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Abstract

Background: Intracerebral hemorrhage (ICH) is one of the deadliest forms of stroke in the
United States. Conventional surgical techniques such as craniotomy or stereotactic aspiration
disrupt a large volume of healthy brain tissue in their attempts to reach the surgical site.
Consequently, the surviving patients suffer from debilitating complications.

Methods: We fabricated a novel MR-conditional steerable needle robot for ICH treatment. The
robot system is powered by a custom-designed high power, low-cost pneumatic motor. We tested
the robot targeting accuracy and MR-conditionality performance, and performed phantom
evacuation experiment under MR image guidance.

Results: Experiments demonstrate the robotic hardware is MR-conditional; The robot has the
targeting accuracy of 1.26 00B1 1.22mm in bench-top tests. With real-time MRI guidance, the
robot successfully reached the desired target and evacuated an 11.3 ml phantom hematoma in 9
minutes.

Conclusion: MRI-guided steerable needle robotic system is a potentially feasible approach for
ICH treatment by providing accurate needle guidance and intraoperative surgical outcome
evaluation.
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Introduction

Intracerebral Hemorrhage (ICH) is a life-threatening condition and it accounts for 10% to
15% of all the stroke cases [1]. ICH occurs when a blood vessel in the brain ruptures and
forms a pool of semi-clotted blood called the hematoma. It can rapidly compress the
surrounding brain tissue and cause death or permanent damage, making it a leading
contributor of serious long-term disability in the United States. Healthy brain tissue damage
and mortality rate could be reduced by relieving the excess pressure generated by the
hematoma [2]. Traditional surgical approaches to remove a hematoma and drugs have not
been effective in reducing the overall mortality rate and there remains no clinically proven
an effective treatment for the majority of ICH patients [3]. Furthermore, literature reviews
indicate that there is no obvious benefit of standard open surgical treatments over “watchful
waiting”, despite the fact that it could decompress the brain [4]. It has been hypothesized
that this is due to the substantial volume of healthy brain tissue need to be disturbed to reach
the hematoma in the conventional surgeries. High incidence, mortality, and long-term
disability rates along with the invasive nature of surgical interventions, lack of widespread,
reliable, and effective treatment of ICH, provide the basic motivations to develop a safe
minimally invasive approach to treat this disease.

Recent studies conducted on phantom models have shown that a concentric tube robot made
from curved, super-elastic tubes can reach a hemorrhagic site through a needle-sized
(diameter < 3 mm) path to successfully aspirate the hematoma from within [5]. These nested
tubes enable reaching the hemorrhagic site following a straight trajectory and returning to
the pre-curved shape within the hematoma to cover a larger workspace when extending from
one another [6]. This approach has the potential to decompress the brain with far less
disruption while reaching the hematoma. Initial experiments conducted under computed
tomography (CT) guidance showed that 83% - 92% of the hematoma can be successfully
evacuated through this needle-sized treatment [5]. However, due to brain tissue elasticity,
surrounding healthy tissue can fill the cavity during the aspiration process and cause
significant brain shift and deformation. Hence, concentric tube robot based ICH aspiration,
guided by preoperative static CT images, carries a high risk of damaging healthy brain tissue
during the aspiration process. Therefore, accurate intraoperative monitoring of hematoma-
brain boundary is necessary for the proposed concentric tube robot-based minimally invasive
treatment.

With the periodic intraoperative CT image feedback (4-5 scans per procedure), the safety
and efficacy of the proposed procedure was significantly improved compared to the one with
purely preoperative image guidance [7]. However, CT also has the drawback of exposing
patients to ionizing radiation, providing low soft tissue contrast, as well as creating only
intermittent images rather than real-time information. Mechanical patient-specific brain
tissue deformation modeling has been suggested to predict the brain deformation during
aspiration between consecutive CT imaging as a way to reduce the number of intraoperative
CT images [8]. However, it is unable to capture the complex, highly dynamic viscoelastic
interactions between brain and hematoma during continual removal and requires further
development and validation.
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The purpose of this paper is to propose MRI as an alternative imaging modality for CT in
ICH aspiration guidance. Support for this idea comes from previous studies showing that
MRI is equally or potentially even more accurate in diagnostic imaging of ICH[9], and
providing better imaging of surrounding brain structures[10]. Furthermore, there is a desire
for rapid intraoperative, multi-planar imaging during ICH aspiration[7], which has
previously required a careful trade-off between image update frequency and ionizing
radiation delivered during imaging. Recent advances in MRI real-time imaging (update rate:
1-2 Hz) enable intraoperative monitoring of the surgical tool position, tissue deformation
and surgical outcome [11-16]. Based on this, there is ample motivation to develop MRI
guided approaches for ICH aspiration despite the challenges of building robotic systems that
are MRI conditional. To date, Masamune et al proposed 6 degrees of freedom (DoF) MR-
conditional needle insertion robot for brain biopsy procedure in 1995 [17]. Sutherland et al
designed neuroArm MR-conditional robotic platform for neuro microsurgeries [18]. Sheng
et al presented a neurosurgical intracerebral hemorrhage evacuation (NICHE) robot in 2015
[19], but no MR tests were performed. Su et al proposed a concentric tube continuum robot
driven with piezoelectric actuation for MRI-guided closed-loop targeting applications in
2016 [20].

In this paper, we developed an MR-conditional ICH robot actuated by three custom-
designed pneumatic motors that could accurately deploy the surgical tools towards the
hemorrhage site under MRI guidance. The results presented here are the extensions of our
recent conference abstract publication [21], with significant contributions on the aiming
device design, robot kinematic modeling, real-time MR-guided needle insertion, and MR-
guided ICH evacuation. This paper is arranged as follows. Section 2 presents the working
principle of the aiming device and ICH robot design. Section 3 describes the experimental
results of the proposed robot in bench-top tests and MR-guided phantom studies followed by
the discussions in section 4.

Materials and Methods

2.1 Design overview

From the aforementioned discussion, the MR-guided ICH robotic evacuation procedure can
be divided into two sub-tasks: 1) deploying the concentric tube robot into the hematoma at
the predefined entry path, and 2) steering the curved inner tube within the hematoma to
perform the aspiration. Based on this task decomposition, the MR-guided ICH robot system
includes two main mechanical modules, namely, an aiming system and a concentric tube
robot actuation unit (Fig. 1). The overall system design and construction are governed by
two main physical constraints: 1) the limited space and 2) strong magnetic field strength
within an MRI scanner. In this study, a closed bore MRI scanner with 60cm diameter was
considered for the design of the proposed ICH robotic system so that it would fit within the
majority of currently used 3T MRI scanner. The proposed robotic platform has the
maximum height of 277mm and the minimum height of 200mm when the robot operates
within its workspace. The robotic system should be conditional in a given MRI environment
with a specified condition according to the American Society for Testing and Materials
(ASTM) standard F2503 [22].
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2.2 MR-conditional Aiming Device Design

Fig. 2 shows a schematic diagram of the human skull model with a custom designed aiming
device, which was developed based on the simplified 2-DoF Leksell stereotactic frame. To
enable the proposed ICH aspiration procedure, the following mechanical modifications were
introduced in the aiming device compared to the conventional Leksell frame. First, the space
between the aiming device and patient’s head is increased to provide sufficient space for the
placement of the MRI flexible imaging coil. Second, the aiming device is designed to be
rigidly affixed to the support board. The base supporting board is affixed to the MRI scanner
by using the 3D printed trapezoidal block slides along the slots at the side of MRI bed. The
skull is kept immobilized with respect to the aiming device by using the set screw (shown in
Fig. 2C). Third, the aiming device is fabricated with plastic and acrylic materials, which
ensures the robot safety and compatibility inside the scanner.

According to the aforementioned scanner bore size and average head circumference
(»550mm) [23], the radius of the aiming device is chosen to be 100mm, which provides
sufficient safety margin as well as the space for flexible coil placement. The height of the
vertical bar is chosen to be 80mm, which assures that the remote center of motion of the
aiming device is approximately located at the center of the skull. The aiming device is
constructed with rapid prototyping, e.g. 3D printing (Stratasys Dimension SST, resolution:
0.254 mm) and a laser cutter (Kern laser cutting system). The arc was fabricated using
acrylic material with the thickness of 6.35mm. The two arcs were connected with a 3D
printed connector with ~10 mm spacing which facilitates the deployment of the concentric
tube through this gap. The protractor on the arc and vertical bar are engraved using a laser
cutter with the resolution of 1 degree so that the aiming process can be carried out
accurately. Three MRI fiducial markers are placed at predefined positions on the vertical bar
to register the MR-coordinate to the robot-coordinates (as indicated in Fig. 2C).

2.3 MR-conditional ICH Robot Design

The proposed MR-conditional ICH robot prototype can be seen in Fig. 3. The 3-DoF ICH
robot controls 2 tubes, which are the straight outer tube and the pre-curved aspiration inner
tube made of superelastic nitinol. Both tubes can be inserted or retracted through lead screw
mechanisms coupled with the linear guiding rail. The rotational DoF of inner tube is
achieved by using a square rod that connected to the gear train. To ensure MR-
conditionality, the lead screws are constructed with aluminum and the square shaft is
fabricated with brass. The detailed description of the robot design and working principle can
be found in [5, 21].

In order to function safely inside the MR room, all the components of the robot were
fabricated or chosen from MR-conditional materials (e.g. aluminum, plastic, brass). The
high strength magnetic field inside the MRI scanner precludes the application of common
electromagnetic motors. Hence, we utilize custom-designed pneumatic motors with built-in
optical encoders [24] (Fig. 4). The motor control loop can be closed with the optical encoder
feedback. A benefit from the compact motor design (®40mm x 70mm) is that the total
dimension of MR-conditional ICH robot is further reduced to *250mmx140mmx70mm.
Detailed motor characterization results show that the custom-designed pneumatic motor is
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able to achieve 460 mNm stall torque and 370 rpm no-load speed when coupled with a 100:
1 gearbox [24]. The proposed pneumatic motor and encoder hardware satisfy the MR-
conditionality requirement according to the ASTM F2503 standard [22].

2.4 Kinematic Modeling

The aiming device is a 2RR mechanism and concentric on the origin of the supporting
board, which is rotating around the pivot of the vertical bar (about the Z-axis) and the slider
rotating on the arc respectively (Fig. 2). Let the homogeneous transformation (HT) that
maps the MRI coordinate frame, { Oy}, to supporting board coordinate frame, { Og}, be Ty,
€ SE (3) and this is found through the rigid registration method discussed in Sec. 2.6. Ry
and R are the basic rotation matrix around the x-axis and z-axis respectively.

1 0 0
0 cos () — sin (0)
0 sin (8) cos (0)

cos (f) — sin (0) 0
sin (f) cos () O
0 0 1

Rx: ’RZ:

Based on the kinematic relationship described in Fig. 5A, the rotation matrix of the slider
frame, that mounts the concentric tube robotic system { OR}, with respect to {Og} is Rz
€SE(3) is given by

RE = R.(OR(- P &)

where 0 € |7, 5| with respect to the z axis, # € -3, T] with respect to the x axis. ris the

radius of the 2RR mechanism from the origin of { Og}, then the slider position after rotation
inside the {Og} can be written in the following equation

PE=REx 00 -r]" 6

The forward kinematics (Fig. 5B) of the concentric tube robot can be derived as

tip _ tip
Tpase = ToT R - Where

cos(a) —sin(a) 0 0 1 0 0 0
sin(n) cos(a) 00| 4, 0 cos(k3l3) —sin(k3l3) (cos(kalz) — 1)/x3)
«=| 0 o 10"% "o sin(k3lz) cos(kslz) (cos(xslz) — 1)/k3) @
0 0 01 0 o0 0 1

where a € [0,2 7] is the rotation angle of the inner tube with respect to the z axis of slider,
/3is the extension length of the curved tube, k3 is the curvature of the curved tube.

The HT that maps the concentric tube robot base to the slider can be written as
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where /5 is the outer tube extension length. Combining equation 1-3 together, the mapping
(7rop0p) between the concentric tube robot tip to the aiming device can be obtained through
the kinematic chain rule.

Inverse kinematics can be obtained through the resolved rates methods [25]. For a target
position located inside the MR coordinate frame, the joint values can be found through the
following equation

Gi=qi -1+ Qges* At 4

where Atis the time step, and g4, = J~ % 4. . The robot jacobian Jcan be solved through
the numerical perturbation method.

2.5 Experimental Setup

All experiments were performed on a 3 Tesla Achieva MRI scanner (Philips Healthcare,
Best, Netherlands). The experimental setup involves the MR-conditional ICH robot system,
pneumatic valves (Festo MPYE-5-M5-010-B), data acquisition card (National Instruments
PCI-6703), air supply (0.5MPa) and vacuum pump (0.069MPa). The experimental schematic
diagram can be seen in Fig. 6. The robot control algorithm is implemented in Matlab/
Simulink and loaded onto a Simulink Realtime Target machine. The data acquisition card
sends the control commands to the pneumatic valves at 1 KHz to regulate the air flow rate
supplied to the air motors. A 32-bit pulse counter (Contec CNT32-8M) is applied to process
the optical encoder signal. In the MR experiments, the robot is placed inside MRI machine
and connected to the control electronics located in the MRI control room with three pairs of
8 m polyurethane air hose (OD: 4 mm) and optical fibers. In addition, an air hose is used to
channel the vacuum supply from the vacuum pump to the aspiration tube. With the real-time
image feedback, the surgeon controls the ICH robot remotely through a custom designed
graphical user interface.

2.6 Envisioned Real-time MRI-guided Surgical Workflow

Fig. 7 shows the envisioned robotic based surgical workflow, which consists of the following
two major steps: preoperative planning & preparation, and MR-guided intraoperative
procedure. A high resolution MR scanning is required prior to the surgery to localize the
hematoma zone and identify the optimal treatment plan. Preoperative preparation includes
patient anesthesia, affixation, needle insertion burr hole creation, and dura opening, which is
identical to the conventional MR-guided neurosurgeries [26]. Intraoperative procedure
includes the robot-MRI coordinate frame registration, robot inverse kinematics calculation,
tube deployment with MR guidance, and MR-guided ICH evacuation. Registration between
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MR coordinate frame and ICH robot system is performed with the rigid registration method
[27], which can be written in the following equation.

PRropot = R* Pyrr+d (5)

where Proporis the fiducial marker position in the robot coordinate frame, Py gz, is the
corresponding fiducial marker position in the MRI coordinate frame measured using 3D
scout images, and Rand dare the rotation and translation matrix respectively. The fiducial
marker registration error (FRE) is defined as the following equation

2_ 1y 2
FRE- = ZZ:‘ _ llRPMRI_i +d — Propor_il ©)

where nis the number of fiducial markers. Three fiducial markers (PinPoint, Beekley
Medical, Connecticut, USA) were used to perform the MRI-Robot coordinate frame
registration. Noting that placing all the fiducial markers on the same line should be avoided
in order to obtain the valid value of Rand d. In this study, these three fiducial markers were
precisely placed on vertices of a right triangle engraved in the vertical supporting bar (see
Fig. 2C). The HT can be calculated once the MR scan of the fiducial markers is obtained.
The fiducial marker registration error (FRE) was 0.5mm.

Having decided the best entry path to reach the hematoma, ICH robot is manipulated along
the desired entry pose through an aiming device. Then the concentric tube is inserted by
surgeon remote control through the burr hole to the hematoma under real-time MRI
feedback guidance. Surgeon controls the needle insertion process by sending the command
to the robot control computer through a custom designed graphic user interface (GUI)
written in Matlab. Real-time MR image will be streamed to the custom designed GUI
through the MatMRI to provide image feedback [28]. The hematoma is aspirated through
the pre-curved inner tube with real-time imaging of the hematoma site, which enables
accurately monitoring of the hematoma boundary to maintain surgical safety. In addition, the
image feedback also provides the intraoperative treatment outcome evaluation. High-
resolution 3D scanning of the hematoma will be performed in the end of the procedure to
further evaluate total evacuated volume.

3. Results

3.1 MR-conditionality Evaluation

The MR-conditionality performance index can be evaluated by quantifying image artifacts
and SNR variation of the region of interest (ROI) caused by the introduction of robot [29,
30]. In this experiment, we take the images of a bottle filled with CuSO4 [31] as the ROI.
The experiment was performed in three scenarios, namely 1) without the robot, 2) with the
robot powered off, and 3) with the robot powered and running. In the latter two scenarios,
the needle tip was placed next to the phantom bottle at a distance less than 5mm, where the
ICH phantom model was located at the isocenter of the MRI scanner. The detailed
experimental setup can be seen in Fig. 8A. Both T1-weighted fast field echo (T1W-FFE) and
T2-weighted turbo spin echo (T2W-TSE) protocols were applied to obtain the phantom
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bottle image. The ROI was selected in the coronal plane and at the same level of the outer
tube axis in the Y-direction of MR coordinate frame. An artifact can be defined as 30% pixel
intensity change within the ROl image [31]. In Fig. 8B, no image artifacts were observed
when the needle tip and the ICH robot system motor were introduced to the scanner space in
both imaging protocols. SNR is calculated from W/o, where p is the mean image intensity
within the 40 x40 pixel region at the center of the image, and o is the standard deviation of
the image intensity at the corner of the 40 x 40 pixel region. The maximum SNR reduction
is 3.2% and 4.9% for TIW- FFE and T2W-TSE images respectively, which were within the
acceptable range for devices used inside the MR room.

3.2 Robot Targeting Accuracy

The ICH robot targeting accuracy was evaluated in a set of bench-top experiments using an
electromagnetic tracking system. In this study, we used an Aurora system (Northern Digital,
Inc.) and its 6-DoF probe sensor (0.48 mm) to perform the targeting accuracy validation
experiment. The robot coordinate frame was registered to the tracker coordinate frame
through the point based registration method [27]. Targeting test was performed by 1)
selecting a point within the robot workspace, 2) calculating the robot joint motion through
the inverse kinematics, 3) deploying the needle to the desired position, and 4) quantifying
the targeting error. The error is defined as the Euclidean distance between the desired tip
positions and actual tip positions. During each targeting test, the desired target positions
were randomly selected within the robot workspace with the outer tube insertion depth
ranges from 50mm to 200mm. A total of 38 needle tip position measurements were obtained
and compared. The robot had an overall targeting accuracy of 1.26+1.22mm (Fig. 9), which
is within the acceptable range according to the feedback of our clinical collaborators.

3.3 Real-time MR-guided Needle Insertion

Fig. 10 shows the process of remotely steering the needle of the ICH robot by a surgeon into
a gelatin ICH model under real-time MRI guidance. The needle insertion path planning in
the experimental study was performed by 1) selecting the target point by the surgeon and 2)
calculating the robot joint space motion according to the method presented in section 2.4.
The target point was selected by the surgeon in this experiment, which was approximately in
the center of the lower circle. Prior to insertion, the robot inverse kinematics model was used
to verify whether the target point was located within the needle workspace [5]. Gradient
Recalled Echo (GRE) imaging protocol (FOV: 240 mm %240 mm, resolution: 1 mm x1 mm,
slice thickness: 4mm, flip angle: 15degree, TR: 8.6ms, TE: 1.58ms, update rate: 1.8 Hz) was
selected in the experimental study to provide the real-time image guidance.

To mimic the clinical implementations, the full needle insertion procedure was divided into
multiple discrete steps by the surgeon (as can be seen in different subplots of Fig. 10). Based
on the feedback of our clinical collaborators, this multiple-step insertion procedure is also
preferred in clinical scenarios to avoid large insertion errors at the needle tip. Employing the
multistep approach and real-time monitoring of the insertion process, the surgeon took 99.4
seconds to reach the target (total insertion distance = 38 mm). Based on the surgeon’s post-
operative evaluation, the needle successfully reached the desired target position with a
promising confidence level. With real-time MRI guidance, the control loop was closed
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through the continuous intraoperative needle image feedback. Hence, targeting error under
real-time MRI guidance is only dependent on the surgeon’s experience.

In this preliminary study, the outer straight tube insertion can be monitored in the real-time
imaging by aligning the imaging plane that contains the linear insertion trajectory. To obtain
the images during needle steering, the imaging plane has to be dynamically updated to
ensure the curved needle is always located inside the field of view regardless of its steering
direction and speed. To achieve this goal, a set of micro RF coils will be non-collinearly
mounted on the curved needles to provide the high resolution position feedback (update rate:
30Hz [13]). The updated imaging plane can be determined by the RF coil position feedback.

3.4 MR-guided ICH Evacuation: Phantom Study

A phantom experiment was performed to evaluate the performance of robotic ICH
evacuation under real-time MRI guidance. The outer tube has the outer diameter of 3.5 mm
and inner diameter of 2.5 mm. The aspiration tube has the outer diameter of 2.2 mm and
inner diameter of 1.5 mm. The radius of curved portion is 20 mm and the length is 27.5 mm.
Tubes are made of Nitinol to ensure MR compatibility. Needle insertion was controlled by a
surgeon remotely from the control room under real-time MRI guidance. Once within the
ICH, the aspiration tube extends from the outer tube to evacuate the soft phantom clot.

Intraoperative brain deformation due to the pressure variation is a common phenomenon in
neurosurgical procedures. The hematoma-brain tissue boundary collapses as the hematoma
is evacuated. To mimic this phenomenon, we used the gelatin phantom (Fig. 11) with two
different densities in the experimental study. Both atmospheric pressure and gravity force
contribute to the soft gel phantom collapse when aspiration starts. Over evacuation of the
surrounding healthy tissues happens when the upper surface of soft gelatin is lower than the
needle insertion point.

Fig. 12 show the exemplary slices during the aspiration process under real-time MR
guidance (same imaging protocol as section 3.3 were employed). It can be seen that the
height of the low-density gelatin phantom (ICH model) gradually reduces during the
aspiration. Note that the height was constant from t = 111.3s to t = 155.1s while the surgeon
was evaluating the intra-operative aspiration outcome. The aspiration procedure stopped at t
= 541.9s when the surgeon believed that a significant amount of ICH was evacuated. The
surgeon did not evacuate the whole ICH model in the phantom study since it is believed that
25% - 50% evacuation could lead to the positive clinical results [5]. The experiment lasted
for approximately 9 minutes during which 11.3 ml of the ICH model was aspirated, which is
58.8% of total ICH model. Neither over-evacuation nor the tip entering into the surrounding
tissue was observed throughout the experiment.

4. Discussion

ICH is one of the deadliest forms of stroke in the United States with a 30-day mortality rate
of 43%. Conventional surgical techniques such as craniotomy or stereotactic aspiration
disrupt a large volume of healthy brain tissue in their attempts to reach the target. Concentric
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tube robots have been shown to be able to reach the target through a needle-size entry path
with less damage to the healthy tissue.

In this paper, we proposed a real-time MRI-guided robotic system to address the imaging
limitations of current methods. We have described the design requirements and working
principles of the aiming mechanism, ICH concentric tube robot. The robot forward and
inverse kinematics are discussed in the paper. Needle insertion experimental results
demonstrated that the robot has a targeting accuracy of 1.26+1.22 mm in the bench top
testing environment. MR-conditionality tests indicated that the robot could operate safely
inside a 3T MRI scanner without inducing image artifacts at the region of interests. In
addition, the robotic system has shown to be MR-conditional with a small SNR variation
(maximum reduction was 4.9%). Real-time MRI guided targeting tests indicated that the
proposed robatic system could accurately reach the desired position by closing the control
loop through the image feedback. ICH evacuation in a gelatin phantom model using real-
time MR imaging feedback showed that the hematoma can be accurately, efficiently and
safely aspirated (11.3 ml in 9 minutes) without significantly disrupting surrounding tissue.
This is the first time a concentric tube robotic system has been integrated with real-time MR
image feedback and experimentally validated in phantom studies for ICH treatment. The
robotic system has the potential to facilitate accurate, safe and efficient targeting and
aspiration, which could improve the post-stroke quality of life and reduce total health care
Costs.

Future work will focus on 1) optimization of the robotic system, 2) integrating the micro MR
active tracking technique to achieve the real-time imaging of steering motion, 3) rigorous
feasibility evaluation of the proposed robotic system, especially in learning curve evaluation,
the ex vivo and in vivo tissue experiment, and 4) further evaluation of MR-guided robotic
ICH evacuation performance in cadaver studies.
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(A) Schematic diagram of MR-conditional ICH robotic system in a 3T MRI scanner; (B)
The ICH concentric tube robot with the custom designed aiming device; (C) Schematic
diagram when the concentric tube inside the hematoma.
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Fig. 2.
Top view (A) and side view (B) of the 2-DoF aiming device attached to the skull model; (C)

Exploded view of the custom-designed aiming device. The yaw and roll DoF provide the
entry angle of ICH robot. The coordinate frame in (A-B) indicates the MR frame while the
coordinate frame in (C) indicates the aiming device frame.
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Fig. 3.
MR-conditional ICH robot assembly.
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(A) Gearl‘:{ix

Fig. 4.
(A) Custom designed MR-conditional pneumatic motor with optical encoder. The motor is

coupled with a 100:1 gearbox; (B) 3D drawing of the rotor. Motor rotation direction is
controlled by pressurized flow directed onto the turbine blades.
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Fig. 5.
(A) kinematic relationship of the aiming device; (B) concentric tube robot kinematics based

on the constant curvature assumption.
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Schematic Diagram of the experimental setup inside an MR scanner
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A: In-scanner experimental setup of the proposed ICH robot; (B) MR-conditionality test
result. T1 weighted (1st row) and T2 weighted (2nd row) MR phantom images obtained
when the robot is not in the scanner, robot powered off and powered on in a 3T Philips MR
scanner.
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Robot targeting error in free space evaluation

Int J Comput Assist Radiol Surg. Author manuscript; available in PMC 2020 June 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen et al.

Page 22

Fig. 10.
Real-time MRI guided needle insertion. Six frames of the total insertion process are shown

here. The blue point indicates the target position selected by the surgeon

Int J Comput Assist Radiol Surg. Author manuscript; available in PMC 2020 June 21.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Chen et al.

Page 23

Atmosphere
pressure

Solid gtin

Entry window

Soft gelatin

Solid gelatin

Soft gelatin

Fig. 11.
(A) Schematic diagram of the phantom with elastic properties. (B) Gelatin phantom for MR-

guided aspiration test. The red square indicates the low-density soft gelatin phantom. The
blue dashed square indicates the entry window for the concentric tube.
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t=159.6s t=290.2s t=541.9s

Fig. 12.
Phantom experiment demonstrates hemorrhage clot evacuation with the proposed MR-

conditional ICH robotic system. The dark point on each figure indicates the aspiration tube
tip position. The height of soft gelatin is labeled with the white lines. Evacuation is
performed at t=6.8s; from 111.3s to 155.1s, surgeon monitors the intra-operative surgical
outcome and hence the height is constant; the inner tube breaks the gel phantom from 155.1s
to 159.6s; the aspiration is continued to the end of the experiment.
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