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Abstract— This article constructs a surgical robotic system
for the stereotactic insertion of the depth electrodes for
stereoelectroencephalogram (SEEG). The purpose is to increase
the efficiency of the stereotactic insertion of the electrodes. The
registration method of this system is based on the noninvasive
fiducial markers. After registration, the robotic system can
locate all the preplanned electrode trajectories automatically.
The validation of this proposed system has been performed by
testing the time consumption of the system workflow and
measuring the positioning accuracy on phantoms. From the
result, we conclude that this surgical robotic system can assist
surgeons in performing the stereotactic insertion of the depth
electrodes accurately and efficiently.

I. INTRODUCTION

For a quantity of people with medically intractable
epilepsy, whose epileptic seizures cannot be controlled with
medication, surgical intervention can completely eliminate
their disability [1]. Accurate localization of the epileptogenic
zone is one of the key factors in the effective surgical
treatment as well as the reduction of complication. Recent
years, the stereoelectroencephalogram (SEEG) method,
proposed by Talairach and Bancaud [2], is widely used as a
preoperative assessment of the epileptogenic zone localization
[3]. This technique provides three-dimensional (3D)
information about the epileptic seizures by using numerous
electrodes which include the multi contact electrodes to
perform intracranial recording [4]. The insertion of SEEG
depth multi contact electrodes can be performed via minimally
invasive surgery procedure without craniotomy which has a
high-risk occurrence of complication [5].

Both stereotactic techniques and surgical navigation
techniques have been used to assist the minimally invasive
surgery of depth electrodes insertion. Before surgery, accurate
surgery plan is made on the preoperative images to
determinate the trajectories of multi contact electrodes. During
the surgery, when using a stereotactic frame to guide the
surgery, after the preplanned trajectories coordinates
transformed into the frame space from the image space,
surgeons adjust the frame manually to locate each preplanned
electrode trajectory. As for using the optical tracking
navigation system to assist SEEG depth electrodes insertion,
after a registration procedure between the image space and the
patient space performed, the electrode trajectories need to be
aligned by a real-time pointer tool on the preoperative image
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and then be located manually one after another. Since
numerous electrodes need to be inserted in the SEEG depth
electrodes insertion surgery, both methods mentioned above
are relatively time-consuming and strenuous.

In the depth electrodes insertion surgery, the shortcomings
referred above can be overcome efficiently by using robots to
locate the preplanned electrode trajectories within less time.
There have been researches on the stereotactic surgical robotic
system for depth electrodes insertion. And the registration
methods include using a stereotactic frame or an ultrasonic
localizer to conduct the registration [6], and scanning the
patient’s head with an optical distance sensor coupled to the
robot arm [7]. Based on the registration, the robot locates the
preplanned electrodes trajectories.

Taking the requirement of SEEG depth electrodes
insertion surgery into account, we constructed a stereotactic
surgical robotic system. The registration method is based on
the noninvasive fiducial markers. After a registration step
performed, the robotic system can locate all the electrode
trajectories automatically and adjust to a configuration
suitable for surgeons’ operation. The experiments on
phantoms indicate that this system is convenient to operate.
Moreover it provides a time-saving method of locating
electrode trajectories with the similar accuracy of optical
surgical navigation system.

II. METHODS

The surgical robotic system proposed in this article mainly
includes three parts, which are a multi-axis robot arm with a
controller, an optical tracking sensor with tracking tools and a
software, as shown in Fig. 1. The optical tracking sensor
Polaris Spectra (NDI, Canada) with an accuracy of 0.25mm is
used to position the tracking tools, including a pointer tool and
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The components of the robotic system
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a reference frame, in order to pick the fiducial points on
patient’s head and on the robot arm end-effector during the
registration step. Combined with the fiducial markers on the
preoperative magnetic resonance imaging (MRI) and/or
computed tomography (CT) images, the software makes some
spatial transformation in order to map the preplanned
electrode trajectories on the images into the patient space then
transforms them into the robot arm space. Thus, the software
controls the robot arm to locate the orientation of the
electrodes and relative surgical instrument. The system
workflow is shown in Fig. 2 and the registration and location
parts in the workflow will be described in detail below.

A. Registration

The registration step is to get the coordinate
transformations of the image coordinate {/}, the patient
coordinate {Re} and the robot arm coordinate {R} in order to
transform the electrode trajectories from {/} to {R}. As is
shown in Fig. 2, the registration that is based on fiducial points
includes patient registration and robot arm registration. The
fiducial points for the patient registration are the skin markers
pasted on the patient’s head before the image acquisition. And
the fiducial points for robot arm registration are several
positions of the robot arm end-effector. The transform matrix
T between two coordinates is calculated by point-pair
matching. Let 8T be the transform matrix from {/} into {R}
and so on. Therefore ®T can be calculated in (1) and the
transformation process is illustrated in Fig. 3:

T = geT - *9T (M

The target points and entrance points of the trajectories,
namely 'p, in {I} can be mapped into {R} denoted by Fp
through:

Fp=EkT-"p 2)

The transformation in this system is centering on the
patient coordinate which is described by the reference tool
attached on the holder of patient’s head and do not shift
relative to the head during the whole surgery. Fiducial points
are all picked by the pointer tool in the reference frame
coordinate. Thus, during the procedures of picking points, the
optical tracking sensor can be moved in order that the tracking
tools are all in the vision field without being obstructed by
other objects in the operation room (OR).

B. Robot arm location and configuration adjustment

To locate the electrode trajectories by the robot arm, a
guidance module attached on the end-effector is designed for
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constraint the orientation of the electrodes and surgical
instruments (A in Fig. 5). After the registration step, each
electrode trajectories has been mapped into the robot arm
coordinate. The robot arm end-effector locates the electrode
trajectories according to the robot inverse kinematics which
refers to transform the given position and orientation of the
end-effector to each joint angel. To enhance the safety of the
operation, the guidance module is optically tracked and the
located orientation is displayed on the preoperative images
before electrode insertion to verify if the location is correct.
Also, a stop button is designed as a hardware safety
installation to stop the motion immediately when accidents
will occur.

A robot arm with six degrees of free (DOFs) is selected to
construct this surgical robotic system rather than the five
DOFs for the task of locating electrode trajectories. In this
case, there is a redundant DOF: the rotation around the
orientation of electrode insertion, defined as the z-axis of the
end-effector coordinate (A in Fig. 5). Thus, there are
numerous solution set of the joints angle for locating a given
electrode orientation based on the inverse kinematics. To get
enough operation space for surgeons, avoiding the obstruction
of the mechanical structure of the robot arm, the configuration
can be adjusted without changing the given orientation
because of the redundant DOF. When surgeons guide the
system by the pointer tool, the robot arm relocates the same
orientation with a new configuration through the optical
tracking information. Similarly, with the redundant DOF, the
guidance module can approach patient’s head along the
insertion orientation. Therefore, when drilling the skull, the
guidance module is used not only to constraint the orientation
but also to control the stepping of the twist drill without other
device, which simplifies the surgical procedures such as
disinfection and installation.

III. VALIDATION

To validate the efficiency of this surgical robotic system
for SEEG depth electrodes insertion, we measured the time
consumption of the key steps in the system workflow with a
skull phantom in the lab environment. Then, we designed
experiments to test the positioning accuracy and analyze the
factors affecting the positioning accuracy.

A. Time consumption test of the workflow

First, CT images of the skull phantom were scanned after 6
fiducial markers were pasted on it, then 12 depth electrode
trajectories were planned based on the reconstructed 3D scalp
surface and image slices (Fig. 4). The phantom was fixed on
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the head holder. Then an inexperienced person performed the
patient registration step by picking the fiducial markers
successively under our direction. The end-effector moved to 4
different positions as fiducial points which were picked
automatically to perform the robot arm registration. After the
electrode trajectories were mapped into the robot arm
coordinate, the end-effector moved and located all the
trajectories one by one. The end-effector was tracked to ensure
the correct location when each location step finished (Fig. 4).

We recorded the time spent on the patient registration, the
robot arm registration, the trajectories transformation and the
location of each trajectory. In particular, the time spent on one
location step referred to the duration between the end-effector
starting to depart from the previous trajectory and completing
the verification by optical tracking after locating the current
trajectory.

B. Positioning accuracy experiment

An organic glass phantom (B in Fig. 5) was designed with
the similar scale of human head to test the positioning
accuracy of this surgical robotic system. A set of locating pits
are distributed on the phantom. The CT images of the phantom
were scanned through the Siemens CT scanner with the
resolution of 512x512, the pixel spacing of 0.32m X0.32mm
and the slice thickness of 0.7mm, 3D visualization (C in Fig.
5). Fiducial markers for registration were 8 pits on the outer
wall of the phantom and 13 electrode trajectories were planned
shown as lines: the pits on the top of the slender columns were
the target points while the entrance points were presented as
spheres. The experiment setup is shown in Fig. 5. In the
experiment, the phantom was fixed on the head holder instead
of the patient’s head. A high accuracy optical tracking sensor
Optotrak (NDI, Canada) is used as a position measuring tool.
Let P; be the position of each target point in the physical space
picked by Optotrak which was seen as the real position. The
target point was touched by pointer tool slightly. After the
registration step performed, the robot arm located each
electrode trajectory. Let R; be the position of each located
target point picked by Optotrak which was positioned by the
end-effector when it stopped moving. The positioning error
ETrot,,s is defined as the mean distance between P; and R;:

1
ETTOTpOS =5 ?=1||Ri - Pl €)]

where n is the amount of the available electrode trajectories.

Each part of the system shown in Fig. 2 was considered to
affect the positioning accuracy. We analyzed the mainly three
parts which are the operation of preoperative images, the

Figure 4. The time consumption test setup. Left: the CT image of the
skull and the design of trajectories. Right: the robot arm located one of
the trajectory and the end-effector was tracked.

Figure 5. The positionning accuracy experiment setup. The guidance
module is the robot arm end-effector shown in detail in A, the photograph of
the phantom is shown in B and the design of trajectories on the 3D
visualization of the phantom is shown in C.

optical tracking sensor Polaris and the robot arm. In the system
workflow, the operation of images includes picking fiducial
markers and planning the electrodes trajectories. We
combined Polaris and the robot arm to be a new positioning
system and tested its positioning error, and compared the error
with the positioning error of the whole surgical robotic system.
Then, we evaluated the error affected by the optical tracking
sensor. The optical tracking sensor Optotrak took the place of
Polaris to be combined with the robot arm to be another
positioning system. Finally, we considered that certain error
was contributed by the robot arm and studied the error related
to the end-effector.

1) The positioning error experiment of the system
constructed by optical tracking sensor and the robot arm
After fixing the organic glass phantom on the head holder,
the positions of the target points in the physical space were
picked by both the Polaris and Optotrak. Let Real; be each
position in Optotrak space which is seen as the real position of
the target point while the positions in the Polaris space is seen
as the target point of the preplanned trajectory. The trajectories
were planned in the Polaris space and the robot arm
registration step was performed to map these trajectories into
the robot arm space. Then the end-effector positioned the
target points. At last, let Pos; be each located position picked
by Optotrak and compared with the real positions. The
positioning error of this new system was calculated by (4),

1
Erroropt—rob = ;Z?:lllposi — Real;|| 4

where n is the amount of the available electrode trajectories.

Then, to study the error contributed by Polaris, Polaris was
replaced by Optotrak and the experiment described above
repeated.

2) The error test related to the robot arm end-effector

In the robot arm registration step, the pointer tool is
inserted into the guidance module to pick the fiducial positions.
Because the connection of the pointer tool and the guidance
module is not rigid connection, there is certain shake to
increase the repeated positioning error which may affect the
accuracy of registration. We inserted the pointer tool into the
guidance module and move the robot arm end-effector to
position a same point for 7 times and pick the located positions
by Optotrak. We chose 3 different points to repeat this test for
a mean value.
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IV. RESULT AND DISCUSSION

A. Time consumption of the workflow

The time spent on each item was shown in TABLE I. The
total time consumption of locating all the 12 depth electrode
trajectories was less than 6 minutes, even the time of the whole
workflow is not much, which meant that this robotic system
provided an efficient solution for locating the preplanned
electrode trajectories. The duration of the surgery involving
the robotic system is expected to be measured to compare with
the traditional surgery after it is used in the OR in the future.

Considering the safety of surgery, we set a low speed for
the robot arm and the end-effector went back to an initial
position between two location steps of electrode trajectories.
The motion speed and the distance between the initial position
and the target position is the main factors in affecting the
location time consumption. Effective methods used in robot
motion planning will make the robot arm to move the next
location directly in order to decrease the location time.

TABLE L TIME CONSUMPTION OF THE WORKFLOW
Time Consumption
Test items Patient Robot arm Trajectories Trajectories
registration | registration | transformation location
time . . .
. 2min Imin 10.1s <6min
consumption

B. Positioning error

To validate the stability of the positioning error, four
operators performed the positioning accuracy experiment for
several times, among whom, a person performed for 4 times
while the others performed once. The result was shown in
TABLE II. The positioning accuracy of this surgical robotic
system for depth electrodes insertion achieves the similar level
of the optical surgical navigation system [8, 9].

TABLE II. POSITIONING ERROR

Positioning error
Operator | 41 | 42 | A3 | A4 | B c D
Mean(mm) | 2.22 | 123 | 121 | 1.58 | 1.79 | 1.67 | 2.32

STD(mm) | 0.37 | 038 | 0.66 | 098 | 0.72 | 0.22 | 041

1) The positioning error experiment of the system
constructed by optical tracking sensor and the robot arm

The positioning error of the system constructed by Polaris
and the robot arm was 1.16 + 0.38mm, which was slightly
smaller than that of the whole system. It was indicated that the
operation of picking fiducial markers and planning electrode
trajectories on the images had an effect on the positioning
accuracy, but not obviously. The experience of performance
may reduce the affection.

The positioning error of the system constructed by
Optotrak and the robot arm was 0.62 £0.23mm. Comparing
these two positioning errors, we could see that the optical
tracking sensor contributed certain error to the whole system,
but the error was accessible. Also, considering the portable
and less expensive characteristic, we select Polaris as the
optical tracking sensor to construct the robotic system rather
than Optotrak with large volume, high cost and wired markers
that are not convenient to use in the OR.

2) The error related to the robot arm end-effector

The result of repeated positioning error was 0.26 +
0.15mm, which was much larger than that given by the
manufacturer of the robot arm. This error affected not only the
accuracy of the robot arm registration but also the precision of
measurement in the positioning accuracy experiment.
Improvement on the connection of the pointer tool and the
guidance module could reduce this error.

Similarly, in the location step of the workflow, the
calibration error of the end-effector coordinate, which
attached on the guidance module, is a main factor that affected
the positioning accuracy. The calibration is based on the
dimension and installment position of the guidance module, so
the calibration error depends much on the machining
precision.

V. CONCLUSION

For the SEEG depth electrode trajectories insertion
surgery, this article proposes a stereotactic surgical robotic
system to locate the preplanned trajectories automatically. We
tested the time consumption of the workflow and the
positioning accuracy, then analyzed the factors affecting the
accuracy. In conclusion, this surgical robotic system provides
a convenient and time-saving method for the guidance of
SEEG multi electrodes insertion and has reached the
positioning accuracy of optical surgical navigation system. To
be used in the OR, there are some improvements to be done on
this surgical robotic system. For instance, more constraints
should be considered in the future work to enhance the safety.
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