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Abstract

Purpose: In computer assisted surgeagcurate navigation tools are a necessity in many
applications The current most widely used navigation systems are expensive compared to the
cheaptest imaging modalities such as ultrasoudrmanentmagnet based traiclg systems
potentially offer adequate trackirmccuracyand workspace size for limited clinical adoption
This thesis investigates the deveatmgnt of such a tracking system, in order to facilitate future
work in developing this technolgg Methods: Tracking the position of a permanent magnet
involves finding a solution to a field model which matches the measured field to a position
around the magnefThe work here first comparedmmon magnetic field models to one another
and to measured magnetic field data to determine their suitability in tracking syst#ms
repeatablexperimental data collection method is presented along with a method cétoafitio
reduce systematierror. A simulator was alsawritten in MATLAB which simulated the
experimental setup allowing systematic and random errors to me contrdledults: Two
simple magnetidield models were compared and found to have nearly identical fields. A more
complex model was comparathd had measureable different field magnitudes to the dipole and
monopole models (on the order of 10% differendel) was unusable in the tracking @lighm
due to limitations of the nelinear optimizer and not investigated further. Simulated results
showed a high sensitivity to most errors sources, particularly the orientation error in the data
collection setup and in the sensors minimum resolutfameasurable magnetic field. Tracking
accuracy on experimentally collected data iDGF after calibration was less than desingidh
position error exceeding 5 mm at distances as low as 10 cm between sensor and magnet.
Conclusion: Permanent magnet tidng was found to be less accurate than is clinically useful,
and highly sensitive to errors in sensors and experimental s&tup.range of the system was

found to be particularly limited by the sensor measurement resolufldns work provides



solutiors to some common error sources and could be used as a starting point for future

investigations into permanent magnet tracking systems.
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Chapter 1

| ntroducti on

In modern surgical practice medical imaging and tracking technsl@ge welestablished
tools, and are becoming more widespre&eginning with simple 2D imaging such asRfys,
modern imaging covers many modalities and is becoming mdsfital, with images directly
captured by digital sensors and only converted to viewable images in soffidhe same time
low cost computing andensors have given rise to afordalpesition and orientation tracking
technologies with high accura@nd reliability. Over the last twenty years the proliferation of
desktop PCs and increase in computing power has given rise to theoffiglthge guided
interventions, which combines digital imaging modalities and tracking technologies to enable
new advanements in preoperative planning and actual surgery.

In practice performing an image guided intervention requires a nunibdis@ete but
important step§l]. Imaging data is initially collected, most commonly with CT or MRlhe
tools to be used in the surgery are then fitted to be tracked by a localization device or devices.
The localizer is then registered to the preoperative data to be able to show tool positions relative
to collected medical images. Lastly the tool § displayed to the surgeon with respect to the
anatomicalfeaturesof interest, and as needed the registration between the image data and the
actual situation of the surgeon are corrected for.

The focus of this thesis is on the localization requiredrf@ge guided interventions, and

exploring low cost technologies capable of localizing medical tools.

1.1 Clinical Motivation

Ultrasound imaging has become a hightrtpble modality that provides ret@ine and low

cost imaging to healthcare providd®y, [3], [4], [5], [6]. It has been shown to be useful in



improving medical outcomes iplaces where no other imaging is availapig, [8]. Using
localization devices, 2D ultrasound images can be reconstructed into 3D volumes enabling
greater use in preperative planning. They can also be used as an wuperative imaging
modality to assist in procedures such as needle placements. A driving factor in ultrasounds
widespread adoption is its low cost; therefdreombined with a low cost tracking solution this
could enablegreater use of ultrasounkchnologyas the imagingchoice in image guided

interventions.

1.2 Proposed Tracking Method Contributions

The desired outcome of the work was a low cost handheld tracking device using permanent
magnets and off the shelf hardware. this work handheld means small enough to be integrated
into an ultrasound probe (typical linear probe size is 2x6x15 cm), or mounted onto one in such a
way that it does not interfere with its use.

For the device to be simple to use and be useful imical settings the following
requirements were desired to be met.

1 Must use off the shelf hardware.

1 Device should be small enough to mount on ultrasound probes without obstructing
their use.

1 Must work ina 30x30x30 centimeter workspace

I Worst case @sitionacairacy undeb mm.

These workspace and accuracy requirements will enable the system to be usable for needle
guidance, catheterization ad guide wire applicat[@h$10] [11]. Additionally the system could

be used to perform 3D ultrasound reconstrudti@j.



In the reported literature all permanent magnet tracking solutions fail to meet at least one of
these requirements. The syssaither use custom made sensor circoithave very large sensor
arrays which are not realistically handheld.

The first potential improvement to tracking is a verification of the magnetic field models
used. The work in literature does not have conaret#ication that the dipole field assumption
is correct or accurate, and this can potentially lead to reduced accuracy of the systems in use.
Performing experiments where the magnetic field of a permanent magnet is measured at precisely
known locations ad angles to the sensors can test assumptions on the accuracy of the model
rather than assuming it will work and attributing some of the error in the tracking solution to
model inaccuracy Performing field model verifications requires accurate sensdsratibn, and
a methodology will bepresentedo account for a number of the sensor errors found in any
magnetic tracking solution.

A simulator was also implemented which could model the most common sources of error
encountered in the tracking solution plamented here as well as those implementethén
literature. This simulator was used to help determine wiaahces of error contributed the most
to the systenaccuracy and to determine a realistic accuracy limit which could be achieved.

Two tracking slutions are shown in this work, one similar to previously reported results and
another based othe linear interpolationbetween a priori field measurements instead of a
magnetic field model The goal of this work is to provide a baselfoeexperimental results and
methods to provide a starting poifatr future work in implementing a full tracking solution.
There werdour main contributions to thisesult

1 A technique for experimentabmparison between magnetic field models and actual
magqnetic field data
1 A simulator to determine the impact of the main sosiroé error in permanent

magnet tracking.



i Tracking resultsn 3D using methods similar to those published in the literature
1 Tracking results in 2D using a linear interpolation model.
These contributions should provide a foundation for future work in this area to build upon. It
is hoped that the work shown in this documerill assist researchers in evaluating and

developing permanent magnet tracking technology.

Chapter 2

Background

2.1 Pose Trackirg

Pose, the combination of position and ptaion, can be tracked using a number of separate
technologieswith optical tracking and electrmagnetic (EM) trackinghe most widely used
technologied1]. In all systemsthe purse to find the position and orientation of one or more

trackers with respect wsingle coordinate frame.

2.1.10ptical Tracking

Optical trackings the most widely usedystemin surgery today. They offer high positional
and angular accuracy across a large workspace. All conventional optical tracking systems use
stereoscopic cameras and objects with known geometries to solve for the pose of the tracked
tools. Passive and aet infrared (R) optical trackers offer high accuracy, with positional jitter
repored to be as low as 0.11 mmotmean squareRMS) [13] in literature and a 0.5 mm 95%
error confidence interval N manuf act [04]. e In practice the accurasy is more
complicated than that, and manufacturers vary but it is a safe assumption that under 1
position error can be expectfdb].

All optical tracking techniogies feature similar accuracy and typical systems such as the

Polaris tracker have large workspaces. A major drawhaulever is the need for liref-sight
4



between the sensors and the tracked objetitsclinical use the requirment for line of sight
between the cameras and tracked devices requires added care from the clinician to avoid blocking
the camera In some procedures in less accesible areas of the body it can be completely
impractical to maintain linef-sight, rending optical tracking unusablédditionally both the

trackers and tracked objects tend to be larGeeater separation of the stereo camera sensors
increases the range and volume of the workspace, and there is also a direct correlation between
tracking accuracy and the size of thecked object This is evident irFigure2.1andFigure 2.2

where at there tends to bé least 10 cnbetween individual tracker elements. This is a large

contrast to EM tracking where a typical large tracker is 0.5 x 0.5 x 2 centirfigtgx6] [17].

2.1.1.1Active IR Tracking

In active IR tracking systems the tracked tools haviglir emitting diodesl(ED)s arranged
on the tool in a known geometry. The LEDs are activated in sequence from a control unit which
is connected to the trking software, allowing the image processing software to know which
physical LED corresponds to the lights imaged by the camera seR$gure 2.1 shows an
actively racked tool, where the IR LEDs are visible as yellow areas on the four corners of device.

An important drawback to actively tracked systems is thgtdhe most often wired systems.

Figure 2.1: Active IR tracked prole. LEDs are visible as yellow circles at the corners of the

device.



2.1.1.2Passive IR Tracking

Passive IR systendo not have an active lightsource on the tool. Rather, IR light is emitted
close to the cameras, and retroreflective markers on the tool reflect this light back towards the
cameras and light sourced.he tool geometry is defined by the locationtioé etroreflective
markers, with each tool featuring three or more markers which make up the unique tool geometry
detected in the tracking softwaréA set of tracked tools is shown ifrigure 2.2, the unique
geometry of each tool allows the system to track multiple objects simultanedndlye sensor
system shown ifrigure 2.2 the cameras and IR light sources are housed behind the two black
lenses on each side of the camera systdimese systems are just as accurate as active systems

and have the additiahadvantage of not requiring wires connected to any of the mdd&grs

Figure 2.2: Passive IR opticatamerawith tracked tools.

2.1.1.3Visible Light Tracking

Trackers using visible light use image processing to isolate high contrast markers from the

scene they are imagingFigure 2.3 showsan optical tracker camera and markefhe high
6



contrast marker in this case is typical of others, consisting of black atel ggometric patterns.
These trackers work well but as they do not have independent light sources they are more affected

by the ambient lighting falling on the tracker markers.

a) Visible Iight tracking camera b) Visible light markers

Figure 2.3: A three camera optical tracker shown in a) while a visible light tracked marker is
shown in b), the three black and white patterned circles making up the tracked points of the
object.

2.1.2Electromagnetic Tracking

Electromagnetic, or EM tracking is the most widely used tracking system in meditne af
optical system$l]. All EM tracking implementations consist of a transmitter generating known
magnetic fields which are in turn measubsdone or more sensors which can be tracked. Unlike
optical tracking EM systems do not require line of sight between the transmitter and sensors as
magnetic fields are not appreciably distorted by tissue, allowing them to be used in situations
where opfttal tracking would be unfeasible. The sensors in EM systems can also be highly
miniaturized, this is shown iRigure2.4 where the sensing elements can be made oorttes of
1mm wide and 46 mm in length. This enables sensors to be embedded into needles or other
tools to provide more direct tracking within a patient, and additionally makes attaching trackers to

tools less cumbersome than with typical optical traxker



The accuracy of a typical modern implementation of EM tracking can be as low as 1.4mm
RMS in position and 0.5 degrees RMS in ari@®. In practice the accuracy of EM tracking is
affected by the presence of metal aroumel $ensor and transmitter, as the generated magnetic
fields induce eddy currents in nearby metal objects which in turn produce magnetic fields
measured by the sensor. These distortions are difficult to quantify and compensate for, research
is ongoing to ihd mitigating techniques but it remains an open problem in EM tracking. Optical
tracking comparatively has very consistent and quantifiable error across the working space of the
tracker[15] [18] [19]. Electromagnetic tracking can be divided into two main implementations,

alternating current and direct current, as described below.

2.1.2.1Alternating Current EM Tracking

Alternating current EM tracking was the first implementation produeed originally was
used in military applicationfl] [20]. In alternating current systems a transmitter consisting of
dipole coilsgenerates alternating dipole fields which change polarity at a rate typically in the
region of 814 kHz. Sensor coils capable of measuring changing magnetic fields detect this
signal from which the tracking solution is solved. One of thet Bystems targeted for the
medical field was produced by Noettm Digital Inc. (Northern Digital Incorperated, Waterloo,
Ontario, Canada)and uses six dipole coilshich produce AC signals in a sequence, providing
six measurements to the sensor allowan§DOF tracking solution to be solved. The sensor in
this embodiment is a coil of copper wire in which measurable currents are induced by the AC
magnetic field.

The system first produced INorthern Digitalsuffers from a number of fundamental flaws
whi ch prevent itds more widespread use. The
orientation of the sensor suffers fourfold symmetry, requiring the quadrant of the sensor to be
known a priori or assumed. Alternating currents also induce eddy darnemnmetals around the

8



transmitting unit. These eddy currents then produce AC magnetic fields which are also measured
by the sensor, reducing the accuracy of the systenAC systems error due to nearby metallic

objects increases with the cube of theximity of the metal to either sensor or transmifié].

2.1.2.2Dir ect Current EM Tracking

Direct current electromagnetic tracking uses wire coils in the transmitter fed by DC current
to establish static magnetic fields wiiare measured by the sensdhis system requires sensors
capable of measuring static magnetic fields, most commonlygfiex coils as shown iRigure
24. In DC gstems the typical implementation is to have three orthogonal field sensors on the
tracker, and three orthogonal field generators at the transmitiety small sensors meant for
needle tracking can have only two sensor coils, dropping the coil whicll woable measuring
rotation about the needle axi® reduce the effect ®émporaryeddy currents and the static error
due to the earth magnetic field, DC systems first take a measurement of the sensor with no
applied field to determine the backgrounddie A single axis of the transmitter is then powered
by DC current. Eddy currents only respond to changing fields, so by waiting a brief period after
the coil is powered eddy currents are able to subside. The sensor then measures the field of each
senso axis, removing the previously measured background field. This process is repeated for
each of the three transmitter coils. This results in nine individual measurements which can be
used to solve for a 6 degree of freedom position and orientation soluging a number of
algorithms.

Direct current tracking still suffers some error from eddy currents in the presence of highly
magnetically susceptible metals such as some steels and iron. Aluminum, titanium and stainless
steel are not highly susceptible and as they make up the maybnihetals found in surgical

practice the errors due to eddy currents are significantly reduced compared to AC systems. Direct



current EM tracking systems such as those soltNdthern Digital Instrumentsare the most

widely used sytems in current praicie [1] [16].

Figure 2.4: Electromagnetic tracking sensors for Ascension trackdarger 6DOF sensor and

smaller 5DOF sensors are shown.

2.1.3Acoustic Tracking

The tracked objects in acoustic systems use the noise of electric sparks generated across
small gaps to identify the location of an object. An array of microphones detects the noise of the
sparks and using time of flight information determities distance to the spark. The spark gap
array is placed on the object to be tracked, and with six or more gaps position and orientation can
be determined. For the system to work the spark gaps needed to be in a line of sight to the
microphones which dhced the potential workspace. As well, the speed of sound in air is
affected by many environmental factors such as humidity and would result in varying accuracy
during use The system also made some patients uncomfortable as the electric sparks could be

generated close to a patients head for some chest and neciR4¢§2)].
10



The loss of accuracy due to environmental changes and line of sight requirements make
acoustic tracking a mudbss appealing option compared to optical or EM tracking and irmod

practice it is rarely sedd].

2.1.4Permanent Magnet Based Tracking

A number of tracking solutions using the magnetic field of a permanent magnet exist in the
current literature. These systems typically asearray of multiaxis sensors to measure the field
of a single magnet from multiple physical locations at one.tinmeexistingliteraturethereare
multiple variations of trackers using planar arrays oftiple sensorg23], [24], [25], [26], [27],
[28] [29] [30]. These systems all work by taking advantage of the large numisensbrdo
directly solve the notinear magnetic field equations of the permanent magnet that is tracked.
Alternative methods havieeen proposed to track endoscopic capsules, however these methods
have low temporal resolutions and accuracies as the requirements of endoscopic tracking are less
stringent than in other areas of medicine requiring positional tragkiig32].

All of the published research on permanent magnet tracking for more than three degrees of
freedom uses the same basic methble typical setup uses an array of N sensors where N is >=
5, and foreach set of measurements finds a value of the position and orientation of the magnet
within the solution coordinate system that minimizes the error between the measured magnetic

field, and t he expected field val ues fror
aier ||

Most often the model of the magnetic field is a point didae], [25], [26], [28], [31],
however other models can be useath as a monopole model7] [33]. The use of the point
dipole model allowdor fast computation of the solution, but is not necessarily an accurate model
of a physical magnets field, and is alsoits solutionsto five degrees of freedoas the field is

symmetrical about the axis of magnetizati28].

11



Most reported results use the Levenbilgrquardt (LM)nonlinear optimization algorithm.

This algorithmsolves the parameters of a function to mimimize the sum of squares difference
between observed values and the function outputs. Utresgonly an initial guess of the solution
and an intial damping paraer _ as inputs. The damping parameter modulates the algorithm
from behaving as the gradieséscent algorithm or Gaubkewton approximation. At values of
_close to zero it appezhes the Gauddewton method, while asgoes to infinity it approaches

the gradientlescent algorithni34]. The implementation of the LM algorithm in MATLAB
which is used in the work presented in this thesis increaséshe algorithm iteration was
unsuccesful at reducing error, and decreases if it was suci@ful

Schlageter et aJ23] demonstrated a-BOF magnetic tracking system using an awhidall
effect sensors to measure the field of a cylindrical maghee measurements from the sensor
array were used to solved the dipole model foflxB- position solution and-ROF orientation
solution usingthe LM algorithm optimization. Their publshed results focus on simulations of
the sensitivity of the sysm to various forms of errors. In practice, they report a positional
accuracy of less than 3 mm when the magnet is within 100 mm of the middle of the sensor array.
Accuracy drops off quickl beyond this distance.

Hu et al. demonstrated a system which can fully solve tH2C(F magnet location using
multiple sensors around the magri@d] [25] [26]. Thdr system is similar to that of Schlageter
[23], however they used newer anisotropic magnetoresistive (AMR) sensors produced by
Honeywell (Honeywell International, Inc, Morristown NJ, United States of Americahese
sensors(Honeywell HMC1@13), are a commercial-8xis sensor where each discrete chip has 3
orthogonal sensordn their first published results they used an array of-4&i8 sensors, for 48
total sensors in a 4x4 planar arrangement nearly identi¢ghhtoof Schlagetei23]. Instead of
directly solving the notinear dipole equations they used a linearized form of the model shown in

[24], improving computation times. With a magnetuing above the sensor grid at a distance of
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10 cm, they reported an average localization error of 3.3mm and average orientation error of 3.0
degrees.

Hu et al. expanded up their original results to create a tracking system using a cube of
sensors, and oabining their linearizeddipole equation solver with their existing nbmear
dipole solver In this realization of their methothey used four planes oine 3-axis The four
planes formed a cube open on either end,thrdmagnet to be tracked wasgéd within the
open space of the cubd&hey used the linearized form of the dipole equations shoa#|rto
initially solve the 5DOF localization solution, which was theised as an initial guess in an LM
optimizer to futher optimize the resultThey also discussed the calibration method used on the
sensors prior to running their experiments. For eagki8sensor, they calibrated the individual
axis sensitivity, adjusted for ndimear effects, adjusted for positiogrrors of the assumed
location of the sensor, and adjusted the expected orientation of the sémstweir reported
experiments, they found an average position error of 3.72 mm and average orientation error of
1.86 degrees.

Sherman et al. also demoradrd a system using a planar array of ser@&js Similar to
Shlageter and Hu, Sherman chose to model the magnetic field as a dipole and $0Ed 5
position and orientation solution usib{yl optimization. Their sesor array used a mix ofaxis
and single axis sensors, for a total of 27 sensors. In their experiments, a magnet was moved in a
straight line away from the sensor array with a fixed orientation. Up to a distancermofft@m
the sensor plane, they waableto localize the magnet with under 5 degrees orientation error and
under 6 mm position error.

The work of Huet al. wasexpanded beyond prieusly reported work by usingnore
complex moded of the magnetic field27] [30]. An intial simulation only experiment was done
using a cubic magnetic model to determine@d@ solution. They found that a particle swarm

optimizer was able to converge to a solution, but did not demonstrate aswor&hltracking
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results[30]. Their optimizer also had a 1 second computation time, making it much too slow to
be useful in realime applications. In a laterwork, an annular magnet model was used,
determined using the Bi®avart law, radelling the magnet as a coil. The field equations of the
annular model areot directly solvableanalytically but can be numerically integrated. Due to
this complexity, the position solutions were solved using a particle swarm optimizgr ddes

not requirethe solved equation® be continuous. This method however is slow to compute, and
to mitigate this in their results they first solved ®6F solution using a dipole model of the
magnet, which was then used as the initial parametehe garticle swarm solverEven with an
accurate initial guess comptuation time was on the order of 700 seconds per solution.

Andra et al. have demonstrated-®QF tracking solution using permanent magnets using a
novel method of trackingB1]. The system consisted of a sgpical magnet in a small bearing
allowing it to freely rotatethat could be ingested by a patientheir method usk external
magnetic fields to rotate the magnet to a desired orientdtidng tre tracking procedureA 3-
axis magnetometer on al2gantry is positioned above the patient who has ingested the magnet
The magnet is rotated ke external field such thatsitmagnetic polarization points directly
upwards. The result of this is thahen the 3axis magnetometer is directly above the magnet,
the field will only be measured in a single direction. Thus, the system moved the magnetometer
to minimize the measured field in two axes and maximize it in the third. When this is achieved,
the magnetometer is known to be directly above the magAetimple feedback loop based on
the magnetometer measurements is used to control the gantry motors to achieve position tracking.
The position along the two axes controlled by the gantry is measyredpburing the motor
positions, while the distance above the magnet is calculated by modelling the magnet as a dipole
To remove the measurements of the earth field and the fields generated by the external coils, the
magnetic field is measured twice ferach sampl e, once with the mag

the magnetometer, and once pointing down. By subtracting these measurements the system is left
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with only the field components of the magnet. The system achieved a spatial resolution of under
10 mm and a temporal resolution approximately 1 secondThe low temporal resolution was

due to the need to physibalrotate the magnet using external fields at least once every
measuremengnd due to their algorithm taking the average of multiple measuntsno provide

each position solution.

A method similar to conventional permanent magnet trackers has been patented and
commercializedby the eZono company(e-Zono AG, Jena, Germanynder the trade name
eZGuide[33] [36] [37]. The system described in their patents is used to track a magnetized
needle for tracked ultrasound procedures. As the needle is very long, it necessitates the use of a
monopole modebf the field. In the point dipole model the positive and negative magnetic
monopoles are overlapping, whereas in the monopole model they have a spatial separation. The
eZGuide system uses an array of magnetometers located in the head of the ultnadmibdipg
used in the procedure. The measurements from the array of sensors ate fiednonopole
mo d e | of the needl e d&lnheanoptygnizes.tPress release infarmation framg  a

eZono does not state the expected accuracy of gtersy

2.2 Magnetic Field Modelling

Permanent magnet based tracking systems rely on accurate models of thecnfigdphedi
achieve good result3.he often use dipole model despite using permanent magnets that only
approximaé to a dipole in the fafield. Typical tracking solution using this model accept that
there is some error, but continue to use it due to the ease of comp[#a}i[@#6] [27] [28] [31].

The dipole model of a magnet is the simplest possible physical magnet, consisting of an
overlapping positive and negative point monopole. The magnetic field equatithsfeimple

case is well known The equation is often shown in vector form as
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Wherem is the magnetic moment, or strength of the magnit,the vector of the sample
location,and, is the magnetic permeability of free space. While the model is a high order non
linear equation, it i®asily computabland can be linearized with respect to some parameters to
more easily solve the equation. It does not however reflect the actualtimdipte of a real
magnet Despite these drawbacks it is the most widely used magnetic field model reported in
literature for permanent magnet tracking solutions.

A variation of this model, where the magnetic monopoles are separated by a distance has
been used in a commercial syst®3] [36] [37]. A simplified equatiorfor the magnetic field

generated by two monopoles is shown below.

t > > ®
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" T e > & ?
m
Magnet
r
Measurement Sample position
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B(r,m)

Figure 2.5: Dipole equation coordinate diagram.
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In addition to the parameters of the dipole model, the distance between the moMbisoles
considered. The tracking system which ubés model tilizes a magnetized needle as the field
source which ispproximatelys0 mm long and only a few mm wide. Most solutions using the
dipole modekemploymagnets with much smaller length to diameter ratios, and have not opted to
use the monopoleodel.

There is much work on accurately modelling the fieldsyihdrical permanent magnegS]

[39] [40] [41] [42] [43] [44] [45] [46] but rarely are these models tested against actual niagnet
field measurements in literature, merely reported and simulated. These methods typically either
model the cylinder wwfaces as being charged di§88] [39], treat the cylinder as a stack
solenoid coil§40] [41] [43] [46] or assume the outside of the magnet is a sheet of c{4@nt

[44] [45]. The work presented by Conwp2] used sheets of current to model the field allowing
more genellized equations to be develope@ue to the nature of the geometry of a cylindrical
magnet, the equations often include complete elliptical integrals, a special case of integral that
can only be solved by numerical methods except in the case of degenerate ingsit \Given
modern computational powesolving elliptic integrals is not a time consuming task and can be
solved in milliseconds by a typical desitoomputer[40]. The nature of the equations does
make it difficult to stve for the inputs to the field equation from a given field measurement
howeveras the inverse of the elliptic integral must be solved for, which is a less commonly

solved problem and solutions not as widely régxbr
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Figure 2.6: Dimensions and coordinate system of a cylindrical magnet.

The physical model published by Derblyal.[40] is typical of these models. The equations

for this modein cylindrical coordinatsare shown below.
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These equations use cylindrical coordinates
components® andé . Theval ues of K, z, o9, b and U are as
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The values ofxand¥ are the length and width of the cylindrical magnet, and the function
6 "QmMAdH s the elliptic integral. The numerical methods to solve for the magnetic field given
the input parameters of the functions are easily computable and run in a few milliseconds on a
midrange desktopomputer however it is less trivial to find the inverselution which is desired
for tracking systems.
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For modelling permanent magnets used in tracking solutions, thesiombye and practical
models which have beaeported inliterature are the dipole and monopole modélsomplex
annular magnet nuzl will not be shown here for brevitj27] [36]. In the results reportedsing
the annular modet was noted that the computation time to sateéeh 6DOF tracking solution
was 700 sec, whereagpdle and monopole based solutions have a computation time in the order

of 10 mse¢ making the annular model approximately 5 orders of magnitude g@wer
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Chapter 3

Magnetic Field Model C¥erbfatabnon

3.1 Magnetic Field Model

Based on reported successes in previous wottke literaturewe propose to focus on using
the dipole model of the magnetic fieldhe dipole model is a closédrm solution of magnetic
fields, and at large distances amggnetic field can be approximated as a dipole. The equations
of a dipole field are shown below in vector form as well as a Cartesian form in which the magnet

lies on the origin of the coordinate system.

owaa | & oa s (6)
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In both equationB refers to the magnetic fieldector, r = [x, y ,z] is the vector pointing
from magnet to the sensor in the measurment coordinate fransethe strength of the magnet,
and the permeability of free space is giverd b8 In the vectorized equatidd denotes a vector
defining the direction of the magnetThe direction ofH equivalent to the z direction in the
Cartesian equations, is aligned with the direction of the magnetic field of the magnet along its
axis.

For the vectorized equation, the coordirgtstems are as shownkigure3.1. Here the
location of the magnet and sensor are defined in a coordinate gystlioie that the value @&
in this equation is measured in the coordinate spaddhe sensor isotated relative to this
coordinate system the appropriate rotation must be applied to determine the measured field in the

sensor coordinates.

20



Sensor

Figure 3.1: Coordinatesystems of vectorized dipole magreejuationsAll measurements are in
coordinate frame A.

3.2 Experimental Setup

This work aims to verify the models most often used in permanent magnet based tracking,
and to test more complex models of the field of a cylindrical permanent magnet. Experimental
verification was performed by measuring the magnetic fields of a permanent magnet at many
sampling points where the position and orientation of the magnet can be known relative to the
sensor. The expected magnetic field for a given model at that spattibh can be calculated
and compared to the measured field, allowing a numerical value for the fit of the model to be

computed.

The experimental setup uses a hard plastic board with holes machined into it at regular
intervals to hold mounts for the magmnand sensors. The mounts are rapidly prototygoedl of
known dimensions. This allows the positions and orientation of the magnet and sensors to be
constrained to known values and is easily repeatable. The mounts were designed such that the
center ofthe sensor and the center of the magnet are level, and can be made to be in line with one
another. This allows the sensor to be placed in configurations relative to the magnet where the
position of the sensor can be assumed to be 0 in one of the thrdmateodirections of the

magnets coordinate systemhe sensors used were PhidgetSpatial Precision 3/3/3 High
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Resolution (Phidgets Inc, Calgary, Alberta, Canada), a sensor package which integeatiss a 3

magnetometer, accelerometer and gyroscope .

Sensor

e e 1}
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..................

.........................
........................
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Figure 3.2: Experimental setup with coordinate system labels.

3.3Sensor Error Model

Careful consideration of error sourcesniecessary to obtain accurate measurements of
magnetic fields in experiments. Thesfirsource of error lies in th@easurements returned by
sensoy which without calibration is not able toeasure the empiricallgorrectstrength of the
magnetic field it is in Each of the three orthogonal single axis sensors in the package have
different biases and scaling factors which must be accounted for. The following equation shows
the model used for sensor measurements.

0 i 6 w 06 € € Q )

In this model, the measurement vateturned by the sensaris a function of therue field
value at that poindb . The actual field value is shifted by a bipscaled by a scaling factsr
and also has two noise terms. The t@#°°" s caused by the sensor measuringnall

portion of thefields orthogonal to that axisnd noise represents the zero mean high frequency
22



noise of the sensorAccording to manufacturer specifications, the valug, @ +/-~ 0.2% of the
fields in the other axeand the noise is 1.1 milkgiss

An i mportant el ement of the sensor error not
5.5 gauss. For the magnets used in the experiments shown here, the sensors became saturated if
the magnet was closer than 5 cm to the sensor. At the étiye saturation limit the sensors can

provide false measurements, measuring zero fields when it should return 5 gauss.

Magnetometer Circuit

Figure 3.3: Location of 3axis magnetometer package on ltnertial Measurement Unit.

The equations used to model the magnetic field assume the location and orientation of the
magnet are known perfectlyThis introduces systematic errors in the experiment as theetmagn
and sensors cannot be perfectly aligned with their assumed coordinate systeeennot be
perfectly located relative to each othdrhis can be modelled by attaching a coordinate system to
the actual position and orientation of the magnet and seasdr,modelling the error as a
homogenous transformation between the actual and assumed coordinate, sySieimaccounts

for both rotational and position errors between the coordinate systems

% Y 0 (10)

23



In the notation used heréy refers to a transformation matrix from coordinate sysheim
coordinate syster, Y is a rotation matrix fronato b, and0 is the origin of coordinate system

b as located in system

3.4 SensorCalibration

3.4.1Magnetometer Calibration by Manufacturer

The sensors were first cal i bsofiwaretdol. hssi ng t he
tool uses the expected background field as a ground truth, and attempts to match the measured
fields to this. First, the expected background field was found using published geological data
from NASA for the area the experiment was perforr{iath://www.ngdc.noaa.gov/geomag
web)). The sensor is then rotated about in space to collect multiple points from each-akihe 3
sensors. The magnetic field vectors if plotted should show a sphere, as the vector will always be
of the same magnitude rglless of sensor orientation. Due to errors in the sensor gain, bias and
orientation, the actual shape plotted will be some form of ellipsoid. The software then determines
the gain, bias and rotation to apply to fit this ellipsoid to a sphere definte Ibyagnitude

provided by the user.

Figure 3.4: Uncalibrated measurement of earth field showing biases andrtfusgonality. The
Z axis shows a large bias.
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The resuls of this calibration are gain and bias parameters for each sensor, and six factors
which describe the nearthogonality of the measured ellipse. The orientation of the sensors
relative to the earth field is determined using the built in gyroscopes agléracseters, and as a
result there is some error in this. As well, to achieve an accurate calibtladgidrackground field
must be known accurately and must be homogenous in the space the probe is calibrated in. As
neither of these condition can be mttis calibration is further refined using more robust

methods.

3.4.2Calibration Refinement

The manufactureroés calibration method assume
is known and is homogenous within the area the sensor is calibrated in. ghstimdield
tracking solutions require a high degree of accuracy in the sensors, this calibration was further
refined using experimental data.

Before any data was collected, the manufactur6 s c al i br atinthenareawthes per f
sensor would be motned f or further data col | ec filieren. Th
the rawdata,thereforeall further calibrations are applied to sensor data which has already been
initially filtered.

In the calibration used, the sensors and magnet werdrképe same orientation relative to
the pegboard. The sensors remained stationary, and the magnet was moved across the pegboard
grid to collect multiplesample points After placing the sensors on the data collection setup, the
background field of the mm was collected for 10 seconds and averag&deach position, the
sensor collected data for 4 seconds at 125 samples per second. The raw data wastaveraged
remove high frequency noise, and the previously collected background field was subtracted
leaving a measurement of only the field of the permanent maghetleaving the sensors
stationary, the background magnetic field does not change during the data collection allowing the
initial measurement of the background field to be used to correct fueasurements.
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Calibration was done specificaltg calibrate the setup forteacking experiment where it is
desired to know the positioand orientation of the sensors and magnets relative to the
measurement coordinate system

The ground truth positionna orientation values of the sensor and magnet are determined
form the positions in which they are mounted on the pegboard. Errors in these positions and
orientations introduce systematic errors that reduce the ability to accurately measure the true
trackng performance of the system. A calibration refinement was done to reduce the error in the
assumed ground truth positions and oreintations of the magnet and sensor to improve the ability
to correctly measure the tracking accurachhe strength of the ngnetestimated during this
calibration as welto fit the measured datalong with scaling errors in each sensor.aBdscause
there is no independent measurement available for the magnetic field values, all of these error
sources are solved simultanelgoto find parameters that provide the best fit to the measured

data.
Foffm fm AY Ay Y v [ & Fiy b (11)
> = ] — m (12)
The goal of this optimization is to find error parameters that best fit a measurement from the
senso] to an expected field at that point from the field moflel . The dipole model

requires knowing the magnet orientatiprand the vector from the magnet to the sample psjnt

both measured here i n t hlbe ppséianlofdhe sedsbran fegod r di na't

coordinates i s gi vemreldivw toithe peghoarda s u mlesdsomeo s i t i o
systematic error position errgg 8Similarly the magnet position plus position error is in
pedroardcoordinates defined DY = . To compare modelled field valués those

measured, the measurements from the sensor must be scaled aad totéhe pegoard
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coordinate systemThe rotation is given by and the scaling in each measurement axis by

v i H A . Lastly the strength of thmagnet is given by the scalar vatie

Figure 3.5: Diagram of calibration parameters.

The LevenbergMarquardt algorithm was used to solve for the error parameters, with a
damping_ of 0.01. The parameters weselvediteratively to begin with, with all of the intial
guesses assuming zero error. As each paseamet was sol ved, itds sol
following optimizations The parameters were solved in the following ordesignet strength,
sensor scaling, magnet position error, magnet orientation, sensor position error, sensor
orientation. After each parameter was solved in this method, the optimizer was run to solve all
parameters simultaneously with theratively sovledvalues as the initial guess. This method
was chosen as it was found that optimizer did not always return sevesibés for position and
orientation errors if the magnet strength and sensor scaling were not solved intially, and the
optimizer would havelifficulty converging without close initial guesses.

The correction can be visualized by plotting the measured data against the expected data. If

the model is a perfect fit, all of the data points will lie on the line givesm byw8
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Measured vs. modelled data, sensor 1 X axis
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Figure 3.6: Measured vs. modelled magnetic fields before and after calibrémplog scale

The above figure shows the results of the calibrdtomxperimentally collected data

The x and z axis sensors were algeadw e | |

cal

brated

from

t

he

calibration, however the y axis had a scaling factor that was corrected. The measured and

expected values from the dipole model are in close agreement for measurements larger than
approximateh\50 milligauss. Calibration results sing a different sensor were similar and

showed roughly the same increase in model fit.
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Figure 3.7: Magnetic field vector plots afncalibrated (left) andalibrated (right) field.
Measured fields are shown in blaipole model field vectors shovin green, the location of the

magnet is shown at the bottom of the figure.
Shown inFigure 3.7 are vector plots showing the measured (in blue) and lheddgn green)
field vector directions, the vector magnitude is not represented. The calibration process can be
seen to show a very obvious improvement in imatg the direction of the modelled data to what
was measured.
Given the relatively close fit of the measured data to the data modelled with the dipole

model, it appears that the choice to usdsusimple model is justified.

3.4.3Calibration in a Surgical Workflow

The calibration parameters of the sensor were found to change over the timescale of days to
weeks, but in experiments where data was collected for 20 minutes there was no measurable drift
in the sensor outputs.

I n practice, t bration mauld heed to ber perfordned atctlel beginning of
every procedure, and some method of refining this calibration would be necessary as well.
Importantly, the background field must be compensated for and which can only be measured at

the workspace it Tools such as a simple jig to hold the magnet at set distances from the
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sensor could make calibration refinement a process that could be done in 5 to 10 minutes, while
the manufacturerodos calibration can be done in
Electrical noise was ndbund to be an issue in the experiments done in this work. In
practice, static magnetic fields introduced to the workspacecpébtation would introduce
potentially large errors. This can be mitigated by ensuring potential sources of static fields are
kept at least 40 cm from the sensor. At 40 cm the field of even a very strong permanent magnet

becomes too small to be measured by the sensor.

3.5 Field Model Comparison

Previouslyreported work has achieved highcuracy tracking using the dipole model with
little justification. The dipole model is often used as itsimple and provided sufficiently
accurate results. It was desired to see if the dipole model offered similar accuracy to other
models which would justify its use. The models usgdomparisorare a monopole model and

a modelderived by Derbyet al[40].
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Figure 3.8: Magnetic field eror visualizationbetween monopole and dipole model of magnetic
field.

In Figure 3.8 the difference between monopole and dipole field models is shown over a

typical workspace. The monopole separation was set as the physical dieenodignet. The
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difference, except in the sample points very close to the magnet is near zero, and in fact not
measurable by typical commercial magnetometers. For all practical purposes these field models

are identical for permanent magnets which do metHarge length to diameter ratios.

Field Error vs. dipole [g]
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Figure 3.9: Error between Derby physical model and dipole model of magnetic field.

The error between the physical model derived by Derby and the dipole model is much larger
and would likely impact tracking performance. In this work it would found to be challenging to
find a nonlinear optimizer which would reliably compute position $ians from this model
however. Given the more extreme difference in magnetic fields this may be a large contributing
factor in errors. It is also possible that the Derby field is not as accasatesired, as the

published work did no experimental vaditbn on the field measurements.
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Chapter 4

Position Tracking Simul at.i

4.1 Position Tracking Method

The method used in this work follows the general method used in previously published work
to perform position tracking around a permanent magnet. The method usdd thenlinear
optimization algorithm to find inputs to the magnetic field model whichimiize the error
between the expected field values and the measured field values. The cost function used is shown

below.

" o ) (13)
. 8 0 el

The error is the sum of the differences between each individlagihetic field measurement,
0 and the expected field measuremansensor from the model used . Note
that the sensors used here each measure 3 orthbfield measurements, which are considered

individually in the cost function.The model input»:is the vector pointing from the magnet to
the sensor, and; describes the orientation of the magnet. Because of the symmetry of the

magnetic fields) can be described with only two angleBhe error function can be extended to
any number ofxis measurments, but in this workmeasurements were limited to either ore 3
axis sensor or two-8xis sensors, where n = 3 or n = 6 respectivélg there a 3 unknowns in
solving 3D positiona single 3axis sensor can providaifficientinformation to find a solution.
For solving orientation in 5 degrees of freedom at least taxi8sensors are needed.
The LM algorithm was chosen as it g@mmonlyusedfor this applicationand it has been
shown inthe literature ¢ offer the strongest balance between speed and accuraeyalgorithm
does require an initial guess of the solution and is not guaranteed to converge to a global

minimum, rather only to a l@ minimum around the intial solution estimateGiven the
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symmetry of magnetic fields it is therefore important that the initial guess be reasonably close to
the correct solution.As the data in this work was collected on a grid, solutions were solved by
stepping across the collected points. Trigal guess for all points after the first was chosen to

be the previously solved position, which if it were solved correctly woultl b&om the next
position to be solvedas the pegboard holes were machimebalf inch intervals The very first

point solved was provided an intial guess which is kn@awporiori to be close to the correct

solution.

4.2 Tracking Simulator

In practicalexperiments it is difficult or impossible to control for certain sources afr.err
Determiningwhich source of error results in the greatest decrease in accuracy is difficult to
determine without highly controlled experiment§o simplify the process of determining where
to focus efforts on improvingracking accuracya simulatorwas programmed in MATLAB to
closely replicate tle tracking experiments The simulator allows for sources of error to be
introduced in a controlled fashion to isolate their impacth@overall performancelnputs can
be set as variables in a MATLAB script. The simulator is able to generate field values using both
dipole and Derby models, apply error models and find a position solution in 15 milliseconds on a
desktop computer running Windows 7 with an Ir@ere2 Quad CPU at 2.4 GHz and 8 GB of
RAM. The computation time is higher when the simulated tracking performance is poor as the
solver will run for a longer time for each sample. The simulator run time is dominated by the
nortlinear equation solvingode. Run time will be longer for cases where accuracy is very poor
as the equation solver will take longer for each sample to find a solution, or will fail to converge.
The average time of 15 milliseconds was typical for the simulaisaltsshown inthis work
where there was high accuraoythe workspace area close to the magnet, and poor accuracy far
from the magnet.
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4.2.1Simulator Design

The processing flow of the simulator is shownFigure4.1. Using the dipole modethe
simulator generates expected magnetic field measuremetntmned by the sensor for a given
position and orientation relative to the magnet saufidee measurements generated by the model
are considered to be the gr obvalds, thatiuthemagnetid ue s ,
field value if there were no sources of error. These values are then adjusted to account for sensor
error modelnd systematic errors in magnéVith erors applied, the values are representative of
what would actually be measured by a sensor
used as the inputs into the position solving algorithm. The position tracking error can then be
reported as the ddrence between the solved position, and the assumed position of the magnet in
the simulated experiment.The position error is determined exactly as it would be in an
experiment, as the difference between the solved positidrithe assumed position oethensor

relative to the magnetvith errors in the assumed ground truth positions taken into account.

Generate expected B value in
sensor coordinates (Eqn. 7)

Sensor

y BT H)

L Apply sensor error model to J

expected field to generate measured
field in peg coordinates (Eqn. 9)

J BT ")’

peg coordinates, use previous position
solution as initial guess (Eqn. 13)

b [F7]

Find position error between solved magnet
position and actual magnet position, accounting
for systematic errors (Eqn. 12).

L Solve for magnet to sensor vector rin [7Pe9]

peg
L [pmagnef]

Step simulation to next adjacent
sample point.

Figure 4.1: Simulator operation flow diagram.
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