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MEDICAL INSTRUMENT WITH SENSOR FOR USE N A SYSTEM AND
METHOD FOR ELECTROMAGNETIC NAVIGATION

BACKGROUND

Technical Field

16861} The present disclosure relates to a medical instrument including a sensor,
and a system in which the location of the sensor can be detected and tracked. More
particularly, the present disclosure relates to systems and methods that identify a location
of a medical instrument having the sensor in an electromagnetic field.

Discussion of Related Art

16662} Electromagpetic navigation (EMN) has helped expand the possibilities of
treatment to internal organs and diagnosis of diseases. EMN relies on non-invasive
imaging technologies, such as computed tomography {(CT) scanning, magnetic resonance
imaging {MRI), or fluoroscopic technologies. These images may be registered to a
location of a patient within a generated magnetic field, and as a result the location of a
sensor placed in that field can be identified with reference to the images. As a resuli,
EMN in combination with these non-invasive imaging technologies is used to identify a
location of a target and to help clinicians navigate inside of the patient’s body to the
farget.

16663} In one particular example of currently marketed systems in the area of
locating the position of medical instruments in a patient’s airway, a sensor 18 placed af the
end of a probe referred to as a locatable guide and passed through an extended working
channel (EWC) or catheter, and the combination is inserted into the working channel of a
bronchoscope. The EWC and probe with sensor is then navigated to the target within the

paticnt. Once the target s reached, the locatable guide (i.¢., sensor and probe} can be
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removed and one or more instruments, including biopsy needles, biopsy brushes, ablation
catheters, and the like can be passed through the working channel and EWC fo obtain
samples and/or treat the target. At this point, however, because the locatable guide with
its sensor have been removed, the exact location of a distal end of the EWC, and by
extension any instrument which might be passed there through is not precisely known,
{0004} Images geoerated by the non-invasive imaging technologies described
above do not provide the resolution of live video imaging. To achieve hive video, a
clinician may utilize the features of an endoscope. However, an endoscope is limited by
its size and as a result cannot be navigated to the pleura boundaries of the lungs and other
very narrow passageways as is possible with tools typically utilized i EMN. An
alternative is a visualization instrument that is inserted through the EWC and working
channel of the endoscope, which can be sized to reach arcas such as the pleura
boundarices.

{0005} As with the locatable guide, however, once the visnalization instrument s
removed the location of the distal end of the EWC is unclear. One technique that is used
is the placement of one or more markers into the tissue near the target and the use of
fluoroscopy to confirm location of the EWC and the markers, and any subsequent
instruments passed through the EWC., Due to the small diameter of the EWC,
simultaneous insertion of more than one instrument may be impractical. Thus, repeated
insertions and removals of instroments for visualization, diagnosis, and surgerics are
necessitated. Such repeated insertions and removals lengthen diagnostic or surgical time
and efforts, and increase costs on patients correspondingly. Thus, it is desirous to make a
fewer insertion and/or removal of instruments to shorten times necessary for diagnosis
and surgeries while at the same time increasing the certainty of the location of the EWC

and instruments passed through the EWC, including imaging modalities,
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SUMMARY

(6006} As used herein, the term “distal” refers to the portion that is being
described which is further from a user, while the term “proximal” refers to the portion
that is being described which is closer to a user. Further, to the extent consistent, any of
the aspects and features detatled herein may be used in conjunction with any or all of the
other aspects and features detailed herein,

180G7] Provided in accordance with the present disclosure is a medical instrument
having a distal portion and a proximal portion, the medical instrument comprising a
sensor printed on a distal portion of the medical instrument and having at least one coil
formed of a conductive material, at least one non-conductive material covering the at least
one cotl of the at Jeast one sensor, a conductive layer printed circumferentially around the
proximal portion of the medical instrument, a nonconductive layer printed on top of the
conductive layer, and at least one pair of contacts electrically connected to the at least one
coil and coupled to the conductive layer, the conductive layer connectable to a
measurement device configured to sense an induced electrical signal based on a magnetic
flux change of the electromagnetic field, wherein a location of the medical instrument in a
coordinate system of the electromagnetic field is identified based on the induced electrical
signal 1n the sensor,

[6408] According to aspects of the disclosure, the medical instrument comprises a
base non-conductive layer on the distal portion of the medical instrument on which the
conductive material is printed. The sensor may include multiple lavers of the conductive
material and the non-conductive material printed or fabricated on the distal portion of the
medical instrument. Each conductive layer may have a different configuration, including

a different pitch angle and/or the number of loops of the conductive material.
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{6009] According to further aspects of the disclosure, the proximal portion of the
medical instrument includes a plurality of conductive layers and non-conductive layers
printed on the proximal portion of the medical mstruraent. Each conductive layer is
coupled to one of the conductive materials of the sensor. The conductive material may
further be connected to the conductive layer through vias. The conductive material may
further form a helical shape which may be formed m a counter-clockwise or clockwise
direction. In embodiments, the outer surface of the medical instrument is made of FTFE,
PTFE, polyimide, or non-conductive polymer. The conductive materials may be copper,
silver, gold, conductive alloys, or a conductive polymer. The medical instrument may be
an extended working channel, an imaging nstrument, a biopsy forceps, a biopsy brush, a

biopsy needle, or a microwave ablation probe.

BRIEF DESCRIPTION OF THE DRAWINGS

{0016 Objects and features of the presently disclosed systems and methods will
become apparent to those of ordinary skill in the art when descriptions of various
embodiments are read with reference to the accompanying drawings, of which:

{0011} FIG. 1 is a perspective view of a system for identifying a location of a
medical instrument in accordance with an embodiment of the present disclosure;

10012} FIG. 2A is a profile view of a catheter guide assembly and medical
instrument in accordance with an embodiment of the present disclosure;

{6013} FI(s. 2B is an enlarged view of the indicated area of detail of FIG. 2A;
10014} FI1G. 3A depicts a sensor as a coil wound and printed at the distal portion
of a medical instroment in accordance with an embodiment of the present disclosure;
{6015} FIGS. 3B-3E are perspective views of a plurality of medical instruments in

accordance with an embodiment of the present disclosure;
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10016} FIG. 4 15 an expanded view of a distal portion of a medical instrument
around which a circuit is printed in accordance with an embodiment of the present
disclosure;

18817} FIG. § is an illustrative design of 3 sensor including two-coils in a muiti-
layer circuit in accordance with an embodiment of the present disclosure;

16618} FIG. 6A 1s an illustrative design of two sensors in a first layer of a multi-
tayer circuit in accordance with an embodiment of the present disclosure;

[6019] FIG. 6B 1s an illustrative design of a sensor in a second layer of a multi-
layer circutt in accordance with an embodiment of the present disclosure;

100263 FIG. 6C 1s an ilustrative design of a proximal portion of a medical
instrument around which a series of conductive and nonconductive layers are printed;
16021} FIG. 7 is an illustration of a printer that prints a sensor on a surface of a
medical instrument in accordance with an embodiment of the present disclosure; and
16622} FIG. 8 i3 a flowchart of a method for printing a sensor on a maedical

instrument in accordance with an embodiment of the present disclosure.

DETAILED DESCRIPTION

183231 The present disclosure is related to medical instruments, systems and
methods for identifying a location of medical instruments in an electromagnetic field by
using a sensor. The sensors may be printed directly on or separately fabricated and then
affixed to the medical instruments, including imaging instruments. Since the sensor may
be inserted inside of patient’s body with medical instruments, the location of the medical
instruments 1s identified in real-time. Further, the sensor may provide and trace an exact
direction and location of the medical instrument with other imaging modalities. Due to
the small size of the sensor, medical instruments may incorporate the sensor inside or

outside of the medical instruments, to facilitate continuous navigation. Although the
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present disclosure will be described in terms of specific illustrative embodiments, it will
be readily apparent to those skilled in this art that various modifications, rearrangements,
and substitutions may be made without departing from the spirit of the present disclosure.
The scope of the present disclosure is defined by the claims appended to this disclosure.
{8024} FI1G. 1 illustrates one ithustrative embodiment of a system and method for
identifying a location of medical instruments in an electromagoetic field. o particular, an
electromagnetic navigation (EMN) system 100, which is configured to utilize CT, MR],
or fluoroscopic images, s shown One such EMN systemm may be the
ELECTROMAGNETIC NAVIGATION BRONCHOSCOPY® system currently sold by
Covidien LP. The EMN system 100 includes a catheter guide assembly 110, a
bronchoscope 115, a computing device 120, a monitoring device 130, an EM board 140, a
tracking device 160, and reference sensors 170. The bronchoscope 115 is operatively
coupled to the computing device 120 and the monitoring device 130 via a wired
connection {as shown in FIG. 1) or wireless connection (not shown),

{0025] FIG. 2A illustrates an embodiment of the catheter guide assembly 110 of
FIG. 1. The catheter guide assembly 110 includes a control handle 210, which enables
advancement and steering of the distal end 230 of the catheter guide assembly 110, The
catheter guide assembly 110 includes a locatable guide catheter (LG) 220 mserted in the
EWC 230 and an electromagnetic (EM) sensor 260, as shown m FIG. 2B. A locking
mechanism 225 secures the EWC 230 and the LG 220 to one another. Catheter guide
assemblies usable with the instant disclosure may be currently marketed and sold by
Covidien LP under the name SUPERDIMENSION® Procedure Kits and BEDGE™
Procedure Kits. For a more detailed description of the catheter guide assemblies,
reference is made to commonly-owned U.S. Patent Application number 13/836,203 filed

on March 15, 2013, by Ladtkow et al. and U.S, Patent No. 7,233,820, the entire contents
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of which are incorporated in this disclosure by reference. As will be described in greater
detail below, the EM sensor 260 on the distal portion of the LG 220 senses the
electromagnetic field, and is used to identify the location of the LG 220 in the
electromagnetic field. In embodiments, the EM sensor 260 can be directly integrated into
the distal end of the EWC 230.

8626} In use, the bronchoscope 115 is inserted nto the mouth or through an
incision of a patient 150 to capture images of the internal organ. In the EMN system 100,
inserted into the bronchoscope 115 is a catheter guide assembly 110 for achieving an
access to the internal organ of the patient 150, The catheter guide assembly 110 may
mchude an extended working channel (EWC) 230 into which a locatable guide catheter
(1.G) 220 with the EM sensor 260 at the distal portion is inserted. The EWC 230, the L.G
220, and the EM sensor 260 are used to navigate through the internal organ as described
in greater detail below.,

166271 In an alternative embodiment, instead of a bronchoscope 115 inserted via a
natural orifice the catheter guide assembly 110 is inserted into the patient 150 via an
incision. The catheter guide assembly 110 including the EWC 230 may be inserted
through the ncision to navigate a lurminal network other than the airways of a lung, such
as the cardiac huminal network,

106628} The computing device 120, such as, a laptop, desktop, tablet, or other
similar computing device, inchudes a display 122, one or more processors 124, memory
126, a network card 128, and an input device 129, The EMN systemn 100 may also
include mulliple computing devices, wherein the separate computing devices are
employed for planning, treatment, visualization, and other aspects of assisting clinicians
in a manner suitable for medical operations. The display 122 may be touch-sensitive

and/or voice-activated, enabling the display 122 to serve as both input and output devices.
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The display 122 may display two dimensional (213) images or a three dimensional (3D}
model of an internal organ, such as the lung, prostate, kidney, colon, liver, ¢tc., fo locate
and identify a portion of the internal organ that displays symptoms of diseases.

{6629} The display 122 may further display options to select, add, and remove a
target to be treated and settable items for the visualization of the internal organ. In an
aspect, the display 122 may also display the location of the catheter guide assembly 110
in the electromagnetic field based on the 2D images or 3D model of the internal organ.
1003061 The one or more processors 124 execute computer-executable instructions.
The processors 124 may perform image-processing functions so that the 3D model of the
internal organ can be displaved on the display 122. In embodiments, the computing
device 120 may further include a separate graphic accelerator (not shown) that performs
only the image-processing functions so that the one or more processors 124 may be
available for other programs. The memory 126 stores data and programs. For example,
data mway be mnage data for the 3D model or any other related data such as patients’
medical records, prescriptions and/or history of the patient’s diseases.

10031} One type of programs stored in the memory 126 is a 3D model and
pathway planning software module (planning sofiware). An example of the 3D model
generation and pathway planning software may be the ILOGIC® planning suite currently
sold by Covidien L.P. When image data of a patient, which is typically in digital imaging
and communications in medicing (DICOM) format, from for example a CT image data set
{or an image data set by other imaging modality) is imported into the planning software, a
3D model of the internal organ is generated. In an aspect, tmaging may be done by CT
imaging, magnetic resonance imaging (MRI), functional MRI, X-ray, and/or any other
imaging modalifies. To generate the 3D model, the planning software employs

segmentation, surface rendering, and/or volome rendering. The planning software then
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allows for the 3D model to be sliced or manipulated into a number of different views
inchading axial, coronal, and sagiftal views that are commonly used to review the original
image data. These different views allow the user to review all of the image data and
identify potential targets in the images.

10032} Once a target is identified, the software enters into a pathway planning
module. The pathway planning module develops a pathway plan to achieve access to the
targets and the pathway plan pin-points the location and identifies the coordinates of the
target such that they can be arrived at using the EMN system 100, and particularly the
catheter guide assembly 110 together with the EWC 230, the LG 220, and the EM sensor
260. The pathway planning module guides a clinician through a series of steps to develop
a pathway plan for export and later use during navigation to the target in the patient 150,
The term, clinician, may include doctor, surgeon, nurse, medical assistant, or any user of
the pathway planning moduole involved in planning, performing, monitoring and/or
supervising a medical procedure.

108331 Details of these processes and the pathway planning module can be found
in U.S. Patent Application number 13/838,805 filed by Covidien LP on Jun 21, 2013, and
entitled “Pathway Planning System and Method,” the entire contents of which are
mcorporated 1n this disclosure by reference. Such pathway planning moduoles permit
clinicians to view individual slices of the CT image data set and to identify one or more
targets. These targets may be, for example, lesions or the location of a nerve which
affects the actions of tissue where the disease has rendered the internal organ’s function
compromised.

16034} The memory 126 may store navigation and procedure software which
interfaces with the EMN systern 100 to provide guidance to the clinician and provide a

representation of the planned pathway on the 3D model and 2D 1mages derived from the
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3D model. An example of such navigation sofiware is the ILOGIC® navigation and
procedure suite sold by Covidien LP. In practice, the location of the patient 150 in the
EM field generated by the EM field generating device 145 must be registered to the 3D
model and the 213 images derived from the 3D model. Such registration may be manual
or automatic and is described m detail and commonly assigned U.S. Provisional Patent
Application 62/020,240 entitled “System and method for navigating within the lung.”
{6035] As shown in FIG. 1, the EM board 140 is configured to provide a flat
surface for the patient to lie down and includes an EM field generating device 145. When
the patient 150 hies down on the EM board 140, the EM field generating device 145
generates an EM field sufficient to surround a portion of the patient 150. The EM sensor
260 at the end of the LG 220 s used to determine the location of the distal end of the LG
220 and therewith the EWC 230 within the patient. In an aspect, a separate EM sensor
may be located at the distal end of the EWC 230 and therewith the exact location of the
EWC 230 in the EM field geverated by the EM field generating device 145 can be
identified within the patient 150,

10036} In yet another aspect, the EM board 140 may be configured to be
operatively coupled with the reference sensors 170 which are located on the chest of the
patient 150. The reference sensors 170 move up following the chest while the patient 150
is inhaling and move down following the chest while the patient 150 is exhaling. The
movement of the chest of the patient 130 in the EM field is captured by the reference
sensors 170 and transmitted to the tracking device 160 so that the breathing pattern of the
patient 150 may be recognized. The tracking device 168 also receives the output of the
EM sensor 260, combines both outputs, and compensates the breathing pattern for the
location of the EM sensor 260, In this way, the location identified by the EM sensor 260

may be compensated for such that the compensated location of the EM sensor 260 may be

10
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synchronized with the 3D model of the internal organ. As noted above, however, the use
of an LG 230 with an EM sensor 260 at ifs distal end 250 can result in challenges
surrounding instrument swaps, loss of location information, and a general prolongation of
the time needed for a procedure. To alleviate these issues, FIG. 3A depicts an
clectromagnetic sensor 310 in the shape of a coil. The sensor 310 may be printed directly
on the distal portion of a medical instrument 300. The printed electromagnetic sensor
(PES) 310 may form a helical shape, as depicted or in another configuration as required
by the application. The instrument 300 may be the EWC 230, a catheter, a biopsy
mnstrument, an ablation instrument, a monopolar or bipolar clectrosurgical nstrument, an
maging instrument, a marking mstruruent, or a needle, in short any instrument capable of
being inserted into the tuminal network (e.g., the airways or vasculature of a patient). In
one embodiment the instrument 300 is sized to pass through the EWC 230, Alternatively,
the instrument 300 may be the EWC 230, as described in more detail below. Other
exemplary instroments are shown in FIGS. 3B-3E, depicting biopsy forceps 370, a biopsy
brush 375, a biopsy needle 383, and a microwave ablation probe 385, each having an EM
sensor 310 applied by the methods of the present disclosure.

18837} As will be described in greater detail below, the distal portion of the
mstrument 300 may be made of or covered by Ethylene tetrafluoroethvlene (ETFE),
Polytetrafluorocethylene (PTFE), polyimide, or another suitable material to form a non-
conductive base for the sensor 310, If the distal portion of the instrument 300 is not
covered or made of a non-conductive material, a non-conductive material must be applied
to the distal portion first to form an insulating base for the sensor 310

16038} With respect to the sensor 310 depicted in Fig. 3A, the coil of sensor 310
is in the shape of a helix. The dimensions of the helix (i.c., the length L, the distance d

between two adjacent loops, and a diameter D of the helix, as shown in FIG. 3A) may be

11
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chosen to create an optimum sensor 310. A pitch angle o may be used to define the helix
and be calculated by:

4
a=ian |
\\]'Z'D//

The pitch angle o indicates the density of loops of the printed helix along the longitudinal
axis of the instrument 300.

16039} In embodiments, the sensor 310 may inchude multiple layers. Specifically,
after a conductive material is applied to the instrument 300 to form a first coil of sensor
310, a non-conductive material may be applied over the first coil, and the second coil
formed of a conductive material may be applied over both the non-conductive material
and the first coil on the instrument 300. This may continue until a desired number of
coils are fabricated or printed on the instrument 300. Bach coil may have a different
configuration, ¢.g., a different orientation, a different length L, and a different distance d
between two adjacent loops of a helix from that of the other coils. Alternatively, each of
the multiple coils of the sensor 310 may be applied to different locations of the nstrurent
300. In embodiments, each coil may be substantially orthogonal to gach other.

10040} In an aspect of the present disclosure, the rotational direction of the helix
of one coil may be different from that of another coil. That is, one helix may have the
counter clockwise orientation and another one may have the clockwise orientation. Tn
another aspect, the conductive material may be copper, silver, gold, conductive alloys, or
conductive polymer, and the non-conductive material may be ETFE, PTFE, non-
conductive polymer, or polyimide.

{00411 According to a further aspect of the present disclosure, each of the end
portions of the helix 310 may have a larger area for clectrical contacts 320 and 330 than

other areas of conductive material in the helix. Wires are connected to cach of the

12



WO 2016/196010 PCT/US2016/033063

contacts 320 and 330. These wires may extend the length of the catheter assembly 100
and be connected to the tracking device 160. As described in more detail below, in
another embodiment, the wires are integrated into the instrument 300 by printing
conductive material directly on to the instrument 300 to couple the sensor 310 to the
tracking device 160. Thus, when the instrumnent 300 s located within an electromagnetic
field, electrical signal (e.g., voltage) may be induced in the sensor 310 while the
instrument 300 ts moving inside the electromagnetic field. The induced electrical signal
is transmitted to the tracking device 160, which calculates a location of the instrument
300 with respect to a coordinate system of the electromagnetic field. This calculated
location may be registered to the 3D model so that a computing device may display the
location in the 3D model on a display. In this way, the clinician may identify the relative
location of the instrument 300 in the 3D model and 2D images of the navigation and
procedure software as described above.

10042} The nduced voltage is derived from the Maxwell’s equations and is

calculated by the following equation:

where gipq 15 the induced voltage, N is the number of loops in the helix, AD is the change
of magnetic flux of the electromagnetic field, and At is the change in time. The magnetic
flux @ is a product of the magnitude of the magnetic field and an area. In the same way,
the change of magnetic flux, AD, is a product of the change of the magnitude of the
magnetic field and the area of the one loop in the helix. Thus, the more loops in the helix,
the larger the magnitude of the induced voltage is. And the faster the change of the
magnetic flux, the higher the magnitude of the induced volfage 1s. The negative sign

indicates that the induced voltage is created to oppose the change of the magnetic flux,

13
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{0043} Since the instrument 300 is typically moved slowly and with some caution
inside of the body or in a luminal network of an internal organ and the size of the loops in
the helix is to be mimimal, the number of loops in the helix may be sufficiently large to
compensate the slow movements and the size of the loops in order to have a recognizable
induced electrical signal. Thus, when a sensitivity level of the induced electrical signal
and a magnitude level of the electromagnetic field are determined, the number of loops in

the coil sensor 310 may be determined by the following:

A = gma’AZ
’ AD
{6044} The sensor 310 may sense different EM fields generated by the EM field

generating device 145, in one embodiment employing three coils in the sensor 310 three
separate fields are sensed. The strength of the EM field decreases proportionally with the
reciprocal of the square of the distance from the source (e.g., the EM field generating
device 145). Thus, the magnitude of the voltage induced by an EM field includes
information defining the distance of the sensor 310 from the EM field generating device
145, By determining the distance information based on the induced electrical signal, a
location of the sensor 310 can be identified with respect to the location of the EM field
generating device 143,

10045] In an aspect, where the EM field generating device 145 generates three
EM ficlds, which may have three different directivity patterns such as x-, y-, and z-axes,
respectively, induced electrical signal may have different patierns when the instrument
300 having the sensor 310 moves in any direction within the coordinate system of the EM
fields. For example, when the instrument 300 moves in the x-axis direction, strengths of
EM fields having v- and z-axes directivity patterns will display larger differences as

compared to the sensed changes in strength of the EM field having x-axis directivity.

14



WO 2016/196010 PCT/US2016/033063

Thus, the location of the instrument 300 may be identified by checking patterns of
induced voltage sensed by the sensor 310.

16646} In accordance with the present disclosure, sensor 310 may be printed
directly onto the instrument 300. That is, during the manufacture of the instrument 300,
one of the processing steps 1s to apply one or more conductive inks or other matenials to
the mstrurnent 300, This printing may be performed by a number of processes including
ink jet printing, flexographic printing, vapor deposition, etching, and others known to
those of skill in the art without departing from the scope of the present disclosure.

1806471 FIG. 4 shows sensors 410, 420 printed on a surface of an instrument 450,
such as a medical instrument. The sensor 400 may have a thickness of about 0.01 t0 6.05
millimeter {mm) so that the sensor can be printed on an mnstrument without appreciably
increasing its dimensions. In accordance with one embodiment, a conductive material
415 1s printed directly onto the instrument 300, to form a coil 410 or 420 and a second
non-conductive film 430 covers the conductive material. Thus, the coil 410 or 420 is
protected by the non-conductive film 430.

[6048] As described above, in one aspect of the present disclosure, each coil may
have a different rotational orientation. The first coil 410 may have the clockwise
rotational orientation and the second coil 420 may have the counter clockwise rotational
orientation. Nevertheless, when the sensor 400 is printed directly on the instrument 450
so that two coils are facing cach other across the longitudinal axis of the tube, the first and
second coils 410 and 420 may have the same rotational orientation.

18449} FIG. 5 shows a double layered circuit sensor 500 in accordance with
embodiments of the present disclosure. Although not depicted, it is imagined that the
double layered circuit sensor 300 is printed directly on an instrument. The double layered

circuit sensor 500 includes a first coil 5310, a second coil 520, a third coil 530, and a
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fourth coil 540. The top layer includes the first and second coils 510 and 520 and the
bottom layer includes the third and fourth cotls 530 and 540. The double layered circuit
sensor 500 further includes first and second contacts 550 and 560, and first, second, third,
and fourth vias 512, 514, 522, and 524.

10656} In one non-himiting example of the present disclosure the conductive
material of each loop of any of the coils 510-540 may be approximately 9 microns thick.
The thickness of the conductive material may vary based on the specifications of the
circuit sensor 500, and can be larger or smaller than 9 microns for a particular application
without departing from the scope of the present disclosure. In accordance with one
embodiment of the present disclosure, each loop of the coils 510-540 of the top and
bottom layers, respectively may be separated from each other by approximately 0.009
inches. The length and the width of the outermost loop of cach coil may be
approximately 0.146 inches and approximately 0.083 inches, respectively. The width of
the conductive material may be approximately 0.001 inch or from about 0,025 to 0.5 mm.
The vias may have a diameter of approximately 0.002 inches. The thickness of the circuit
sensor 500 may be approximately 0.005 inches or from about 0.01 to 0.15 mm. The
length and the width of the circuit sensor 500 may be approximately 0.180 and
approximately 0.188 mches, respectively. The gap between closest loops of the same coil
may be typically about 0.0005 inch.

{0051} As depicted in FIG. 3, the first contact 350 is connected fo one end of the
first coil 510 and the first via 512 is connected to the other end of the first coil 510. The
first via 512 connects the first coil 510 of the top layer to one end of the fourth coil 540 of
the bottom layer. The other end of the fourth coil 540 is connected to one end of the
second coil 520 of the top layer through the fourth via 524, The other end of the second

cotl 520 is connected o one end of the third coil 530 of the bottom layer through the third
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via 522. The other end of the third coil 530 is connected to the contact 560 on the top
layer through the second via 514, In this way, the four coils 510, 520, 530, and 540 are
all connected to the first and second contacts 550 and 560, forming one sensor with the
four coils connected electrically in series. Since the four coils are all connected to each
other, and the number of loops in one sensor is the sum of the loops of the four coils 510,
520, 530, and 540, the result 18 an increase o sensitivity of the electromagnetic field,
1808521 According to a further aspect of the disclosure, the first and second coils
510 and 520 may have different rotational orientations and, likewise, the third and fourth
coils 530 and 540 may have different rotational orientations. That ts, 1f the first coil 510
has the counter clockwise orientation, the second coil 520 has the clockwise orientation.
In the same way, if the third coil 530 has the counter clockwise orientation, the fourth coil
540 has the clockwise orientation. In another aspect, the first and fourth coils 510 and
540 may have the same rotational orientation and the second and third coils 520 and 530
may have the same rotational orientation.

188531 As shown in FIG. 5, the first and second contacts 550 and 360 are made
larger than the width of each loop of the coils. Generally, each coil of the circuit sensor
500 1s coated by a non-conductive material. In an aspect, the first and second contacts
550 and 560 may not be covered by the non-conductive material so that the multi-layered
circuit sensor 500 may be easily connected to wires which transmit the induced electrical
signal {(e.g., voltage and/or current) to an external apparatus, such as the tracking device
160 for incorporation into and use with the navigation and procedure sofiware described
above.

10054} FIGS. 6A-6C show an exemplary embodiment of a multi-layered circuit
sensor printed directly on an instrument or EWC 600. FIGS. 6A and 6B show a first and

second layered printed circuit sensor 601, 602, Each layer can contain one or more
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printed sensors. FIG. 6C shows the different layers of the EWC 600. As depicted in FIG.
6A, the first layer contains first and second sensors 610, 620 and the second layer (shown
in FIG. 6B) contains a third sensor 630, Although shown separately, it is imagined that
the second layer {(shown in FIG. 6B) is printed on top of the first layer (shown in FIG.
6A). For convenience purpose only, loops of each coil are illustrated in FIG. 6A and 6B
in a simplified schematic fashion to only a couple of loops, however, each loop in FIG. 6
may represent more than one loop, and the number of loops may be more in line with
those of coils 510-540 of FIG. 5. The sensors 610, 620, 630 are printed on a distal
portion of EWC 600. FIG. 6C shows different conductive and nonconductive layers
printed on a proximal portion of EWC 600. The conductive and nonconductive layers are
coupled to the ends of first, second, and third sensors 610, 620, 630 by the terminals or
vias 612, 614, 622, 624, 632, 634 and electrically couple the sensors to the tracking
device 160.

{B055] As previously mentioned, sensors 610, 620, 630 are printed in layers, In
particular, the first layer, containing the first and second sensors 610, 620, is printed
directly on a nonconductive layer of the EWC 600. A second nonconductive layer is then
printed on top of the first and second sensors 610, 620. The second layer, containing the
third sensor 630, s then printed on top of the second nonconductive layer. This process
may continue untif a desired number of sensors are printed on the EWC 600. In one
aspect, the final layer is a nonconductive layer. In yet another aspect, the conductive
material may be copper, silver, gold, conductive alloys, or conductive polymer, and the
non-conductive material may be Kapton, ETFE, PTFE, non-conductive polymer, or
polyimide. Bach sensor may have a different configuration or orientation, e.g., a different
length L and a different distance d between two adjacent loops of a helix from that of the

gther coils.
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186056] As depicted in FIGS. 6A and 6B, each sensor 610, 620, 630 contains a via
612, 614, 622, 624, 632, 634 connected to the terminals of each sensor 610, 620, 630. In
particular, sensor 610 contains first and second vias 612, 614, sensor 620 contains third
and fourth vias 622, 624, and sensor 630 contains vias 632, 634, In embodiments, each
via 15 electrically coupled to a different conductive layer on the proximal portion of the
EWC 600, as shown in more detail in FIG. 6C.

18857} FIG. 6C depicts an embodiment of an EWC 600 and the various layers of
conductive and nonconductive material printed directly onto the instrument. FIG. 6C is
not drawn to scale and is meant for tlustrative purposes only, Each laver of conductive
and nonconductive material may range m thickness from 9 microns to 0.05 millimeters
{mm}.

18058] EWC 600 comprises a holow tube consisting of an inner Teflon liner, ¢.g.
PTFE. The Teflon liner provides hubricity for easy shiding of tools down the center of the
EWC 600. In one embodiment, the first, second, and third sensors 610, 620, 630 are
printed directly on the Teflon layer. Above the Teflon layer is a wire braid layer (not
shown). The wire braid helps provide structural integrity and torquability to allow for
easy maneuverability of the EWC 600. The final layer is a thermal plastic layer which,
through a heat process, bonds all three layers together to provide durability.

[8459] As described above, the first, second, and third sensors 610, 620, 630 are
printed on the distal portion of EWC 600 on the Teflon layer. On the proximal portion of
the EWC 600, nonconductive layers 640 and conductive lavers 613, 615, 623, 623, 633,
635 are printed directly on the Teflon layer in layers in alternating fashion. In other
words, a base nonconductive layer 640 is printed on top of the Teflon layer followed by a
conductive layer 613 printed on top of the base nonconductive layer. Another

nonconductive layer is then printed on top of conductive layer 613 and avother
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conductive layer 615 is printed on top of the nonconductive layer. This process is then
repeated until a desired mumber of nonconductive and conductive layers are achieved. In
embodiments, the final layer is a nonconductive layer. The wire braid and thermal plastic
layer are then placed on top of the final nonconductive layer. The embodiment shown in
FIG. 6C illustrates a total of six conductive layers 613, 615, 623, 625, 633, 635 and seven
nonconductive layers 640. In aspects, the conductive material way be copper, silver,
gold, conductive alloys, or conductive polymer, and the non-conductive material may be
Kapton, ETFE, PTFE, non-conductive polymer, or polyimide.

{0060} The conductive layers function as wires and form a return path for sensors
610, 620, 630, connecting the sensors to tracking device 160. For example, in one
embodiment, the conductive layer 613 is coupled to via 612, conductive layer 615 is
connected to via 614, conductive layer 623 is connected to via 622, conductive layer 625
is conmected to via 624, conductive layer 633 is connected fo via 632, and conductive
layer 635 1s connected to via 634,

{8861} Since the sensors 610, 620, 630 are very thin, the sensors 610, 620, 630
have a high resistance, however, a low resistance is desired for the return path. In one
embodiment, each conductive layer 613, 615, 623, 625, 633, 635 1s printed 360 degrees
around the EWC 600 and along the length of EWC 600 back to the proximal end in order
to reduce the resistance on the return path.

{0062} The measured resistivity of the sensors 610, 620, 630 and the conductive
layers 613, 6135, 623, 625, 633, 635 is a function of a number of factors including the
length, width, and thickness of the conductive material as well as the resistive properties
of the conductive material used. In one experiment, a sensor made up of 200 turmns of a
conductive material having a resistance of 1.68 x 107 & mm and printed around the distal

end of EWC 600, having a length of 1256 mm, a width of 0.47 mm, and a thickness of
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0.01 mm measured a total resistance of 179.58 . Likewise, a sensor made up of 300
turns, having a length of 1884 mm, and a thickness of 0.015 mm measured a total
resistance of 269.37 . In experiments, a return path made up of the same conductive
material printed along the length of an EWC 600 having a length of 1020 mm and
circumference of 6.28 mm measured a resistance of 1092 Q. The low resistivity of the
conductive returmn paths helps to lower the amount of noise 1n the signal from the sensors
610, 620, 630 back to the tracking device 160.

6063} As described above, one methodology for applying sensors to instruments
is via printing directly on the instrumnents, FIG. 7 shows a printing apparatus 700 that
prints conductive and non-conductive materials directly to the desired locations of the
instruments. The printing apparatus 700 includes a reservoir 710, a printing nozzle 720,
and an actuating arm 730. The reservoir 710 includes a first tank 740, which contains a
conductive material, and a second tank 750, which contains a non-conductive material.
The printing apparatus 700 can print a circuit on any instruments 760, which can be
tocked into the distal end of the actuating arm 730. In an aspect, the printing apparatus
may print a sensor over a polymer.

10064} A controller of the printing apparatus 700, which is not shown in FIG. 7,
controls an actuating motor, which 1s not shown in FIG. 7, to move the actuating arm 730,
The actuating motor is fixedly connected to the proximal end of the actuating arm 730.
The actuating motor can index forward and backward and rotate the actuating arm 730.
In an aspect, the actuating motor may move the reservoir 710 while printing. In another
aspect, the actuating motor may move the reservoir 710 and the actuating arm 730
simutitancously. For example, the actuating motor may index forward or backward the
reservoir 710 while rotating the actuating arm 730, Still further, the reservoir 710 and

instroment 760 may be held motionless while the printing nozzle 720, which is fluidly
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connected to the reservoir 710, moves about the instrument 760. Further, combinations of
these techniques may be employed by those of skill in the art without departing from the
scope of the present disclosure.

{6065} In one embodiment, with the proximal end of an instrument 760 locked
into the distal end of the actuating arm 730, the printing nozzle 720 may start printing the
conductive material contained in the first tank 740 while the actuating arm 730 is moved
forward and rotated by the actuating motor. Velocities of indexing and rotating are
controlled to print a helix-type sensor 770 on the instrument 760. When the velocity of
indexing is faster than the velocity of rotating, the helix-type sensor 770 will have a large
pitch angle or have loose loops in the helix. On the other hand, when the velocity of
indexing {(indexing velocity) is slower than the velocity of rotating (angular velocity), the
helix-type sensor 770 will have a small pitch angle or have dense loops in the helix.
Relationship between the pitch angle and velocities 1s shown below as follows:

N

? i

/7
— S
a=tan | —— |
I, )
7

where g 1s the pitch angle, v; 15 the indexing velocity, vy is the angular velocity of rotation
in radian, and D is the cross-sectional diameter of the instrument 760. Thus, the
controlier may control the indexing velocity v; and the angular velocity vy so that the
printed circuit 770 can have a pitch angle suitable for its purpose.

{8066] fn an aspect, the printing may be started from the distal end of the
instrument 760 or the proximal end of the instrument 760. In a case when the printing is
started from the distal end of the instrument 760, the actuating arm 730 indexes the
instrument 760 forward so that the printing nozzle 720 can print the conductive material
toward the proximal end of the nstrument 760. In another case when the printing is

started from the proximal end of the toll 760, the actuating arm 730 indexes the
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instrument 760 backward so that the printing nozzle 720 can print the conductive material
toward the distal end of the instrument 760. In another aspect, the actuating arm 730 may
change the direction of rotation so that the helix-type sensor 770 can have the counter
clockwise or clockwise helix.

10067} The prnting nozzle 720 may print more conductive material in the
beginning and end of the printing so that each end of the helix-type sensor 770 has a
targer area for contact to an external apparatus. In another aspect, after one layer of the
helix-type sensor 770 is printed, the actuating arm 730 may perform a reverse indexing
and rotating motion, meaning that indexing backward is performed when indexing
forward is performed while the helix-type sensor 770 is printed and that counter
clockwise rotation is performed when clockwise rotation is performed while the helix-
type sensor 770 is printed. At the same time, the printing nozzle 720 may print the non-
conductive material over the printed conductive material.  In this way, the printed
conductive material may be wholly covered by the non-conductive material. The printing
nozzle 720 may be controlled to print the non-conductive material over a larger area than
an area of the printed conductive material. This may give more certainty that the printed
conductive material 1s completely covered by the non-conductive material.

10068} After completion of printing the non-conductive material, the printing
nozzle 720 may print the conductive material over the instrument 760 again. In an aspect,
a new indexing velocity v; and a new angular velocity v different from the original
indexing velocity v; and the angular velocity vy may be selected so that new helix-type
sensor may have different configuration from that of the original helix-type sensor. By
repeating these steps, the instrument 760 may have several helix-type sensors.

100691 In yet another aspect, the actuating arm 730 may conirol indexing forward

and backward and rotation mwotions so that sensor may have different configurations. For
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example, the sensor may have a series of incomplete circles. This pattern can be obtained
by rotating the actuating arm without indexing forward and by indexing forward it
without rotation before completing a whole circle. The scope of the present disclosure
may extend to similar or different configurations which may be readily appreciated by a
person having ordinary skill in the art.

{0076} FIG. 8 shows a method 800 of printing a sensor on a surface using a
printer. The sensor may be one layered or multiple layered. The method 800 starts from
setting a counter N as zero in step 810. In step 820, the printer prints the conductive
material for contact to an external apparatus. The contact area may be a larger than an
area for printed conductive material of the sensor. In step 830, the printer prints a
conductive material on the tube. While printing, in step 840, an indexing arm of the
printer, which holds the tube, indexes forward or backward, and rotates the tube. Here, an
indexing velocity and an angular velocity of the indexing arm may be controlled to make
a specific pattern of the sensor as described above in FIG. 7.

{6671} In step 850, the printer prints the conductive material for another contact.
The contacts printed in steps 810 and 850 are to be used to connect to wires which lead to
and conmect with an external apparatus such as the tracking device 160 of FIG. 1. The
tracking device can process the sensed results to wdentify the location of the sensor in an
electromagnetic field, as described above.

10072} In step 860, the prinfer prints a non-conductive material to form a non-
conductive film over the printed conductive material. While printing the non-conductive
material, in step 870, the actuating arm of the printer indexes forward or backward and
rotates in a direction reverse from the direction of printing the conductive material. In
this way, the printed conductive material is insulated from or protected from other

environmments. This step concludes the printing of the sensor,
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186073] In step 880, the counter N is incremented by one. In step 890, the counter
N is compared with a predetermined nomber of layers. If the counter N is less than the
predetermined number of layers, the method 800 repeats steps 820 through 890, If the
counter N is not less than the predetermined number of layers, the method is ended.

10674} In an aspect, when the predetermined number of layers is greater than 1, a
sensor printed in each layer may have different configuration, such as a helix pattern as
shown in FIG. 7 and a pitch angle. Alternatively, the sensors in a multiple layers may be
all connected so that the sensors only have two contacts rather than a sensor in each layer
has two contacts separate from two contacts of another sensor,

18875] Although embodiments have been described in detail with reference to the
accompanying drawings for the purpose of illustration and description, it is to be
understood that the inventive processes and apparatus are not to be construed as limited.
It will be apparent to those of ordinary skill in the art that various modifications to the

foregoing embodimenis may be made without departing from the scope of the disclosure.
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WHATIS CLAIMED IS:

1. A medical instrument having a distal portion and a proximal portion, the medical
fnstrument comprising:

a sensor printed on a distal portion of the medical instrument and having at least
one coil formed of a conductive material;

at least one non-conductive material covering the at least one coil of the at least
One SeNnsor;

a conductive layer printed circumferentially around the proximal portion of the
medical instrument;

a nonconductive layer printed on top of the conductive layer; and

at least one pair of contacts electrically connected to the at least one coil and
coupled to the conductive layer, the conductive layer connectable to a measurement
device configured to sense an induced electrical signal based on a magnetic flux change
of the electromagnetic field,

wherein a location of the medical instrument in a coordinate system of the
electromagnetic field s identified based on the induced electrical signal in the sensor.
2. The medical instrument according to claim 1, further comprising a base non-
conductive layer on the distal portion of the medical instrument on which the conductive

material is printed.

3. The medical instrument according to claim 2, wherein the sensor includes multiple
layers of the conductive material and the non-conductive material printed or fabricated on

the distal portion of the medical istroment.

4. The medical wstrument according to claim 3, wherein each conductive layer has a

different configuration.
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5. The medical instrument according to claim 4, wherein the different configuration

inchades a pitch angle and a number of loops of the conductive material.

6. The medical instrument according to claim 3, wherein the proximal portion of the
medical nstrument includes a plurality of conductive layers and non-conductive layers

printed on the proximal portion of the medical instrument.

7. The medical instrument according to claim 6, wherein each conductive layer is

coupled to one of the conductive materials of the sensor.

8. The medical instrument according fo claim 7, wherein the conductive material is

connected to the conductive layer through vias.

9. The medical instrument according to claim 1, wherein the conductive material forms a

helical shape.

10. The medical instrument according to claim 9, wherein the helical shape is counter

clockwise.
11. The medical instrument according to claim 9, wherein the helical shape is clockwise.

12. The medical instrument according to claim 1, wherein the outer surface of the
medical instrument 1s made of ETFE, PTFE, polyimide, or non-conductive polymer.
13. The medical instrument according fo claim 1, wherein the conductive material is
copper, silver, gold, conductive alloys, or conductive polymer.

14. The medical instrument according to claim 1, wherein the medical instrument is an
extended working channel, an imaging instrument, a biopsy forceps, a biopsy brush, a

biopsy needle, or a microwave ablation probe.
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