate within. It appears that during the robotic procedure, the
manipulators did not reach the same locations that were accessed during the manual cut
portion of the experiment. This is because the endoscope did not move; instead, the surgeon
used the bimanual capability of the manipulators to orient the cyst with the right arm so that
the string was exposed and then touched the string with the left arm. The positions that the
endoscope tip reached during both the manual and robotic experiment are shown in Fig.
11(d)-(e).

It is possible to quantify the total motion of the tool tips that was required during the manual
and robotic experiments. This data is summarized in Table Il1. The tracking data for the
manual procedure and the logged tip position data for the robotic procedure were both
down-sampled to 10 Hz for this analysis. This was done to reduce the impact of the high
frequency tracking noise when calculating the distance between subsequent tip positions.
The tip distance traveled by the forceps during the perforation stage of the manual procedure
was 479 mm. In comparison, the tip distance traveled by the left and right manipulator was
201 mm and 218 mm, respectively. The total distance moved was similar between the
manual and robotic procedures, but these motions were split over two arms in the robotic
portion of the procedure. On average, the manual forceps moved about twice as fast as the
robotic manipulators during the experiment. Similar results were found during the cutting
stage of the procedure.

IV. DISCUSSION

In addition to the quantitative results in the prior section, it was qualitatively clear that the
motions being made manually versus robotically were different, due primarily to the
presence of a second arm. Fig. 12 shows an example of these qualitative differences for each
of the stages of the procedure.

For example, first consider the cyst perforation stage of the procedure. When done manually,
the neurosurgeon aligned the endoscope so that the forceps could extend straight to the
membrane of the cyst and grab it. Because the surgeon had no ability to apply retraction,
when the forceps grabbed the cyst and pulled on it, the entire cyst was displaced towards the
tip of the endoscope rather than perforating the membrane. To actually perforate the
membrane, the surgeon twisted/poked the forceps into the membrane until it eventually
perforated. In contrast, during the robotic experiment, the surgeon was able to grasp the cyst
with the right manipulator (forceps), apply tension, and use the left manipulator to open up
the cyst, as is shown in Fig. 12(b).
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Similarly, during the manual aspiration stage of the procedure, the aspiration tube was poked
into the cyst until it was satisfactorily debulked. Some aiming of the aspiration tube was
possible by tilting the endoscope. In contrast, during the robotic experiment, the surgeon was
able to hold the cyst with the right manipulator and aspirate from the floor with the left
manipulator. The surgeon also opened the cyst with the forceps and inserted the aspiration
manipulator inside of the cyst. Another maneuver the surgeon utilized during this stage of
the procedure was to press against the cyst with the right manipulator and force out the cyst
contents and aspirate simultaneously. Lastly, during the manual procedure, at the stalk
cutting stage, a large endoscopic angle was required to reach the stalk, as one can see
quantitatively in Fig. 10 (Top), and qualitatively in Fig. 12(e). In contrast, during the robotic
experiment, the surgeon used the manipulator forceps to manipulate the cyst (i.e. moving the
anatomy to the tools) towards the left manipulator. Once the string was in range of the left
arm, it reached out and touched the string; this type of maneuver was not possible with a
single, manual tool and endoscopic angulation.

There is another element of this procedure that changed when switching from a manual
procedure to a robotic procedure: the number of surgeons required was reduced from two to
one, and the number of hands that are located near the base of the endoscope is reduced
from four to zero. During the manual procedure, coordinated motions and efficient
communication are required to accomplish the surgical task — since one surgeon is in control
of the endoscope and the other is in control of the tool. This effectively means one surgeon
controls the axis of the endoscopic tool and the visualization, while the other controls the
extension, retraction, and actuation of the transendoscopic tool. The robotic setup reduces
this complexity, returns this to a single surgeon procedure, and eliminates the coordination/
communication requirement.

A. Future Work

We hypothesize that the tool motions required for the robotic system can be reduced even
further (in comparison to those presented in Table 111). As the user interface is refined and
the surgeon gains more experience teleoperating this system, the surgeon would likely
require less time and movement to accomplish the tasks. This was the experimenting
surgeon’s first interaction with the robotic system system. Further, the motion of the tubes
can be distracting to the surgeon in the endoscopic view; as the tubes move relative to one
another, it can be difficult for the surgeon to focus on the tip of the manipulator. A sheath
that hides the relative tube motions would likely help to address this concern. We anticipate
that these refinements will show, even more clearly, the change in surgical approach that is
possible when provided with bimanual dexterous manipulators, and we hypothesize that it
may eventually be possible for the robotic system to be more efficient than the manual
procedure.

Future optimization work can be done to maximize the overlap between the workspace of
the concentric tubes and the endoscope field of view, similar to concentric tube optimization
for prostate surgery [32]. There is also opportunity to design the system for sterility, which
has already been done for concentric tube robots used in intracerebral hemorrhage surgery
[47].
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V. Conclusion

These phantom experiments showed that this two-arm concentric tube robot system could be
used to complete the tasks required for endoscopic surgical treatment of colloid cysts,
without necessitating endoscopic angulation. We also found that the arms moved less during
each stage of the robotic procedure than they did during the corresponding stage of the
manual experiment, and that the manipulator tips generally moved more slowly in the
robotic case. Qualitatively, the presence of a second, dexterous tool completely changed the
surgical approach. In particular, the ability to apply tension, retraction, and use the arms
cooperatively enabled the surgeon to perform more complex surgical maneuvers to
manipulate the cyst, without requiring endoscope angulation.
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Fig. 1:

A%hree—tube concentric tube robot consisting of precurved nitinol tubes nested inside of
each other. Each tube can translate and rotate, and various tools can be deployed through the
inner lumen. Our robotic system utilizes this same concept with two precurved nitinol tubes
for each concentric tube robot and two robots deployed side by side through the endoscope.
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Fig. 2:
Our compact robotic system delivers two concentric tube manipulators through the port in a
standard clinical neuroendoscope, providing dexterity at the surgical site.
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Fig. 3:

Rgbot without outer housing. There are four tube modules, an example of which is shown in
the magnified view. Two identical modules are lined up along the axis of their lead screws,
which makes a half. The half is mirrored and held together along the axis of the endoscope/
trocar. The back modules control the inner tube translation and rotation, while the front
modules control the outer tube. The threaded gear moves the lead screw to translate the tube,
while the keyed gear will translate and rotate the tube. Moving the threaded gear and keyed
gear simultaneously commands a pure rotation. On the bottom right of this image can be
seen the workspace of the concentric tube manipulators as well as the field of view of the
endoscope.
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Fig. 4:
A close up of the keyed lead screw mechanism showing the details of its differential drive
actuation.
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Fig. 5:

The magnetic sensors featured within the tube module. The translation of the tube is sensed
with the linear position sensor, the rotation of the tube is sensed with the rotary position
sensor and homed with the digital hall-effect sensor.
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Fig. 6:
Top: Block diagram demonstrating flow of information on the embedded motor control
board. Bottom: front and back of embedded motor control board.
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Rigid
Endoscope\‘

N

Fig. 7:

Vegntricles, colloid cyst, foramen of Monro, and skull were segmented from a CT scan. For
endoscopic removal of a colloid cyst, the rigid endoscope is inserted through a burr hole into
lateral ventricle and foramen of Monro. The colloid cyst sits within the foramen of Monro
and can be accessed through the lateral ventricle.
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e

Brain Tissug/
Silicone Compound

Fig. 8:

(Lgeft) The brain tissue silicone mold is poured with the ventricles assembled using the
square rods, and the foramen/cyst cavity already pre-cast out of stiffer silicone. (Right) Cyst
preparation: the stretched Parafilm is placed over a tube and a syringe is filled with dilute
agarose gel mixture.
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Fig. 9:

(Lgeft) The phantom setup. The mating ventricle plug is shown, and the “stalk” of the cyst
(the string) can also be seen. (Right) An endoscopic view of the anatomical layout for the
phantom experiment. The foramen of Monro and fornix are cast from silicone, as is the rest
of the brain phantom, while the cyst is made from a combination of stretched parafilm and a
viscous agarose fluid/gel.
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Endoscope Angle ¢ in Time, Manual Experiment
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Fig. 10:

The endoscope angle in time for the manual (Top) and robotic (Bottom) phantom colloid
cyst removal experiment.
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Fig. 11:

(a)-(c) Manual and robotic tool tip positions for the experiments. During the manual
experiment, aspiration was not tracked. In the robotic experiment, joint positions of both
arms were recorded for the entire duration. (d)-(e) Endoscope tip positions for both the

manual and robotic experiments.
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Manual Robotic

Cyst Aspiration Cyst Perforation

Cyst Cut

Fig. 12:
(a) The cyst is perforated by grabbing the membrane and pulling/twisting. (b) The left and

right arm provide tension to open the cyst. (c) The cyst is poked with the aspiration tube
until it is debulked. (d) The right arm is used to move the cyst off of the floor so that the left
arm can aspirate the cyst contents beneath it. (¢) The entire endoscope is moved substantially
(see Fig. 10 - Top, and notice the shifted endoscopic view) so that the forceps can grasp the
string. (f) The right arm moves the cyst towards the left arm which reaches to touch the
string.
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Dimensions for components of robotic system

Component
Endoscope OD
Endoscope Working Channel (Elliptical)
Inner Tube OD
Inner Tube 1D
Inner Tube Precurvature
Inner Tube Curved Length
Outer Tube OD
Outer Tube ID
Outer Tube Precurvature
Outer Tube Curved Length
Robot Dimensions (W x H x L)
Robot Weight
Lead Screw Pitch
Threaded/Keyed Gear Teeth

Dimension
8.3
6.3x3.7
1.2
1.0
15
30
17
1.4
40
11
105 x 84 x 280
2.70
20
40

TABLE I

Units
mm
mm
mm
mm
m-1
mm
mm
mm
m-1
mm
mm

kg
threads*in~!

teeth

IEEE ASME Trans Mechatron. Author manuscript; available in PMC 2021 June 01.

Page 32



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Rox et al.

TABLE Il

The endoscopic angulation e in time for each of the two phantom experiments.

Manual Robotic  Units

Mean &(t) 3.97 0.46 deg
Max &(t) 17.09 1.16 deg
Standard Deviation &(t) 3.95 0.33 deg
Experiment Time 340.6 353.0 S
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TABLE IlI:

Tool motion data for both the manual and robotic experiments. The endoscope is tracked during both
experiments. The 1D motion of the forceps is tracked during the manual procedure, and the positions of the
manipulators are logged in software during the robotic procedure. For the manual procedure, these values
include the forcep motions when the tool is inside of the endoscope.

Manual Robotic Robotic

Forceps | Left Arm | Right Arm | Units
Tip Distance: Perf 479 201 218 mm
Total Time: Perforation 70 76 76 S
Average Velocity: Perf 6.8 2.6 2.9 mm/s
Tip Distance: Cut 354 230 267 mm
Total Time: Cut 40 60 60 S
Average Velocity: Cut 8.9 3.8 45 mm/g
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