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ABSTRACT Magnetic resonance imaging offers better visualization for tumors present in the delicate parts
of the human body. A pituitary tumor is one of the common types of brain-related tumors located underside
the brain. It can be accessed through the nostrils and visualized better using magnetic resonance imaging
(MRI). In this work, we present a 6-degree-of-freedom (DOF) robotic system for pituitary tumor resection
via a transsphenoidal approach designed specifically for a commercially available 3T MRI scanner. The
robotic system is designed to follow the anatomical and surgical constraints and to work inside the bore of
the MRI to allow image acquisition during the surgical procedure. It has a 6-DOF manipulator consisting
of a concentric tube and a tendon-driven bendable section. Both mechanisms are merged to have stiffness
changing capability, and payload capacity to aid the surgical task. The manipulator is attached to a flexure
shaft to bend it at the desired surgical angles. The materials used for development are analyzed in MRI
and exhibit signal-noise ratio (SNR) reduction of less than 10%. The experimental results show that the
stiffness can be changed more than ten times for safe navigation to the surgical site without damaging the
surrounding tissues. Also, it can provide a maximum lifting force of more than 2N. The presented system is
the preliminary version of the pituitary tumor resection system under development and shows the feasibility
to be used in a real surgical environment.

INDEX TERMS Concentric tube robot (CTR), magnetic resonance imaging (MRI), neurosurgery, pituitary
tumor resection, stiffness changing capability.

I. INTRODUCTION

Neurosurgery is one of the complex procedures requiring
accurate, precise, and dexterous tools to efficiently carry out
the task. The pituitary gland also called the master gland,
controls the secretion of other glands. It is located between
the hypothalamus and the pineal gland and can be accessed
through the nose. Pituitary tumor accounts for 10% of the
overall brain-related tumors and normally appears in the
third or fourth decade of life [1]. Due to the ease of access,
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usually, a trans-sphenoidal route is used to remove the tumor.
An endoscope is inserted in the nasal cavity through the
nostril to reach the pituitary gland [2] but it is difficult to dis-
tinguish between the normal tissue and tumor using the endo-
scopic view. Magnetic resonance imaging (MRI) provides
better vision when compared to other imaging techniques [3].
For pituitary tumors, MRI is the most suited technique as it
provides a clearer location and extension of the tumor and the
surrounding tissues [1].

Robotics has provided many solutions for different surgi-
cal procedures including the brain, heart, and nose, etc. [4].
The first robotic system for neurosurgery (Unimation Puma
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200) was deployed three decades ago [5]. After that, many
tools and systems have been developed for neurosurgery and
MR guided interventions. A biopsy needle system for prostate
interventions in MRI was developed in [6]-[8] while [9], [10]
presents the breast biopsy system for MRI. NeuroArm is
a robotic system developed for specially designed intra-
operative MRI and can be deployed for different surgical
procedures including brain surgery [11]. A Neuroendoscopic
surgical system has also been developed previously for
open type brain surgery (also called a craniotomy) under
MRI [12]. RAVEN is another semi-autonomous brain tumor
ablation robot with visual feedback but lacks compatibility
in MRI [13]. An MR guided robotically actuated stereotactic
neurosurgical system is presented in [14] that improves the
accuracy and efficiency of the procedure. All the above brain
surgery robots are feasible for open type procedures and their
usage for the transsphenoidal approach is dubious.

For pituitary tumor removal via transsphenoidal access,
the da Vinci surgical system is commonly used [15].
It requires constant repositioning of the endoscope and visu-
alization is also insufficient for proper tumor resection.
A four-arm robotic system for skull base surgery through a
single nostril is presented in [16]. A concentric tube-based
dual-arm robotic system is also proposed [17] for the same
surgical procedure. Both [16], [17] lack the ergonomic and
anatomical design for the surgical procedure to be used
in MRI. Thus, there is a need for a surgical system to
comply with the anatomical and surgical constraints of the
transsphenoidal procedure and can be deployed in an MRI
environment.

Another limitation of the currently available tools and
endoscopes (apart from the surgical procedure) is the proper
stiffness for the procedure [18]. The stiffness should be min-
imum during navigation to the surgical site to avoid damage
to the surrounding tissues. For procedures requiring tumor
resection, high stiffness is preferred to hold the tool in its
place and efficiently remove the tumor. Thus, the stiffness
changing capability is vital for the surgical procedure to tune
the stiffness according to the requirement. There are many
stiffnesses changing solutions with different applications in
the medical field [19]. A granular jamming-based approach is
used in [20], [21] to vary the stiffness. A constraint tube-based
approach is presented in [22] while a neutral line mechanism
is proposed in [23] for stiffness variation in tendon actuated
robots. A stiffness tunable catheter using the magnetic field
is proposed for heart surgery [24]. An antagonistic actuation
based shrinkable and inflatable manipulator is also another
solution in literature [25]. A controller side stiffness variation
of the active cannula is also done in [26]. A neurosurgical
manipulator with shape memory alloy springs to vary stiff-
ness by changing their state is also presented in [27]. It is
deployable in the MRI, but the specific procedure in neuro-
surgery is not mentioned and it cannot be used through the
transsphenoidal route due to high diameter (>10mm). All of
these stiffness changing solutions [20]-[27] are mostly for the
endoscopic surgery or lacks proper surgical application.
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We propose a 6-degree-of-freedom (DOF) stiffness adjust-
able neurosurgical robot for pituitary tumor removal through
the transsphenoidal route (shown in Fig. 1). The whole surgi-
cal system consists of two main parts; (1) robotic system with
manipulator and actuation system that satisfy all the surgical
and anatomical constraints and (2) MRI compatible motor
system (ultrasonic motors and assemblies to transfer power
to the robotic system). In this article, the design and working
principle of the robotic system are mainly presented while the
MRI compatible motor system [28] is under development and
will be presented in the future.

The presented robotic system is designed to follow the
anatomical and surgical constraints unlike [16], [17], [27].
It has a 6-DOF manipulator with Smm and 1.5mm outer
and inner diameters, respectively. The commercially avail-
able surgical tools can be used through the manipulator.
A mechanical approach is used to vary the stiffness which
can lift a force of more than 2N. A flexure shaft is designed,
developed, and added to the manipulator to bend it at the
required insertion angle to meet the surgical constraints. The
manipulator is steered by a hybrid actuation system that
is miniaturized, compact, and drives both CTR and TAR.
The robotic system is designed according to the geometrical
constraints of the Siemens®3-Tesla (3T) MRI bore. All the
materials used for development are analyzed in MRI and the
signal-to-noise ratios (SNR) are calculated.

The contributions of the presented work are: (1) a proce-
dure and anatomy specific MRI compatible robotic system
for pituitary tumor removal designed for a commercially
available MR scanner, (2) design and optimization of the
flexure shaft to satisfy the surgical requirement and (3) a
task-specific stiffness changing solution to improve the sur-
gical procedure.

Section Il includes a clinical scenario, design of the robotic
system, stiffness changing approach, the design and develop-
ment of the manipulator, design, and optimization of flex-
ure shaft and the actuation system. The stiffness changing
capability is analyzed theoretically in section III. Section IV
includes the experiments performed on the robotic system.
The whole work is concluded in section V.

Il. DESIGN & DEVELOPMENT
A. CLINICAL SCENARIO
The presented robotic system is designed for pituitary tumor
resection under MRI. The patient is laid on the MRI bed and
the robotic system is installed as shown in Fig. 1(a). The
main steps of the surgical procedure are, (a) the manipulator
is inserted in the nostril and move on to the sinus. (b) The
sphenoid sinus is drilled to access the bony hollow, underside
the brain. (c) Manipulator advances to the central skull base
and reaches the pituitary gland. (d) The tumor is identified
and resected using the surgical tools by teleoperation.

The ultrasonic motor module and the platform shown
in Fig 1(a) are part of the MRI motor system [28], [29] which
is under development and will be included in the future works.
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FIGURE 1. 3D model of the whole surgical system; (a) robotic system integrated with MRI compatible motor
system and inserted in the bore of 3T MR scanner, (b) surgical constraint for insertion in the nasal cavity of the
patient, (c) geometric constraints for the robotic system and (d) measured rough dimensions of the
Siemens®3T MRI bore.
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FIGURE 2. 3D model of the proposed 6-DOF robotic system.

The 3D model of the robotic system presented here is shown
in Fig. 2. As it is going to be used in MRI, all frame plates,
gears, bolts, and shafts are of plastic. The only metal used
is nitinol which is also MRI feasible and produces minimum
artifacts [30]. The signal-to-noise ratio of the materials used
in development is also calculated and presented in the exper-
imentation section.

For insertion in the nostril of the patient, the manipulator
should be bent at an angle 6 demonstrated in Fig. 1(b). This
0 is normally in the range of 70° [29] and depends on the
anatomy, age, and gender of the patient but here it is taken as a
constraint. Another constraint is the angle of ultrasonic motor
shafts. These shafts are present on the platform at a 60° angle
as shown in Fig. 1(c). The shaft angle is chosen according to
the geometrical design of the MRI bore. The actuation system

VOLUME 8, 2020

TABLE 1. Constraints on the robotic system.

Constraints Value
MR compatibility SNR less than 30%
Geometric constraints of MRI bore ?478mm & Fig. 1(d)
Tilted angle of ultrasonic motor shafts 60°
Nasal cavity insertion angle ~70°

6 times or more
90mm [35]
1.5N or more [38]

Stiffness changing capability
Insertion length

Tip force

should be able to attach with those shafts for operation in the
MRI room and provide a stroke of 90mm for insertion till the
pituitary gland. Fig. 1(d) shows the measured dimensions of
the 3T MR scanner with the head coil. The robotic system
is designed according to these constraints and dimensions
which are also presented in Table 1.

B. MANIPULATOR

1) DESIGN

A 6-DOF manipulator is designed for the surgical procedure
by merging two different mechanisms: CTR and TAR. CTR
are telescopic, pre-curved, and super elastic tubes actuated by
their relative translation and rotation [31]. Tendon actuated
robots are single or multi backbones controlled by pushing
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FIGURE 3. (a) 3D model of the 6-DOF manipulator, (b) elements of the
tendon actuated bending section and (c) schematic design of the
proximal section B.

and pulling of the tendons [32]. Both CTR and TAR are
merged to benefit from there advantages and decrease their
disadvantages. The 3D model of the designed manipulator
is shown in Fig. 3(a). CTR is utilized to provide a higher
stiffness in comparison to TAR which can assist in tumor
resection, while it also covers a sufficient workspace at the
surgical site [29]. TAR is used at the tip to provide higher
maneuverability. A two-member CTR structure is used. It has
one pre-bent outer tube and a straight inner nitinol wire
while sliding joint based TAR are used on the distal side.
The dimensions of the manipulator sections are provided
in Table 2.

TABLE 2. Dimensions of the different manipulator sections.

Outer Inner Length
Member diameter ~ diameter (mm)
(mm) (mm)
Distal Section A 5.00 1.50 8.00
Distal Section B 3.75 1.50 16.00
Proximal Section A 3.75 1.50 3.00
Proximal Section B 3.75 1.50 5.00
Nitinol Tube 490 4.50 65‘1&(;3;220
Nitinol Wire 1.18 - 280

The nitinol wire in the CTR arrangement is used to trans-
late and rotate the tendon actuated bending section. It is a
tricky part to use the wire and allow the hole for the sur-
gical tool at the same time. To fulfill that purpose, a spe-
cially designed proximal section B (shown in Fig. 3(c)) is
used. A total of six holes are fit in the ¥3.75mm section.
Four of them are used for tendons while a @#1.50mm cen-
tral hole is made for the surgical tool. To incorporate the
wire, a 30.80mm hole is made beside the surgical tool hole.
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To use the nitinol wire of @J1.18mm (bigger than the
?0.80mm hole), the end of the nitinol wire is grinded until
it is reduced to 0.70mm at the tip which is inserted in the
hole and glued. The nitinol wire of @¥0.80mm is quite flexible
and deflect on small loads while @1.18mm nitinol wire has
higher stiffness and efficiently transmit the forces applied at
the base.

2) STIFFNESS CHANGING METHOD

To avoid damage to the sensitive brain tissues, the manip-
ulator should have low stiffness but, for tumor removal,
the stiffness should be higher. Therefore, a stiffness changing
capability would likely improve the surgical procedure. Most
of the stiffness changing solutions presented before cannot be
installed in small diameter (@5mm) and they need an extra
energy source (pneumatic, magnetic, or electric) which is
difficult to be used in MRI. Therefore, a mechanical approach
is used to change the stiffness of the manipulator. The idea
is to change the stiffness with an approach that should not
oppose the surgical and anatomical constraints and can be
used in MRI. The designed manipulator has multiple parts
of different materials and dimensions that can slide on each
other. The exact theoretical model of such a manipulator is
not available in the literature and it is beyond the scope of
this work. But, if the manipulator is considered as a beam,
then according to the beam theory, the deflection and stiffness
are directly proportional to the length of the beam under the
same boundary conditions. The manipulator is designed with
weak (plastic resin) and strong (nitinol) parts that can slide
over each other to vary the stiffness. If the length of the
weaker part is increased, the stiffness decreases and vice versa
considering the boundary conditions are the same.

In the designed manipulator, a total of six sliding joints
are used at the distal section which are further divided into
two sections as shown in Fig. 3(b). The distal section A
has two sliding joints having @#5.00mm which cannot be
inserted inside the nitinol tube. The distal section B has four
sliding joints with @3.75mm (smaller than the inner diameter
(4.50mm) of the pre-bent nitinol tube) and they can easily be
inserted in the nitinol tube decreasing the length of the weaker
section (elastic modulus of tendon actuated part is 20 times
lower than that of the nitinol tube). This mechanical approach
is easily integrated into small dimensions of the manipulator.
Furthermore, it can be controlled by the simple translation
of the members and no external energy source of any kind
is required. The maximum and minimum cases of stiffness
are shown schematically in Fig. 4. The minimum stiffness
is defined at the point where both distal section A and B
are actuated while the maximum stiffness case is where only
distal section A is outside the nitinol tube.

3) FLEXURE SHAFT

As stated before, the manipulator is required to bend at around
70° to be inserted through the nostril of the patient. To fulfill
this surgical constraint, a flexure shaft is added to the manip-
ulator. During the design procedure, the required bending
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FIGURE 4. Stiffness changing approach; (a) minimum stiffness case and
(b) maximum stiffness case.

angle (0) for flexure shaft is set to be 80° for the safety
margin. Elliptical hinge shape is chosen as it has minimum
bending stiffness among conic section flexure hinges when
geometric parameters are the same [33]. 3D model of the
designed flexure shaft and the cross-sectional view of the
hinges are shown in Fig. 5.

(b)

FIGURE 5. Designed flexure shaft (a) 3D model and (b) cross-sectional
view of the elliptical hinges.

To design the flexure shaft, two main constraint equations
are considered as follows:

dna+ (2n—1)d < [ 1)
ntan”! 2a 0 )
R

Here, n is the number of hinges for one side (total number
of the hinges is 2n), a is the axial radius and c is the lateral
radius of elliptical conic section, d is the distance between
two consecutive hinges, / is the total length of the bent part
of the pre-bent trocar and R is the outer radius of the flexure
shaft. Eq. (1) constraints for the total length of the flexure
shaft that should be shorter than the length of the bent part of
the pre-bent trocar and (2) defines the maximum allowable
bending angle that should be larger than the required bending
angle when the flexure hinge reaches the geometric limit.
The rest of the parameters are solved according to these geo-
metric constraints. Four parameters; a, ¢, n, and t are required
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to be solved for the geometry of the flexure shaft. Here, ¢ is
the flexure thickness. For the conic sections, a and ¢ can be
represented as two dimensionless constants 8 and y [33].
t
= — 3
B=7 3)
t

y =5 )

B, v, n and t are the unknown parameters that are solved
using the known parameters (d, R, r, and /). Here, d is Smm,
R is 6mm, r (inner radius of the flexure shaft) is 4mm and [ is
160mm. PEEK is chosen as the material for flexure shaft and
it has the elastic modulus E = 3.60 GPa and ultimate tensile
stress oy = 90 MPa. The following cost function is defined
to find parameters that minimize the maximum stress with
respect to the stress concentration factor.

Cost function : f (B, y) x SF x % o)
1 6 B 3+4p+2p°
fB.y) Eb2Q+p)?’y 1+p
+—61(1 J”g)l ! (1 4+ )] [331(6)
B2+ )2 p
- %[M] ™

TABLE 3. Provided and optimized parameters of the flexure shaft.

Provided Value Optimized Value
parameters (mm) parameters (mm)
d 5 a 1.62
R 6 c 0.01
r 4 n 10
/ 160 ty 1.20

Here, b = R—r while ¢ = “L—Z and SF is the stress concen-
tration factor. To solve the problem a factor of safety of 2 is
applied. The hinge cross-section is assumed to be rectangular
for analytical calculation of stress (the assumption is true if
R is quite bigger than r). The defined cost function is opti-
mized in MATLAB and the solved parameters are provided
in Table 3. The maximum stress of the designed flexure shaft
at 80° bending angle is 45.15 MPa with a factor of safety of 2.
Itis way below the ultimate strength and the geometrical limit
of the flexure shaft with the optimized parameter was 284°,
which, of course, means that the constraint (2) is satisfied.
Therefore, the optimized parameters are rounded off and used
for manufacturing.

Only one flexure shaft is used to bend the whole manip-
ulator at 70° even though there are two CTR members: the
outer tube and inner wire. The flexure shaft is attached to the
outer nitinol tube as shown in Fig. 3(a) and the inner wire will
bend with the flexure shaft and nitinol tube. If the inner CTR
member is also a nitinol tube, another flexure shaft would be
required for bending it at 70°. In the case of two flexure shafts,
the issue of interference between the consecutive hinges is
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respectively while BX and BY represent the shafts for axial and lateral motion of tendon actuated section and (b) pulley and tensioner

mechanism.

quite severe. Therefore, the nitinol wire is used as an inner
member to avoid this issue.

C. ACTUATION SYSTEM

The platform attached to the MRI bed (as shown in Fig. 1(c))
has 60° oriented shafts due to the circular shape of the MRI
bore. A 6-DOF hybrid actuation system is developed for CTR
and TAR shown in Fig. 2 and Fig. 6 [35]. As the manipulator
has 6-DOF, six ultrasonic motor shafts are required. For the
actuation of CTR, three groups of gear assemblies are used
on four shafts (RI, RO, TI, and TO) in the actuation system
to transmit motor torque to the corresponding CTR members
as shown in Fig. 6(a). The first group of gears is angled
miter gears (bevel gears) to transmit the torques to shafts that
are tilted at 60°. They allow the coupling of the actuation
system to the shafts of the MRI compatible motor system
as shown in Fig. 1(c). Spur gears are used in the second
group to alter the distance and relative height between the
input shafts. The third group is the gears that connect to the
parts of the manipulator. For rotation, first miter and then spur
gears are used. The miter gears rotate the shaft at 90° turning
them in line to the CTR members. As the CTR members
are concentrically placed and cannot be grasped at the base
and rotated, the miter gear shafts rotate a nitinol strip-based
plastic tube which in turn rotates the CTR members by the
spur gears. In the case of translation, rack and pinion are
used. Racks are attached to the sliders of the linear rail and
the manipulator members are attached to these sliders while
pinions are mounted on the shafts.

For the actuation of the bending section, the tendons need
to be pushed and pulled. A pulley and tensioner mechanism
are used for that purpose [29] as shown in Fig. 6(b). Niti-
nol wire of ¥0.22mm is used as tendons. The selection
is made due to the MR compatibility and low hysteresis
properties of nitinol wire. The nitinol tendons are covered
in the Teflon sheath and passed on to two motor shafts
(BX and BY). A pair of tensioners are used for four nitinol
tendons. The Teflon sheath is glued to the tensioner while the
inner tendons are passed down to the pulleys. Two tendons
are wound on a single pulley and the rotation of the pulley in
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different directions will move the bending section in different
axis. These pulleys are directly mounted on the motor shafts
and supported by two plastic bearings to cancel out any lateral
forces. The distance between the tensioner and pulley can
be increased by the plastic bolts attached to the tensioner to
adjust the tension and avoid sagging. The whole actuation
system has dimensions of 240 x 175x112 mm (LxW xH).
It is designed according to the geometrical constraints of the
bore ((3478mm) of the Siemens®3T MR scanner.

D. DEVELOPMENT

The prototype of the proposed robotic system is manufactured
as in Fig. 7. As it is developed for MR guided surgical
procedure, the choice of materials for development is limited
to plastics and MRI compatible metals. The frame plates
of the actuation system are manufactured with MC Nylon.
Miter gears, linear rail, sliders, racks, and pinions are 3D
printed using ABS, spur gears are of polyacetal, glass fiber
reinforced PBT resin-based couplings and MC Nylon shafts
are used. The flexure shaft is manufactured with PEEK.
Nitinol tube and wires are used in the manipulator while the
sliding joints are 3D printed using SLA. The bearings, nuts,
and bolts are also of plastic resins. MR compatibility was
tested, and SNR was also measured to verify the use of these
materials (presented in section I'V).

Ill. THEORETICAL ANALYSIS

A procedure-specific mechanical stiffness changing approach
is introduced to assist the surgical process. The free-body
diagram of the 6-DOF manipulator is shown in Fig. 8. The
whole manipulator is divided into six sections having dif-
ferent materials with different cross-sectional areas. The first
section (from O to L) has the flexure shaft holding the nitinol
tube inside. The second section (Lj to L) has the nitinol
tube. The proximal section B and nitinol tube is the third
section (L3 to L3). The fourth section consists of the proximal
section A and nitinol tube from L3 to L4. Distal section
B from L4 to Ls constitutes the fifth section. The stiffness
can be changed by varying the length of this section as
the distal section B can be inserted inside the nitinol tube.

VOLUME 8, 2020
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FIGURE 8. Free body diagram of the manipulator for theoretical analysis.

Sixth and the last section is the distal section A (L5 to L)
which cannot be inserted in the nitinol tube. A force F is
applied on the tip of the manipulator and the proximal end of
the flexure shaft is fixed. As the manipulator is quite complex
having different sections, the exact model is not available in
the literature. In this work, the theoretical model is derived
using the Castigliano’s theorem [36]. The strain energy stored
in the manipulator due to bending is given by (8). As the
manipulator is divided into six sections, the total strain
energy is the function of the strain energy in each section.
Therefore, (9) is formulated according to the designed
manipulator having different materials and cross-sectional
areas.

L M2
U= —d 8
/0 2£:1 ®)
F 2
2(Ef1f + Enly)
Ly (F.X')
L mdx, Li<x<Lp
F.
R
U = 2 2(Eq Ipsb +E 1) 9)
(Fx)*
S —dv, Ly < x<Ly
3 2(E;s Ipsa + E,\I})
L5 (Fx)?
fL4 2B b X, Ls <x<Ljs
F.
LL (Fx) X, Ls<x<L
5 2F Idsa
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TABLE 4. Parameters used for theoretical analysis.

Parameter Value

E, 83 GPa

Eg 4.10 GPa

Ef 3.60 GPa
Lpsp 9.46X 107 12m™*
Lysa 3.04x 10711 m*
Lisp 9.46X 107 12m™*
lisa 9.46X 107 12m™*
I, 8.17x 107 12m™*
I; 8.17x 107 10m*

Here, F is the force applied on the tip, L is the total length
of the beam, E is the elastic modulus and / is the second
moment of the area. Also, Ef, E,, and E are the elastic mod-
ulus of the flexure shaft, nitinol tube, and 3D printed sliding
joints, respectively. As both proximal and distal sections are
3D printed using the same material, their elastic modulus is
the same and denoted by Ej. Iy, I, Ipgp, Ipsas Lisp, and lysq
are the second moment of area of the flexure shaft, nitinol
tube, proximal section B, proximal section A, distal section
A and distal section B, respectively. These parameters used
for simulation are provided in Table 4. The strain energy
calculated by (9) can be used to find the deflection § of the
manipulator under the applied load (10). The stiffness k of
the manipulator can be calculated using (11).

(10)

(11

The stiffness of the proposed manipulator can be changed
by varying the length of distal section B (Ls — Ly = 16mm
(initial length)). For theoretical analysis and experimentation,
the whole manipulator is categorized into three cases defined
according to this length as shown in Fig. 9. Case 1 has min-
imum stiffness and case 3 has maximum while case 2 being
the intermediate stiffness case. In other words, all the four
sliding joints of distal section B are actuated in Case 1 and
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FIGURE 9. Three cases of different stiffness (a) Case 1 (minimum stiffness), (b) Case 2 (intermediate stiffness) and (c) Case 3 (maximum
stiffness). Upper inset shows the 3D model of the manipulator configuration in each case and the bottom inset shows the same

configuration in developed prototype.

TABLE 5. Theoretical and experimental stiffness for all the three cases.

Case No. 1
Test d(th) F(th) &(ex) F(ex) k (th) k (ex)
# (mm) N) (mm) N) (N/mm)  (N/mm)
1. 238 0.48 5 0.48 0.20 0.09
2. 228 0.46 5 0.46 0.20 0.09
3. 2.18 0.44 5 0.44 0.20 0.09
4. 223 0.45 5 0.45 0.20 0.09
5. 233 0.47 5 0.47 0.20 0.09
Avg. k (N/mm)  0.09 RMS k (N/mm) 0.09
Case No. 2
1. 2.34 0.96 5 0.96 041 0.19
2. 2.40 0.98 5 0.98 0.41 0.20
3. 237 0.97 5 0.97 041 0.19
4. 232 0.95 5 0.95 0.41 0.19
5. 232 0.95 5 0.95 0.41 0.19
Avg. k (N/mm)  0.19 RMS k (N/mm) 0.19
Case No. 3
1. 3.81 4.66 5 4.66 1.22 0.93
2. 3.77 4.62 5 4.62 1.22 0.92
3. 3.74 4.58 5 4.58 1.22 0.92
4. 3.77 4.62 5 4.62 1.22 0.92
5. 3.75 4.59 5 4.59 1.22 0.92
Avg. k (N/mm)  0.92 RMS k (N/mm) 0.92

*Here, ‘th’ stands for theoretical simulation and ‘ex’ for experimental
results. The average and RMS values are provided only for the

experimental results.

Ls — Ly = 16mm. If two sliding joints of distal section B are
actuated outside the nitinol tube, it is called Case 2 (Ls — L4 =
8mm). And if all the distal section B is inside the nitinol
tube, it is Case 3 (L5 — Ly = Omm). MATLAB®)is used to
solve (9) for the deflection of the manipulator on the known
force values for all the three cases. These force values are
from the experiments presented in section IV. The theoretical
stiffness and deflection are presented in Table 5 and Fig. 12(b)
in comparison with the experimental stiffness and deflection
of the developed prototype.

192564

IV. EXPERIMENTS & RESULTS
A series of experiments were performed to validate the char-
acteristic of the proposed robotic system.

A. MR COMPATIBILITY TEST

The materials used in the development of the robot were
tested for MR compatibility. 3T MR scanner Skyra from
Siemens®was used for experimentation. Three combina-
tions of materials were made, and MR images were obtained
and analyzed to validate the compatibility and calculate the
signal to noise ratio (SNR) as shown in Fig. 10. In the first
combination (C1), the MR phantom containing CuSo4 liquid
was placed in the head coil and ten MR images were obtained.
In C2, a 3D printed ABS tube, silicone tube and PEEK tube
were placed in the head coil with the phantom. Lastly in
C3, Reny plastic bolts of different sizes, nitinol wires and
Teflon tubes of different diameters were placed in the head
coil. The signal to noise ratio (SNR) in each combination was
calculated using Nema4 method [37]. To calculate the signal
value in the image, a region of interest (ROI) was chosen in
the phantom image that includes 75% of the signal value.
The mean pixel intensity in the ROI was the signal value.
For noise, four rectangular ROIs were chosen at the corners
of the image away from the signal and standard deviation
in the pixel intensity for each ROI was calculated. These
standard deviations were averaged and divided by 0.66 which
is a Rician distribution correction factor to obtain the image
noise [37]. Afterward, the signal value is divided by the
calculated noise to get the SNR.

Since we had ten MR images for each combination, SNR
in each image of every combination was calculated using
MATLAB®and the mean and standard deviations were com-
puted. As shown in Fig. 10, mean SNR in the CuSOg4
phantom image was 146.33% with a standard deviation
of 5.44%. In C2 (ABS + PEEK + Silicon) and C3 (Reny
bolts + Nitinol wire + Teflon tube) the calculated mean
SNR was 136.81% =+ 17.23 and 114.17% =+ 6.90, respec-
tively. As the SNR reduction was 6.50% in C2 and 9.70%
in C3, the chosen materials for the robotic system are MR
compatible.
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FIGURE 10. Signal-to-noise ratio calculation; (a, b, c) schematic setup for C1, C2 and
C3 respectively, (d, e, f) MR image and SNR of C1, C2 and C3, respectively.

§ «——Loadcell

Computer

FIGURE 11. Setup for stiffness variation experiments.

B. STIFFNESS CHANGING CAPABILITY

To validate the theoretical analysis, stiffness changing experi-
ments were performed using a universal load testing machine
(JSV-H1000) from Japanese Instrumentation System Co.
(JISC, Japan). It uses a load cell (HF-1) also from JISC,
which provides values in gram force (gF) with a resolution
of 0.01 gF. The experimental setup for experimentation is
shown in Fig. 11. A deflection of Smm was applied on the
tip of the manipulator and the force required for that deflec-
tion was measured by the load cell. An actuation module
using seven servo motors (Dynamixel) from ROBOTIS Inc.,
Korea was developed in the laboratory to drive the robotic
system for experimentation purposes. First, the manipulator
was actuated so that all the bending section B is outside the
nitinol tube (as in Case 1), and the force required to produce
a deflection of Smm was measured. Then, the outer nitinol
tube was actuated 8mm and the configuration of Case 2 was
achieved. Lastly, the nitinol tube was actuated further 8mm
and only two sliding joints of distal section A were outside
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becoming Case 3. Five experiments were carried out for each
case and the results are provided in Table 5. The experiments
were carried out with all the members held in their place. The
tendons of the bending section were wound on the pulley and
their tension was not changed during the experimentation.
In the experiments, deflection value was fixed to Smm, and
force was measured by the load cell in each case. For simula-
tion, the amount of force measured during the experiment in
each case was used, and the deflection was calculated. In this
way, we have force and deflection data for both theoretical
and experimental cases to calculate the stiffness using (11).
Experimentally, the stiffness can be changed 10.22 times
while theoretically it can be varied 6.10 times. The com-
parison of experimental and theoretical stiffness is shown
in Fig. 12. The results validate that the proposed manip-
ulator has stiffness changing capability for efficient tumor
removal. The difference in the experimental and theoretical
results is because the manipulator was modeled according to
Castigliano’s theorem excluding any non-linear factors. Also,
the theoretical model is not exact due to the complexity of the
manipulator having sliding parts with different dimensions
and materials. Another major factor can be the assumption
that for the theoretical analysis the gap between the flexure
shaft and the trocar is zero, which is nonzero during exper-
imentation. Still, the stiffness can be tuned more than the
required value of 6 times, the proposed stiffness changing
solution appears to be well suited for the surgical procedure.

C. MAXIMUM TIP FORCE

The manipulator should generate enough force to effi-
ciently remove the tumor. The pituitary tumor resection force
depends on the size and interaction with the type of tissues.
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FIGURE 12. (a) Comparison of theoretical and experimental stiffness.
Here ‘th’ stands for theoretical and ‘exp’ stands for experimentation and
(b) theoretical and experimental stiffness for the three cases. Blue bars
represent theoretical stiffness while orange ones represent the
experimental stiffness.

TABLE 6. Results of the maximum tip force experimentation.

Experiment Deflection Force
No. (mm) (N)
1. 2.50 2.20
2. 2.50 224
3. 2.50 2.26
4. 2.50 2.28
5. 2.50 2.28
6. 2.50 231
7. 2.50 2.25
8. 2.50 2.27
9. 2.50 2.26
10. 2.50 231
Mean 2.27
Standard deviation 0.03
Root mean square 2.27

For interaction with soft tissues, the average forces range
from 0.1~0.5N while with bony structures it can be as high as
2.12N [38]. 1.5N tip force was chosen as the design criterion
for the proposed system and the maximum force generated at
the tip of the manipulator was measured experimentally and
the same universal load testing machine (JSV-H1000) was
used. The load cell was moved downwards to 2.5mm and
held there for 15 seconds. The manipulator tip was moved
upwards by the actuation of distal section A to lift the load
cell tip. As the target was to measure maximum tip force,
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FIGURE 13. Force-deflection curve of mean tip force.

all the experiments were performed in the configuration of
Case 3 (maximum stiffness). The experiments were repeated
ten times and the results are provided in Table 6. Fig. 13 shows
the force-deflection curve of the tip force measurement. The
results show that the manipulator can lift a maximum force
of 2.2740.03N. Most of the pituitary tumors are less than
@10mm [1] and the proposed manipulator can generate more
force than the required value of 2.12N for bony and 0.1~0.5N
for soft tissue interactions. [38]. Another outcome of the
maximum tip force experiment is that there was no case of
failure during the 10 repeated trials. The presented prototype
avoids failure even at maximum payload which makes it safe
for the surgical task.

V. CONCLUSION AND FUTURE WORK

A stiffness adjustable 6-DOF robotic system is proposed in
this work for pituitary tumor resection through the trans-
sphenoidal approach. The system is designed specifically to
operate in the bore of Siemens®3T MR scanner and it is
the only system reported to date that follows the anatomical
and surgical constraints of the trans-sphenoidal surgery with
a stiffness changing capability. The proposed mechanical
approach can vary stiffness ten times and is well suited for
the surgical procedure and image acquisition platform. The
manipulator can lift a force of more than 2N without failure.
Experiments have also verified that the materials used for
development are MRI compatible. The developed robotic sys-
tem is miniaturized (240 x 175x 112 mm, Lx W xH) enough
to fit inside the bore (B3478mm) of the Siemens®3T MR
scanner. The presented robotic system is the preliminary ver-
sion and first part of the whole MR-guided surgical system.
MRI compatible motor system (second part) is under devel-
opment which will be integrated with the presented robotic
system. Afterward, further experimentation and analysis will
be performed.

For the future version, the kinematics of the 6-DOF manip-
ulator will be solved and the final system will be a tele-
operated one controlled outside of the MRI room. Also,
the surgical tools are going to be integrated with the current
robotic system. Secondly, the workspace subtended by the
manipulator in all the three mentioned cases will be analyzed.
The proposed stiffness changing solution is mechanical and
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it is well suited for MRI conditions (no requirement of extra
systems and electricity) but, it may affect the workspace.
Third, the accuracy and repeatability of the robotic system
after integration with the ultrasonic motor system will be
tested. Lastly, the MR compatibility and SNR of the materials
used for development are presented here but the MR-image
may deteriorate during the motion of the robot. SNR of the
whole robotic system in motion is beyond the scope of this
work as the MRI-compatible motor system is under develop-
ment and will be included in the future works. The results of
the preliminary tests provided in this work endorse the need
for further development and analysis.
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