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1. MR Compatible Materials

a. Undesired Materials
i. Ferromagnetic – subject to strong magnetic forces (can become dangerous projectiles)

ii. Conductive – generation of eddy-currents (ex. aluminum) can cause image artifact and heating, which may result in burns
b. Suitable Materials

i. Plastic
ii. Ceramic

iii. Fiberglass

iv. Carbon fiber

v. Composites
c. Drawbacks

i. Limited Structural Stiffness. Studies have shown that small parts (screws, bearings, gears) of non-compatible materials do not provide large artifacts if small in comparison to imaging area. 
2. MR Compatible Actuators
a. Manual

b. Hydraulic power with Ultrasonic Motors

i. Could present sterility issues, fluid leakage and air bubbles are problems
c. Pneumatic

i. Cleaner & operate at higher speeds than hydraulic systems
ii. Only suitable for low-force applications, have limited stiffness (due to compressibility of air)
iii. Robots include: PneuStep, InnoMotion
d. Nonconventional

i. Electrostrictive Polymer Actuators for reconfigurable imaging coils (Vogan et al. 2004)
ii. Electrostatic Linearmotion Motors (Yamamoto et al. 2005)

iii. Electrorheological fluids (ERFs) to apply resistive forces. ERFs experience large changes in viscosity & yield stress in the presence of an electric field. (Khanicheh et al. 2005-2006)
e. Electromagnetic

i. Utilizes large static magnetic field of the MR scanner. Currents applied to coils in the MR field induce Lorentz forces that can generate loads and movements. (Riener et al. 2005)
f. Ultrasonic, Piezoelectric Motors

i. Motion produced by ultrasonic vibration of a piezoelectric ceramic when high-frequency voltage is applied.
ii. Magnetically immune and do not produce magnetic fields. 
iii. Bidirectional, high torque-to-weight ratio, small in size, compact in shape.
iv. High breaking torque – Allows a robotic system to maintain its position and support its own weight when not actuated; however to move manually, mechanical clutches need to be implemented (Chinzei & Miller 2001, Koseki et al. 2002)
g. Limitations
i. Most motors still need to be outside the scanner and a motion transmission system is necessary. Remote actuation can be done with:
1. Drive shafts
2. Belt/chain drive systems
3. Cable-driven systems
4. Linkages
ii. Limitations of remote actuation include:
1. Joint flexibility
2. Backlash
3. Friction
3. MR-Compatible Sensors
a. CCD Laser Micrometer

i. For testing positioning repeatability of a MR-compatible manipulator inside scanner (Koseki et al. 2004).
b. Incremental Encoders

i. For translational and rotational measurements
ii. Glass grating for counting motion
iii. Fiber-optics for transfer of signals to the remote optical components
c. Fiber-Optic
i. Applied force determined by measuring intensity of light returned (Takahashi et al. 2003, Gasser et al. 2006)
ii. Optical micrometry force sensor (Tada & Kanade 2004)
d. Visualization and Tracking

i. MR-visible markers – small containers filled with MR contrast agents and surrounded by RF antenna. 
ii. Each RF antennae has a dedicated acquisition channel and projection imaging allows for spatial location of the markers. 
4. MR-Compatible Robotic Systems

a. Interventional

i. Systems have been developed for MR-guided procedures in the brain, breast, prostate. 
ii. Purposes include: endoscope manipulation, needle-guiding for microwave thermotherapy, access to patient.
b. Rehabilitation

i. Force and/or Motion Measuring Systems
1. fMRI-compatible hand device to measure grip force and surface EMGs. (Lei et al. 2000)
2. fMRI-compatible wrist device that measures isometric forces and joint moments generated at the wrist (Hidler et al. 2005)

3. Finger motion sensing device for measuring angular velocity of one segment of each of the 10 fingers during fMRI using MEMS (Schaechter. 2006)
ii. Tactile Stimulators
1. Piezoceramic vibrotactile stimulator (Harrington et al. 2000)
2. Magnetomechanical vibrotactile device (Graham et al. 2001)
3. Vibrotactile DC motor stimulator (Golaszewski et al. 2002)
4. fMRI-compatible Pneumatic vibration device (Golaszewski et al. 2002, Briggs et al. 2004)
iii. Computer-Controlled Force Generating Systems
1. Master-Slave 1DOF haptic interface with hydrostatic transmission and rotary direct drive motor (Moser et al. 2003, Gassert et al. 2006)
2. 1-DOF Variable-resistance hand device that uses ERFs for resistive force generation (Khanicheh et al. 2005-2006)
3. 1-DOF haptic interface that produces Lorentz forces and a 3-fiber optical force sensor. (Riener et al. 2005)
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MR-Compatible Robot:

· Linear optical encoders and optical limit detectors

· Fiber optic cables transfer signals to optic sensors outside of room

· Intended application is needle navigation in brachytherapy for prostate cancer.

· Robot effect on homogeneity of magnetic field was negligible
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1. Commercially Available Systems
a. Da Vinci (Intuitive Surgical, Sunnyvale, CA)

i. Master-Slave, 3-armmanipulator for endoscopic procedures.

b. CyberKnife (Accuray, Sunnyvale, CA)

i. Stereotactic radiosurgery to treat tumors.

ii. Consists of a linear accelerator, KUKA robot, and x-ray imagers.

2. AcuBot (URobotics Laboratory at Johns Hopkins Medical Institutions, Baltimore, USA)

a. Modular structure incorporating original PAKY (percutaneous access of the kidney) radiolucent needle driver, a RCM (remote center of motion) module capable of needle orientation, an XYZ Cartesian stage for translational positioning of the needle tip, and a passive positioning arm (S-arm) mounted onto a bridge frame.

3. B-Rob systems  (ARC Seibersdorf Research, Austria)

a. B-RobI was a 7-DOF stand alone robot system integrated on a mobile rack. 

b. The biopsy instrument is positioned at the skin entry point by a 4-DOF gross positioning system consisting of three Cartesian linear axes together with one additional rotational link for a rough orientation of the needle.
c. Final orientation of the needle the robot is equipped with a ‘‘Needle Positioning Unit’’ (NPU) consisting of two linear DOFs which move two parallel carbon ‘‘fingers’’ connected by spherical links.
d. A linear DOF with a limited stroke of 50mm can move the entire NPU toward the skin entry point in a safe approach movement, i.e. with minimal velocity and force.

e. Controlled by two PCs: One provides high-level control of the robot system; the second handles the interface to the optical tracker system (Polaris, Northern Digital, Bakersfield, CA), the planning and monitoring software, and includes a video capture card (WinTV-PCI-FM 718, Hauppauge) for grabbing images from an ultrasound probe or the CT monitor.

4. INNOMOTION (Innomedic, Herxheim & FZK Karlsruhe Germany & TH Gelsenkir)
a. CT and MR-compatible robotic instrument guiding system.

b. 6-DOF robot arm is attached to a 260° arch that is mounted to the patient table of the scanner and can be passively prepositioned on either side of the arch at 0°, 30° and 60° to the vertical according to the region of interest.

c. Active positioning measurements are achieved via fiber optically coupled limit switches, along with rotational and linear incremental sensors.
d. The kinematics of the device has been carefully optimized for use in close bore MRI scanners and the CT gantry.
e. Piezoelectric drives were tested but due to the RF noise during MRI scanning and the risk of inductive heating of the electric power lines they were not used and pneumatic cylinders with slow motion control have been developed instead to drive all six degrees of freedom.
f. Mechanical targeting precision has been determined with a FARO arm under dry lab conditions.

g. Uses laser lights for positioning (aligns with light detectors)

5. MrBot (Johns Hopkins)
a. Fully MRI compatible robot for automated access of the prostate gland.
b. System utilizes pneumatic step motors (PneuStep) for easily controllable precise and safe pneumatic actuation.
c. Fiber optic encoding is used for feedback, so that all electric components are distally located outside the imager’s room.
6. Technical Issues
a. Imager compatibility
i. CT system – radiolucency of end-effector is important. 
b.  Registration
i. Robot and imaging device coordinate system.
c.  Patient movement and respiration
i. High power robotic systems can react fast enough to compensate for patient movement (such as the CyberKnife), but must remain safe.
d. Force feedback
i. Active needle drivers do not provide force feedback.

ii. Friction forces on the cannula and tissue during insertion are high, which compromises the accuracy of force feedback  measurements.
e.  Mode of control
i. Joysticks, interfaces, master/slave systems, can benefit from force feedback.

ii. Biopsy and other straight-line trajectory procedures may require some more autonomy for robustness. 
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Comparison of Two Fluidic Systems

1. Hydraulic System:

a. Advantages:

i. Smoother movements

ii. Higher position accuracy

iii. Improved robustness against force disturbances
b. Utilized safe for food contact oil. Supply pressure at compressor at 25 bar.  

c. Oil is nearly incompressible and the actuation system is not back-drivable, i.e., the piston cannot be easily moved when the directional valve is closed.
d. Recommended for applications that require high position accuracy, or slow and smooth movements.
2. Pneumatic System:

a. Advantages:

i. Back-drivable

ii. Faster dynamics with relatively low pressure

iii. Allows force control 
iv. Easier to maintain and does not cause hygienic problems after leakages
b. Supply air pressure at 4 bar. 
c. Both flow control and pressure control can be implemented.

d. Limitations of compressibility, friction and external disturbances are overcome with pressure control. 

e. Favorable for fast or force-controlled applications.
Force and Position Sensing

Both manipulators are equipped with one force and two position sensors. The force sensor consists of three optical fibers, one with emitting laser light and two with receiving laser light. When a pull or push force is applied to the handbar, the emitting fiber is slightly displaced, thus, changing the light intensities in the two receiving fibers. The measured force is a function of the ratio of light intensities. Laser signals are sent out via glass fibers, converted to voltage signal by the processing circuit, and then read into the control computer. An optical encoder measures the handbar position, and a potentiometer works as a redundant position sensor for safety consideration.
Design Considerations

Traditional hydraulic or pneumatic actuation techniques cannot be directly transferred to fMRI-compatible applications. The fluid power generators, i.e., hydraulic or pneumatic compressors, consist of ferromagnetic materials. They must be placed outside of the scanner room for safety reason. Control valves are normally actuated by magnetically driven solenoids. Furthermore, valves and pressure sensors also contain ferromagnetic materials.

Finally, position and force sensors used inside the MRI scanner must be made MRI-compatible, which may reduce their signal quality.

Limiting factors of these manipulators currently include a long distance between cylinders and valves/pressure sensors, and long transmission hoses, which increase control difficulties.  
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Design of MRI Compatible Manipulators:

· Ferrous materials degrade SNR

· Closed scanners impose spatial constraints

· Medical practitioners’ expose to magnetic fields (favor tele-operation)
Peizoceramic Motor System
· Objective: to use MR image guidance to target abnormalities in the prostate and to perform a biopsy accurately and quickly.

· 5 DOF is required, only 1 and 2 DOF have been designed and tested so far. 
· Master is in scanner room, slave is in bore. 
· Images from the MRI scanner are obtained in real-time and displayed to the practitioner so that the probe’s position and any displacement of internal tissue can be seen at all times.

· Incorporation of the motors inside or very near the field of view of the scanner, avoiding the need for a transmission mechanism.

· Novel piezoceramic motors (Piezomotor PiezoLegs) were used (max. force of 7N, max. speed of 12.5mm/sec and good MR compatibility.)

·  Small reflective surface mount optical encoders (Agilent AEDR-8300) record the position of the slave.
· Closed-loop position control

MRI Tests

· For feasibility of closed loop control, observation of SNR degradation, image artifact due to USMs.
