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APPARATUS AND METHOD FOR SHAPED MAGNETIC FIELD CONTROL
FOR CATHETER, GUIDANCE, CONTROL, AND IMAGING

Reference to Related Application

The entire contents of Applicant’s co-pending U.S. Application No. 10/690,472,
titled “SYSTEM AND METHOD FOR RADAR-ASSISTED CATHETER GUIDANCE
AND CONTROL”, filed October 20, 2003, are hereby incorporated by reference.

Background

Field of the Invention

[0001] The present invention relates to magnetic guiding, steering, and

advancing invasive medical devices such as catheters and catheter-type devices.

Description of the Related Art

(0002] Catheterization is typically performed by inserting an invasive
device into an icision or a body orifice. These procedures rely on manually advancing
the distal end of the invasive device by pushing, rotating, or otherwise manipulating the
proximal end that remains outside of the body. Real-time X-ray imaging 1s a common
method for determining the position of the distal end of the mvasive device during the
procedure. The manipulation continues until the distal end reaches the destination area
where the diagnostic or therapeutic procedure is to be performed. This technique requires
great skills on the part of the surgeon/operator. Such skill can only be achieved after a
protracted training period and extended practice. A relatively high degree of manual

dexterity 1s also required.

[0003]  Recently, magnetic systems have been proposed, wherein magnetic
fields produced by one or more electromagnets are used to guide and advance a

magnetically-tipped catheter. The electromagnets in such systems produce large magnetic
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fields that are potentially dangerous to medical personnel and that can be disruptive to

other equipment.

10004]  Therefore, there 1s a great and still unsatisfied need for an apparatus
and method for guiding, steering, and advancing invasive devices and for accurately
controlling their positions for providing positioning of magnetic fields and field gradient,
for providing a fields configured to push/pull, bend/rotate, and by further enabling
apparatus to align the distal end of the catheter tip so as to achieve controlled movement

in 3D space and ability of apparatus o control the magnetic field characteristics without

the customary power and field intensities seen in the prior art.

Summary

w

[0005] These and other problems are solved by a magnetic catheter guidance
system that uses moveable electromagnets to configure a magnetic field for guding a

catheter or other device through a body.

[0006] Tn one embodiment, a magnetic circuit 1s configured to generate a
desired magnetic field in the region of a multi-coil cluster of electromagnets. In one
embodiment, one or more poles of the cluster are moveable with respect to other poles n
the cluster to allow shaping of the magnetic field. In one embodiment, one or MOre
magnet poles can be extended or retracted to shape the magnetic field. In one
embodiment, the electromagnets can be positioned to generate magnetic fields that exert a
desired torque on the catheter, but without advancing force on the tip (e.g., distal end of
the catheter). This affords bend and rotate movements of the catheter tip toward a selected
direction. In one embodiment, the multi-coil cluster is configured to generate a relatively
high gradient field region for exerting a moving force on the tip (e.g., a push-pull

movement), with little or no torque on the t1p.

[0007] Tn one embodiment, the catheter guidance system includes a closed-
loop servo feedback system. Tn one embodiment, a radar system is used {0 determine the
location of the distal end of the catheter inside the body, thus, minimizing or eliminating

the use of ionizing radiation such as X-rays. The catheter guidance system can also be

9.
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useu 11 combination with an X-ray system (or other imaging systems) to provide
additional 1magery to the operator. The magnetic system used in the magnetic catheter
guidance system can also be used to locate the catheter tip to provide location feedback to
the operator and the control system. In one embodiment, a magnetic field source is used to
create a magnetic field of sufficient strength and orientation to move a magnetically-

responsive catheter tip i a desired direction by a desired amount.

[0008] In one embodiment, the multi-coil cluster is configured to generate a
magnetic field gradient for exerting an orthogonal force on the tip (side-ways movement),
with little or no rotating torque on the tip. This is useful for aligning the tip at narrow
forks of artery passages and for scraping a particular side of artery or in treatment of

mitral valve stenosis.

0009} In one embodiment, the multi-coil cluster 1s configured to generate a
- mixed magnetic field to push/pull and/or bend/rotate the distal end of the catheter tip, so
as to guide the tip while it is moving in a curved space and in cases where the stenosis is

severe or artery 1s totally blocked.

(0010] In one embodiment, the multi-coil cluster is configured to move the
location of the magnetic field in 3D space relative to the patient. This magnetic shape
control function provides efficient field shaping to produce desired magnetic fields for

catheter manipulations in the operating region (effective space).

(0011} One embodiment includes a catheter and a guidance and control
apparatus that allows the surgeon/operator to position the catheter tip inside a patient’s
body. The catheter guidance and control apparatus can maintain the catheter tip in the
correct position. One embodiment includes a catheter and a guidance and control
apparatus that can steer the distal end of the catheter through arteries and forcefully

advance it through plaque or other obstructions.

[0012] One embodiment includes a catheter guidance and control apparatus
that displays the catheter tip location with significantly reduced X-ray exposure to the

patient and staff.
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[0013] One embodiment includes a catheter guidance and control apparatus
that is more intuitive and simpler to use, that displays the catheter tip location in three
dimensions, that applies force at the catheter tip to pull, push, turn, or hold the tip as
desired, and that is configured to producing a vibratory or pulsating motion of the tip with
adjustable frequency and amplitude to 2id in advancing the tip through plaque or other
obstructions. One embodiment provides tactile feedback at the operator control to indicate

an obstruction encountered by the tip.

[0014] In one embodiment, the Catheter Guidance Control and Imaging
(CGCI) system allows a surgeon 1o advance, accurately position a catheter, and to VIEW
the catheter’s position in three dimensions by using a radar system to locate the distal end
of the catheter. In one embodiment, the radar data can be combined with X-ray imagery 10
produce a composite display that ‘cludes radar and X-ray data. In one embodiment, the
radar system includes a Synthetic Aperture Radar (SAR). In one embodiment, the radar
system includes a wideband radar. In one embodiment, the radar system includes an

impulse radar.

[0015] One embodiment includes a user input device called a “virtual tip.”
The virtual tip includes a physical assembly, similar to a joystick, which is manipulated
by the surgeon/operator and delivers tactile feedback to the surgeon in the appropriate
axis or axes if the actual tip encounters an obstacle. The Virtual tip includes a joystick
type device that allows the surgeon to guide actual catheter tip through the patient’s body.
When actual catheter tip encounters an obstacle, the virtual tip provides tactile force

feedback to the surgeon to indicate the presence of the obstacle.

[0016] In one embodiment, the physical catheter tip (the distal end of the
catheter) includes a permanent magnet that responds to the magnetic field generated
externally to the patient’s body. The external magnetic field pulls, pushes, turns, and
holds the tip in the desired position. One of ordinary skill in art will recognize that the

permanent magnet can be replaced or augmented by an electromagnet.
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[0017] Tn one embodiment, the physical catheter tip (the distal end of the

catheter) includes a permanent magnet and two or more piezoelectric rings, or

semiconductor polymer rings to allow the radar system to detect the second harmonics of

the resonating signal emanating from the rings.

[0018] In one embodiment, the CGCI apparatus provides synchronization by

using a radar and one Or mOre fiduciary markers to provide a stereotactic frame of

reference.

[0019] In one embodiment, the electromagnetic circuit of the CGC1 apparatus

includes a C-Arm geometry using a ferromagnetic substance (e.g., a furous, substance,

nickel substance, etc.) so as to increase the efficiency of the magnetic circuit.

the CGCI apparatus uses numerical
o various electromagnets and

position of one or more of the electromagnet to control the magnetic field used to

push/pull and rotate the catheter tip in an efficient manner.

[0021] In one embodiment, the CGCI apparatus includes a UWB impulse

radar for detecting the catheter tip and body organs, and synchronizing their motions.

[0022] In one embodiment, the CGCI apparatus includes a motorized and/or

hydraulic mechanism to allow the electromagnet poles to be moved to 2 position and

s the power requirements desired to push, pull, and rotate the

orientation that reduce

catheter tip.

[0023] In one embodiment, the CGCI apparatus is used to perform an

implantation of a pacemaker during an electrophysiologic al (EP) procedure.

[0024] TIn one embodiment, the CGCI apparatus uses radar or other sensors to

measure, report and identify the 1ocat1on of a moving organ within the body (e.g., the

heart, lungs, etc.) with respect to the catheter tip and oné or more fiduciary markers, SO as
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to provide guidance, control, and imaging to compensate for movement of the organ,

thereby simplifying the surgeon’s task of manipulating the catheter through the body.

[0025] In one embodiment, the operator control provides the position and
orientation command inputs to a servo system that controls the catheter tip position by
generating and shaping the magnetic fields. A measurement of actual tip position and
orientation is made via a sensory apparatus that includes a radar system. This

measurement is used to provide feedback to the servo system and the operator interface.

[0026] In one embodiment, the servo system has a correction input that
compensates for the dynamic position of a body part, or organ, such as the heart, thereby
offsetting the response such that the actual tip moves substantially m unison with the

dynamic position (e.g., with the beating heart).

[0027] In one embodiment of the catheter guidance system: 1) the operator
adjusts the physical position of the virtual tip, ii) a change in the virtual tip position 1s
encoded and provided along with data from a radar system, iii) the control sysiem
generates servo system commands that are sent to a servo system control apparatus, 1V)
the servo system control apparatus operates the servo mechanisms to adjust the position of
one or more electromagnet clusters by varying the distance and/or angle of the

electromagnet clusters and energizing the electromagnets to control the magnetic catheter

tip within the patient’s body, v) the new position of actnal catheter tip is then sensed by
the radar, thereby allowing synchronization and sup erimposing of the catheter position on
an image produced by fluoroscopy and/or other imaging modality vi) providing feedback
to the servo system control apparatus and to the operator interface and vi1) up dating the
displayed image of the catheter tip position in relation to the patient’s internal body

structures.

[0028] In one embodiment, the operator can make further adjustments to the
virtual catheter tip position and the sequence oi steps ii through vii are repeated. In one
embodiment, the feedback from the servo system control apparatus creates command
logic when the actual catheter tip encounters an obstacle or resistance in its path. The

command logic is used to control stepper motors which are physically coupled to the

_6-
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virtual catheter tip. The stepper motors are engaged as to create resistance in appropriate

directions that can be felt by the operator, and tactile feedback is thus provided to the user.

[0029] In one embodiment, the apparatus uses scaling factors to calculate the

magnetic field generated along the effective magnetic space.

[0030] n one embodiment, the apparatus is configured to generate a

maximum force of 35 grams for push/pull of the catheter tip and a 35 gram force while

the coil cluster is generating dB/dS field gradients between 1.6 T/m to 3.0 T/m.

[0031] n one embodiment, the apparatus generates a maximum torque of

0013 Newton-meter on the catheter tip, while the coil cluster is generating a magnetic

field strength between B =0.041 and 0.1571.

[0032] Tn one embodiment, the coil current polarity and polarity rotation are

configured to allow the coil cluster to oenerate torque on the catheter tip.

(0033} n one embodiment, the coil current polarity and rotation are

configured to provide an axial and/or orthogonal force on the catheter.

(0034]  In one embodiment, a topological transformation allows control of the

magnetic field in the 2D four coil geometry to form the magnetic field desired for

navigating and controlling the catheter tip.

and rotate the catheter tip.

[0036] In one embodiment, a symmetrical transformation is provided allowing

the apparatus to operate with eight coil clusters.
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[0037] In one embodiment, the eight coil symmetry is reduced to a six coil

symmetry allowing the CGCl apparatus to generate the desired magnetic field m an

optimized pattern.

[0038] Tn one embodiment, the coil cluster 1is fitted with a parabolic shield

which collects the magnetic flux from the effective space and creates a return path to

decrease the need to shield the stray magnetic radiation.

[0039] In one embodiment, the magnetic circuit efficacy of the CGCIL

apparatus is evaluated as to 1fs topological properties and it is measured relative to torque

control field variations in the magnetic center.

[0040] In one embodiment, the magnetic circuit efficacy of the CGCL

apparatus is evaluated as to its topological properties and it 1s measured relative to force

control gradient variations in the £100mm re gion around the magnetic center.

[0041] Tn one embodiment, the rotational transformation and its relationship to

field strength and field gradient are mathematically established.

[(0042] In one embodiment, a mathematical model for topological

transformations of the geometry versus magnetic field generation is established.

[0043] In one embodiment, the CGCI apparatus 1s fitted with at least one

hydraulically-actuating extension core, for varying the magnetic pole configuration to

allow shaping of the magnetic field.

[0044] Tn one embodiment, the shaped magnetic field is configured as a

variable magnetic pole geometry 10 control the catheter tip. The shaped field provides for

operator control of the catheter tip while reducing power and reducing field strength by

tailoring the field geometry.
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[0045] In one embodiment, the CGCI apparatus is fitted with a parabolic

shield for flux return to reduce the emission of the radiating field outside of the effective

area to less than 20 gauss.

[0046]  In one embodiment, the control scheme of the CGCI apparatus includes

a boundary condition controller. The controller computes the fields surrounding the

catheter based on the fields on the 2D planes enclosing the magnetic chamber. Equations

for computing the fields with rotated coils on the surface of the sphere are established 1n

the magnetic chamber.

10047] Tn one embodiment, the coil is controlled from a bi-polar DC power

source. A six channel regulator assisted by a computer using matrix algorithms controls

the six coil magnetic configuration.

[0048] In one embodiment, user control 1s provided by an aircraft-type

joystick, wherein movement of the joystick between the torque mode and the force mode

is provided by a mode switch.

[0049] In one embodiment, the mode switch allows the controller to switch

from torque control to force control as well as mixed torque and force control.

[0051] In one embodiment, the coil polarity combinations are expressed as a

set of matrices, wherein the grouping of coils 1 used such that four coil and three coil

groups associated with the virtual tip 2D planes are established.

[0052] n one embodiment, the symmetry group 1s a four coil group with 16

Control simulated under the four coil XY plane, and under the

polarity combinations.
tate of the CGCI machine torque and force to be

topological transformation allows the s

controlled.
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[0053] In one embodiment, the coils are configured using symmetry, where

the group is rotated 90° from the symmetry group.

[0054] In one embodiment, the rotational steps are smo othly transferred while

the coil currents 1S foscillating from -100% to +100% through zero, and where the control

slope between 0% — to — 100% coil current is subject to a monlinear inverse cosine

function.

[0055] In one embodiment, the entire CGCI magnetic circuit is modeled using

a low-level logic simulation of the action performed by the joystick prior to activating the

power amplifiers that provide current to the coils.

[0056] In one embodiment, the magnitude control function of the CGCl

controller directing the deployment as well as retraction of the piston actuated extension

core is used to shape the magnetic field affording a variable magnetic field for moving the

catheter tip in the desired direction.

[0057] In one embodiment, a Hall effect ring measures the boundary plane

field strength as a measure of the joystick movement. This allows the CGCI to operate on

the boundary planes of the field, rather than the interior of the magnetic chamber, while

allowing the Hall effect sensor to operate in a range of a few hundred gauss fields.

Brief Description of the Figures

[0058] Figure 1 is a perspective view of the magnet structure of the Catheter

Guidance Control and Imaging (CGCI) system.

[0059] Figure 1A is a perspective view of the CGCI right section showing the

hydraulically-actuated core extended.

[0060]  Figure 1B is a perspective view of the CGCI right section showing the

hydraulically-actuated core extracted.

-10-



CA 02605912 2007-10-19
WO 2006/128
160 PCT/US2006/020895

[0061] Figure 1C is a system block diagram for a surgery system that includes

an operator mterface, a catheter guidance system, and surgical equipment.

[0062] Figure 1D is a block diagram of the imaging module for use in a CGCI

surgery procedure that includes the catheter guidance system, a radar system, Hall Eftect

sensors, and a hydraulically actuating core extension mechanism.

[0063] Figure 2 shows a magnet assembly of a CGCI scale model.

[0064] Figure 2A shows parameters of the assembly shown in Figure 2.

[0065] Figure 2B is a first view of the catheter assembly.
[0066} Figure 2C is a second view of the catheter assembly.

[0067] Figure 2D shows a catheter assembly with piezoelectric rings.

[0068] Figure 3 shows a magnet assembly with retracted cores.

[0069] Figure 3A shows the magnet assembly of Figure 3 with an extended

COrcC.

[0070] Figure 4 shows field directions corresponding to currents in the magnet

assembly of Figure 3.

[0071] Figure 5 is a vector field plot of the B fields in a central region of the

magnet assembly of Figure 3 with a first current configuration where the B-vector 1S

parallel to the X-axis.

[0072] Figure 5A is a field intensity plot corresponding to Figure 3.

[0073] Figure 5B is a field contour plot corresponding to Figure 5.

-11-
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[0074]  Figure 6 is a vector field plot of the B fields in a central region of the

magnet assembly of Figure 3 with a second current configuration where the B-vector is

parallel to the Y-axis.
[0075] Figure 6A is a field intensity plot corresponding to Figure 6.
[0076] Figure 6B is a field contour plot corresponding to Figure 6.

[0077]  Figure 7 is a vector field plot of the B fields in a central region of the

magnet assembly of Figure 3 with a third current configuration where the B-vector

direction 1s 135°.
[0078] Figure 7A is a field intensity plot corresponding to Figure 7.
[0079]  Figure 7B is a field contour plot corresponding to Figure 7.

[0080]  Figure 8 is a vector field plot of the B fields in a central region of the

magnet assembly of Figure 3 with a fourth current configuration corresponding to the

force control mode.

[0081] Figure 8A is a field intensity plot corresponding to Figure 8.

[0082]  Figure 8B is a field contour plot corresponding to Figure 3.

[0083]  Figure 9 is a vector field plot of the B fields in a central region of the
magnet assembly of Figure 3 with a fifth current conti guration in the force control mode

where the B vector is orthogonal to the magnetic tip axis.
[0084] Figure 9A is a field intensity plot corresponding to Figure .

[0085]  Figure 9B is a field contour plot corresponding to Figure 9.

~12-
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[0086]  Figure 10 1s a vector field plot of the B fieldsin a central region of the

magnet assembly of Figure 3 with a sixth current configuration with a hydraulically

extended core.

[0087]  Figure 10A is a field intensity plot corresponding to Figure 10.

[0088] Figure 10B is a field contour plot corresponding to Figure 10.

]0089] Figure 11 shows the magnetic fields with a first core extension

configuration.

0090} Figure 11A shows the magnetic fields with a second core extension

configuration.

[0091] Figure 11B shows the magnetic fields with a third core extension

configuration.

| [0093] Figure 12A is a field map showing fields corresponding to a second

coil and current configuration using a transformed magnet cluster.

[0094] Figure 12B is a field map showing fields corresponding to a third coil

and current configuration using a transformed magnet cluster.

[00935] Figure 12C is a field map showing fields corresponding to a fourth coil

and current configuration using a transformed magnet cluster.

[0096] Figure 12D is a field map showing fields corresponding 1o 2 fifth coil

and current configuration using a transformed magnet cluster.

13-
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(0097]  Figure 12E 1s a field map showing fields corresponding to a sixth coil

and current configuration using a transformed magnet cluster.

[0098] Figure 12F is a field map showing fields corresponding to a seventh

coil and current configuration using a transformed magnet cluster.

[0099] Figure 12G is a field map showing fields corresponding to a eighth coil

and current configuration using 2 transformed magnet cluster.

[0100] Figure 13A is a side view of the apparatus of Figure 1.
[0101] Figure 13B is an underside view of the apparatus of Figure 1.

[0102] Figure 14 is an isometric view showing the apparatus of Figure 1 1n an

open mode where the left and right clusters are separated.

10103} Figure 14A is a side view of the configuration shown in Figure 14.

[0104] Figure 15 1s an underside view of the configuration shown 1n Figure

14.

[0105] Figure 16 is an end view ot the configuration shown in Figure 14.

[0106] Figure 17 shows a magnet cluster of a full-scale system.
[0107] Figure 17A is a graph of tforque range of the full-scale system.
[0108] Figure 17B is a graph of field gradients for the full-scale system.

[0109] Figure 18 is a front view of a magnet cluster of the CGCI apparatus.

(0110]  Figure 18A1sa side view of a magnet cluster of the CGCI apparatus.
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[0111] Figure 18B is a underside view of a magnet cluster of the CGCI

apparatus.

[0112] Figure 19 is an isometric view of a coil assembly.

[0113] Figure 19A shows water connections of the coil assembly.
[0114] Figure 19B is a front view of the cylindrical coil assembly.
[0115] Figure 19C is a side view of the cylindrical coil assembly.

[0116] Figure 19D is a rear view of the cylindrical coil assembly.

10117] Figure 19E shows the hydraulic actuator for extending the magnetic

COIC.

[0118] Figure 19F shows the hydraulic actuator of Figure 19E mounted to the

coil cluster.

[0119] Figure 19G is an interior view of the coil and extendable core with the

hydraulic actuator.

[0120] Figure 20A is a side view of the tapered coil assembly.
[0121] Figure 20B is a front view of the tapered coil assembly.
[0122] Figure 20C is a rear view of the tapered coll assembly.

[0123] Figure 21 is an isometric view of the tapered coil assembly.

[0124] Figure 22A shows 4 coil circular symimetry.

[0125] Figure 22B shows 4 coil semi-spherical symmetry.

-15-
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[0126] Figure 22C shows 8 coil spherical symmetry.

[0127] Figure 22D shows 6 coil cluster symmetry.

[0123] Figure 22E shows 6 coil cluster symmetry in a magnetic shield.

[0129] Figure 23 shows 4 coil circular symmetry and a reference coordinate

system.

[0130] Figure 23 A shows B fields of the 4 coil circular symmetry.

[0131] Figure 23B shows field gradients of the 4 coil circular symmetry.

[0132] Figure 24 shows 4 coil semi-spherical symmetry and a reference

coordinate system.

[0133] Figure 24A shows B fields of the 4 coil semi-spherical symmetry.

[0134] Figure 24B shows field gradients of the 4 coil semi-spherical

symmetry.

[0135] Figure 25 shows 8 coil spherical symmetry and a reference coordinate

system.

[0136] Figure 25A shows B fields of the 8 coil spherical symmeitry.

[0137] Figure 25B shows field gradients of the 8 coil spherical symmetry.

[0138] Figure 26 shows the 6 coil cluster and a reference coordinate system.

[0139] Figure 26A shows B fields of the 6 coil cluster.
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[0140] Figure 26B shows B fields of the 6 coil cluster with double ampere-

turns on the upper coils.

[0141] Figure 26C shows field gradients of the 6 coil cluster.

[0142] Figure 26D shows the 6 coil cluster with a shield.

[0143] Figure 26E shows B fields of the 6 coil cluster with the shield.
[0144] Figure 26F shows field gradients of the 6 coil cluster with the shield.
[0145] Figure 26G shows field strength versus topology.

[0146] Figure 26H shows field gradient versus topology.

[0147] Figure 26] relates geometry to figure number.

[0148] Figure 27 shows the torque control field vector diagram on the XZ

plane (B-vector).

[0149] Figure 27A shows simulation of the torque control field diagram in the

YZ plane (B-vector).

[0150] Figure 27B shows the behavior of the B-vector in the XY plane
[0151] Figure 28 shows the B-field gradient in the XZ plane.

[0152]  Figure 28A shows the B-field gradient in the YZ plane.

[0153] Figure 28B shows the B-field showing gradient in the XY plane.
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[0154] Figure 29 is an orthographic representation of the virtual tip user input
device employed by the servo closed loop control of the CGCI apparatus.

[0155] Figure 30 is a block diagram of the radar used in capturing the position

of the catheter tip and fiduciary markers.

[0156] Figure 30A is a graphical representation of the methodology used

capturing the catheter tip while using a piezoelectric ring.

[0157] Figure 30B is a graphic depiction of the radar forming a stereotactic

frame of reference for the use in synchronizing the image such as X-ray and radar data

combined with the EKG feed.

[0158] Figure 30C shows a display of a catheter inside a patient.

[0159] Figure 30D shows position capture using radar and employing

fiduciary markers.

[0160] Figure 30E shows use of a radar and fiduciary markers while

performing an electrophysiological procedure.

[0161] Figures 31 shows the six cluster system and a coordinate system for use

in connection with Figures 31A and 31B.

[0162]  Figure 31A shows operational for the torque field.

[0163] Figure 31B shows operation for the force field.

[0164] Figures 31C illustrates the torque matrix used by the CGCI controller.

[0165] Figures 31D illustrates force matrix used by the CGCI controlier.

[0166]  Figures 32 shows amplifier block diagrams.
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[0167] Figure 32A provides graphs showing time versus amperes in the coils.

[0168]  Figure 32B provides graphs showing time versus voltage across the

coils.

[0169] Figure 32C shows plots of timer versus circuit voltages and fields.

0170} Figure 33 is a block diagram of one embodiment of the CGCI

apparatus with magnetic sensors.

[0171] Figure 34 is a block diagram of the Hall effect/magnetic sensors used

in the control of the magnetic chamber.

[0172] Figure 35 is a schematic showing the Hall effect sensor array as used 1n

measuring the boundary condition of the magnetic chamber.

[0173] Figure 36 is a vector representation of an electro magnetic field located

in a three dimensional coordinate system.

Detailed Description

[0174] Figures 1, 1A and 1B are isometric drawings of a Catheter Guidance

Control and Imaging (CGCI) system 1500, having a left coil cluster 100 and a right coil
cluster 101 provided to rails 102. The rails 102 act as suide alignment devices. The CGCI
system workstation 1500 mcludes a structural support assembly 120, a hydraulic system

140, a propulsion system 150, a cooling system 160, and a coil-driver system 170.

[0175] A central arc 106 supports an upper cylindrical coil 110 and two
shorter arcs 107, 108 support two conical shaped coils 115, 116. The two shorter arcs 107,
108 are displaced from the central arc 106 by approximately 35 degrees. The angle of

separation between the two smaller arcs is approximately 70 degrees.
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[0176] At the end of each arc 106, 107 and 108 1s a machined block of 1010

steel with a connection that provides for attachment of the coil assemblies 115, 116, 110.

[0177]  Two curved shield plates 105 form a shield to at least partially contain
and shape the magnetic fields. The shields 105 also provide lateral strength to the
assembly. A base 117 houses the propulsion system 150 and locking mechanism 118. In

one embodiment, the plates 105 are made from steel, nickel, or other magnetic material.

[0178] Figures 1A and 1B further show various mechanical details which form
the CGCI cluster half section (right electromagnetic cluster 101). A locking hole 103, a
spur-drive rail 104, cam rollers 118, and the solenoid locking pin 119, are configured to
allow portions of the CGCI to move along the tracks 102. The cluster 101 includes three
electromagnets forming a magnetic circuit. The left coil 116 and right coil 115<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>