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Abstract

Purpose  We are currently developing a neurosurgical
robotic system that facilitates access to residual tumors and
improves brain tumor removal surgical outcomes. The sys-
tem combines conventional and robotic surgery allowing for
a quick conversion between the procedures. This concept
requires a new master console that can be positioned at the
surgical bedside and be sterilized.

Methods The master console was developed using new tech-
nologies, such as a parallel mechanism and pneumatic sen-
sors. The parallel mechanism is a purely passive 5-DOF
(degrees of freedom) joystick based on the author’s haptic
research. The parallel mechanism enables motion input of
conventional brain tumor removal surgery with a compact,
intuitive interface that can be used in a conventional surgi-
cal environment. In addition, the pneumatic sensors imple-
mented on the mechanism provide an intuitive interface and
electrically isolate the tool parts from the mechanism so they
can be easily sterilized.

J. Arata - M. Takagi - T. Hori - T. Miyagi - H. Fujimoto
Nagoya Institute of Technology, Gokiso-cho, Showa-ku,
Nagoya 466-8555, Japan

e-mail: jumpei.arata@me.com

H. Kenmotsu (E<) - M. Hashizume

Kyushu University, Maidashi 3-1-1, Higashi-ku,
Fukuoka 812-8582, Japan

e-mail: kenken @dem.med.kyushu-u.ac.jp

Y. Kajita - Y. Hayashi

Department of Neurosurgery, Graduate School of Medicine,
Nagoya University, 65 Tsurumai-cho, Showa-ku,

Nagoya 466-8550, Japan

K. Chinzei
National Institute of Advanced Industrial Science and Technology,
1-2-1 Namiki, Tsukuba 305-8564, Japan

Results The 5-DOF parallel mechanism is compact (17 cm
width, 19cm depth, and 15 cm height), provides a 505,050
mm and 90° workspace and is highly backdrivable (0.27 N of
resistance force representing the surgical motion). The eval-
uation tests revealed that the pneumatic sensors can properly
measure the suction strength, grasping force, and hand con-
tact. In addition, an installability test showed that the master
console can be used in a conventional surgical environment.

Conclusion The proposed master console design was shown
to be feasible for operative neurosurgery based on compre-
hensive testing. This master console is currently being tested
for master-slave control with a surgical robotic system.

Keywords Neurosurgery - Surgical robot -
Master console - Brain tumor resection

Purpose
Background

In brain tumor removal surgery, the tumor removal rate is
related to the clinical outcome. According to “Report of Brain
Tumor Registry of Japan [1],” the 5-year survival rate for
malignant glioma (in 6,398 patients) was 40 % for complete
removal, 22 % for 95 % or more removal, and 10-15 % for
under 95 % removal. Surgery is the most important proce-
dure, representing the first step in the treatment of glioma,
and is performed with the aim of complete removal of the
lesion while preserving neurological function. Cutting-edge
technologies such as image-guided surgery and intraoper-
ative fluorescence diagnostics using 5-aminolevulinic acid
(5-ALA) improve the tumor removal rate, although high lev-
els of surgical skill are still required in cases where the tumor
islocated in the proximity of neural structures. However, even
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Fig. 1 These pictures show the surgical brain tumor removal proce-
dure in conventional surgery. In such procedures, a suction tube and
bipolar forceps are commonly used. The left picture shows the close

proximity of the surgeon’s hands to the patient during the surgery. The
right picture shows the surgical field through a microscope
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Fig. 2 The left picture shows an overview of the robotic system under development for brain tumor removal. The right picture shows the tool

manipulators and endoscope implemented on the tip of the robot

with these new techniques, there are still many cases where
the lesion is not accessible by the surgeon. In our research
group, a surgical robotic system for brain tumor removal is
currently in development for complete brain tumor removal.
The system is being developed to provide improved accessi-
bility to lesions that are located deep inside or on the interior
wall of a brain cavity. In this study, we introduce a newly
developed master console for the robotic system.

The robotic system for tumor removal is currently in
development and can remove tumors that remain after
conventional brain tumor removal surgery due to limited
accessibility. In conventional brain tumor removal surgery,
the surgeon typically removes the tumor using a suction
tube and bipolar forceps by means of the microscope image
(Fig. 1). The removed tumor area then commonly forms a
cavity. In the case where the cavity is located in the proxim-
ity of neural structures, the removal procedure becomes dif-
ficult with respect to brain function preservation. Thus, the
surgeon must perform tumor removal while avoiding dam-
age to the surrounding healthy tissue. The operation becomes
even more difficult due to the limited accessibility of surgical
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tools to the lesion. In the case where the tumor still remains
in the brain cavity (e.g., the tumor is located behind the neu-
ral structure or is stuck on the internal wall of a cavity), the
tumor cannot be seen with the microscope and is not acces-
sible using conventional surgical tools. Based on this back-
ground information, we are developing a robotic system that
improves the accessibility to residual tumors.

The robotic system consists of a base robot, a 3D side/2D
straight-viewing endoscope and a dual-tool manipulator
(Fig. 2). The base robot has three degrees of freedom (DOF)
and can be attached to a conventional head frame. The endo-
scope and two tool manipulators are attached to the base
robot and can be put into a brain cavity through a gyrus in
a minimally invasive manner. The endoscope allows us to
have a 3D side view and a 2D straight view, and the viewing
mode can be switched manually during the procedure (e.g.,
the 2D straight view is used for inserting the device into the
cavity, and the 3D side view is used for the tumor removal
procedure). In addition, the 3D side view is compatible with
5-ALA to detect the tumor location. The tool manipulators
have 5-DOF for each manipulator and can be equipped with
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bipolar forceps and a suction tube. The tips of the manip-
ulators are bendable to over 90°, and therefore, the robot
can perform the tumor removal in a brain cavity. The most
advantageous features of the robot are its compact size and
its ability to be easily mounted on a conventional surgical
head frame, which enable quick conversions between con-
ventional and robotic surgery. Therefore, the concept of the
robotic system is a combination of conventional and robotic
surgery that can provide improved accessibility to the lesions.

The robotic system concept described earlier requires the
development of a new master console. To be used in con-
ventional brain tumor removal surgery, the master console
must be compatible with a conventional surgical setup. In
addition, to achieve quick and smooth conversions between
conventional and robotic surgery, the master console must be
sterilizable and manipulable using surgical gloves. An intu-
itive interface based on conventional surgical procedures is
also required. In this study, we propose a new master console
based on the requirements above, introducing a new parallel
mechanism and pneumatic sensors.

Related research

In recent years, robotic technology has been introduced into
many neurosurgical procedures [2,3].

First, robotic technology was introduced into neurosurgery
inimage-guided devices. One such example is Neuromate [4]
(Renishow, UK), which is a commercial neurosurgical robot
that enables precise positioning of a cannula or probe for
biopsies or for targeting deep brain structures using computed
tomography (CT) and magnetic resonance imaging (MRI)
images. Pathfinder [5] (Prosurgics, UK) is another example
of an image-guided surgical robot. In these image-guided
robots, robotic technology has been introduced for precise
positioning. Therefore, the robots are essentially controlled
using the coordinates generated by the controller based on
medical images.

Then, robotic technology was introduced to improve the
limited accessibility to the lesion and to extend the sur-
geon’s dexterity. Da Vinci [6] (Intuitive Surgical, US) is
a well-known example that incorporates these features. In
this case, the surgical robot is controlled based on a master-
slave system; thus, the robot performs the surgery based on
the coordinates given by the surgeon’s motion input through
the master console. In the neurosurgical field, Sutherland et
al. presented NeuroArm, which is equipped with two MRI-
compatible robotic arms [7]. In NeuroArm, the console is
equipped based on a conventional haptic device known as
Phantom (Sensable Technology, US [8]). Morita et al. pre-
sented a micro-neurosurgery robotic arm for treating deep
brain areas [9]. The system was developed to perform micro-
manipulations (e.g., ligation of microscopic blood vessels)
in a deep surgical field. The master console was imple-

mented for a dual 7-DOF manipulator-type robot taking into
account the micro-manipulations. Goto et al. [10] presented
NeuRobot, which is a master-slave micro-manipulator sys-
tem for neurosurgery. The robot consists of a 3D endoscope
and three robotic arms. For NeuRobot, the master console
was implemented using a pair of conventional revolute levers
and switches. Authors also presented a neurosurgical robotic
system using master-slave technology in their past study [11].

In addition, the master console mechanism has been
widely explored in haptic research. The author also studied
haptic devices and reported a survey of previously presented
devices in [12].

The main challenge of the presented study of master con-
soles is the compatibility with conventional brain tumor
removal surgery. None of the previous studies have focused
on the integration of conventional and robotic surgery; there-
fore, the patient and master console have been placed a certain
distance apart in these systems. In this study, we propose a
new master console by combining conventional and robotic
procedures.

Material and methods

The developed master console consists of a 3D viewer to
provide the surgical view, a navigation monitor, two master
manipulators, a control unit, and foot switches (illustrated in
the left panel of Fig. 3). All of these components were imple-
mented in a desktop style to be fitted at the surgical bedside in
an operating room. The size of the device is 300 mm in width,
300 mm in depth, and 830 mm in height. The positions of the
3D viewer, navigation monitor, and master manipulators are
adjustable for different operators and surgical environments.

The master manipulators were designed to realize an intui-
tive motion input based on conventional brain tumor removal
surgery, as illustrated in Fig. 1. The master manipulator con-
sists of a parallel mechanism and a tool part. As shown in
the right panels of Fig. 3, the operator handles the tool parts
of the master manipulators by putting his or her palms on
the palm rest. It should be noted that the surgeon’s hands are
commonly positioned close together in conventional surgery.
Therefore, the manipulators were designed to position the
right and left hands close together by introducing a newly
developed parallel mechanism that avoids the problematic
mechanical interference that commonly occurs in conven-
tional mechanisms. The parallel mechanism is equipped with
optical encoders and electromagnetic brakes. The brakes
are used for locking the position and rotation of the mas-
ter manipulator. The tool part is equipped with bipolar for-
ceps and a suction tube for each hand and can be handled
like conventional neurosurgical tools. The tool part can be
fixed to each manipulator over a surgical nylon drape using
a pair of Neodymium magnets. In addition, new pneumatic
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Fig. 3 The pictures show an
overview of the developed
master console. The left picture
shows the device setup, and the
right pictures show an operator
handling the master
manipulators

3D viewer

Foot SW

sensors were introduced for measuring the grasping force,
suction strength, and contact on the tool part; therefore, the
tool parts are not equipped with any electrical devices and,
thus, can be easily sterilized. With these implementations,
the surgeon can handle the master console wearing surgical
gloves even during conventional surgery. For safe operation,
pneumatic contact sensors were implemented between the
operator’s hands and the tool parts. In the case where the
operator’s hand is detached from the tool part, the manipula-
tors are automatically locked by the brakes, and the software
sends the locking status to the surgical robot.

Parallel mechanism
Requirements

First, we considered the design of the surgical robot to deter-
mine the master console design. According to the concept
of a whole robotic system, only the tool manipulators on the
surgical robot are controlled during the surgical procedure.
The base robot is moved by foot switches; however, it is
fixed during the procedure for safety. Therefore, the master
manipulators are used only to control the tool manipulators
on the surgical robot. Second, to design the master manip-
ulator, we analyzed the motions involved in conventional
brain tumor removal surgery. To realize the general input
motions of conventional surgery, the manipulator requires
6-DOF full motion (translational and rotational) within a
workspace of 50mm x 50mm x 50 mm for translations and
490° for rotations. In addition, the workspaces of the two
master manipulators are required to be placed close together
to achieve conventional surgical motions. Furthermore, the
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master manipulator is required to be highly backdrivable
since surgical tools can be moved freely in conventional
surgery. Brakes to lock the master manipulator are also
required for safety. Note that force feedback is not needed in
this application; thus, the master manipulator is purely pas-
sive (not equipped with a motor). Therefore, we developed
a new parallel mechanism taking into account these require-
ments.

Implementation

Parallel mechanisms generally enable lightweight and
low-friction/inertia end effector by fixing the actuators and
sensors to the base part. In this research, the master manipu-
lator is purely passive; thus, none of the actuators are imple-
mented. However, brakes and optical encoders should be
implemented. As these components can be fixed to the base
of the mechanism, the structure can be expected to be light-
weight and robust. Therefore, the use of parallel mechanisms
is arational approach for fulfilling the requirements described
above.

Our previously presented 3-DOF parallel mechanism,
DELTA-R [12] (illustrated in the left panel of Fig. 4), has
a significant advantage in its mechanical design as a two-
arm configuration (in contrast, a conventional 3-DOF parallel
mechanism such as DELTA has three arms). In the DELTA-R
mechanism, a 15 % larger workspace, a 40 % smaller foot-
print, and most importantly, open access to the workspace in
front of the device are obtained compared with the DELTA
mechanism. In this research, we propose a new 5-DOF par-
allel mechanism that has the advantages of a two-arm con-
figuration to avoid mechanical interference since the two
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Fig. 4 The left picture shows our previously presented DELTA-R mechanism. The developed master manipulator consists of a parallel mechanism
and a tool part. The center and right pictures show an overview of the manipulator and mechanical components
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Fig. 5 The left diagram shows the kinematic model of the proposed
parallel mechanism. The mechanism consists of a pair of modified
DELTA-R mechanisms connected to each other by gimbal joints. The

manipulators should be placed close together to allow for
conventional surgical motion. In the new parallel mech-
anism, a pair of 3-DOF modified DELTA-R mechanisms
are both located in the same direction, and a pen-type end
effector is attached through a gimbal joint from each end of
the modified DELTA-R mechanism (illustrated in the center
and right panels of Fig. 4). The 3-DOF translational motions
can be given by the motions of the pair of modified DELTA-R
mechanisms in the same direction, and the 2-DOF rotational
motions can be given by the differential motions. Therefore,
the end effector obtains a 5-DOF motion. The 3-DOF modi-
fied DELTA-R mechanism is an extension of DELTA-R and
decreases the number of base joints from four to three since
the redundancy is not required for this application. Note

End point Pe

3‘]2[ and J3,

right diagram shows a simplified kinematic model of the modified
DELTA-R. The forward kinematic model is given by solving a pair
of modified DELTA-R mechanisms independently

that the redundancy plays an important role mainly on the
force producibility; however, since the master manipulator is
purely passive, the force producibility is not the primary con-
cern. A more detailed description of the force producibility of
parallel mechanisms can be found in [13]. The most advanta-
geous feature of this mechanism is that all of the mechanical
links are located on one side, and therefore, the two mas-
ter manipulators can be placed close together. In addition,
since the control components (such as optical encoders and
brakes) can be placed on the bottom and are not moved dur-
ing the operation, the end effector can be lightweight and
highly backdrivable. Also, the mechanism can robustly lock
the position and posture of the end effector thanks to the six
brakes attached to the base joints.
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The forward kinematic model of the developed parallel
mechanism is given by solving the two models of the mod-
ified DELTA-R mechanisms independently; then, we obtain
the end effector’s position and rotation from the endpoint
(P,) of each mechanism. First, we determine the variables as
follows: The lengths of Links 0, 1, 2, and 3 in the left panel of
Fig. 5 are denoted as L0, L1, L2, and L3, respectively. The
rotation angles about J1;, J2;, and J3; are denoted as g 1;,
q2;, and ¢3;, respectively. The joint angles of J2; and J2;
are equivalent based on parallelogram P1;. In these joints,
angles g11, g 12, and g2 can be measured by optical encod-
ers attached to the base joints. Using these parameters, the
kinematic model of the modified DELTA-R can be simplified
and described as shown in the right panel of Fig. 5. In this
simplified model, the length R in Fig. 5 can then be given as
follows:

R=L0—13 (1

The position of joint J2; can be expressed as follows:

X2 (R + LlCli)CQi
Py=|yu|=| (R+LICy)Sy 2
22i L1Sy;

P, exists on a crossing line between two spheres of diameter
L2 centered on J2 and J2,. Therefore, P, can be obtained
using the angle ¢2; of joint J2; by substituting in 6 =
0, 8, = 7 /2 from the prototype geometric conditions as fol-
lows:

D(—E\+E2+2y3,)+By(E1—E))To1—G

3)

Xe F
Po=| vy | = y3,(2D?+C(E\—E2)—2ByDTr1)—DG+ByT>1 G
Fyxn
Ze A —x.Ty
where
j=12,73

Cji = cos(qji), Sji = sin(gji), Tj; = tan(qj;)
Cyi = cos(6;), Spi = sin(6;)
A =221 +x2112

Bi=A—-n
By =A—2»
C=1+T5

D = x21 + BTy

E| = L2* — B} —x3,

Ey=L2*— B; —y3,

F =2(D>+ Cy3 + BaTo1(—2D + ByTay))

From the forward kinematic model described earlier, we
obtain the endpoints of the pair of modified DELTA-R mech-
anisms. Then, we obtain the end effector’s position and rota-
tion from the middle point and vector angle of these two
endpoints, respectively.

A prototype of the mechanism was constructed of ABS
(Acrylonitrile-Butadiene-Styrene) resin for weight savings.
The size of the prototype is compact (170mm in width,
190 mm in depth, and 150mm in height) thanks to the new
parallel mechanism. The workspace of the manipulator is
50mm x 50mm x 50mm in translation and £90° in pitch
and yaw rotations (there is no limitation for the roll motion).
An electromagnetic brake (112-03-12, Miki Pulley Co., Ltd.,
Japan) and an optical encoder (MEH-20-2500PE, MTL Co.,
Ltd., Japan) were implemented on each base joint. There-
fore, the manipulator is capable of locking its position, and
the accuracy of the position measurement is approximately
0.05 mm. The accuracy of 0.05 mm is not significantly high
compared with conventional haptic devices. However, the
accuracy can be easily improved by selecting higher res-
olution encoders according to requirements. The size and
weight of these components are not tightly restricted for
parallel mechanisms since they are fixed to the base. One
of the modified DELTA-R mechanisms, shown in front in
the left panel of Fig. 4, is approximately 40 % smaller than
the one in back to avoid mechanical interference. The front
and back modified DELTA-R mechanisms were positioned
with left-right asymmetry to compensate for the mechanism
asymmetry that can potentially deteriorate the backdrivabili-
ty (illustrated with gray lines in the left panel of Fig. 5). Coun-
terweights were introduced for gravity compensation on
each modified DELTA-R mechanism. Therefore, the mech-
anisms can be moved freely without feeling the weight of
the mechanism and tool parts. The counterweights are 27.3
and 54.6 g on the fronts and backs of the modified DELTA-R

G= / ¥5,(—C(E1 — E2)? +4CE1y3, + 4D*(Ex + y3,) + 4By Ta1 (—=D(E| + E2) + ByE1Tay))
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mechanisms, respectively. The roll axis of the end effector
can be measured by adding an optical encoder; however,
since the surgical robot has only 5-DOF, the roll axis encoder
was not implemented. Therefore, the prototype is capable of
6-DOF full motion, and the position is measurable in 5-DOF:
three translational and two rotational (pitch and yaw). The
minimum distance between the two master manipulators is
30 mm thanks to the new parallel mechanism. Note that the
developed master manipulator is equipped with brakes; how-
ever, it is not equipped with motors for force feedback.

Tool part
Requirements

Based on the concept above, the tool part is the device
that the surgeon directly handles during the surgical proce-
dure while wearing surgical gloves. Therefore, the tool part
must be compatible with sterilization. In addition, a user-
friendly design based on the conventional neurosurgical tool
is required.

Implementation

To realize a user-friendly interface, actual surgical tools (suc-
tion tube and bipolar forceps, Mizuho Co., Ltd., Japan) were
attached to the tip of the tool part (Fig. 6). The tool part was
fabricated using ABS resin.

Pneumatic sensors were implemented to measure the
grasping force and suction strength. Air flow is provided
by a vacuum pump and regulator at a pressure of S5kPa. A
flow meter enables the measurement of the air flow volume
passing through the air tube embedded in the tool part. As a
grasping force sensor, an embedded air tube on the tip of the
bipolar forceps is pinched by the operator’s motion; then, the
air flow is varied according to the operator’s pinching force.
Conventional suction tools are generally equipped with a
hole allowing the surgeon to manipulate the suction pressure
by sliding his or her finger over the hole. The implemented
suction sensor operates similarly by measuring the air flow
volume using the same mechanical principle. In addition, a
pneumatic contact sensor is implemented in the holders of
each tool part. The contact sensor simply detects the surface
contact between the air hole and the surgeon’s hand. The
contact sensor was capable of detecting the hand removal
within 16.3 ms in our preliminary test (average of 10 trials).
Therefore, the tool parts are not equipped with any electrical
devices and, thus, can be easily sterilized. In addition, the
vacuum pump in the controller can be replaced with a pump
that is typically installed in an operating room.

Decoupling between the clean and non-clean parts is an
essential strategy to be considered for the sterilization of

medical devices. In this master manipulator, we decoupled
these parts using a surgical nylon sheet (thickness of 300 wm)
that covers the palm rest. The parallel mechanism and the tool
part are fixed by Neodymium magnets over the sheet; there-
fore, these parts can be decoupled. In this manner, only the
parallel mechanism is covered by a sterile cover, and the tool
parts can be directly handled by the surgeon and provide an
intuitive surgical interface. The adsorption force of the Neo-
dymium magnets is sufficiently large for the fixation; thus,
these two parts are tightly connected during their operation.
According to our preliminary test, the adsorption force of
the magnet was over SN, and we have not experienced an
unexpected disconnection during any of the operations or
evaluation tests described in this study.

Software

The control software was implemented on Windows XP, and
the control routine was driven at 1 kHz. To establish a net-
work connection between the master manipulator and the
surgical robot, we introduced an open network protocol for
medical devices (OpenlGTLink [14]) in the control unit. The
data sending frequency is adjustable up to 1 kHz, and for the
prototype implementation, the frequency was set to 100 Hz.
The network interface was also implemented for connect-
ing with other devices including the navigation software. As
illustrated in the upper panel of Fig. 7, a network connection
can be established to navigation software such as 3D slicer
[15] and virtual endoscopy software such as NewVes [16] by
introducing a virtual robot. A virtual robot is network soft-
ware that converts the data format between the surgical robot
format and the navigation software format. The virtual robot
also allows multiple connections with other devices without
an increase in CPU load on the control unit of the master
console. The motion of the master manipulator can be seen
on the navigation software in real time, and also, the software
is compatible with the 3D patient model built from pre-oper-
ative MRI images for surgical simulation and training using
NewVes [17].

Results
Operability evaluation

In a motion input device, backdrivability is essential for
smooth motion. In addition, to realize a conventional surgi-
cal motion, the mechanical impedance of the device must be
minimized. Therefore, we conducted a measurement of the
resistance force to evaluate the backdrivability of the devel-
oped master manipulator.

@ Springer



82 Int J CARS (2013) 8:75-86

Controller

Control unit

C Vacuum pump ) A\
l

C Regulator )
Regulator and ‘J/

flowmeter unit ' C Flowmeter )

—_— - J

Embedded Nylon tube Q

Nd Magnet

4 N

Contact sensor Tool part

%C Contact sensor )

%C Forceps )
%C Suction tube )

—> Air flow
--> Digital data flow

Suction tube

Fig. 6 The figures show the tool part setup. As shown in the upper and contact sensors were implemented using pneumatics. The right
left picture, the tool part is fixed to the manipulator using Neodymium schematic diagram shows the system configuration of the pneumatic
magnets through a surgical drape. The grasping force, suction strength, Sensors
( Control unit )——)( Surgical robot ) Navigation and Training
>( Virtual robot )——)( 3D Slicer )
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Fig. 7 The upper figure shows an overview of the network connec- (lower right) navigation software packages. The tool parts in blue are
tion structure using OpenlGTLink. The lower two pictures show exam- the test tools without pneumatic sensors
ples of collaboration with the 3D Slicer (lower left) and New Ves
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Fig. 8 The left picture shows the experimental setup. The right graphs show the experimental results for the resistance force observed during a
simulated motion task. The results show the high backdrivability of the mechanism

Experimental setup

A 6-axis force sensor (IFS-50M31A25-125, Nitta Corp.,
Japan) was attached to the end effector of the master manip-
ulator and was grasped by the operator to measure the resis-
tance force, as illustrated in the left panel of Fig. 8. A freehand
circular motion (on the X-Y and X-Z planes) with a diam-
eter of 15 mm and a period of 3's was performed taking into
account the actual surgical procedure. Note that these circu-
lar motions were approximate since they were performed by
the operator.

Experimental result

The right panels of Fig. 8 show the experimental results. The
resistance force was observed periodically in these results.
When the peak value was observed at a point, the opera-
tor changed the direction. The main causes of the resistance
force are assumed to be the inertia force and the static friction
of the joints. The maximum resistance forces observed were
0.31, 0.16, and 0.33N along the X, Y, and Z axes, respec-
tively. The average of the maximum resistance forces along
all axes was 0.27 N. From these results, it is revealed that
the prototype realized a significantly high backdrivability. In
addition, a sufficiently smooth motion input was confirmed
by an experienced neurosurgeon in a qualitative assessment.

Pneumatic tool sensor evaluation

The usability of the tool part also strongly affects the opera-
bility of the master manipulator. Evaluation tests were con-
ducted on the pneumatic sensors to show the operability of
the tool parts mounted on the master manipulator.

Experimental setup

Evaluations of the grasping force and suction strength sen-
sors were conducted. The grasping force sensor was tested
using the experimental setup shown in the upper left panel of
Fig. 9. The force was gradually applied to the forceps using
a vice; then, the air flow volume was measured. The applied
force was measured by a pressure sensor (LMA-A-20N,
Kyowa Electronic Instruments Co., Ltd., Japan). For testing
the suction strength sensor, the suction hole on the tool part
was gradually covered, and the change in air flow volume
was then measured. The experimental setup is shown in the
lower left panel of Fig. 9. The measurements were conducted
five times in both evaluation tests.

Experimental result
The experimental results for the grasping force sensor are

shown in the upper right panel of Fig. 9. The measured air
flow volume decreased when the applied load was over 3.5N
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Fig. 9 The upper picture and graph show the experimental setup and the grasping sensor results, respectively. The lower picture and graph show
the experimental setup and suction sensor results, respectively. Both experimental results show the effectiveness of the developed sensor

due to the elastic deformation of the forceps mechanism.
Then, the air flow linearly decreased as the applied load
increased to 5.5N and stabilized at 1.251/min above 5.5 N.
Therefore, the results show that the developed sensor can
appropriately be used to detect the operator’s grasping force.

The experimental results for the suction sensor are shown
in the lower right panel of Fig. 9. From the experimental
results, the air flow volume gradually decreased until 80 %
of the covered area and then decreased at a steep angle over
80 up to 100 %. Since the sensor’s mechanical principle is
the same as for an actual suction tool, the characteristics
shown in the results are supposed to already be incorporated
in the human-in-loop system for experienced surgeons based
on their experience. On the other hand, once the data are
obtained by the sensor, a linearization of the sensor charac-
teristics can be made by introducing a digital filter for further
usability tuning.

Overall, the effectiveness of the pneumatic sensors was
shown to be positive. In addition, the usability of the tool
parts was highly regarded by an experienced neurosurgeon
in a qualitative assessment.
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Installability evaluation

To test the installability of the master console, the devel-
oped prototype was placed in an operating room, and a sim-
ulated conversion task between conventional and robotic sur-
gery was performed. Figure 10 shows the surgical setup
of the developed master console at the surgical bedside.
In this test, the master console was fully covered with
a surgical nylon drape as it would be in actual use.
With the simulated conversion task, it was shown that
the conversion required less than 60s including the sur-
gical robot setup. This result clearly shows that the sys-
tem concept was properly implemented into the device’s
design.

The operability in an actual setting was also tested
using the same experimental setup and showed the effec-
tiveness of the device design to be positive. The input
motion was intuitively performed based on the conven-
tional surgical procedure, and the master console was
sufficiently compact to be used in the surgical
environment.
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Fig. 10 The pictures show the experimental setup of the installability
evaluation test. In this test, the master console was fully covered with a
surgical nylon drape as it would be in actual use. The left picture shows

Discussion

The technological contributions of this study are the newly
developed compact 5-DOF parallel mechanism that realizes
conventional neurosurgical motion and the pneumatic sen-
sors that provide intuitive suction control and electric isola-
tion for sterilization. These components were implemented
in a desktop configuration; thus, the master console can be
placed at the surgical bedside.

The 5-DOF parallel mechanism was developed for the
master console to provide intuitive surgical motion inputs.
The most advantageous feature of the mechanism is that the
right and left arms can be placed close together (minimum
distance of 30 mm) due to its compact and one-sided arm
setup. In addition, the mechanism is capable of locking its
position and rotation robustly thanks to the brakes fixed to
the base joints. The evaluation tests of the master console
clearly showed the effectiveness of our design. The resis-
tance force of 0.27N is significantly small even compared
with cutting-edge haptic devices (e.g., the resistance force
measured on Omega.3 that is a commercial haptic device
(Force Dimension, Switzerland) [18] in the same experimen-
tal setup was 0.52N in average). Note that a more detailed

the surgical setup for the robotic procedure. The right two pictures show
motion input using the master console

comparison between commercial haptic devices and DELTA-
R, the predecessor of the proposed parallel mechanism, was
described in [12]. However, a simple comparison cannot be
made between the developed device and conventional haptic
devices since the device is specialized for the surgical robotic
system under development. Also the developed device is not
exactly a haptic device since it is purely passive.

The developed pneumatic sensor plays a role in provid-
ing an intuitive interface and sterilizability. The mechanical
principle of the pneumatic sensor is the measurement of air
flow volume change caused by the user’s input motion. The
suction strength can be intuitively controlled as it is in the
conventional surgical suction procedure by sliding a finger
over the hole. The grasping force and contact with the tool
can be measured using the same principle. The evaluation
tests revealed that these sensors are capable of detecting user
inputs. The time lag was 16.3 ms for the contact sensor in a
preliminary test, and the brake activation time is 8 ms. There-
fore, the device can be locked within 24.3 ms from the hand
removal, which is sufficiently fast for the interface. In addi-
tion, since this principle does not require any electrical com-
ponents, the tool part can be easily sterilized. The advantage
of the proposed pneumatic sensor is also its compatibility

@ Springer
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with the surgical environment since the vacuum pump is gen-
erally provided in the operating room.

The usability of the master console was highly regarded
by an experienced neurosurgeon in a qualitative assessment.
We consider that the developed parallel mechanism and pneu-
matic sensors largely contributed to the positive results. On
the other hand, a further usability improvement is required on
the master-slave control to realize a further intuitive opera-
bility. We are currently working on an evaluation of a master-
slave system using the surgical robot. The kinematic model
between the master-slave motion is one of our main interests
to provide more intuitive operability into the system. There-
fore, several series of tests are currently running to quantita-
tively assess the usability and to improve the robotic system.

Conclusion

In our research group, a robotic system for brain tumor
removal is currently in development for complete brain tumor
removal. The concept of the system is to combine conven-
tional and robotic surgery to improve the tumor removal rate.
The most advantageous feature of the proposed system is
that the robot is compact and easily mounted on a conven-
tional surgical head frame so that conversions between con-
ventional and robotic surgery can be performed quickly. In
this study, a newly developed master console for the robotic
system designed based on the concept discussed earlier was
described. The master console was developed taking into
account the intuitive interface for surgeons based on conven-
tional surgery and also the installability in the surgical envi-
ronment. The evaluation tests and qualitative assessments
from an experienced surgeon showed promising results.
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