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Abstract. Shoulder arthrography is a diagnostic procedure which involves injecting a contrast agent into the
joint space for enhanced visualization of anatomical structures. Typically, a contrast agent is injected under
fluoroscopy or computed tomography (CT) guidance, resulting in exposure to ionizing radiation, which should
be avoided especially in pediatric patients. The patient then waits for the next available magnetic resonance
imaging (MRI) slot for obtaining high-resolution anatomical images for diagnosis, which can result in long pro-
cedure times. Performing the contrast agent injection under MRI guidance could overcome both these issues.
However, it comes with the challenges of the MRI environment including high magnetic field strength, limited
ergonomic patient access, and lack of real-time needle guidance. We present the development of an integrated
robotic system to perform shoulder arthrography procedures under intraoperative MRI guidance, eliminating
fluoroscopy/CT guidance and patient transportation from the fluoroscopy/CT room to the MRI suite. The average
accuracy of the robotic manipulator in benchtop experiments is 0.90 mm and 1.04 deg, whereas the average
accuracy of the integrated system in MRI phantom experiments is 1.92 mm and 1.28 deg at the needle tip. Based
on the American Society for Testing and Materials (ASTM) tests performed, the system is classified as MR
conditional. © 2019 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMI.6.2.025006]
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1 Introduction
Arthrography is a diagnostic procedure to evaluate joint condi-
tion using medical images. The procedure begins with the
injection of the contrast agent under fluoroscopy or computed
tomography (CT) guidance. Then the patient is transported to
the magnetic resonance imaging (MRI) suite where high-
resolution diagnostic images are acquired. Current workflow
exposes pediatric patients to ionizing radiation during fluoros-
copy or CT, while wait times for an available MRI slot and trans-
fer from fluoroscopy/CT operating room to MRI suite increase
procedure time and prolong general anesthesia for younger
children. If the waiting time between contrast agent injection
and MRI is long, the contrast agent could wash out and the qual-
ity of diagnostic image could deteriorate. MR images provide
excellent soft tissue contrast without any ionizing radiation,
and performing the entire procedure under MRI guidance
could potentially reduce the procedure time and improve diag-
nostic outcome. However, injecting the contrast agent under
intraoperative MRI guidance comes with the challenges of
the MR environment, including narrow MR scanner bore size,
limited ergonomic access to the patient, and manual registration
of the surgical scene for accurate needle placement in the joint
space. Some of these challenges could be overcome by utilizing
an MRI-guided robotic system that can perform contrast agent
injection under intraoperative MRI guidance followed by high-
resolution diagnostic imaging. Performing the procedure in the

same MR room could streamline clinical workflow and possibly
shorten procedure time.

Owing to its high magnetic field strength, only nonferrous
materials and piezoelectric, hydraulic, or pneumatic actuators
can be used in MR environment. Over the past decade, MRI-
guided robotic systems have been investigated by many
researchers for needle-based, percutaneous interventions. Such
systems are categorized by their mounting mechanism: table-
mounted and body-mounted. Table-mounted devices are typi-
cally bigger and heavier and are rigidly attached to the scanner
bed, whereas the body-mounted devices are compact, light-
weight, and are attached by means of straps or screws (in cases
of neurosurgical interventions). Some of the proposed clinical
applications of table-mounted robotic systems for percutaneous
interventions under MRI guidance include prostate biopsy,1–6

stereotactic neurosurgery,7–10 breast biopsy,11–13 and needle
steering.14,15 There are also a few patient-mounted robotic sys-
tems for CT-guided percutaneous interventions.16–18 Although
these devices could potentially be adopted for shoulder arthrog-
raphy, CT lacks the needed soft tissue contrast and results in
exposure to radiation. Hungr et al. presented a multimodality
compatible robotic manipulator for percutaneous needle proce-
dures which can safely work in both CT and MRI.19 Song et al.
and Wu et al. developed an MRI coil-mounted needle alignment
mechanism for liver interventions20 and a 2 degrees of freedom
(DOFs) device for cryoablation,21 respectively; however, there
were not any lightweight and compact robotic systems which
could be used for pediatric patients.
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In this paper we present an integrated, patient-mounted
robotic system for MRI-guided shoulder arthrography pro-
cedure in pediatric patients that improves on the two generations
of MRI-guided robotic manipulators previously developed by
our research groups.22–24 The robot is designed to be lightweight
and compact without compromising needle placement accuracy.
Also, compared to our previous systems,22,23 this system is more
rigid, provides repeatable and accurate homing using optical
limit switches, offers better cable management for clinical
usage, and makes provision for maintaining a sterile field with-
out any mechanical disassembly. To evaluate the accuracy of the
robot mechanism, the benchtop experiments using an optical
tracking system are performed. To evaluate the integrated sys-
tem accuracy and clinical usability, MRI phantom experiments
are performed adhering to the proposed clinical workflow
described in Sec. 2.5. Also, to investigate the MRI compatibility
of the robotic system, American Society of Testing and
Materials International (ASTM) -F250325 tests are performed,
resulting in the device being classified as MR conditional.
Although the system could potentially be used for any
needle-based percutaneous interventions, the present robot
mounting mechanism is optimized for shoulder arthrography
procedures.

2 Methods
The presented integrated robotic system consists of a four-DOF
robotic manipulator, an embedded control system, robot control
software, and a surgical planning interface. It provides accurate
needle insertion for contrast agent injection inside the MRI bore.
Figure 1 shows the layout of the system components and the
data flow between them.

2.1 Electromechanical Design

The robotic manipulator provides two DOFs positioning and
two DOFs orientation of the needle guide, while needle insertion
and rotation are performed manually by the clinician. The kin-
ematic structure of the manipulator is similar to our previous
systems;22,23 however, this version of the robotic manipulator
is more rigid, accurate, and optimized for clinical usage, with
a compact size of 264 mm × 170 mm × 120 mm and weight

of <700 g. All the components of the robot have been structur-
ally improved to provide better targeting accuracy. The needle
guide is designed such that it could be sterilized and inserted
while maintaining the sterile field. As shown in Fig. 2, a sterile
brass stylet is the only component that comes in direct contact
with the needle as well as the robot (needle guide), creating a
barrier between the sterile and nonsterile environments.

Four joints of the robot can be precisely controlled to align
the needle guide to the desired needle insertion trajectory; how-
ever, limited space in the MRI scanner bore could result in a
collision between the robot and the scanner bore or the patient.
To reduce the base rotation of the robot for a given trajectory,
the inverse kinematics optimizes the redundancy provided by
the base translation and rotation joints. This provides the same
workspace as the complete 360 degree base rotation, but with
only effective �90 degree rotation coupled with the base
translation. Figure 2 shows robot coordinate system, whereas
Table 1 shows motion range and resolution after transmission
reductions for each joint.

The manipulator is manufactured from three-dimensional
(3-D) printed nonferrous materials, whereas all the joints are
actuated using Piezo LEGS (PiezoMotor, Upsala, Sweden)
motors. Optical encoders (E4T, USDigital, Vancouver,
Washington) are used for obtaining precise joint positions;
quadrature-encoded configuration of these encoders provide
2000 counts per revolution resolution. Custom-designed
optical limit switches using opto-interrupter (RPI-221, ROHM
Semiconductor, Kyoto, Japan) are used for robot initialization as
the encoders provide only the relative position. The homing pro-
cedure for the robot is performed by moving each joint to
the limit switch and then setting the joint position to a known
offset derived by a calibration procedure. A four-axis controller
from Galil Motion (Galil Motion Control, Rocklin, California)
is configured and coupled with the piezoelectric motor drivers to
provide joint space control.

2.2 Robot Control Application

A MATLAB™ (The MathWorks Inc., Natick, Massachusetts)-
based graphical user interface application provides both the joint
space and the task-space control. The robot control application

Fig. 1 System block diagram showing all the components, their layout in the operating room, and the
data flow between them.
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communicates with the Galil controller to send the desired
motion commands in joint space and to request robot status
information to display to the user. Since all the joint positions
are measured with incremental encoders, the robot control
application initializes the robot using embedded optical limit
switches installed on each axis. Also, it provides real-time status
of the robot and an interface for communication with 3-D
Slicer26 for sending registration transformation and current robot
pose over OpenIGTLink,27 which is overlaid on intraoperative
MR images for the needle trajectory confirmation, as shown in
Fig. 3. As shown in Fig. 1, the embedded controller and the
robot control application communicate over fiber-optic cable
which passes through the waveguide of the MR scanner room.

2.3 Robot Registration

Registering the transformation between the robot coordinate
system and the scanner coordinate system is necessary to define
the target trajectory in the image space. As shown in Fig. 2, four
MRI visible, cylindrical fiducial markers (MR-SPOT® 121,
Beekley Corporation) are attached to the robot base and are

segmented using the line marker registration (LMR) module
in 3-D Slicer. As shown in Fig. 3, the LMR module segments
those four markers as vectors and fits the segmented vectors to
predefined geometry from the computer-aided design (CAD)
model of the robot base, resulting in six-DOF pose of the
robot base in the MRI space. The accuracy of the registration
algorithm with a different registration frame was shown to be
1.4 mm� 0.5 mm and 1.2 deg�0.4 deg.28

2.4 Trajectory Planning

Surgical planning and navigation play important roles in any
robot-assisted, image-guided therapy (IGT) procedure, since
visualizing the preoperative and intraoperative images and sur-
gical plan allows tracking of the dynamic changes during the
procedure. The 3-D Slicer26 is a widely used surgical planning

Fig. 2 Robot CAD model showing the DOFs, robot coordinate system, and sterile stylet for needle
insertion.

Table 1 Motion range of each of the robot joints.

Joint no. Joint name Resolution

Motion
range

Min Max

1 Base rotation (degrees) 0.022 −90 90

2 Base translation (mm) 0.012 −40 40

3 Yaw (deg) 0.090 −30 30

4 Pitch (deg) 0.180 −30 30

Fig. 3 Interface of 3-D Slicer, showing planning and navigation infor-
mation, and showing four fiducial markers for registering robot to
the scanner coordinate system.
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and navigation application for various IGT procedures in
research environments. The 3-D Slicer-based surgical planning
and navigation workflow is created for preoperative planning
and visualization. The 3-D Slicer visualizes robot workspace,
overlaid on intraoperative images to convey the reachable work-
space of the robot. The surgeon selects the desired target and
entry points using three views, as displayed in Fig. 3.

2.5 Clinical Workflow

In a typical MRI-guided arthrography procedure, the clinician
manually aligns and inserts the needle toward the desired ana-
tomical target using the planning image set. The clinical work-
flow presented in this paper for robot-assisted, MRI-guided
shoulder arthrography procedure is similar to the manual pro-
cedure. However, the robot aligns the needle guide to a desired
trajectory using the image space target and skin entry points,
eliminating the manual guesswork by the clinician. As shown
in Fig. 4, the workflow is divided into four phases: (1) patient
and robot setup, (2) robot registration and trajectory planning,
(3) trajectory execution, and (4) trajectory confirmation and con-
trast agent injection. The procedure begins with the patient lying
on the scanner table with the robot base frame strapped to the
shoulder. Then the robot is attached to the base frame and ini-
tialized to home position using the embedded limit switches.

After the robot is ready, the patient is moved to the isocenter
of the scanner to acquire the planning image set. Using the plan-
ning image set, the robot is registered to the scanner coordinate
system. To reduce the imaging time, the clinician defines the
desired target and entry points with the same image set using
the 3-D Slicer interface. The robot registration transform and
planned target and entry points are transferred to the robot con-
trol application over the OpenIGTLink interface. The robot con-
trol application performs the inverse kinematics to calculate the
desired joint positions to align the robot to the planned insertion
trajectory. The clinician observes the robot motion and when the
robot has aligned the needle guide to the planned trajectory,
he or she inserts the sterile stylet into the needle guide, creating
a barrier between the sterile and nonsterile environments. Then
the needle is inserted through the sterile stylet and a confirma-
tion scan is performed. If the physician is satisfied with the nee-
dle position, he or she injects the contrast agent (this part of the
workflow we envision only for the cadaver and clinical trials).
After injecting the contrast agent, the robot and the attachment
base are detached. At the end, a high-resolution anatomical scan
is acquired for diagnosis.

3 Experiments and Results

3.1 Benchtop Accuracy Evaluation

Accuracy and repeatability of the robotic device are evaluated in
benchtop setting using an optical tracking system (NDI Polaris
Spectra) with an accuracy of 0.25 mm. To define the optical
tracking reference frame, we designed a laser cut acrylic
plate with four optical markers with an appropriate cutout for
mounting the robot in a known position and orientation. A
rigid body with a custom 3-D printed attachment is fixed on
the needle guide for tracking its position and orientation relative
to the reference frame. Figure 5 shows the experiment setup. The
position and orientation of the needle guide is tracked relative to
the reference rigid body for accuracy and repeatability.
Accuracy of the needle tip is evaluated by extrapolating the nee-
dle guide pose at 50-mm insertion depth along the needle inser-
tion direction.

Accuracy and repeatability are evaluated for the homing pro-
cedure (H) and six joint-space targets (T1–T6) spread across the
robot workspace. To measure the position error at the needle tip,
the desired and measured needle guide poses are extrapolated at

Fig. 4 Proposed clinical workflow showing various steps for the robot-
assisted, MRI-guided shoulder arthrography procedure. Procedure is
divided into four phases, on the left of each activity shows what/who
are involved for that activity, while, for each phase, measured average
time is displayed on the right. Activities shown in red are not consid-
ered for the phantom studies; they will be considered for the cadaver
and patient trials.

Fig. 5 Benchtop experimental setup showing optical tracking refer-
ence frame and robot pose tracking frame.
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the 50-mm insertion depth. To measure the orientation error, the
Euler angles between the desired and measured transformation
are compared. Experiments are performed in the following
sequence: H-T1-. . . -T6 and were repeated 20 times. Table 2
shows the average position and orientation error at the needle
tip for the homing procedure and each of the six targets,
with average positioning errors of 0.51, 0.30, and 0.68 mm
in X, Y, and Z directions, respectively, and average orientation
errors of 0.56 deg, 0.82 deg, and 0.34 deg about X, Y, and Z
axes, respectively.

3.2 Accuracy Evaluation in Magnetic Resonance
Imaging

Anthropomorphic phantom studies were performed under
intraoperative MRI guidance to evaluate the targeting accuracy
of the integrated system inside a 1.5 Tesla Siemens Aera MRI
scanner. Figure 6 shows the experiment setup. A needle is
robotically aligned to the prescribed needle trajectory and
then manually inserted into the phantom and imaged with

diagnostic Proton Density-Turbo Spin Echo imaging protocol
(TR∕TE¼ 2600 ms∕42 ms; Flip angle¼ 150°; slice thickness¼
3 mm; pixel spacing ¼ 0.78 × 0.78 mm; scan time ¼ 180 s).
The experiments were conducted with eight targets on the left
shoulder and seven targets on the right shoulder. For each needle
insertion, the robot was registered to the scanner coordinate
system and then the desired target and skin entry points were
defined on the planning image set using 3-D Slicer.

To assess the needle placement accuracy, more than 40 points
are manually selected along the needle trajectory in the confir-
mation images and a line is fit to calculate the needle pose vec-
tor. The needle positioning accuracy is evaluated by measuring
the minimum distance between the segmented needle trajectory
and the prescribed target location, whereas the orientation
accuracy is measured by calculating the Euler angles between
the desired and measured needle pose vectors. Figure 7 shows
one such target location and insertion trajectory obtained from
the confirmation images. The experimental results are summa-
rized for each of the targets in Table 3, with average positioning
errors of 1.53, 0.67, and 0.95 mm in R (right), A (anterior), and
S (superior) directions, respectively, and average orientation
errors of 1.24 deg and 0.62 deg about R and A axes, respectively.
Errors for rotation about S axis are not presented since that rep-
resented the needle rotation about its axis, which is performed
manually and cannot be measured from the needle artifact in
MR images. Using the registration algorithm described in
Sec. 2.3, the average residual error for the registration frame
used in this robot is 1.2 mm� 1.4 mm. Also, we recorded
start/end time shown on the robot control workstation for
each phase of the clinical workflow during the targeting experi-
ments. Figure 4 shows an average time for each of the workflow
phases.

3.3 Magnetic Resonance Imaging Compatibility

MR environment poses challenges due to its high magnetic field
strength and susceptibility to radio frequency (RF) noise. Such
high magnetic field strength poses risk of a metallic object get-
ting pulled into the bore and causing an injury or even death.
Also, electronic devices operating in the MR environment

Table 2 Robot accuracy assessment results for benchtop experiments: X , Y , and Z are in millimeters, whereas Rx , Ry , and Rz are in degrees.

Target no.

Planned tip trajectory kErrork

X Y Z Rx Ry Rz X Y Z Rx Ry Rz

H 0.00 50.00 0.00 0.00 0.00 0.00 0.05 0.02 0.47 0.49 0.06 0.06

T1 16.12 47.32 −10.95 −1.09 6.56 −18.94 0.14 0.33 1.23 0.19 0.05 0.08

T2 3.41 47.32 −26.21 −21.22 −48.18 28.91 0.47 0.42 0.17 1.30 0.42 1.25

T3 −26.23 46.98 26.23 20.00 −45.00 0.00 0.76 0.48 0.51 0.34 1.03 0.27

T4 8.56 48.53 18.43 9.73 3.32 −9.44 0.64 0.46 1.72 1.01 1.03 0.19

T5 −14.23 48.53 −2.12 18.56 40.95 12.52 0.36 0.24 0.29 0.24 1.25 0.21

T6 2.50 48.62 13.19 −1.44 40.95 12.52 1.15 0.13 0.39 0.36 1.89 0.30

Average 0.51 0.30 0.68 0.56 0.82 0.34

STD 0.45 0.18 0.57 0.46 0.86 0.40

Fig. 6 Experimental setup showing the robot attached on the
shoulder of an anthropomorphic phantom in the scanner bore for
accuracy assessment.
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could interfere with the scanner and deteriorate the image
quality. The ASTM classifies the devices operating in MR
environment into three categories, as described in ASTMS
F2503: (1) MR safe, (2) MR conditional, and (3) MR unsafe.

Also, ASTM specifies that the following tests should be
conducted for device classification: (1) magnetically induced
displacement force (Test Method F2052), (2) magnetically
induced torque (Test Method F2213), and (3) RF-induced

Fig. 7 A 3-D Slicer scene for one of the targeting attempts showing on the left: segmented 3-D volume of
the anthropomorphic phantom, embedded gelatin block for targeting, and robot CAD overlay and on
the right: close-up view of the gelatin block, five target locations, planned target and entry points,
and needle trajectory segmented form a confirmation image set.

Table 3 Robot accuracy assessment results for the MRI phantom study: R, A, and S are in millimeters, whereas RR , RA, and RS are in degrees.

Tar. no. Loc.

Planned target kErrork

R A S R A S RR RA

1 L −108.56 9.19 −40.93 2.60 0.17 0.62 1.34 0.37

2 L −152.21 3.55 −46.38 0.27 0.46 1.23 0.38 0.91

3 L −155.54 −3.12 −25.80 0.44 0.48 1.37 2.06 0.70

4 L −124.89 3.53 −13.64 3.87 0.94 0.17 1.79 0.72

5 L −141.28 −9.87 −35.94 1.22 0.11 0.11 2.68 1.07

6 L −126.04 9.53 −43.00 3.39 2.23 0.63 0.56 1.37

7 L −154.73 −3.03 −26.56 0.96 0.15 1.04 0.94 0.03

8 L −141.34 −9.93 −35.50 0.42 1.30 0.91 2.03 0.05

9 R 112.56 5.71 −46.31 0.04 0.75 2.03 0.40 0.15

10 R 90.40 12.54 −47.61 0.62 0.30 0.15 0.95 1.03

11 R 108.86 −5.99 −19.45 1.65 0.30 0.03 0.25 0.23

12 R 102.50 −7.70 −37.68 0.93 1.50 1.90 0.61 0.88

13 R 86.96 −2.94 −19.09 2.70 1.02 2.85 0.71 0.03

14 R 112.54 5.19 −45.46 2.90 0.31 0.49 2.34 0.34

15 R 102.54 −7.26 −36.87 1.00 0.09 0.77 0.52 0.21

Average 1.53 0.67 0.95 1.17 0.54

STD 1.24 0.62 0.81 0.80 0.44
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heating (Test Method F2182). In this work, as the presented
robotic system does not come in direct contact with the patient
body and is not an implantable device, the RF-induced heating
test is not conducted.

Experiments were performed to measure the magnetically
induced displacement force and torque that could result in unde-
sired robot motion. As shown in Fig. 8, the robot was hung with
the support of strings such that it could freely move due to any
induced force in a 1.5 T Siemens Aera scanner at Children’s
National Medical Center in Washington DC. To measure the
displacement and torque while performing the MRI, we attached
multiple augmented reality markers29 to the fixed support
frame and the robot mounting plate and tracked their position
and orientation by a digital camera placed at an approximate
distance of 2 m. We evaluated the setup for the scan sequence
which we used in this study as well as for American College of
Radiology (ACR) recommended test scan sequences ACR-T1
and ACR-T2. As shown in Fig. 8, markers 1 and 5 were attached
on a fixed frame, whereas markers 3 and 7 were attached on the
moving robot frame. Over the entire scan period, the standard
deviations of the observed positions of the markers on the
moving frame (markers 3 and 7) was 0.16 mm, 0.33 mm, and
1.06 mm in X, Y, and Z directions, respectively. These results
confirm that there was no observable displacement or torque
induced by the magnetic field while the scanner was running.
We also considered whether the presence of the robot caused
any image distortion or RF noise that deteriorated image quality.
In our previous work, we evaluated the same control system
with an earlier generation of the robot and we did not observe
any distortion due to the presence of the robot, or any RF noise
while the robot was off, as in our proposed workflow the robot is
going to be powered off during the imaging.22

4 Discussion
In this paper, we have reported development of an integrated
robotic system for MRI-guided shoulder arthrography in pedi-
atric patients. The presented system is an improved version of
previous systems developed by our research groups.22,23 Each
component of the system is improved over previous generations
to improve the usability of the device in a clinical setting.
Because the robotic device has a serial structure, cable move-
ment during the operation of the robot has been problematic;
this version optimizes the cabling which is essential for trans-
lating such a system for patient trials. Sterility plays an impor-
tant role when it comes to using any system for human trials;
in this system, we have improved the needle guide to maintain

the sterile environment without making any major modifications
to the clinical workflow for the manual procedure.

In this work we report an end-to-end evaluation of the system
including benchtop and anthropomorphic phantom studies to
assess the system accuracy and repeatability. The achieved accu-
racy of 0.9 mm in benchtop setting shows that the robot is
accurate and repeatable for the targeted shoulder arthrography
procedure. Also, the accuracy assessment in anthropomorphic
phantom studies confirmed the end-to-end clinical workflow
with an average positioning error of 1.92 mm. The accuracy
of the robotic system described herein might be sufficient for
targeting the shoulder joint space in pediatric patients. One of
the factors in accuracy evaluation could be user error during
manual segmentation of the needle trajectories; however, it is
challenging to automatically segment the needle trajectory
from MR images of nonhomogeneous tissue structures and is
outside the scope of this paper as it primarily focuses on system
development. Some of the other factors affecting the accuracy
includes mechanism deformation, robot registration errors, and
needle bending. This study has helped us identify some of the
issues with the current system: (1) mounting the robot to the
support base is difficult as it does not have any handles/mecha-
nism to hold the robot, (2) the robot mounting does not have a
locking mechanism to prevent it from coming off of the support
base and, (3) backdrivable transmission of the needle guide
could potentially create errors if the clinician applied too
much force. In future we will improve the robot design to
resolve these issues. Also, to reduce relative motion between
the patient body and the robot base, we are working on improv-
ing the robot mounting mechanism,30 which could potentially be
either straps-based or a shoulder brace to provide more support
without causing patient discomfort. After implementing these
modifications and further optimizing the clinical workflow,
in future, we plan to perform a human cadaver study and then
clinical trials.

5 Conclusions
This paper presents an integrated robotic system for intraoper-
ative MRI-guided shoulder arthrography in pediatric patients.
The integrated system consists of a compact 4-DOF robotic
device, an embedded robot controller, robot control application,
and needle trajectory planning application (3-D Slicer).
Benchtop experiments were performed to evaluate the accuracy
of the robotic device, whereas anthropomorphic phantom
experiments were performed to evaluate the accuracy of the inte-
grated system in MRI. Needle placement errors in benchtop

Fig. 8 Experimental setup showing the robot hanging with the support of strings inside the scanner
bore for performing ASTM tests: (1) magnetically induced displacement force (test method F2052),
(2) magnetically induced torque (test method F2213).
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experiments were found to be 0.90 mm and 1.04 deg, whereas in
MRI experiments it was found to be 1.92 mm and 1.28 deg.
Also, based on ASTM test results, the robotic device is classified
as MR conditional. The needle placement accuracy in MRI
phantom study shows that the presented system could be
used clinically; in future, accuracy will be improved by replac-
ing the 3-D printed robot parts with more rigid machined com-
ponents. Other factors affecting accuracy include errors from
robot registration, needle deflection, and target motion. In future
work, we plan to develop a fully actuated robotic system pro-
viding needle insertion and rotation, to further assist the radiolo-
gist and potentially compensate for errors from needle deflection
and target motion.
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