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Misura gli altri come sei misurato da Dio: con una misura abbondante,
piena di amore. E esattamente questo che 1'uomo ricerca, e cio che lo rende
felice: I’amare ed essere amato. Esamina accuratamente il tuo cuore, getta
via [’incertezza e sii certo: Dio che ha creato il mondo, misurando con
precisione come un bravo architetto, e ha fatto ['uomo e la donna cosi belli,
ha a cuore la tua vita e ha in serbo cose meravigliose per te. Sii grato.



Abstract

The goal of this work is to support minimally invasive surgery (MIS) by developing
sensors and systems able to assist surgeon during operations, remaining “invisible” to the
medical staff. Hence, in this thesis we focused on the development of an electromagnetic
tracking system (EMTS), which can be employed for intracorporeal interventions, since
it does not require a direct line of sight between the source of the signal and the sensor,
as instead is required for optical systems. Indeed, in order to reduce invasiveness, very
small magnetic sensors are used to measure the magnetic field of known geometry
produced by a field generator (FG); due to the small sensor sizes, the sensitivity is
reduced, and when employing current commercial systems, the surgeon needs to place
the FG too much near the operating volume (i.e., patient’s table), thus hindering the staff
during the operation. Hence, in this thesis is presented a novel EMTS, developed to
increase the tracking distance of current systems, and several considerations are provided,
which can be applied to the development of other EMTSs. Moreover, a virtual platform
is developed, which permits to analyze system performances by adding noise components
and simulating error sources, hence the robustness and the accuracy of the system and its
weaknesses can be studied. The platform can be particularly useful for system
prototyping, by investigating the effects of system parameters (geometrical and electrical
ones) before the fabrication of the real EMTS prototype.

Additionally, along with the need of continuously tracking the surgical tools inside
human body there is the need of information about the real-time status of the patient.
Therefore, this thesis will also focus on the development of a miniaturized sensor to obtain
accurate measurements of ions, by finding robust fabrication parameters to achieve high
sensing performances, with particular focus on K" sensing: needle-shaped ISEs (Ion-
Selective electrodes) can hence be inserted into the surgical instruments, thus providing
important real-time information about cellular health, measuring K" concentration
directly from blood inevitably present during surgery.
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Chapter 1

Chapter 1

Introduction

1.1 Overview

Increased focus on improving patient safety and surgical outcomes in today’s
operating rooms is driving the transition from traditional surgery to minimally invasive
surgery (MIS) [1]-[3], which offers many benefits such as reduced risk of infections and
post-operative pain and decreased recovery time.

Significant support is provided by Computer Assisted Surgery (CAS), which relies on
medical imaging techniques such as Magnetic Resonance Imaging (MRI), Computed
Tomography (CT), and Ultrasound (US), to provide a three-dimensional model of the
patient’s anatomy [4]-[12], allowing for diagnostic and the pre-operative planning of
interventions. CAS combines the anatomical model with the real-time position and
orientation of surgical instruments, provided by tracking systems and guiding the surgeon
during the intervention. The set of procedures that allow real-time visualization of the
operating scenario during surgery is called surgical navigation.

Optical and electromagnetic tracking systems are the most used in surgery navigation.
Optical tracking systems (OTS) are very robust and offer high accuracy and resolution,
but the dependence from a direct line-of-sight between the cameras and the markers
placed on the instrument prevents its use for intra-corporal interventions.

Electromagnetic tracking systems (EMTS) use a small coil sensor inserted into the
surgical tool to determine the position and the orientation of the target object by
measuring the amplitude of magnetic fields with known geometry, generated by a field
generator (FG) [13]-[15]. The very small size of the magnetic sensor and the
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independence from line-of-sight, overcome the limitations of OTSs. The frequencies of
EMTSs, in the order of a few kilohertz, ensures greater penetration with respect to, e.g.,
microwaves, which can instead be exploited for other purposes such as indoor
localization, imaging and monitoring [16]—[18].

1.2 Thesis Objectives

EMTS technology presents two main limitations: @) it has high sensitivity to EM
interferences provided by electronic devices and to magnetic field distortions due to metal
objects; b) current commercial systems are not able to provide accurate position
estimations over a large distance from the signal source, due to the degradation of the
magnetic field amplitude with the distance from the field generator. Hence, the signal
source must be placed too much near the operating volume (i.e., patient’s table), thus
hindering the medical staff during the operation. Currently, commercial EMTSs provide
accurate estimation of surgical instrument position only for limited distance from the field
generator, generally not more than 0.5 m [13], [19]. It should be noted that a higher
tracking distance can be achieved by using some systems, such as Polhemus Long Ranger
trackers [20], but they employ larger FGs and bigger sensors, which are not suitable to
track surgical instruments such as needles and endoscopes and cannot be used in many
applications where a very small size is required.

The proposed research aims to overcome the limit of commercial EMTS, thus
increasing the tracking volume achieved by currant commercial systems, developing an
EMTS to obtain accurate position estimation of the sensor at distance > 0.5 m from the
field generator, by ensuring good performances in terms of accuracy and repeatability
position error. Particular consideration will regard the development of a validation
protocol to assess system performance, and the experimental setup for the metrological
characterization of the system.

Additionally, the need of integrated sensors for surgery is nowadays crucial, since it
gives information about key parameters related to patients’ status during surgical
procedures. In particular, the role of ion concentration measurements is particularly useful
in the biomedical field: among several, potassium ion is key to be monitored during
surgical procedures as a biomarker of organs failure. The need for miniaturization of ion
sensing systems is leading toward the development of sensors based on all-solid-state ion-
selective electrodes but realized onto working electrodes in very small sizes. The reason
relies on typical applications where minimum invasiveness iS a main issue to be
considered, e.g., in surgery. Hence, this dissertation introduces new miniaturized K-
selective sensors with working electrodes obtained by electrodeposition of Pt-NSs on a
very thin Pt wire with diameter of 0.1 mm, i.e., in needle-shape. For the first time in
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literature, the effects of electrodeposition voltage and time on the morphology of the
obtained nanostructures is investigated, in order to find a set of optimized
electrodeposition parameters for a regular fabrication of high performances K" ISEs.

1.3 Thesis Structure

This dissertation is organized into six major work chapters.

Chapter 2 illustrates the state of the art of tracking systems for surgical navigation, the
limitation of commercial systems, provides background theory about EM tracking
systems.

Chapter 3 shows the experimental setup to characterize an innovative prototype of
EMTS, developed to overcome the limitation of commercial systems. Several tests are
performed on the system to assess the performance in terms of signal repeatability and
drift, as well their effect on position estimation.

In Chapter 4 the proposed configuration of FG is assessed by evaluating the gradients
of the AC magnetic field produced by the transmitting coils, and the RMS position error
is evaluated by performing simulated and experimental tests.

Chapter 5 illustrates an algorithm to reconstruct sensor position and orientation, and
several tests are conducted to assess its performances. Moreover, a method to compensate
the position error caused by noise due to the excitation of transmitting coils is presented
and validated.

Chapter 6 discusses the main sources of error in EMTSs, and the importance of
knowing them during system developing. Hence, a virtual platform is proposed, which is
developed as a validation protocol to provide a tool for analyzing system performances
during the prototyping phase, which is validated by simulated and experimental tests
performed on the EMTS prototype.

Chapter 7 illustrates the fabrication and characterization of an innovative miniaturized
biosensor to monitor potassium concentration in blood during surgical intervention. The
sensors can be integrated with the EM tracking system during surgical interventions,
providing the surgeon with real-time information about an important biomarker.

Finally, in Chapter 8 the key results of this dissertation are summarized and discussed,
along with future work proposals for improving system performances.






Chapter 2

Chapter 2

Overview of Tracking Systems for
Surgical Navigation

In order to locate the surgical instruments in the operating volume, ad hoc tracking
systems are used, which provide real-time position and orientation with respect to a local
or global reference system. In the same way that the GPS navigator provides the driver
with information on the route and position of the vehicle, the navigation systems guide
the surgeon during surgical operations. They support more accurate diagnoses, planning
the operation and performing IGS (Image-Guided Surgery) interventions.

Basically, tracking systems are composed of a signal source, one or more sensors, and
a data processing unit. The system processes the signal acquired by the sensor and
provides continuous tracking of the surgical instrument with respect to the reference
system. Depending on the technology used, the sensor or signal source can be attached to
the target.

Tracking systems are used in many fields, such as military, virtual reality, and indoor
location [21]. To evaluate suitability for use in surgery, and to compare the performances
of different tracking systems, it is necessary to evaluate some characteristic parameters:

. Signal latency [ms]: indicates the delay between a change in position or
orientation of the target and the related information provided by the system.
Latencies greater than 50 ms are not allowed.
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o Refresh rate [Hz]: indicates the frequency with which the system updates the
position and orientation information. The minimum required value is 20 Hz.

. Resolution [mm] [°]: is the smallest change in position and orientation that the
system is able to measure. Since medical images have a resolution of
approximately 1 mm, the resolution required of navigation systems is <1 mm and
<0.1°.

. Accuracy [mm] [°]: indicates the position and orientation error committed with
respect to the real value. The reference values are the same as for the resolution.

. Sensitivity to interference and environmental factors [mm] [°]: in order to have a
robust and reliable system, it is necessary to guarantee a certain immunity to
external interference. The nature of the interference depends on the specific
technology used. The reference values are similar to the previous parameters.

o Operating volume [m?]: indicates the portion of space within which the system
can operate with a given resolution and accuracy. Values of approximately 5 m’
are required.

o Number of degrees of freedom (Degree of Freedom - DoF): it is defined as the
number of independent variables that allow to uniquely determine the position and
orientation of a point in space.

There are several tracking systems that can be used in surgery, classified according to
the technology used: mechanical, inertial, acoustic, optical, and electromagnetic systems.
The following paragraphs describe the operating principles of the two most common
tracking systems for minimally invasive surgical navigation: optical and electromagnetic
tracking systems.

2.1 Optical Tracking Systems

Optical tracking systems (OTS) are based on well-established and reliable technology,
offering a good refresh rate and high accuracy and resolution in a large operating volume
[22].

They usually consist of a fixed infrared (IR) emitter and a camera, and a set of markers
fixed on the target object. The beam generated by the emitter hits the markers, which are
formed by a series of spheres arranged in a known configuration, which reflect the
radiation; the camera detects the reflected wave and computes the position and orientation
of the target through geometric triangulation (Figure 2.1). Depending on the system used,
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the IR source can be linked to the target to be located, using active instead of passive
markers.

It is important to note that the use of radiation in the visible spectrum is not
recommended due to the presence of interference and its dependence on the brightness of
the work area. The use of IR signals allows to filter unwanted radiation.

IR source

IR camera
Markers with
known geometry

Figure 2.1 Principle of operation of an optical tracking system.

A major disadvantage of these systems is the dependence on a direct line of sight
between camera and markers, which limits their use to extra-corporeal interventions. In
fact, these systems rigidly connect the markers to the surgical instrument; if flexible tools
are employed, such as catheters or needles, localization would not be possible. In addition,
markers are usually disposable, since sterilization would reduce their reflective capacity.

Figure 2.2 shows an example of an OTS system produced by Masmec Biomed. It
consists of an IR tracking module, a module for 3D processing and reconstruction of the
anatomical area of interest, and a module for the fusion of multimodal images, in order
to increase information content. It is also equipped with an ultrasound module for real-
time operating support.

To refer the patient to the navigation system, several recording techniques are offered:
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Surface matching: A pointer is used on which a marker with reflective spheres is
attached. The pointer is placed on a series of points of the skin to acquire the
anatomical structure of the area of interest and refer it to the reference system of
the tracking system.

Fiducial matching: a marker is rigidly attached to the patient, and preoperative
medical images are acquired. In this way a fixed reference will be displayed in the
work area, with respect to which to refer during navigation.

Back-up of the registration: carried out in case of accidental movements of the
patient or of the reference markers.

This platform is widely used in neurosurgery, spinal surgery, and otolaryngology.

Figure 2.2 Orion multimodal navigation system, based on optical technology. Produced by Masmec
Biomed (http://masmecbiomed.com/navigazione/orion).
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2.2 EM Tracking Systems

When a direct line of sight is not available, electromagnetic tracking becomes the most
appropriate choice. Electromagnetic Tracking Systems (EMTS) use a small coil sensor,
inserted inside the surgical instrument, to determine its position and orientation by
measuring the amplitude of the magnetic field of known geometry generated by a Field
Generator (FG) [23]. The small size of the sensor and the independence from a direct line
of sight allow to overcome the limitations of optical systems, also allowing the use of
flexible instruments such as needles, catheters, and endoscopes. The frequencies of the
FG's power signals, of the order of a few kilohertz, ensure a greater penetration capacity
than, for example, microwaves, which can instead be used for other purposes, such as
localization, image acquisition and monitoring in indoor environments [24].

EMTS technology presents two main limitations: a) it has high sensitivity to EM
interferences provided by electronic devices and to magnetic field distortions due to metal
objects; b) current commercial systems are not able to provide accurate position
estimations over a large distance from the signal source, due to the degradation of the
magnetic field amplitude with the distance from the FG.

2.2.1 Field Generator

The magnetic field is generated by a circuit consisting of a minimum number of three
transmitting coils, arranged in space in a particular configuration. The number, size and
arrangement of the FG coils determine the distribution of the magnetic field in space and
the size of the FG itself, and influences tracking accuracy. Three types of generators can
therefore be distinguished:

. Standard FGs: they are the most common type. Produced by different
manufacturers, they are small and cover an operating volume of a few tens of
centimeters.

. Flat FGs: they are flat and thin, designed to be placed directly under the operating

table where the patient lies. Shielding the back of the FG greatly reduces the
sensitivity to interference from below, such as induced eddy currents in metal
structures.

o Mobile FGs: they are small FGs, which offer a small operating volume. Their
advantage is that they can be positioned near the work, thus offering good
accuracy despite the reduced range.

o Long-range FGs: available only from Pholemus Inc., they can cover areas up to 2
m.
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The design of the FG (electrical and geometrical parameters, arrangements of
transmitting coils, processing techniques) affects tracking performances, and different
manufacturers propose their own FGs, but they do not provide their design principle.
Hence, ongoing research is focused on designing FG’s parameters with the aim of
increasing tracking volume and accuracy. The main manufacturers of EMTS systems are
Northern Digital Inc. (NDI, Canada), Polhemus Inc. (USA), and Ascension Technology
Corp. (USA).

2.2.2 Coil Sensor

For the measurement of the AC magnetic field, the most common sensor used in
surgical navigations is the coil sensor [25]. This sensor consists of a small solenoid of
millimeter size, whose principle of operation is based on the law of electromagnetic
induction.

When the sensor is immersed in a magnetic field of intensity B, an electromotive force
is induced, proportional to the variation of the magnetic flux ® within the sensor,
expressed by the Faraday-Newman-Lenz law:

= Nd(p— NSdB— NSdH (L.1)
€= dt ~ ac Mo dt '

where N is the number of turns, and S is the section of the sensor. Since the sensor
moves slowly, it could be assumed that S is constant. The sensitivity is proportional to
the number of turns and the sensor surface, so it can easily be increased by varying these
parameters. However, due to the small size required by surgical applications, sensitivity
is very limited. An effective and commonly used way is to insert a ferromagnetic core
inside the sensor, in order to increase its magnetic permeability, so to increase the amount
of flow lines that are chained with sensor surface. (1.1) then becomes:

dH
= —pn-uN-S-— 1.2
e Uo * Ur S it (1.2)

The relative magnetic permeability p, can reach very high values, increasing the
sensitivity by up to three orders of magnitude. However, the actual magnetic permeability

10
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of the core also differs greatly from that of the ferromagnetic material, depending on the
geometry of the core, according to the following formula:

_ U
TTHKG - D) (1.3)

He

where K is the demagnetization coefficient, derived as

E—-ln(——l) (1.4)

with D, and [, diameter and length of the ferromagnetic core. From the previous
expressions it can be observed that a long and thin nucleus is preferable to one with a
large section and reduced length (Figure 2.3). It is recommended [, to be in the range [1.1
[,1.41].

r's

v

Figure 2.3 Size of a typical ferromagnetic core for a coil sensor (1. - core length, [ - sensor length, D,
- core diameter, D - sensor diameter).

The detectivity of the sensor is limited by thermal noise

Vp=2Jks - T-Af R [V] (1.5)

11
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which depends on the resistance R [Q] of the winding, the temperature T [K], the
frequency band Af [Hz], and the Boltzman constant kz = 1.38 - 10723 [WsK™1].

This type of sensor, being symmetrical with respect to its axis, has five degrees of
freedom, and it does not provide information about the roll angle. To overcome the lack
of information related to the roll angle, two coil sensors are often used, in orthogonal
configuration in order to cancel the mutual inductance,

2.2.3 Modeling the Transmitting Coils of the FG

The magnetic field produced by the FG can be obtained by considering the transmitting
coils as magnetic dipoles, since the wavelength of the generated magnetic fields is higher
than the considered tracking volume. Hence, the magnetic moment produced by the i-th
transmitting coil can be expressed as a function of coil characteristics and excitation
signal [26]-[28]

Myy i = Meyx i Ny i

Mexi = Nexi Stxi Liis (1.6)

_ 2
Stx,i = T iy

where 7, ; is the versor orthogonal to the surface S¢, ; of the i-th coil, and 1y, ;, N¢,; and
I;; denote the coil radius, the number of turns and the RMS value of the excitation current,
respectively. In FG design, both same size and current were considered for all transmitting
coils, but due to uncertainty in system parameters, small differences were observed in real
quantity values. Indeed, these parameters are indicated with subscript i in the following
formulas to take into account the mismatch between coils.

The RMS magnetic field generated by the i-th transmitting coil in a generic point pg =
[x, v, 2] is [26]-[28]

B;(ps i) =By X+B; y+B; z=
(1.7)

_ Mo Miy,i

= Ed—f [S(ﬁtx,i . ﬁd,i)ﬁd,i - ﬁtx,i]

where d; = |d;|, with d; = ps — p,; represents the vector distance between p and
the center Py, ; of the i-th transmitting coil, and 74 ; is its associated versor.

12
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By considering a homogeneous magnetic flux on the surface of sensing coil S, it is
possible to evaluate the induced voltage in the i-th coil by means of the following
expression

¥, = 21f; Ny Sy B, - fi; (1.8)

where N, is the number of coil sensor turns and

R = [cos(as) cos(Bs), sin( as) cos(Bs), sin(Bs)]"
is the versor orthogonal to the sensor surface (Figure 2.4).

VA

Zs

sensor coil

Figure 2.4 FG reference system. Image source: [29].

It is important to consider crosstalk effects due to mutual induction among the
transmitting coils. Hence, the crosstalk matrix was calculated [30]

1 G - Cig
C= C:21 1 C?n (1.9)
Ch1 Cpz 1
where C;; = :}Lj is the crosstalk coefficient which is defined as the ratio between the

current [;; in the j-th coil induced at frequency f; and excitation current I;; in the j-th coil
at the frequency fj, considering a generic FG with an arbitrary number n of transmitting
coils. (1.8) can be rewritten in the following way

13
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n
j=1

which takes into account the magnetic fields at the same frequency f; induced in all
transmitting coils by the i-th coil.

We can rewrite (1.10) in matrix notation:

U1
ﬁ:[s = CABR, = HA, (1.11)
Uy,
where
@ 0 - 0
Ao (3 @ 0 (1.12)
0 0 g
is the R™*™ matrix of sensor sensitivities at each frequency, with @; = 2 f; NS, and
Bi, Bi, Bi,
Bp)=|: : (1.13)
Bn, Bn, Bn,

is the R™*3 matrix of the generated magnetic fields. It is convenient to define H =
AB.

14
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Chapter 3

System Overview and Performance
Analysis’

In order to meet the need of accurate long-range tracking systems for surgical
navigation, MASMEC Biomed company (IItaly), in collaboration with Polytechnic of
Bari, has developed an innovative EMTS to be integrated in Imaging Guided Surgery
(IGS) systems, to overcome the main limitations of commercial EMTSs in medical use,
enhancing the state-of-the-art by increasing the tracking volume, thus obtaining accurate
estimation of sensor pose beyond 0.5 m from the FG [28], [29], [32], [33].

In Section 3.1, the basic working principle of the prototype of EMTS is described, and
the experimental setup for its characterization is illustrated. Section 3.2 describes several
improvements with respect to a previous version of the system, which led to enhanced
system performances in terms of noise level reduction. In Section 3.3 several tests are
performed on the system to assess the performance in terms of signal repeatability and
drift, and their effect on position repeatability is quantified in Section 3.4, along with a
comparison with the Aurora system, which represents the state of the art of commercial
EMTSs. Finally, conclusions are drawn in Section 3.5.

! This Chapter is based on papers [31] and [32].
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3.1 Prototype of the realized EMTS
The system has been carefully presented and partially characterized in [31], [33], [34],

where the position of the sensor was reconstructed using triangulation and the piecewise
linear interpolation technique.

It is composed of three main components:

e amagnetic field generator (FG).
e asmall coil sensor (Aurora — NDI) [35], which has sizes of 0.9 mm diameter and

12 mm length.

e acontrol unit for data acquisition and signal processing, as shown in Figure 1a.

The system architecture is shown in Figure 3.1: the signals produced by a signal generator
are amplified by means of five OPA 544 (Texas Instruments), providing the excitation
currents for the five transmitting coils. The whole AC magnetic flux induces a voltage in
the magnetic sensor, dependent on the position and the orientation of the sensor; the
induced voltage is then digitalized and filtered through five Butterworth band-pass filter
with bandwidth of 50 Hz, obtaining five RMS voltage components, V;, i =1, ..., 5,
relating to the different excitation frequencies. These components are then used for the
estimation of sensor pose by means of a suitable reconstruction algorithm. The sampling
parameters are listed in Table 3.2.

Signal
generator [::>

&I Current |

(x,y,2) <}j

(o, B)

Amplifiers Curr. 5-coils FG AC Magnetic field
sensors v
AL w~
_D & an
— s \

A~ Sensor coil

Control e ST A/D
Loop i RMS Voltage PB Filtering |
iV, Av _ i
H RMS PBF f.=f; !
] (]
ivz {RMSI v PBF f.=fa E
Estimation <_— H !
tvo—] rms | por o= g0 3
algorithm [<=! '
& EV4 IRMS} v {PBch=f4I—i
1 1

i [ | EAVEN _

EVS l RMSI | PBF fc=fs l—i
1

Figure 3.1 Principle of operation of the developed EMTS. Image source: [29].
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The experimental setup used to assess system performance, is shown in Figure 3.2. It
consists of i) the FG prototype, ii) the Aurora coil sensor, iii)) a MELFA RV-2FB-D robot
(by Mitsubishi) having a position repeatability error of 0.02 mm [36] for the movement
of the magnetic sensor along a user defined trajectory, and iv) the data acquisition (DAQ)
system. The DAQ system, based on PXI technology, is composed of the following
devices, inside a NI PXIe-1065 chassis: i) a NI PXI-4461 (24 bit) is used for the
acquisition of the induced voltage; ii) a NI PXI-6052E (16 bit, with a maximum sampling
rate of 333 kS/s.) is used for the acquisition of the five excitation currents; iii) a NI PXI-
6713 is used for the generation of current signals. The devices employed for data
acquisition (DAQ) and signal conditioning are listed in Table 3.1. The sampling
frequency of the DAQ devices is set to 50 kHz, with 2500 samples/s for each channel,
hence RMS voltage components, and consequently the sensor pose estimate, are updated
with a frequency of 20 Hz (see [32] for details about data acquisition devices and
parameters), which is adequate for many surgical navigation procedures.

Table 3.1 DAQ and signal conditioning devices.

Device Description

NI PXle-1065 Chassis which contains the devices for
DAQ system

NI PXI-4461 24-bit device for acquisition of sensor
induced voltage

NI PXI-6713  16-bit device for the generation of
current signals

NI PXI-6052E 16-bit device for acquisition of signals
from current sensors

LA 55-P Hall effect sensors for measurement
(LEM) of excitation currents

OPA 544 Power amplifiers for the generation of
(AD) the excitation currents.

A suitable control software, developed in LabVIEW® (by National Instruments Corp.),
manages the DAQ system and the movement of the robot, it allows to perform automatic
tests and measurements, it provides real-time parameters to monitor the system state, and
it allows the storing of the data sets for subsequent offline processing for performance
analysis; LabVIEW is largely used to control and monitor industrial equipment and
processes and for the creation of test and measurement systems [37]-[39].

17
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Figure 3.2 Experimental setup for system characterization. Image source: [40].

Figure 3.3 - Experimental setup: hardware DAQ based on PXI technology for signal acquisition and
generation.
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3.1.1 Field Generator

The FG consists of a support base of plastic material, to avoid EM interference, on
which five transmitting coils are arranged in space along five different directions, such as
to minimize crosstalk effects due to mutual inductances and to maximize the area covered
by the generated magnetic field, as shown Figure 3.4. Three coils are arranged
orthogonally to each other, directed along the three Cartesian axes; the other two are
orthogonal to each other and inclined by 45° with respect to the support plane (Figure
3.4).

Each coil has total length of 50 mm, internal radius of 17 mm, external radius of 27
mm, and 315 turns. The transmitting coils are simultaneously powered by sinusoidal
currents at different frequencies f;,i = 1, ..., 5, in the range of 1 kHz - 5 kHz, with a gap
of about 1 kHz, according to the Frequency Division Multiplexing (FDM) technique, thus
generating five AC magnetic fields. FDM enhances the use of time resources and does
not require a synchronization device, unlike Time Division Multiplexing (TDM).

According to the IEEE Standard C95.1-2005 [41], [42], which defines the security
levels for human exposure to electromagnetic fields, the amplitude of the total generated
magnetic field must not exceed the limit value of 0.2 mT. Hence, all coils parameters
(such as length, internal and external radiuses and turns number) were designed
accordingly, and excitation currents in each coil were limited to 1 A rms, as detailed in
[34]. In this way, the threshold of 0.2 mT was respected from a distance of about 15 cm
from the center of the field generator.

The selected excitation currents must assure the generation of a magnetic field
measurable in points far from the FG, up to 1 m. Hence, a power factor (PF) correction
capacitor is connected in series to each coil in order to work in resonance conditions; in
this way it is possible to generate fields of high intensity with a low power absorption,
using lower currents [43]. The capacitance C; of the single PF correction capacitor is
obtained by reversing the formula:

1
21, JLC;

firis =

where f; . is the desired resonance frequency and L is the transmitting coil inductance

(= 6.2 mH). The actual capacities of the PF correction capacitors differ from those
calculated by eq. (2.1), so a shift of the resonance frequencies is obtained. In addition,
due to the skin effect, each transmitting coil presents a different resistance, due to the
different frequencies used for FDM technique: as the frequency increases, the current
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density is greater on the surface of the conductor, causing an increase of coil resistance.
Table 2.1 shows the resonance frequencies and resistances for each excitation channel.

Table 2.1 - Resonance frequencies and resistors of each coil.

Nominal frequency [kHz] fris [Hz] Re{Z(f)} [Q]

1 972.5 1.83
2 2057.5 2.39
3 3070 3.31
4 3700 4.60
5 4750 6.25

Figure 3.4 Arrangement of the five coils. Image source: [31].

A current control loop was developed to stabilize the magnetic field amplitude and to
avoid errors in position estimation due to magnetic field variations, mainly due to thermal
and electric drift [44] of transmitting coils and electronics of the FG. RMS current values
in each coil, I;,i = 1, ..., 5, are measured by means of five Hall effect sensors (LA 55-P -
LEM). Moreover, to furtherly improve current stability, the current in the i-th coil is
filtered, choosing the component [;; at the frequency f; as feedback variable, as detailed
in [31]. This ensures more stability and reduces drift effects.
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3.1.2 Coil Sensor

The AC magnetic field generated by the FG is measured by means of a coil sensor, of
the type described in Section 2.2.2, small enough to ensure its insertion into surgical
instruments and sufficiently sensitive to magnetic fields of reduced intensity. In
particular, a 5 DoF (Degrees-of-freedom) coil sensor was used, produced by NDI (No.
610057) and designed for the Aurora system, but also integrable in other systems. It is a
shielded sensor, very robust to interference, with a nominal resistance of 83 Q. The
frequency response of the sensor is linear in the range 1-30 kHz, with a sensitivity of

about 0.1142 —— [45].
T-Hz

During the experiments presented in this dissertation, the sensor was placed inside a
3D printed PLA (Polylactic acid) housing. PLA is derived from plant substances and does
not generate interference when immersed in the magnetic field. The housing is then
inserted on the end of a carbon fiber bar with a length of about 50 cm. The other end is
attached to the end effector of an industrial robot used for the movement of the sensor;
thanks to the length of the bar, the interference caused by the robot is highly reduced.

3.2 Hardware Development

An experimental setup was developed and described in [31] to characterize the system.
In this Section, the setup has been carefully examined, leading to new developments, in
order to reduce the measurement noise.

3.2.1 Coherent Sampling

The voltage from the coil sensor is sampled and processed in not overlapping
observation windows. Leakage errors in the acquisition of periodic signals can be reduced
by performing a coherent sampling; where the observation window must contain an
integer number of signal cycles. First, let us define the following parameters for the
acquisition section:

e Sampling Frequency: f; = 60 kHz;

e Samples in the observation window: Ny = 3000 samples;

e Update Frequency for RMS values calculation: fupdate = fs/Ny = 20 Hz;

e Update period: Tup = 1/fup = 50 ms;

e Frequency and period of the i-th, coil, withi = 1,...,5: T; = 1/f;.
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Table 3.2 Sampling parameters.

Parameter Value
Sampling frequency fs =50 kHz
Number of samples in N = 2500 samples

the observation window

Update frequency for fup = fs/Ns =20 Hz
RMS values calculation

Update period Tup = 1/ fup =50 ms

The following condition ensures coherent sampling:

Tup/Ti = fi/fup =k (3.1)

where k is integer. Hence f; must be a multiple of 20 Hz and, considering also the
resonance condition for each coil, the frequencies listed in Table 3.3 were used in FG
signal generation.

Table 3.3 Frequencies used for FG signal generation to obtain synchronous sampling.

Coil Frequency (Hz)
1 980

2 2060

3 3060

4 3680

5 4740

3.2.2 DAQ Synchronization

In [31], the impact of spectral leakage errors has been shown, and remedial actions
have been performed. However, by analyzing the spectrum of the currents flowing in the
transmitting coils, spectral leakage was still observed. This phenomenon was also
observed in the time domain: the rms current value was affected by a periodic oscillation,
whose frequency increased with signal frequency. A careful analysis has led us to identify
this error as a result of non-coherent sampling. Indeed, even though the signal frequencies
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were chosen according to their coherent sampling condition, the DAQ device was not
able to sample at the proper frequency, due to its finite resolution, causing a frequency
mismatch. Moreover, there was a clock mismatch between the generation and the
acquisition devices. Hence, we finely tuned the sampling frequency, still maintaining the
coherent sampling condition, and synchronized the time bases of the generation and
acquisition devices through the routing of the clock signal. Finally, we set the sampling
frequency f; = 50 kHz and the number of samples per channel Ng = 2500. The results
show an improved field stability of more than 4 times, with standard deviations of about
0.007% of the FG current of 1 A rms.

3.2.3 Analysis of the Electronic Board

The NI PXIe-1065 (National Instrument, Austin, TX, USA) chassis has been
configured with two boards for the generation and acquisition of signals: the analog
output device produces five signals, which are amplified by five OPA 544 (Analog
Devices, Norwood, MA, USA) and power the transmitting coils; the analog input device
is used to acquire the signal from the coil sensor and the five transmitting current signals
by means of Hall effect sensors LA 55-P (LEM International SA, Plan-les-Ouates,
Switzerland) .

Experimental results have highlighted a conductive coupling effect due to common
power and ground returns, adding noise to the measurement of the sensor’s induced
voltage. To avoid this effect, separated power and ground returns have been provided,
reducing the voltage noise by more than 6 dB.

3.2.4 Improved DAQ Devices

In the previous experimental setup, a NI PXI-6052E (National Instrument, Austin, TX,
USA) device with 16-bit resolution and low noise was used to acquire both the sensor
voltage and the current sensors signal. Due to the low amplitude of induced voltage, an
INA 114 was used to amplify the signal.

Experimental tests have shown that the instrumentation amplifier provides noise in the
measurement process. In order to reduce this effect, a 24-bit DAQ device (NI PXI-4461)
(National Instrument, Austin, TX, USA) was used for the acquisition of the voltage
induced on the coil sensor, allowing for the removal of the amplifier. It presented an input
range of £0.316 V,k at 30 dB gain, with a LSB (least significant bit) of about 38 nV, more
than 80 times lower than the PXI-6052E.
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3.2.5 Cable’s Shielding

With the aim of evaluating the noise floor of the acquiring device, the voltage
measured on the sensor with the FG turned off was also acquired.

In this case, the voltage noise is mainly due to Johnson noise having power spectral
density (PSD) given by 4kTR. By considering T =296 K and R = 80 Q (corresponding

to the resistance of coil sensor), noise power densisty is =179 dB/Hz, or 1.14 nV/vHz.

The noise PSD of the PXI-4461 is —162 dB/Hz, or 8 nV/\/m. Therefore, when the
sensor is connected to the analog input channel with FG turned off, a noise floor of about
—162 dB/Hz should be measured. Instead, experimental results showed a value of about
—145 dB/Hz. Consequently, there was an error source that increased the measurement
noise.

In order to reduce noise, proper shielding was considered. Careful experimentation
showed that using a shielded cable of about 2 m to connect the coil sensor to the DAQ
device, the best results are obtained by connecting the cable shield to the chassis ground
with a short wire, taking care to make the path as short as possible. This has allowed to
reduce the noise floor to —162 dB/Hz, as expected.

3.3 Performance Analysis

3.3.1 Induced Voltage Repeatability

To analyze the effect of the improvements discussed in Section 3.2, the same
experimental tests executed in [20] have been performed, and the obtained results have
been compared.

The FG was supplied with currents of 1 A rms for each channel, and two baselines for
sensor positioning were defined, respectively at 0.7 m and 1 m from the FG, along the z-
axis of the reference system (Figure 3.5). For each position, 200 measurements of the five
rms voltage components V;, as well as the rms currents [;, i = 1, ..., 5, were executed, and

the mean V; and standard deviation (SD) o,; were calculated. The sampling frequency,

fs = 50 kHz, was selected, and Ny = 2500 samples were acquired; therefore, the rms
IS—S = 20 Hz, which is the minimum rate

appropriate for surgical navigation. The measurements have been performed keeping the

values were updated with a frequency f,,, =

sensor oriented along the x-axis, parallel to the coil powered at f.
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3
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— 0.70 m

0.16 (minimum distance from
: centre of FG for measurements)

X

Figure 3.5 Coordinate system with reference to the field generator (FG). Image source: [32].

Since the INA 114 instrumentation amplifier has been removed in the new hardware
development, the magnitudes of the induced voltages were different. Hence, to correctly
compare the effect of hardware changes, the relative SD values were considered, defined
as:

O'I,i

Oprel; = v (3.2)
0

Table 3.4 lists the relative SD of the induced voltage, at 0.7 m and 1 m, obtained before
and after the hardware improvement. An overall noise reduction of about 70% for almost
all channels can be observed. Moreover, it can be observed that some channels present a
relative SD significantly lower than others. In particular, the first and third channels
present higher values, due to the coupling between the coil sensor and each transmitting
coil, which depends on sensor orientation and transmitting coils arrangement, which
affect mutual induction and the concatenated magnetic flux.
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Table 3.4 Relative SD of the induced voltage at 0.7 m and 1 m from FG, before and after hardware
improvement, and their relative reduction. Results are expressed as percentage.

Distance (m) fi f2 f fa fs

) 0.7 19.75 0.15 153 0.08 0.11
Before improvement
1.0 1390 040 695 0.19 0.31
) 0.7 1.13 0.04 1.06 0.03 0.03
After improvement
1.0 3.03 0.13 1.09 0.10 0.07
) . 0.7 94 73 31 62 72
Relative reduction
1.0 78 68 84 47 77

3.3.2 Induced Voltage Drift

The current which flows in each transmitting coil causes the heating of the coil, with
consequent variations of coils resistance which result in magnetic field amplitude
variations. Hence, for each coil, a current control loop has been implemented [31], to keep
the magnetic field amplitude stable over time. The control system is based on the use of
the five Hall effect sensors LA 55-P, to measure the current in each transmitting coil.

Despite the current control system, experiments have shown a significant drift of
voltage components, as shown in Figure 3.6, representing the voltage values acquired in
82 min, after a system warm-up of about 30 min, with the sensor placed in a fixed position
at 0.7 m along the z-axis.

It can be noticed that, after about 50 min, the first three channels seem to converge,
whereas the fifth starts to decrease and the fourth channel is still increasing. Therefore, it
1s not possible to predict how the drift will affect the system.
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Figure 3.6 Voltage drift vs time; current loop turned on. Image source: [32].

To investigate the cause of the drift phenomena, additional voltage acquisitions have
been performed. The current control loop was turned on, employing I; as regulated
variable [Appendix A], and only one channel has been powered with a current of 1 A rms,
keeping the other channels turned off. A multimeter, model HP 34401A, has been inserted
in series with the active transmitting coil, to provide a reference measurement of the
excitation current. The acquisition started after a zero warm-up time.

Figure 3.7 shows the comparison between the current measured with the Hall effect
sensor and with the multimeter, related to the third transmitting coil. We can observe that
the current measured with the Hall effect sensor converges after a very short time, while
the current measured with the multimeter drifts over time.
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In Figure 3.8 we can observe that there is a correlation between the voltage drift of the
coil sensor and the current drift of the field generator measured by the multimeter, which
present similar behavior. We can therefore assume that the drift is due either to the Hall
effect sensor, or the shunt resistor at its output, or both. In fact, the control loop varies the
excitation current, in order to keep constant the current measured with the Hall effect
sensor, which is affected by drift errors; hence, the measured current is stable, while the
actual current drifts over time, causing a drift of the induced voltage.

In order to quantify and reduce the voltage drift, several experiments have been
executed. In particular, five acquisitions have been performed, which differ in the choice
of the regulated variable for the current control loop [Appendix A]. For each acquisition,
the sensor has been sequentially placed in six positions by means of the robotic arm, at
different distances from the FG, from about 250 mm to 750 mm along the z-axis. The
voltage drift is higher when the sensor is closer to the FG, so it is important to quantify it
as the distance varies. For each position, M = 100 measurements of the induced voltage
have been performed, and the mean value was computed to reduce the noise. Each
acquisition has been executed for a period of 120 minutes, starting after a zero warm-up
time. The results have shown that the drift was approximately the same at all distances,

"
i

regulated variable [Appendix A], because the voltage drift reached a stable value for all
channels, within 0.03%, 0.50%, 0.10%, 0.25% and 0.01% of the final value, respectively,
after a warm-up time of about 50 min.

in percentage terms. Moreover, the system performed better when choosing I;" as
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3.3.3 Excitation Currents Noise Quantification

Noise in excitation currents affects magnetic field stability and, consequently, system
performance in terms of pose estimation. As shown in Figure 3.1, a current control loop
was developed to improve magnetic field amplitude stability; for this aim the RMS
currents which flow in each coil, I;,i = 1, ..., 5, are measured by means of five Hall effect
sensors (LA 55-P - LEM). Moreover, the stability of the magnetic field was improved
further by filtering the current powering the i-th coil and selecting the component [;; at
the frequency f; as a feedback variable (see [31] for details).

Figure 3.9 show the excitation currents for each transmitting coil, in a period of 101 s,
and the standard deviation (std) calculated in non-overlapped windows of 1 s (containing
20 measurements each). In this Section we simulate and analyze the effect of excitation
currents noise on the total noise of sensor voltage measurement, by employing a model
of the magnetic field.
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Figure 3.9 Excitation current and std of each transmitting coil. Image source: [29].

3.4 Validation

Validation tests were carried out to evaluate the performance of the proposed system
in terms of the repeatability of the sensor position estimation. The results were obtained
by means of the post-processing of the acquired data, and not in real-time.
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3.4.1 Repeatability Error Evaluation through Gradients

To evaluate the repeatability error, the standard deviation of repeated measurements
of the sensor position r = [x, y, z]T was calculated. The magnetic sensor measured the
generated magnetic field, returning five rms components, denoted as v = [vy, ..., v5]7.
These were affected by errors, assumed to be uncorrelated, with diagonal covariance

o5 .. O
C,=|: =~ : (3.3)
0 .. o5

T
The position standard deviation o, = [O‘X, Oy, O'Z] can be calculated by the propagation

T
of the voltage standard deviation o,, = [0' «, Oy | »as follows.

vt
Letg = [g1,82 83,84 85]7: X € R® = R® be the function relating r and v:
v=g() (3.4)

Relation (3.4) is sampled experimentally by placing the sensor on a regular grid of N,,
points r;, i = 1, ..., N, obtaining voltages v;.

The variation of g(r) in the neighborhood of a point r; can be evaluated by means of
the gradients Vg;(r;), defined as:

ag; . . 9g9; . 9g;
Vg](rl) - dx (ri)J ay (ri), oz (ri) ) (35)
j=1.5i=1.N,
avj Avj
and o by

: o . : . Avj A
The partial derivatives are estimated experimentally by the ratios A—i’, e

assuming small variations in the sensor position.

Then, the Jacobian matrix J4(r;) € R>*3 can be calculated, defined as:

]g(ri) =

Vgl(ri)]
. (3.6)

Vgs(ro)

To evaluate the relation between small changes of r and v, it is useful to linearize
(3.4), obtaining
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v=g(r)+],r)r—1;) (3.7)

We can invert (3.7) by means of the Moore—Penrose pseudoinverse of the Jacobian
matrix, J g+(rl~) € R3*5 in order to estimate r from v:

rer;+J, (r) w-v). (3.8)

By using (3.8), the position covariance C;, can be calculated from the covariance of

voltage components, C,,:

Cri z]y"'cvi]g"'T (39)

Finally, the variance of position coordinates can be found on the diagonal of C,., after
substituting (3.3) into (3.9):

arioz z]g-ih(ri)oz avioz (310)

where o is the Hadamard power operator, and o 2 denotes the element-wise square.
The square root of o, i°2 obtained in (3.10) allows to estimate the standard deviation of
each coordinate.

It should be noted that the obtained result can be applied to any position reconstruction
algorithm, as long as it can be linearized for error propagation purposes.

The same method can be applied to estimate the effects of the residual drift of voltage
measurements, by means of (3.8).

3.4.2 Test Protocol and Position Repeatability Estimation

A suitable test protocol was defined to evaluate the system performance in a wide
operating volume.

Preliminary experiments were executed to evaluate the repeatability of the system for
three different sensor orientations, with its axis aligned along the x-, y-, and z-axis of the
reference system of Figure 3.5, evaluating the repeatability in several positions along the
z-axis.
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In particular, for each sensor orientation, the sensor has been placed in five locations
along the z-axis, 100 mm apart, at a range of about 150 to 550 mm from the FG. For each
position, 100 voltage measurements have been performed, and the mean and standard
deviation have been computed. Moreover, for each position, the voltage gradients (3.5)
have been calculated as finite differences between the mean voltage measured at r; and
the ones measured at a small distance of 5 mm moving along the x-, y- or z-axis,
separately. Then, we obtained five different Jacobian matrices and the correspondent
components of the pseudoinverse matrices J g+(ri), for each sensor orientation.
Afterwards, the position SD has been estimated by means of (3.10). The results are shown
in Figure 3.10. It can be noted that the repeatability changes as the orientation varies.

Sensor orientation

0.5

X-axis
— y-axis
Z-axis

0, [mm]

O'y [mm]
o
&)

150 200 250 300 350 400 450 500 550

0, [mm]
o
o
a

150 200 250 300 350 400 450 500 550
distance from FG [mm]

Figure 3.10 Position repeatability obtained with the estimation through gradients for different
orientations of the sensor—EMTS prototype. Image source: [32].

In a subsequent analysis, the repeatability error of a single sensor orientation was
studied at more positions over the range, to investigate the effect of the distance from the
field generator on the position repeatability. In particular, a middle orientation has been
chosen, so that the axis of the sensor formed an angle of —30° in the xz-plane; in this case,
it was possible to approach the condition where the orientation provided worse
repeatability.

The sensor was placed in 55 different points along the z-axis, with a step of 10 mm, in
the range of about 160 to 700 mm from the FG. The same test protocol of previous
experimental tests was applied, thus obtaining 55 different Jacobian matrices and the
corresponding components of the pseudoinverse matrices J g+ (r;), shown in Figure 3.11.
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Basically, each component of J g+(ri) represents the system sensitivity of a position
coordinate when each voltage component changes.

Afterwards, the position SD was estimated by means of (3.10). The test has been
executed after a warm-up time of 1 hour. The obtained results, shown in Figure 3.12,
show low position repeatability errors along the x-, y- and z-axis, of about 0.2 mm, within
the limit suitable for surgical navigation, of about 1-2 mm in several applications [13],
[46]. Moreover, it can be noticed that the position standard deviation increased with the
distance from the FG, as was expected, since the amplitude of the magnetic fields, the
gradients and the signal to noise ratio of the sensor output were lower at a greater distance
from the FG. This was also confirmed by the increasing behavior of the pseudoinverse
observed in Figure 3.11. Indeed, its dependence on position allows one to evaluate, at
different distances, the sensitivity of the position error to measurements errors on each
channel. For example, channel 1 exhibited a lower sensitivity to errors overall. These
considerations may be useful to assess the performance of the transmitting coil of the FG

relevant to each channel, which is affected by its distance from the coil sensor. This aspect
will be discussed in detail in Chapter 4.
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Figure 3.11 Elements of the pseudoinverse of
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Image source: [32].

0
100

400 500 600 700
distance from FG [mm)]

200 300

800

Figure 3.12 Position repeatability obtained with

the estimation through gradients.
Image source: [32].

Four additional experimental tests have been performed by considering further sensor
positions to evaluate the position repeatability in a larger working volume, as shown in
Figure 3.13. The obtained results are similar to the ones presented in Figure 3.12.

For example, Figure 3.14 shows the SD for (x,y) = (0,—250) mm, obtained by
varying the z coordinate on the trajectory labeled “acq. 2” in Figure 3.13.
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trajectory labeled “acq. 2”. Image source: [32].

3.4.3 Analysis of Voltage Drift

In order to quantify the effect of the drift on the system accuracy, we repeated, after
90 min, the experimental test described in Section 3.4.2, keeping the whole system turned

on. Then, the voltage differences between the two sets of experiments, Awv;

[Avli, s Avsi]T, have been measured in each of the 58 points, for each channel, and the

T
position errors e, = [e L€, ,e ] have been estimated by means of (3.8), where

xp Sy Gz

J g+(r,-) are the same as those calculated in Section 3.4.2.

Figure 3.15 shows the position error contribution given by the residual drift of the
voltage measurements and is the result of (3.8) and the values of the elements of the
pseudoinverse of the Jacobian matrix, which are shown in Figure 3.11. These array
elements represent the sensitivity of the position error and repeatability to the errors of
the voltage components, such as drift and noise. It can be observed that the position errors
are of the order of 0.3 mm, meeting the specifications required for surgical navigation in
many applications [13], [46].
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Figure 3.15 Position errors caused by drifi, obtained by repeating the same measurements after 90
min and applying the estimation through gradients. Image source: [32].

3.4.4 Comparison with the State of the Art: the Aurora system

Aurora systems (NDI) are the most used EMTSs in surgical navigation. To compare
the repeatability error of the proposed system with the state of the art, the same
experimental tests described in Section 3.4.2 have been performed by using the Aurora
PFG 20-20 system [47]. This system consisted of: 1) a Planar Field Generator, ii) a Sensor
Interface Unit that amplifies and digitizes the electrical signals from the sensors, iii) a
System Control Unit that controls the FG, collects information from the Sensor Unit
Interfaces, calculates the position and orientation of each sensor and interfaces with the
host computer, iv) a Five DoF (Degrees of Freedom) electromagnetic sensor.

The Five DoF sensor has been placed in 51 points along the z-axis of the PFG 20-20,
with a distance ranging from about 160 to 660 mm, which is the maximin distance from
the FG indicated in the Aurora specifications. Figure 3.16 shows the SD of 100
measurements at each distance, obtained with both Aurora and the proposed system. It
can be observed that the repeatability errors of the Aurora system are one order of
magnitude greater than the ones obtained with the proposed system. Of course, different
results could be obtained when applying a position reconstruction algorithm instead of
the proposed error propagation method, as will be shown in Section 5.3; still, these results

35



Chapter 3

are valuable and provide an indication of the effect of some error sources on position
estimation, leading to identify spatial regions where repeatability is higher than others.
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Figure 3.16 Comparison between the SD of the Aurora system and the EMTS prototype. Image

source: [32].

Moreover, further measurements have been performed, according to the sensor
positions indicated in Figure 3.13, to explore a larger volume. The results obtained in
these new positions confirm the ones presented in Figure 3.14, as can be seen, for
example, in Figure 3.17, which shows the repeatability on the trajectory labeled “acq. 2.
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Figure 3.17 Comparison between the SD of the Aurora system and the EMTS prototype obtained
along the trajectory “aq.2”. Image source: [32].
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3.4.5 Effect of Excitation Currents Noise

Several error sources contribute to sensor voltage noise. Main contributors considered
in this study are the measurement and acquisition noise g4, and the FG repeatability
error og(Ps, It,) due to current noise og;, where I, is the n x 1 vector containing the
excitation currents.

We assume that they both contribute independently to the sensor voltage noise g,,, so

we can write:
5 5 (3.11)
o, = |0g*+ Oacq

From the model described in Section 2.2.3, it is clear that the magnetic field, and
consequently the induced voltage, linearly depends on excitation currents; hence, current
noise contributes to voltage noise, and this contribution increases when the sensor is
closer to the FG. In fact, 0,4, is approximately the same in the whole working volume,
since it depends on the measurement devices and on the Johnson noise of the sensor,
whereas oz depends on sensor pose and excitation currents. In Section 3.3.1 we quantified
the acquisition noise by obtaining g,., = 20 nV on each channel.

Figure 3.18 shows the noise contribution oy in some points of the tracking volume,
obtained by applying the dipole model and considering a current noise g; = 0.07 mA for
the 1¥ coil, as obtained from experimental data, and with the sensor aligned along z-axis.
It can be noted the increasement of noise near the FG. It must be said that, beyond 400
mm, the noise is lower than 22 nV, which is comparable with the measurement noise
Oacq = 20 nV. Hence beyond 400 mm the noise produced by the current noise is quite
negligible, instead when the sensor is closer to the FG, magnetic field noise reaches higher
values. The same considerations can be made for the other transmitting coils. Hence, to
obtain an accurate estimation of sensor pose, it is important to compensate this effect (as
will be shown in Section 5.4).
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Figure 3.18 og obtained by simulated data, considering a current noise oy = 0.07 mA in the Ist coil
— sensor aligned along z-axis. Image source: [29].

3.5 Chapter Conclusions

In this Chapter we illustrated a method to evaluate the repeatability of electromagnetic
tracking systems, and we applied it to a prototype of EMTSs that has been developed with
the purpose of overcoming the limitation of current commercial systems, providing an
accurate tracking of surgical tools far from the field generator.

We presented the experimental setup used to characterize the system, by defining a
test protocol based on employing a high repeatability industrial robotic arm to move the
sensor, thus providing accurate position references.

Several hardware improvements have been described, which led to enhanced system
performances in terms of noise level reduction in both signal generation and in the
measurement process, as shown by experimental tests. The analysis of experimental
results has highlighted the presence of drift in voltage components, whose effect has been
quantified and related to the variation of the sensor position. The repeatability error in
sensor position estimation has been evaluated through the propagation of the voltage
measurement error, at different distances from the FG, from about 160 mm to 700 mm,
and the performances have been compared with results obtained from the tests executed
on the Aurora system, obtaining SD values lower than 0.2 mm at 700 mm from the FG.

38



Chapter 3

The analysis methodology is based on the experimental measurement of field
gradients, on the evaluation of coil sensor voltage noise and drift, and on the linear
approximation of the voltage-position relation, which lead to an error propagation
formula. The proposed analysis has the advantage of relating the overall system
performance to that of identifiable components which can be separately analyzed and
optimized, on the one hand, and compared among different EMTSs, on the other.
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Chapter 4

FG Configuration Analysis from
Magnetic Field Gradients®

Performance assessing and measurement accuracy estimation are crucial phases in
device characterization and different methods were developed for accurate uncertainty
evaluation [50], [51]. In EMTSs used in surgical navigation, particular importance is
devoted to evaluation of position repeatability error evaluation. In Chapter 3, several
system improvements have been discussed in order to increase the repeatability of the
induced voltage. In fact, voltage repeatability significantly affects systems performance
in estimating sensor position. Hence, it is important to quantify the effect of the voltage
repeatability error on position RMS error.

In Section 3.4.1 it was assumed that the orientation of the sensor does not change.
Actually, the j-th transmitting coil generates an AC magnetic field at the frequency f;,
whose RMS value can be expressed in the reference system of Figure 2.4 as
 X+B; y+B; 2

Tym e (4.1)

2 This Chapter is based on papers [48] and [49].
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The MS returns a voltage proportional to the concatenated magnetic flux, which varies
with the orientation; so, for different orientations of the sensor, different gradients are
obtained, leading to different position RMS error. Hence, it is important to evaluate the
position RMS error as the orientation changes.

In this Chapter, Bjx, Biy’ sz are individually evaluated by orienting the MS along x-

, ¥-, Z-axis respectively, so that the concatenated flux is only due to the magnetic field
component directed along the given axis.

This Chapter is structured as follows. In Section 4.1 the protocol for the assessment of
position repeatability error and the experimental tests performed on the system are
described, and the results are discussed. Section 4.2 analyses the magnetic field gradient
and related them to the position accuracy in the tracking volume. In Section 4.3 the results
obtained by applying the magnetic dipole approximation are compared with experimental
results of Section 4.2. Finally, conclusions are drawn in Section 4.4.

4.1 Assessment of Position RMS Error by using Experimental
Data

In order to evaluate the position RMS error through error propagation as described in
Section 3.4.1, in this Section three different experimental tests have been performed, in
each of which the sensor was oriented according to one of the three axes. For each test,
in order to explore a relatively large volume, the sensor has been placed by means of the
industrial robot in a regular grid of N, = n, - n,, - n, points r;, i = 1, ..., Np, where n, =
5, n, = 6, n, =5 are the number of points along x-, y- and z-axis, respectively, with a
step of 100 mm in each direction, for a total of N,=150 points. The measurement volume
is shown in Figure 4.1.

In each point r;, M=100 measurements of the induced voltage have been performed,

— _ _ T - T
and the mean v; = [vil, e vis] and standard deviation o,; = [avl.l, e GVis] have been

calculated. Afterwards, the partial derivatives (3.5) are estimated experimentally as finite
differences Av/Ax, Av/Ay, Av/Az, between the voltage measured at r;, and the ones
measured at a small distance of 5 mm moving along the x-, y- or z-axis, separately. All
voltage measurements are averaged M=100 in order to reduce the measurement noise.

Finally, the standard deviation (SD) of the position has been estimated by means of
(3.10). This method requires 4 X N,, points for each experiment.
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Figure 4.1 Measurement volume. Image source: [48].

4.1.1 Results

For each point of the grid, the RMS error, also called mean radial spherical error in the

3D localization context, has been calculated as o,.; = \/ oyt + ayiz + 0,,2. Figure 4.2,

Figure 4.3, and Figure 4.4, show the results for the sensor aligned along x-, y- and z-axis,

respectively.
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Figure 4.2 Position RMS error with sensor aligned along x-axis. Image source: [48].
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Figure 4.3 Position RMS error with sensor aligned along y-axis. Image source: [48].
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Figure 4.4 Position RMS error with sensor aligned along z-axis. Image source: [48].

It can be noted that, when the sensor is aligned along z-axis, the error is very small
throughout the volume, less than about 0.14 mm, while for y-axis and z-axis it is one order
of magnitude greater. Moreover, the error increase with the distance from the FG.
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Figure 4.5 and Figure 4.7 show the position error versus the point index, separately for
each z-plane, for better visualization. The grid has been scanned by increasing the x-
coordinate, then the y-coordinate and finally the z-coordinate; hence, each plane contains
n, - n, = 30 points.

Figure 4.5 shows the error when the sensor is aligned along x-axis. It can be observed
the presence of peaks, in correspondence of x = 0 mm, i.e., on the plane formed by main
axis of coils 1 and 3 (see Figure 3.4), whose amplitude increases as the y-coordinate
increases. In these spatial regions, the voltage gradients are low and the sensitivity to
position variation is lower. Moreover, there seems to be a symmetry with respect to the
yz-plane. Similar considerations apply when the sensor is aligned along y-axis, changing
the role of x and y, as shown in Figure 4.6, where peaks can be seen in correspondence of
y =50 mm.

Figure 4.7, relevant to a sensor oriented along z-axis, shows a lower RMS error.
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Figure 4.5 Position RMS error with sensor aligned along x-axis, for each z-plane. Image source:[48].
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Figure 4.6 Position RMS error with sensor aligned along y-axis, for each z-plane.
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Figure 4.7 Position RMS error with sensor aligned along z-axis, for each z-plane. Image source: [48].

From the above considerations emerges that the position error is higher when the
sensor is oriented with its axis on the xy plane. In order to better understand this behavior,
Figure 4.8 shows the x-,y- and z-component of the position RMS error, when the sensor
1s aligned along x-axis.

46



Chapter 4

It can be noted that, when the sensor is aligned along x-axis, the error of the y-
component is higher, whereas the error of the x-component is lower; vice-versa when the
sensor is aligned along y-axis. The error of the z-component is very low in both cases.
Moreover, here too it can be observed the presence of peaks, in correspondence of x = 0
mm (y = 50 mm) when the sensor is aligned along x-axis (y-axis): except for those peaks,
RMS error is always < 0.6 mm, which is slightly higher than SD values obtained in
Section 3.4.2: there, in fact, the sensor was more oriented toward the FG, and not in the
xy-plane thus presenting errors similar to those of Figure 4.7.
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Figure 4.8 x-, y- and z-component of the position RMS error with sensor aligned along x-axis. Image
source: [48].

Hence, we can conclude that there are some regions of the space where the position
RMS error is lower than others. Moreover, position RMS error is lower when the sensor
axis is aligned with the z-axis of the reference system. This suggests that the system
performs better when the sensor is oriented towards the FG.

Overall, the RMS error is quite small and can be compared with the specification
required for surgical navigation in many applications [13], [46], [52].

4.2 Analysis of Magnetic Field Gradients

The pseudoinverse of the Jacobian matrix introduced in Section 3.4.1 gives important
information about what to expect in terms of accuracy in different regions of the tracking
volume. From the results of the previous Section 4.1.1, we observed some regions where

47



Chapter 4

the position RMS error is lower than others, as well as the presence of peaks. We believe
it depends on the voltage gradients or, equivalently, on the magnetic field gradients,
which are represented by the Jacobian matrix and are influenced by the arrangement of
the transmitting coils.

In order to investigate this hypothesis, in Figure 4.9, Figure 4.10, and Figure 4.11, the
element of the pseudoinverse of the Jacobian matrix are shown for the MS oriented along
x-, y-, and z-axis, respectively, thus considering both By, B, and B, components of the
magnetic field, whereas in Section 3.4 only one orientation of the sensor was considered.
It can be noted that the gradients generally increase when the distance from the FG
increase, according to magnetic field model and to previous results. The gradients related
to B, are much lower than the others, confirming that the increased error obtained for
orientation along x- and y-axis is due to higher gradients of the magnetic field, rather than
to higher voltage noise. By comparing Figure 4.9 and Figure 4.10, a symmetry between
the gradients along x- and y-axis is observed, in accordance with previous results.
Moreover, the peaks shown in previous results can be here related to peaks in the
pseudoinverse of the Jacobian matrix.
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Figure 4.9 Elements of the pseudoinverse of the Jacobian matrix with sensor aligned along x-axis,
thus measuring B, component of the magnetic field.
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Figure 4.10 Elements of the pseudoinverse of the Jacobian matrix with sensor aligned along y-axis,
thus measuring By, component of the magnetic field. Point indexes are reshaped: first along x-axis, then

along y-axis.
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Figure 4.11 Elements of the pseudoinverse of the Jacobian matrix with sensor aligned along z-axis,
thus measuring B, component of the magnetic field.
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4.3 Assessment of Position RMS Error by using Magnetic
Field Model

In this Section we evaluate the position repeatability error of the system by applying
the method described in Section 4.1 and using the magnetic field model proposed in
Section 2.2.3 to compute the gradients, instead of estimating them experimentally. The
accuracy of the magnetic field model described in Section 2.2.3 depends on the
uncertainty of the nominal values of system parameters. To improve the model accuracy
the magnetic field model has been fitted by using the experimental data of first test
performed in [48]. A set of optimized parameters was obtained by finding minimum of
unconstrained multivariable function by using an algorithm based on Nelder-Mead
simplex method [53]. The following cost function was used

Np
F©) =) [v-50)] m
j=1
representing the squared error between the induced voltage vj, j = 1, ..., N,,, measured
in the N, grid points, and the voltage ¥; obtained by employing the model at the same
points. Best estimate 6 =argminF(f), was calculated where 6=
[P{x,p ---;sz,s' I, ..., 15,SS]T contains the positions of the transmitting coils, the

excitation currents and the surface of the coil sensor that is directly proportional to the
sensitivity of the sensor.

The procedure described in Section 4.1 was applied to the optimized model, using the
set of N,, points of the first experiment. For each grid point ry, the induced voltage vy
was calculated, along with the three corresponding points along x-, y-, and z- axes for the
calculation of the partial derivatives of (3.5), with the same step of 5 mm, as previously
described. Finally, the position SD was estimated by means of (3.10). This method
requires N, measurement points only. It should also be clarified that the voltage SD
values used for position SD estimation are the same in both cases were the magnetic field
model and the experimental method were used.
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4.3.1 Results

Figure 4.12 shows estimation of position repeatability error obtained by using
magnetic field model.
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Figure 4.12 Estimation of position repeatability error by magnetic dipole model — I*' test, sensor
aligned along x-axis. Image source: [49].
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Figure 4.13 Difference between position SD obtained by using magnetic dipole model and
experimental data with error propagation error method — I*' test, sensor aligned along x-axis. Image

source: [49].
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Figure 4.14 Difference between position SD obtained by using magnetic dipole model and
experimental data with error propagation error method — 2" test, sensor aligned along y-axis. Image
source: [49].
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Figure 4.15 Difference between position SD obtained by using magnetic dipole model and
experimental data with error propagation error method — 3’ test, sensor aligned along z-axis. Image
source. [49].

Figure 4.13 shows the difference between the SD values obtained by using the model
and the experimental data. It can be observed that, except for two outlier peaks, the error
is always below 0.15 mm, with a mean value less than 0.05 mm. These estimation errors
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are lower than about one order of magnitude with respect to the accuracy required for
surgical applications [13], [46], [52].

Position SD values obtained by varying the orientation of the sensor, according to the
experimental tests described in Section 4.1, were estimated still using the model obtained
by fitting the data of the first experiment. Figure 4.14 and Figure 4.15 show the difference
between SD obtained by using the magnetic dipole model and experimental data used in
propagation error method. Same considerations as above can be made.

4.4 Chapter Conclusions

We showed the analysis conducted on an EMTS prototype for surgical navigation, in
order to assess the position RMS error due to random components, through propagation
of the voltage measurement error, in a volume of 400 mm x 500 mm x 400 mm, for
different orientations of the magnetic sensor. The obtained results show good overall
system performance in the considered tracking volume, particularly when the sensor is
oriented along the z-axis of the FG’s reference system, meeting the specifications
required for surgical applications. Some interesting aspects have been highlighted,
showing the presence of regions where the position error is higher, which is due to
magnetic field gradients, or equivalently induced voltage gradients, which are responsible
for increased or reduced accuracy in the tracking volume. Further studies should be
conducted, exploring all the space around the field generator, to find spatial regions where
the system performs better and in order to furtherly investigate the correlation between
the coils’ arrangement and the position error. Chapter 6 will propose a solution to study
the effect of system parameters and FG configuration on tracking accuracy.

The same estimation procedure based on propagation of the voltage measurement error
was applied again by using data obtained with a model of the magnetic field where the
coils are approximated as magnetic dipoles. We optimized the parameters of the model
by fitting experimental data and we estimated position repeatability error. The
comparison with the results obtained from experimental data show good accuracy of the
proposed method, with maximum differences of 0.15 mm between the two methods.
Finally, we tested the method with sensor orientations different from the set of data used
to fit the model, obtaining the same order of accuracy. This method is very useful for fast
performance evaluation of different systems, since the use of a magnetic field model
requires four times less data, and it results independent from the particular number and
arrangement of the coils of the FG. Moreover, the error propagation-based approach does
not require the development of an algorithm for position reconstruction, since it only
needs voltage measurements.
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Chapter 5

Accuracy of Position
Reconstruction’

Measurement accuracy evaluation is a crucial phase in system performance assessment
and many methods were developed for accurate uncertainty estimation [50], [51], [54]. A
very complex issue for tracking systems is to develop suitable techniques or mathematical
models to convert raw sensor data into position and orientation measurements with
appropriate accuracy. In Chapter 4, the performances of the system were assessed in terms
of position repeatability by propagating the voltage repeatability, employing a technique
that does not require the reconstruction of sensor position.

This Chapter aims to develop a suitable technique to provide sensor pose estimation.
The performance of EMTSs in terms of accuracy and repeatability of position and
orientation is evaluated, since medical procedures require accuracy of few millimeters.
This Chapter is organized as follows. In Section 5.1 we describe two techniques for sensor
position and orientation estimation. In Section 5.2 we analyze the results of simulations
performed to compare the two techniques, and we propose a new method to reduce pose
estimation error, evaluating its performance on experimental data in Section 5.3. Section
5.4 proposes a method to compensate the effect of magnetic field noise due to noise in
excitation current. Finally, conclusions are drawn in Section 5.5.

3 This Chapter is based on papers [28] and [29].
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5.1 Position Reconstruction Algorithm

In this Section an efficient reconstruction algorithm, to obtain accurate estimation of
the instrument position, was developed and tested. Usually, a set of equations is derived
by employing a model of the magnetic field, mainly based on magnetic dipole [27], [55],
or mutual inductance [26], thus obtaining the pose of the sensor by means of the measured
induced voltage in the measurement volume. Alternative techniques, which use
interpolation algorithm on few calibration points, without employing a magnetic field
model, can also be used [33].

We consider a technique similar to the one presented in [27], where a mobile active
coil generates an AC magnetic field which induces a voltage in a set of 17 fixed passive
coils. However, in our case, we must consider the different configuration of the EMTS,
which has a passive sensor instead of an active one, and much less fixed coils, which are
powered with different frequencies according to FDM. Two techniques are presented here
to reconstruct the position and orientation of the coil sensor, which are at the base of a
third proposed technique. In the next Section their performances are analyzed and
compared.

The two base reconstruction methods rely on solving an optimization problem. In
particular, the minimization of two different cost functions was analyzed.

1) Full cost function

2

112
= v - cmap=y
2

(5.1)

R0 = ||v - @62

2

representing the squared error between the measured induced voltage v and the voltage
¥ obtained by employing the model of Section 2.2.3, where o denotes the Hadamard
power operator, used here to obtain the absolute value of the voltage components. It is a
nonlinear problem with five variables, 8; = [p}, as, B]".

2) Concentrated cost function

Fe(6,) = (1 — Py)vll3 (5.2)

where Py = HH™, and H* is the Moore-Penrose pseudoinverse of H. (5.2) is obtained
by substituting in (5.1) the least-squares solution of the problem (1.11), which is given by
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i, =H'v (5.3)

(5.2) is a nonlinear function of 8, = p,, and represents, in comparison to (5.1), an
optimization problem with only three variables instead of five. N is then obtained via
(5.3) after solving (5.2).

We must note that, when using the second technique, a problem arises due the fact that
the measurements v are RMS values, all positive, whereas the model (1.11) returns values
with sign, according to the orientation of the sensor. In fact, if we replace v in (5.3) with
its absolute value, 715 will not be estimated well, and (5.2) will return wrong results. This
issue is not discussed in [27]. Hence, in order to overcome this problem, (5.2) is modified

as follows
F.(62) = I = Py)(S e v)II3 (5.4)
where o denotes the Hadamard product operator, and (5.3) is modified as follows
n, =H"(Sov) (5.5)

where S is a R™*1 vector containing the signs s; € {—1,1} of each voltage component.
S is estimated, for each measurement point, by computing Fcfor all the 2771
combinations of the signs (the other 2" 1 are redundant) and choosing the vector that
returns the minimum value. We verified that this step is computationally feasible for n =

5 used in the experimentation.

As will be clear in the next Section, both the full and the concentrated cost functions
have advantages and drawbacks, hence we propose a third improved technique in which
the result of the estimation by means of the concentrated cost function is used as a starting
point for full cost estimation.

5.2 Validation of the Reconstruction Algorithms

To solve both (5.1) and (5.4) we use the Levenberg—Marquardt algorithm, which needs
to be initialized with a first guess of the parameters. When tracking an instrument in a
medical scenario, the trajectory is continuous and, in each instant, the algorithm is
initialized with the estimation obtained in the previous instant. However, if an estimation
error occurs, it can affect the estimation of the subsequent point. Hence, in this Section
we evaluate the robustness of the two already known cost functions with respect to errors
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in the parameters by performing several simulations in a large tracking volume, and
compare their performance with the third proposed combined technique.

We consider a 3D grid of 500 mm x 500 mm x 800 mm, with a step of 100 mm along
x- and y-axis, in the range [-250, 250] mm, and a step of 200 mm along z-axis, in the
range [100, 900] mm. For each point, we provide the voltage measurements v by means
of (1.11), for nine different orientations of the sensors: the x-, y- and z-axes, and the
bisectors of first and second quadrant, respectively, for the xy-, xz- and yz-planes. For
each simulation, we employ the two cost functions by initializing the algorithm with the
true value of the parameter with the addition of a perturbation.

In particular, the following cases are considered:

a) orientation perturbation: e, = 3°.

T
. . [100  [100 [100 . .
b) position perturbation: e, = I = A3 Tl mm, which satisfies ”eps” =

10 mm.

¢) combination of @) and b).

Obviously, the orientation perturbation will not affect F- because the function is not
directly dependent on sensor orientation. Moreover, case @) will not introduce estimation
errors; for the same reason, case ¢) and case b) should produce the same results when F,
is used.

Before starting the simulation tests, the magnetic field model was fitted by using the
experimental data collected in few points of the measurement volume to improve the
model accuracy. The parameter values found in this preliminary phase were @ =

[Plcts o Plxs Rt 1y s A5y I, e IS,SS]T, which include the positions and the
direction vectors of the transmitting coils, the excitation currents and the area of the coil
sensor that is directly proportional to the sensitivity of the sensor. In Section 4.3, the set
of optimized parameters 8 was obtained by finding the minimum of unconstrained
multivariable function, i.e. @ = arg min F(8), by using an algorithm based on Nelder-
Mead simplex method [53]. Here, in order to avoid local minima corresponding to a
wrong parameter 8, we defined constraints for @ and we solved the optimization problem
by using an interior point algorithm [56]. The following cost function was used
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Np

F©O) =) (0 - v) o (0, (5.6)
j=1

representing the squared relative error between the induced voltage v;, j = 1, ..., Np,
measured in the N, fitting points, and the voltage ¥; obtained by applying the model in

the same points.

5.2.1 Case a: Orientation Perturbation

Figure 5.1 and Figure 5.2 show the simulation results for case a), when the sensor is
oriented along x-axis (the following conclusions are the same for other orientations) and
angle g is perturbated. The position index corresponds to a scanning path in which
position is increased along x-axis at first, then along y- and finally z-axis. The errors for
F are not shown, because orientation and position errors are negligible. It can be noted
that also for F the orientation and position error is negligible, except for some peaks with
high amplitude, where the reconstruction of both position and orientation is not accurate.
These peaks are due to the convergence to local minima.
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Figure 5.1 Orientation estimation error as function of point index, for a perturbation of 3° from the
true value of a,, obtained using Fy with sensor aligned along x -axis. Image source: [28].
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Figure 5.2 Position estimation error as function of point index, for a perturbation of 3° from the true
value of @, obtained using Fy with sensor aligned along x -axis. Image source: [28].

5.2.2 Case b: Position Perturbation

Figure 5.3 and Figure 5.4 show the results for case ), when the sensor is oriented
along x-axis. It can be noted that when using F the orientation error is no longer zero as
it was for orientation perturbation, with an orientation error higher near the FG, which
decreases below 0.5° as we go beyond 0.3 m from the FG (after position index 36). The
position error for F, is not zero as well, but it is below 4 mm almost everywhere. We can
note a periodicity in both orientation and position error, which we have attributed to
sensor movement along x-coordinate; moreover, this periodicity seems not to be affected
by the distance from the FG. Finally, we should note that Fr presents fewer estimation

error peaks with respect to case a), with lower amplitude, for both orientation and position
estimation.

This represents an interesting result, because it shows that we should prefer Fy
minimization due to the absence of error in most of the points, but the presence of high
estimation errors in a few points is problematic considering that they may be the starting
points for subsequent estimation along the trajectory, leading the position and orientation
reconstruction to diverge significantly.
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Figure 5.3 Orientation estimation error as function of point index, for a perturbation of 10 mm from
the true value of p with sensor aligned along x -axis; comparison between F; and Fy. Image source:[28].

5.2.3 Case c: Orientation and Position Perturbation

From the above considerations, we can say that Fy is more sensible to orientation
perturbations of 3° than to position perturbations of 10 mm, whereas F, is sensible only
to position perturbations. Hence, it seems reasonable to combine the two methods to
improve estimation accuracy. In particular, we can use F; to estimate sensor orientation
in a more robust way (less prone to large errors), which is then used as the starting point
for Fy minimization (that reduces estimation error if the initial guess is near the
minimum): this reduces the occurrence of large orientation estimation errors, especially
when an orientation perturbation occurs.

We tested the proposed technique for case ¢). The results, reported in Figure 5.5 and
Figure 5.6, show an improvement when using the F+F; solution, which presents fewer

error peaks and lower error amplitude. The errors for Fy and F+F; are negligible, except
for the peaks. Note that the errors for F, are the same as in Figure 5.3 and Figure 5.4.

61



Chapter 5

15 T i | T T T T T T
F
c
Ff
‘ J —FaF,
1071 | | 1
s N
o
% |
sl ' 1
|
| | l ‘
.
f |Il'|~||rl|1 |\ I H | ﬁ| H 'l'
0.8 Q‘H?J- adlal M:.u'”bU?gz\r oo J"JhL::; il ol tL ity

0 20 40 60 80 100 120 140 160 180
point index

Figure 5.4 Orientation estimation error as function of point index, for a perturbation of 3° from the
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Figure 5.5 Position estimation error as a function of point index, for a perturbation of 3° from the
true value of ag and of 10 mm from the true value of ps,; comparison between F,, Fy and F, + Fy. The
peaks not shown for Fy are up to 250 mm. Image source: [28].
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5.3 Experimental Results

We now apply the algorithm F¢+F; on experimental data from the EMTS prototype
for the reconstruction of a straight-line trajectory along the x-axis, at a height of 600 mm
from the FG. To simulate a real scenario, we add to the initialization position and
orientation of the first point, a position and orientation error of 10 mm and 3°,
respectively.

In Figure 5.7, Figure 5.8, and Figure 5.9, the results for the experimental data are
shown: position errors are quite low, with a mean of about 6.5 mm, and a mean
orientation error of about 2.4°. We can note the presence of offset errors both in position
and orientation estimation. This result can be improved by performing a calibration of the
system before the navigation procedure. The red plots in Figure 5.7, Figure 5.8, and
Figure 5.9, show the results obtained by considering the position and orientation errors in
the first point of the trajectory (which we assume to be known) and performing a linear
transformation for each subsequent point. The calibrated trajectory presents a mean
position and orientation error of 2.2 mm and 0.5°, respectively. This procedure can be
generalized by placing the sensor in few calibration points in the measurement volume,
with known position and orientation [57].

That result should be appreciated in relation to the large distance from the FG. For
example, in the areas of percutaneous punctures a mean accuracy of 6 mm or lower seems
feasible for good systems [13].
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Figure 5.6 Trajectory estimated by using F; + Fy on experimental data. Image source: [28].

63



Chapter 5

10k ' ' ' not calibrated | ' ' ]
. A ;. — calibrated ]
oAl L e e A A, P RARAY N
_/k'-‘:;/_ ______ N lIl v:r-'“/ o q___‘\fm____q_vj,\/\___j\_:f,«:\—_"/____,_,/W \/\J‘r\'"\/
-10 : : ' ' ' ' ' ' ' :
10

o

L
o

oo
T

z error (mm) y error (mm) x error (mm)
o

0
—

-
o o o
T

euclidean
error (mm)

point index

Figure 5.7 Position errors in estimating a trajectory by using F. + Fy on experimental data. Image
source: [28].

4.5 T T T T T T T T T

not calibrated
calibrated

3.5

25

I II"l \j \j N II “ \/‘f vjl A "nl 4 || II"u
".I\f,\.\‘_ / h '.a/ oy | |||'| |

. |

angle (°)

1.5

0.5

50 60
point index

Figure 5.8 Orientation errors in estimating a trajectory by using F, + Fy on experimental data. Image
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Finally, we want to evaluate position repeatability, in order to validate the techniques
presented in our previous works [32], [48].
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We move again the sensor in the same positions of the trajectory of Figure 5.7, and for
each point we perform 20 repeated measurements of the induced voltage. Figure 5.9
shows the std (standard deviation) of the position and orientation error for each point of
the trajectory. To summarize the std of all position components, we have calculated the
position Euclidean error and its std averaged over all position indices, obtaining 1 mm.
The mean orientation repeatability was about 0.25°. These results confirm what we
obtained in Section 4.1.1, where position repeatability errors less than 1.6 mm were
obtained for different sensor orientations at a distance of 0.5 m, thus assessing the high
repeatability of the system. Note that the repeatability error is higher than that obtained
in Section 3.4.4 by propagation of voltage measurement noise, and it is comparable with
the performance of the Aurora system.
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Figure 5.9 Position and orientation repeatability error in estimating a trajectory by using F, + Fr on

experimental data. Image source: [28].

5.4 Compensation of Excitation Currents Noise

In the previous Section, the minimization of the following cost function was analyzed
F(8) = |lv—(0)lI3 (5.7)

which represents the squared error between the induced voltage v measured from coil
sensor and the voltage ¥ obtained by applying (1.11). However, this cost function depends
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only on the five variables 8 = [p{, a, 55]T, without considering excitation currents: in
this way, variations in currents are difficult to detect and to compensate by the algorithm.

In this Section we modify the cost function and the related model by including the
currents vector I, in the field model, since we measure them in the control loop.

Hence (5.7) is modified as follows:

F(6,1;) = llv—9(8,1:)13 (5.8)

The minimum of (5.8), i.e. & = argminF(0,1I,,), is then obtained by using the
Levenberg—Marquardt algorithm.

In this Section we compare the performance of (5.8) with (5.7), applying the algorithm
first on simulated data and then on experimental data.

5.4.1 Simulated Data: Currents Noise

In order to validate the correctness of the proposed method, three linear trajectories
along x-axis, at three different distances from the FG, which are 200 mm, 400 mm, 600
mm, with the sensor oriented along z-axis were considered, and the position error
obtained by applying (5.7) and (5.8) are shown in Figure 5.10. Measurement data are
obtained by applying the model (1.11) and adding a zero-mean Gaussian noise with g; =
0.07 mA to excitation currents of each transmitting coil. It can be observed that, in
absence of further error sources, such as ¢4, (5.8) is able to reconstruct sensor position
with high accuracy, while (5.7) presents not negligible errors. Moreover, when applying
(5.7), errors are lower when the sensor is closer to the FG, despite the higher noise g5 (as

seen in Figure 3.18): in fact, it can be easily found that the relative position error % is

preserved, since it depends on constant magnetic field noise 073 = %, and therefore the

absolute position error increases with distance.
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Figure 5.10 Euclidean position error obtained by applying (5.7) and (5.8) to simulated data. A zero-
mean Gaussian Noise with a; = 0.07 mA was added to excitation currents of each transmitting coil. The
sensor is aligned along z-axis.

5.4.2 Simulated Data: both Currents and Measurement Noise

We now repeat the simulation in Section 5.4.1, by adding also a zero-mean Gaussian
Noise with g,, = 20 nV to the induced voltage, simulating the acquisition process. The
results, shown in Figure 5.11, highlight the better performance of (5.8), in particular near
the FG, at less than 400 mm, where o is predominant, confirming the considerations
already made. This is a valuable result, also considering the state-of-the-art of commercial
EMTSs, whose tracking distance does not exceed 500 mm.

Finally, we must note that the measurement noise g, is predominant at 600 mm, as
already shown in Figure 3.18, limiting the accuracy achievable from the system. Hence it
is crucial to reduce it, as shown in Section 3.2.
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Figure 5.11 Euclidean position error obtained by applying (5.7) and (5.8) to simulated data. A zero-
mean Gaussian Noise with a; = 0.07 mA was added to excitation currents of each transmitting coil,
and a zero-mean Gaussian Noise with 64,4 = 20 nV to the induced voltage. The sensor is aligned along

z-axis. Peaks are cut off for better visualization. Image source: [29].

By comparing the result of Figure 5.10 and Figure 5.11 for the application of (5.8), it
i1s shown that in the latter case the error is not negligible. That results can be explained
with the simple additive model of measurement and acquisition error. In fact, the voltage
induced from the i-th coil, obtained by employing (1.11), is

ﬁi = ﬁi(e, Iu(t)) + eacqi(t) (59)

Then, for a given value of @, the minimized cost function is

[eace,®] (510

N

5
F(B, itx) = Z[ﬁl - l~7i(9, iii)]z =
i=1

i=1

Hence, when eacqi(t) is not zero, there is a difference between true and estimated
parameters value.
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5.4.3 Experimental Data

We now apply (5.7) and (5.8) to experimental data, obtained moving the sensor along
the linear trajectory of the previous simulations, at z = 600 mm. In order to reduce
errors due to uncertainty in the model parameters, we performed a fitting of the model on
few experimental points.

The results of (5.7) and (5.8) are shown in Figure 5.12. It is evident the reduction of
the position error peaks at indexes 3 and 20, related to high values of g; (Figure 3.9), of
about 70%. This good result is due to the inclusion of the value of excitation currents in
cost function (5.8), allowing to reduce errors due to excitation currents variations.
Overall, a mean position error of 3 mm is achieved. Obviously, other sources of error and
the approximation of coils to magnetic dipoles increase experimental position error with
respect to simulations. Finally, position accuracy can be further improved by applying
some calibration procedures to reduce systematic errors, as shown in [28], [57]; further
studies will regard the development of a suitable calibration protocol and the
implementation of techniques to reduce the effect of other sources of error, such as the
measurement and acquisition noise.
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1l pplying (5.8) | |
12

error (mm)

50 40 30 -20 -10 0 10 20 30 40 50
X-axis (mm)

Figure 5.12 Euclidean position error obtained by applying (5.7) and (5.8) to real data, at 600 mm
from the FG. The sensor is aligned along z-axis.
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5.5 Chapter Conclusions

In this Section we illustrated a position reconstruction algorithm which relies on the
magnetic dipole model approximation, and the results of position and angle estimation
obtained by using two different cost functions were analyzed. In particular, one function
encompasses all the position and angle parameters of the sensor, and the other one is a
concentrated version in which the angle estimation sub-problem is solved with the linear
least square method. To apply the two methods to the developed EMTS prototype, the
specific parameters of system configuration were taken into account. The performance of
the two techniques was analyzed and compared in a large measurement volume. The
results obtained with the two estimation methods in terms of robustness and pose errors,
allowed us to propose a new technique in which the best characteristic of both were easily
combined. The analysis was performed by using simulated as well as experimental data.
The results shows that a mean position error of 2.2 mm, and a mean orientation error of
0.5° is reached in a large volume with a distance from the FG center higher than 600 mm.
In the same condition mean repeatability errors of 1 mm and 0.25¢, respectively are
obtained, which constitutes a noteworthy achievement, and satisfies the accuracy
requirements of many surgical procedures [13].

Additionally, we analyzed the effect of variations in transmitting coils’ excitation
currents, which cause magnetic field variations, resulting in noise in the induced voltage
measured by the coil sensor. We quantified this effect by performing several simulations
on the EMTS prototype. We then proposed a solution to reduce this unwanted effect, by
introducing the measurement of excitation currents in the developed position
reconstruction algorithm. We performed different tests both on simulated and
experimental data, proving the effectiveness and robustness of the proposed solution.

Further analysis can be conducted on the system, at different position and orientations
in the tracking volume. Moreover, the magnetic field model is a valuable tool to
investigate several aspects of the system, analyzing how changes of system parameters
affect overall performance.
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Chapter 6

A Virtual Platform for Real-Time
Performance Analysis of EMTSs*

Tracking distance and accuracy are crucial, and they should be taken into account
during the development of a surgical navigation systems. Many aspects affect system
performance, and engineers and manufacturers should consider all of them, since also a
small accuracy or distance increase is a valuable achievement in this field.

In this Chapter we propose a virtual platform for assessing the performance of EMTSs
for surgical navigation, showing in real time how the various sources of error affect the
accuracy of tracking distance estimation. This platform provides a useful tool for
supporting engineers during design and prototyping of EMTSs.

This Chapter is structured as follows: the main sources of error in EMTSs, and the
importance of knowing them during system developing, are discussed in Section 6.1; the
virtual platform, developed to provide a tool to analyze system performance during the
prototyping phase, is illustrated in Section 6.3; in Section 6.4 the developed virtual
platform is evaluated by simulated and experimental tests performed on the EMTS
prototype; conclusions are drawn in Section 6.5.

4 This chapter is based on paper [40].
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6.1 Sources of Error

EMTSs reconstruct the position and orientation of the sensor based on the magnetic
field measured by the sensor. Therefore, it is important that the magnetic field does not
undergo alterations with respect to the conditions in which it was calibrated by the
manufacturer and remains stable over time. Modelling the magnetic field and the various
sources of error is crucial in many applications, allowing to implement ad-hoc algorithms
for automated error compensation [58], [59]. EMTSs tracking accuracy can be affected
by several sources of error, which can be divided into static errors and dynamic errors
[13], [46], [60].

Static errors occur when the sensor is placed in a given position, maintaining a fixed
orientation. They are in turn classified as follows.

e Systematic errors: they are due to distortions of the magnetic field generated by i) the
presence of metal objects in the surrounding environment, which can produce eddy
currents induced by the variable field (mainly in AC systems), which generate
secondary magnetic fields that add up to the main magnetic field; ii) ferromagnetic
materials which, immersed in the main field, orient their domains causing a
magnetization that modifies the field lines; and iii) power supply currents of the
EMTS itself or of other electronic medical devices present in the operating room that
can also cause a distortion of the magnetic field. These errors can be reduced by
appropriate calibration techniques [57].

e Random errors (also referred to as jitter [13], [61]): these errors, mainly due to noise,
reduce the repeatability of the system.

Dynamic errors change over time, and they are mainly caused by variations in
external EM fields, due to the movement of external organs, such as conductive,
ferromagnetic, and electrical materials, which cause field distortions that are extremely
difficult to compensate. The movement of the sensor itself is also a source of dynamic
error, depending on its speed.

It must also be considered that tracking accuracy depends on the design of the FG and
the choice of the position reconstruction algorithm. Moreover, the non-ideality of the
electronic components of the tracking system itself affects the performance of the system.
In fact, the generated field is never perfectly stable due to the intrinsic limits of the FG,
and the measurement and acquisition process is subject to noise, which cannot be totally
eliminated. For the reduction of random and dynamic errors, suitable filtering techniques
and synchronization of the sampling frequency are particularly useful [32]. The
implementation of the Kalman filter can also significantly reduce random errors [27].
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6.2 Assessment Protocols

As seen in Section 6.1, there are several sources of error that affect the performance of
electromagnetic navigation systems and it is important to quantify their effects. During
the development phase of the system, the manufacturer performs an assessment of
position and orientation errors by performing a characterization in terms of accuracy and
repeatability, in order to ensure compliance with certain technical specifications; this is
done through ad hoc techniques chosen by the manufacturer. However, it is necessary to
standardize protocols that define a measurement setup, a generally valid data collection
method and an evaluation criterion, in order to evaluate and compare measurement errors
of different systems.

Below, the main evaluation protocols in literature are listed, divided according to the
type of phantom used [23]:

o Planar phantom: i) it consists of a perforated plate with holes of known size is
used, inside which the sensor is placed, thus measuring its position and
orientation; ii) another approach is to move a rigid body -on which the sensor is
fixed- on a plane, keeping the height of the plane constant, thus evaluating the
position error as the deviation from the plane of the phantom. These methods are
meant to be repeated at different heights.

. Cubic phantom: it is a cube of known size is used, with holes of different depth
and inclination. The position and orientation error can thus be evaluated by
exploring a 3D operating volume.

o Mobile Phantom: it allows to evaluate the dynamic distortions generated during
the movement of the sensor, through the use of pendulums or rotating plates.

o Robots: this protocol involves the use of robots to move the sensors, providing
reference positions and orientations and acquiring data automatically. This
approach allows to achieve greater accuracy, but it generates interference with the
surrounding environment, and it is much more complex and expensive than other
phantoms.

. Other phantoms.

Among the categories presented we can mention two protocols that are considered as
standard:

i The Hummel protocol [62], which uses a planar phantom with a perforated plate.

ii. Wilson's protocol [63], which uses a cubic phantom.
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Other works have also attempted to produce standard evaluation protocols. For
example, [64] proposes a simple and repeatable protocol for determining static and
dynamic errors. An evaluation of static errors is carried out using a cubic plexiglass
phantom, proposing future developments in the evaluation of dynamic errors.

In the next Section a virtual platform is presented, to provide a tool for the
characterization and assessment of EMTSs. It is designed to be used in combination with
the robotic arm used in previous Sections, but can also be used in simulation mode
without the need of the physical system, so that all parameters can be studied quickly and
with much less hardware requirements.

Robot model Transmitting coils Recontruction algorithm
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Figure 6.1 Virtual platform developed in LabVIEW, during the execution of a simulation. On the left:
the model of the MELFA robot is shown during the movement, the green point is the position estimate
provided by the algorithm, and FG reference system is shown in red. On the top: the noise settings
section and the trajectory definition are shown. At the bottom. real-time statistics of position error are

provided. Image source: [40].

6.3 Virtual Platform

The virtual platform is developed in LabVIEW® software (by National Instruments
Corp.), which is largely used to control and monitor industrial equipment and processes,
and for the creation of test and measurement systems [37], [39]. It offers a real-time
feedback of tracking accuracy (Figure 6.1) and it provides an intuitive and user-friendly
interface.
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It is designed to be used in combination with a robot to move the sensor and provide
accurate position references. The platform is composed of five main sections, which are
described in the following subsections. The functioning of the platform is illustrated in
Figure 6.2. The model of the EMTS if defined in an external file and imported into the
platform, and the user defines the trajectory for sensor movement. Two different
modalities can be performed: i) in the experimental mode, the platform connects to the
DAQ device and the induced signal in the magnetic sensor is acquired as it is moved by
the robot along the defined trajectory, ii) in the simulation mode, the signal of the
magnetic sensor is simulated by employing a model of the magnetic field; in both cases,
noise can be added to the signal. Finally, the position of the sensor is estimated by means
of a suitable reconstruction algorithm, providing real-time 3D representation and error
statistics.
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Figure 6.2. Scheme of the functioning of the virtual platform. Image source: [40].

6.3.1 3D View and Real-Time Tracking Statistic

Tracking systems provide the surgeon with the real-time estimate of sensor position,
which is shown on a screen in front of the surgeon, where is also displayed the patient’s
anatomic area. 2D and 3D views are commonly used; in particular, the latter is more
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difficult to interpret, but seems to guarantee greater precision [65]. Hence, the platform
provides a 3D view of tracking, where the actual and estimated position are displayed.

Moreover, real-time feedback of system performance becomes particularly useful
when analyzing how a system responds to different inputs. Many design errors can be
quickly avoided by real-time feedback. Hence, real-time plot and statistics of position
tracking errors are provided during experiments. In particular, the position error along
each cartesian axis, computed as the difference between the estimated position and the
one provided by the robot, is shown on a graph, and its mean value and standard deviation
are displayed. For example, the peak error in Figure 6.1 suggests performing a deeper
exploration of the correspondent space region. All tracking results and statistics can be
easily exported for further elaboration in Matlab or other software.

6.3.2 EMTS Model Import

e The number and arrangement of the transmitting coils, as well as their electrical
properties, highly affect system performance [66]. Often the transmitting coils must
be placed inside a well-defined space due to practical needs, such as the configuration
of the clinical environment, weight limitations, or application requirements.
Moreover, the tracking volume is usually proportional to the dimension of the FG
(i.e., the magnetic field intensity) [13]. Hence the platform provides the import of a
MAT-file (binary MATLAB® file) containing the geometrical arrangement and the
electrical properties of the transmitting coils of the FG, in order to test different FG
layouts, as well as the parameters of the coil sensor. In Section 6.4.2, two different
FG configurations will be compared to illustrate this functionality.

e The assessment of tracking accuracy is a mandatory step in EMTSs developing, and
different types of protocols have been defined [13], most commonly employing
phantoms such as board and cube phantoms, as well as moving phantoms to assess
dynamic performance. In addition, robots are also used to move the sensor, providing
accurate position references, and allowing automatic and repeatable test; on the other
side, robotic components can cause interference in the tracking volume, and they are
quite expensive. In [28], the authors used a carbon fiber rod, held by the robot gripper,
with the magnetic sensor positioned at the tip, in order to distance the sensor from the
metallic components of the robot. The cinematics of the simulated robot (shown in
Figure 6.1) is based on a real robot, model RV-2FB-D from Mitsubishi, which was
employed in this research to move the sensor; however the platform provides the
import of a file containing the model (i.e., the geometry of joints and links) of any
robot.
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Both the FG and the robot are displayed in the 3D scene of the platform, by means of
the LabVIEW Robotics Toolkit. The FG shown in Figure 6.1 represents the EMTS
described in Section 6.4.3.

6.3.3 Reconstruction Algorithm and Magnetic Field Model

Different techniques can be used to reconstruct the position of the sensor in an EMTS
based on Frequency Division Multiplexing.

In [33], a suitable interpolation algorithm has been used to reconstruct the position
of the sensor in a small space. The sensor is placed in M different calibration positions,
and the voltage from the sensors are measured; then, position estimation is based on
interpolation between calibration points by using Delaunay triangulation and linear
interpolation. This technique requires measurements of the magnetic field in a dense grid
to reach adequate accuracy, it does not allow extrapolation, and it is time-consuming, thus
it could be applied only to small regions in the tracking volume.

Other algorithms are based on i) a model of the magnetic field obtained by
approximating the coils as magnetic dipoles, or on ii) a model obtained by considering
the mutual inductance between the transmitting coil and the coil sensor, which are
considered as circular filaments [55]. Both models require the knowledge of the
geometrical parameters of the coils, and the electrical quantities (i.e., current and voltage)
of the transmitting coils, but do not need as many measurements as the interpolation
method. Moreover, they could be used to compute the magnetic field (and therefore the
induced voltage) in the whole tracking volume, allowing to perform experiments in a
simulated environment.

Hence, the platform provides the possibility to choose an arbitrary reconstruction
algorithm (developed in Matlab), or to track the sensor simultaneously with two or more
reconstruction techniques, to compare their performance in different scenarios.

In this Section, to model the magnetic field produced by the FG and to reconstruct
sensor position, we employ the dipole model described in Section 2.2.3.

6.3.4 Experimental or Simulation Mode
The platform allows to control and perform both simulation and experimental tests.

Simulation mode - The aforementioned models allow to carry out experiments on a
simulated environment, resulting in a valuable tool for EMTSs design. It is possible to
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define the FG and the coil sensor (Section 6.3.2), the position reconstruction algorithm
(Section 6.3.3), and custom trajectories along which to move the sensor.

Experimental mode — It is possible to define a trajectory, move the robot and acquire
data from the Data Acquisition (DAQ) device. The 3D scene will show the real-time
movement of the robot, along with the tracked position (the green dot in Figure 6.1).

Hybrid mode — It is possible to import experimental data acquired during past
experiments, and to run a simulation test showing the tracking results, also simulating the
actual acquisition time of the related experiment.

6.3.5 Noise Section

The voltage noise in the sensor signal highly affects tracking accuracy. Several error
sources contribute to sensor voltage noise, and two main contributions can be considered
(all noise components are intended as standard deviation of RMS quantities): i) the
measurement and acquisition noise .4, and ii) the FG noise og(ps, 07)- The last one
depends on the position pg of the sensor relative to the FG and is due to excitation current
noise a;. The voltage noise g,, can be expressed as:

oy, = /O’BZ + Oacq® (6.1)

where it has been assumed that o5 and 0,4 both contribute independently. Note that

® 04cq 1S approximately constant in the whole working volume, since it depends on the
measurement devices and on the Johnson noise of the sensor. Experimentally, it has
been measured g, = 20 nV for each frequency component.

e 03 depends on sensor pose and excitation currents, hence it is related to g;, and its
contribution is higher when the sensor is closer to the FG. Moreover, o; can differ
between each transmitting coil. Experimentally, it has been measured g; = 0.07 mA
as an average value among transmitting coils. In [29], a technique to compensate the
effect of o; on the position error has been proposed.

The effect of these noise components must be considered during simulations. Hence,
the platform includes a section to set the noise components (0,4 1s a scalar, g; is a nx1
vector), to be added in simulations and also during real-time experiments, to investigate
how a certain source of error affects tracking accuracy. For instance, a discussion about
the selection of the DAQ device depending on the noise is carried out in Section 6.4.1.
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6.4 Validation

The proposed platform is suitable for the assessment of virtual EMTSs during
simulation, as well as the developed EMTS prototypes. In Sections 6.4.1 and 6.4.2 we
employ the platform for a practical case, showing its usefulness in assisting engineers
during EMTS design and characterization, and in Section 6.4.3 we illustrate some tests
performed on the real EMTS.

6.4.1 DAQ Device Selection

The platform can support engineers during DAQ device selection by using the noise
section described in Section 6.3.5. When setting up the measurement chain to acquire the
signal form the coil sensor, it is important to select the DAQ device according to the
accuracy requirements of the system. Frequency sampling and noise are two main
parameters to be considered [32], which affect system accuracy. In particular, the noise
floor indicated in the datasheet of the DAQ device is added to the induced voltage, thus
it directly affects position repeatability and accuracy [32]. In this way, the choice of a
low-noise DAQ device can be evaluated for the purpose of improving performance.
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Figure 6.3. Mean Euclidean position error vs. Oqcq, assuming 0;=0.07 mA. Image source: [40].

In this Section, we performed some simulations: the RMS induced voltage was
simulated by applying (1.11), then adding a voltage noise component to simulate the noise
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floor of the DAQ device. Figure 6.3 shows the results, where the mean of the Euclidean
position error over a linear trajectory (101 points at 600 mm from the FG) is plotted versus
arange of selected g4, considering a fixed current noise of o; = 0.07 mA. As expected,

it can be observed an increasing error with g,¢,; moreover, the behaviour is quite linear.
A mean Euclidean error below 2 mm is obtained if using a DAQ device with g, lower

than 40 nV. This information could be particularly useful when choosing components,
considering the trade-off between increased cost and required accuracy.

6.4.2 FG Configuration Optimization

As said in Section 6.3.2, the platform allows to test different FG configurations, to
evaluate the influence of the number, arrangement, and electrical properties of the
transmitting coils on system performance. In this Section we compare the performance of
two FG configurations: one representing the EMTS prototype (Figure 6.1), and one flat
FG composed of six coplanar transmitting coils (Figure 6.4). The coils of the two
configurations are identical in their geometrical and electrical parameters, except for their
position and orientation in space.

Figure 6.4. Flat FG configuration, obtained by modifying the number of transmitting coils and their
position and orientation. The FG reference system is shown in red. Image source: [40].

Figure 6.5 shows the position error along each axes, obtained by keeping the sensor
with a fixed orientation along the z-axis, and moving it along the x-axis along a linear
trajectory of 101 points, with a step of 1 mm, from point (x, y, z)=(-50, 0, 600) to (x, y,
z)=(50, 0, 600), considering the reference system of the FGs. The RMS induced voltage
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was simulated by applying (1.11), assuming an acquisition frequency of 20 Hz. Current
and voltage noise of 0; = 0.07 mA and g4, = 20 nV were added to each channel.

It can be noted higher accuracy in the 5-coils FG configuration, whereas the 6-coils
FG exhibits higher position error, in particular along x- and y-axes. This suggests that
further investigation should be performed to understand the cause of the error in that
configuration, to avoid it during the realization of the FG.
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Figure 6.5. Comparison of position error of the two FG configurations. Image source: [40].

6.4.3 Comparison with Experimental Test on the EMTS Prototype

The results obtained from the simulations performed with the platform must be
comparable with the ones obtained with an actual FG, in order to validate it effectiveness
in assisting the system designers.

The EM coil sensor was moved by the robot along the trajectory defined in Section
6.4.2 (which is the same presented in 5.4.3) and the RMS induced voltage was measured
with a frequency of 20 Hz, as suitable for real-time surgical. The same trajectory was
performed on both simulated and experimental data. For the simulation, g; = 0.07 mA
and o; = 20 nV were considered for each channel, as quantified from the experimental
data.

Figure 6.6 shows the obtained results. The position error obtained in both simulated
and experimental case are comparable, with a mean Euclidean position error of about 1
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mm and 2 mm, respectively, which is suitable for many surgical procedures [13]. The
difference is due to the approximation of the coils with magnetic dipoles, and to
uncertainty in parameters. This result validates the performance of the platform in
simulating real tracking, providing a valuable tool during system design and prototyping.
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Figure 6.6. Position error from simulated (blue line) and experimental data (red line) obtained by
moving the MELFA robot along a linear trajectory at a distance of 600 mm from the FG. The sensor is
aligned along z-axis. Image source: [40].

6.5 Chapter Conclusions

Several sources of error affect EMTSs, and the high accuracy required from surgical
application is highly influenced by the design and arrangement of the transmitting coils
of the FG. Many design errors can be quickly identified and avoided by real-time
feedback. In this Chapter we illustrated the main features of a virtual platform, which
permits to analyze system performance by adding noise components and simulating error
sources, hence the robustness and the accuracy of the system and its weaknesses can be
studied. Moreover, it can be particularly useful for system prototyping, by investigating
the effects of system parameters (geometrical and electrical ones) on tracking accuracy.

The usefulness of the platform was demonstrated by performing simulations related to
some practical cases. Finally, it was validated by comparing simulation tests with that
performed on the real EMTS prototype, obtaining a mean Euclidean position error of
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about 2 mm at a distance of 600 mm from the FG, comparable with the position error of
1 mm obtained by simulations.

Further development will regard an improved graphic and user interface, the inclusion
of other sources of error (magnetic field distortion, EM interferences), as well as a
dynamic system model, in order to evaluate position error in fast varying conditions; the
Kalman filter will also implemented to obtain smooth trajectories. Moreover, in this first
version, the algorithm is developed in Matlab, but other programming languages -e.g.,
Python- will be considered in further versions.
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Chapter 7

Platinum Nanostructured
Miniaturized Ion-Sensors’

The role of ion concentration measurements is particularly useful in many fields of
applications, ranging from healthcare to plants and animals’ health monitoring. One of
the main technologies used for ion sensing is based on potentiometric measurements by
means of ion-selective electrodes (ISEs), that rely on electrochemical principles to
transduce the activity of a target ion into a measurable electrical signal [68]. Traditional
ISEs are accurate and provide high stability, but they are quite bulky. Hence, much effort
has been put in miniaturizing the electrodes, bringing to the development of all-solid-state
ISEs, which are based on a solid contact (SC) that allows ion-to-electron transduction,
thus allowing the fabrication of wearable and portable systems with high sensing
performances. Flat screen-printed electrodes (SPEs) have been employed to fabricate SC-
ISEs, due to their ease of use and availability, but they result bulky when invasiveness
becomes a main parameter to be considered. Therefore, growing attention is being paid
to needle-type ISEs, which are of particular interest due to their broad range of
application, especially in biomedical field. In [69], an all-solid-state microneedle-based
potentiometric platform for intradermal monitoring of potassium was presented. The
system included a potassium-selective electrode produced by coating a steel microneedle
with carbon ink first, and then with carbon nanotubes for the SC. Microelectrodes for in

5 This Chapter is based on paper [67].
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vivo sensing were also proposed in [70]. In that case, acupuncture needles were used as
the base material and the electrodes were used for monitoring calcium ions in rat
cerebrospinal fluid. Needle-type all-solid-state ISEs have also been proposed for live
plants monitoring [71], [72], and coastal water monitoring [73], [74].

Among several others, Potassium (K") ions play a fundamental role for cells functions.
Their concentration inside cells is controlled by the Na'/K" pump, which controls the
resting potential of the cell membrane, eases the transport of nutrients inside the cell, and
regulates the cellular volume [75]. In case of cell damage or altered activity of the Na™/K*
pump, the concentration of K* ions inside and outside cells changes. In homeostasis,
typical intracellular and extracellular K* concentration of around 150 mM and 4 mM are
measured, respectively. Measuring K concentration can hence be useful for monitoring
cells function and detect possible anomalies. In [75], flat SC K '-selective electrodes based
on electrodeposited Pt nanopetals were fabricated for measuring the efflux of K™ from
cells for the evaluation of acute cell death.

In previous research [76], planar ISEs with SCs based on gold nanostructures (Au-
NSs) are compared to platinum nanostructures (Pt-NSs). Pt-NSs offered slightly better
performances than Au-NSs in terms of potential stability and reproducibility, thus in this
research a study on needle-shaped ISEs which exploit Pt nanostructures (Pt-NSs) as SC
is presented, with particular focus on K sensing in the physiological range 10~ — 10> M
K*. The reduced sensor size is suitable for biomedical applications when invasiveness has
to be minimized, such as surgical navigation procedures, where tracking systems support
the surgeon with the localization of the surgical tools [28], [31]. Needle-shaped ISEs can
hence be inserted into the surgical instruments, thus providing important information
about cellular health in real-time, measuring ion concentration directly from blood
inevitably present during surgery, or they can be integrated into ad hoc developed devices
like in [31], where a smart pen-shaped electronic system for continuous monitoring of
propofol in human serum was proposed.

The literature still lacks studies about the effect of parameters to produce needle-
shaped ISEs with Pt nanostructuration. For example, in [77], ISEs were obtained by
growing Pt-NSs on a Pt wire with diameter of 0.5 mm, but no investigation of the
nanostructuration parameters was performed. In [78], a stainless steel acupuncture needle
(diameter of 0.16 mm) was instead covered with Au nanoparticles, and the optimization
of Pt nanoflower subsequently grown on the Au substrate was performed by showing
different concentrations of the HAuCly solution, and different deposition times. However,
the influence of electrodeposition parameters on Pt-NS was investigated in [79] only with
regard to flat SPEs, whereas their effect on Pt-NSs grown on a thin Pt wire has been not
yet explored so far.
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Hence, in this Chapter we analyze the influence of electrodeposition voltage and
duration on the morphology of Pt-NS grown on a Pt wire with very small diameter of 0.1
mm in order to find a set of optimized electrodeposition parameters for a regular
fabrication of high performances K* ISEs. The employed fabrication procedure relies on
a one-step template-free electrodeposition process, and it is similar to that reported in
[75],[79],[76]. This fabrication procedure has been shown to be very simple and effective.
In this study, however, very thin Pt wires are used as conductive substrate of the electrode
instead of planar microfabricated Pt SPE [79]: due to this different geometry, many
differences in the nano-structuration results with respect to those obtained in [79] are
observed and highlighted in this Chapter. The performances of the ISEs in K sensing are
then assessed and compared with those obtained in [80], where larger Pt ISEs (circular
shape, with radius of 2 mm) were fabricated on a flat flexible substrate with the same
electrodeposition procedure and solution concentrations. The proposed electrodes show
Nernstian sensitivity, high stability, and a limit of detection (LOD) suitable for K"
monitoring in biomedical applications.

7.1 Background

7.1.1 Working Principle

ISEs are based on a working electrode (WE) covered with an ion-selective membrane
(ISM) that selectively captures the target ions, proportionally to their concentration in the
sample solution under test. ISEs were conventionally built by including in the WE a liquid
junction with target ion at constant concentration ¢, (proportional to its activity a, =
Ya C4, Where y, is the single ion activity coefficient) between the electrode substrate and
the ISM, which allows ion-to-electron transduction due to redox reactions. Therefore, the
concentration of the ions is also proportional to the open circuit potential (OCP) of the
ISE relative to a stable reference electrode (RE), which can be simply measured by
employing a potentiostat in a two-electrodes configuration (Figure 7.1b). In particular,
the activity a, of the sample solution is related to a4 by the Nernst equation:

RT a,
OCP = —In (—
aa

RT
I F > = const + 2.3ﬁlog(ax) (7.1)

A

where R is the gas constant, T the temperature, z, the valence of the target ion, and F
is Faraday’s constant. This equation describes a linear relationship between the measured
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OCP and log(a,), with slope of about 59.16 mV/decade at room temperature for
monovalent cations, as in the case of K. In this Chapter all results are related to ion
concentration ¢4, since the conversion to ion activity can be obtained by considering the
activity coefficient known in literature for K* [81].

The internal junction increases the stability of the measured potential but, on the other
hand, it also implies problems relative to the conservation of the liquid and, mostly, it
limits the possibility of miniaturizing the sensors [68]. To overcome these limitations, all-
solid-state ISEs have been developed and are currently still very actively studied, with
the aim of increasing their miniaturization and performances [82], [83]. In this kind of
electrodes, the ISM is connected to the conductive substrate through SC materials of
different classes.

One of the most promising types of SC is that based on nanostructured materials [84]—
[87]. The OCP of nanostructured SCs is not based on redox reactions as in the case of
conventional ISEs or conductive polymers SCs; instead, it is based on the formation of
an electrical double layer at the interface between ISM and electrode substrate, due to the
accumulation of ion charges at the side of the ISM, which causes the accumulation of
holes and electrons on the other side, thus generating an asymmetric capacitor with a
potential difference [68].

The function of the SC based on nanostructured materials is to improve the adhesion
of the ISM to the electrode due to the larger surface area, and this leads to a reduction of
the undesired water absorption by the membrane. Moreover, the SC is characterized by a
large electrical capacitance, that reduces the potential drift due to the non-zero current
involved in the measurement process, thus enhancing signal stability, and it is insensitive
to light conditions. SC-ISEs based on nanostructured material have been used in many
fields in recent years, including healthcare [76], [79], [88] and pharmaceutical industry
[77], [89].

7.1.2 Performance Parameters

Similarly to what has been proposed in [68], four main parameters are considered in
this research:

e Sensitivity: it represents the variation of OCP due to a variation of the target ion
concentration, and it is expressed in millivolt per decade. It is evaluated by measuring
the OCP at known concentration of the target ion. ISEs that exhibit a slope of 59
mV/dec are said to exhibit a Nernstian behavior (eq. 1). Ideal sensitivity can be
obtained if the ISM is perfectly selective to the target ion and if it is not subjected to
degradation.
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e Limit of detection (LOD): minimum target ion concentration that can be detected. In
order to increase the ISM detectivity in a specific concentration range, a conditioning
procedure by immersing the ISEs in a solution with concentration near to the
application range must be performed, since it affects LOD [75].

e Linearity: it is the deviation of the calibration curve from the theoretical curve, and it
is expressed in millivolt or in percentage of the concentration range. It is mainly
affected by the trapping into the ISM of interfering ions different from the target ion,
which occurs when the ISM is not perfectly selective towards the target ion.
Simultaneous measurements of the interfering ions (by means of other ISEs with ISM
containing the proper ionophores) can be used to compensate this effect and increase
linearity [90].

e Stability over time: it represents the variation of OCP in absence of ion concentration
variations over a long period of time, and it is expressed in millivolt per hour or
millivolt per second. It can be caused by i) the formation of a water layer at the
ISM/SC interface, ii) the polarization effect due to non-zero currents required for the
OCP measurements, or iii) the degradation of ISM composition, which can lose
sensitivity to the target ion. The employment of nanostructured materials as SC has
proved to improve potential stability, since it reduces the polarization effect and the
formation of water layers.

7.2 Materials and Methods

7.2.1 Synthesis of Pt Nanostructures

Pt-NSs are grown on Pt wires using a one-step template-free electrodeposition
procedure, as described in [79]. A three-electrodes setup is employed (Figure 7.1a), to
precisely control the potential of the working electrode (WE), since the current flows
through the counter electrode (CE) [91]. Pt wires with diameter of 0.1 mm (by Advent
Research Materials Ltd) are used as WE and CE, whereas an Ag wire with diameter of
0.25 mm is used as reference electrode (RE). The potentials are applied using an Autolab
PGSTATI2 potentiostat (by Metrohm). During the electrochemical process, the length of
Pt wire dipped in the solutions is about 2 cm, whereas the distance between the WE and
the CE is about 1 cm.

Bare Pt wires are first cleaned by applying a potential of +2 V for 120 s in 0.1 M
H,S0, (by Sigma-Aldrich), in order to make them free of contaminants, which may
interfere with the bonding of the nanostructures. Then Pt is deposited on the WE by
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applying negative potentials in a solution containing 25 mM H,PtCl, (by Sigma-Aldrich)
and 50 mM H,S0, [79],[76]. During the process, the solution is stirred at 1200 rpm, using
a 5x2 mm magnetic stirring bar, to make the solution homogeneous. This stirring velocity
results to be suitable for this electrodeposition process. Finally, cyclic voltammetry is
performed to activate the material, acquiring multiple voltammograms between -0.2 V
and +1.5 V in 0.1 M H,SO, with a scanning speed of 100 mV/s. The procedure is
interrupted when two successive voltammograms overlapped, which happened after
about ten cycles. As final step, the cleaning process is repeated, by applying a potential
of +2 V for 120 s in 0.1 M H,SO,.

RE| [CE RE

CE

—  PGSTAT12

L PGSTAT12

Electrodeposited nanostructures

Stirring magnet KCl sample solution

Electrodeposition solution
a) b)

Figure 7.1 a) Setup used for the electrodeposition process, by applying a stable voltage V. The same
setup, except for the stirring, was also used for the cleaning and cyclic voltammetry phases. b) Setup used
for the characterization process, by measuring the OCP between WE and RE. Image source: [67].

7.2.2 Ton-Selective Membrane

The Pt wires with grown Pt-NSs are then coated with a K*-selective membrane to
realize the ion sensors. The membrane is composed of a mixture of: i) 33% high molecular
weight poly (vinyl chloride) (PVC, by Sigma-Aldrich), which provides mechanical
stability and is chemically inert; ii) 65% bis (2-ethylhexyl) sebacate (DOS, by Sigma-
Aldrich), a plasticizer that increases the free volume of the polymeric materials, thus
increasing flexibility, mobility, and durability; iii)) 0.5% potassium tetrakis (4-
chlorophenyl) borate (KTCIB, by Sigma-Aldrich), a lipophilic ion used to make the ISM
permeable exclusively to ions of the same sign of the target ion, to ensure Nernstian
behavior; iv) and 2% potassium ionophore I (by Sigma-Aldrich), a species that binds to
the target ions, trapping them in the ISM. This mixture is then dissolved in
tetrahydrofuran (THF, by Sigma-Aldrich), following a ratio of 100 mg/1 mL. The Pt-
NSs/Pt electrodes are therefore coated by dipping them once in a drop of 5 uL of
membrane solution, as shown in Figure 7.2. This procedure is sufficient to completely
cover the surface of the dipped region of the wires, which is slightly shorter than the
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nanostructured region. It should be mentioned that in other works these needle-shaped
electrodes are dipped several times into a beaker containing a bigger quantity of ISM
solution [77],[92]. However, not significant variation in the ISM adhesion is found when
employing this method, hence we use the aforementioned method to avoid wasting
material and working with small quantities so as not to contaminate the ISM solution.
Note also that this coating procedure differs from the one employed for SPE, where the
ISM solution is directly dropped on the flat electrode surface.

The obtained solid-contact K*-selective electrodes are kept drying at room temperature
for at least 24 h to allow THF evaporation, and then they are conditioned in 0.01 M KCl
(by Sigma-Aldrich) for at least 24 h before starting the characterization measurements,
since we are interested in the physiological range 10~ — 10> M KCl.

K*-ISM drop Nano-structured electrode

\ /

)
AT AR TR e

Figure 7.2 Application of the ion-selective membrane to the nano-structured Pt wire. Image source:

[67].

7.2.3 Morphological Analysis

The morphology of the obtained Pt-NSs is analyzed using scanning electron
microscopy (SEM) images acquired with a Zeiss Merlin high-resolution scanning
microscope. The InLens detector is used with an accelerating voltage of 1.5 kV, and
working distance of about 3 mm. The ISM is observed using an Hirox KH-8700 digital
microscope. GIMP [93] and ImageJ software [94] are used for the quantification of
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nanopetals and nanospheres sizes from SEM images, whereas the thickness of the ISM is
computed directly with the Hirox software.

7.2.4 Electrochemical Measurements

The solid-contact K'-selective electrodes are characterized by measuring the OCP
when immersed in beakers containing KCl solutions in the range 107 — 10! M, which
includes the physiological range 10~ — 10 M. The measurements are carried out in two-
electrodes mode by using an Ag|AgCl double-junction electrode as RE (by Metrohm),
inner filling solution 3 M KClI, outer filling solution 0.1 M NaCl (by Sigma-Aldrich)).
The OCP is measured as the difference in potential between the WE and RE. Indeed, we
employ a commercial Agl|AgCl RE to ensure the best characterization process but
miniaturized RE could be developed in the final step of the research. Note also that
Ag/AgCl electrodes are well studied in literature and miniaturized RE have been
successfully fabricated in [69], obtaining slopes really close to the Nernstian behavior and
very low drift.

In order to evaluate sensors performances, four main parameters are considered in this
research: sensitivity, LOD, linearity, and stability over time. The sensitivity is computed
as the slope of the line that fits the data points in the linear range, and the LOD is
calculated as the intercept between the line fitting the points in the linear region and the
line fitting the points in the insensitive region [95] (as shown in Figure 7.7). Linearity is
evaluated through the root mean square error (RMSE) between the measured points and
the fitting line in the linear region [LOD, 10'] M KCI. The time-stability is assessed with
a 14-hours measurement of the OCP in the 0.1 M KCI solution, soon after the
characterization procedure. Temperature is also measured during the stability assessment,
demonstrating that the influence of its variation on the OCP is negligible. Data analysis
is carried out using the Matlab software (by MathWorks Inc.).

7.3 Results and Discussion

7.3.1 Membrane Adhesion and Nanostructure Thickness

The Pt-NSs layer is evident in Figure 7.3a, with a thickness of about 2 pm, measured
by comparing outer diameter before and after electrodeposition procedure. After dipping
the electrode in the K™-ISM solution, we verified the adhesion of the membrane to the
electrode nanostructured surface. Figure 7.3b shows the transparent layer of membrane
quite uniformly coated on the Pt electrode surface. The outer diameter is of about 180
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um, almost twice the diameter of the Pt wire, thus indicating the good outcome of the K*-
ISM coating.

7.3.2 Morphology of the Sensors

Several thin Pt wires are nanostructured at different voltage values, respectively -0.2
V,-04V,-0.6 V,and -1 V, at a deposition time of 200 s, while stirring at 1200 rpm, to
investigate the effect of deposition voltage on Pt-NSs morphology. The differently
obtained Pt-NSs morphologies are reported in Figure 7.4, and the different density of the
fabricated sensors is quite evident. Different applied voltages largely affect the Pt-NSs
morphology and density. The Pt-NSs of the sensors fabricated by applying -0.2 V, -0.4
V, and -0.6 V, present the same morphology (i.e., granular), whereas a different
morphology (i.e., petal-like) is obtained with -1 V. Furthermore, this latter shows a not
fully covered surface, with a density of about 30%. These results are interesting,
compared to the ones obtained in [79], where a Pt electrode fully covered with Pt-NS is
obtained by applying -1 V after only 200 s. This significant difference shows directly how
developing nanostructured working electrodes for electrochemical sensors with planar or
wire geometries directly affect the optimized fabrication.

The sensors fabricated with -0.6 V and -1 V are furtherly compared: the former shows
the best performances (as shown in Table 7.1), whereas the latter shows a different Pt-
NSs morphology and a not fully covered surface. Different deposition times (varying
from 50 s to 800 s) are analyzed for deposition voltages -0.6 V and -1 V, with aim of
identifying the optimized deposition time as function of deposition voltage.

Pt bare

L=178.6 um

Figure 7.3 a) Thickness of the nanostructure layer obtained with-0.6 V applied for 200 s. b) Digital
optical microscope image of the K*-ISM layer on Pt-nanostructured Pt electrode. Image source: [67].
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Figure 7.4 SEM images of Pt coatings obtained by applying different voltages, respectively -0.2 V, -
0.47V,-0.6V, and -1V, for a deposition time of 200 s. Image source: [67].

As shown in Figure 7.5, a fully covered electrode is obtained at -0.6 V after a
deposition time of 50 s, whereas the density of -1 V samples reaches 100% only after a
deposition time of 400 s. The nano-scale morphology of both -0.6 V and -1 V samples is
not affected by the deposition time, as shown in Figure 7.6, which reports further SEM
images at higher magnification for the 400 s, 600 s, and 800 s samples at -1 V deposition
voltage, and for the 200 s, -0.6 V, respectively. Pt-NSs obtained by applying -1 V are
composed of petals with an average length of 96 nm, with no significant difference with
different deposition times. The (200 s, -0.6 V) Pt-NSs present spheres with an average
diameter of 43 nm, and smaller spheres (on the surface of the larger spheres) with an
average diameter of 6.9 nm. These results are coherent with those obtained in [79], where
Pt petals with average size of 68 nm were obtained with a deposition for 200 s at -1 V
but on a Pt screen-printed electrode (SPE), and Pt spheres with average diameter of 52
nm were obtained with 200 s at -0.2 V. This suggests that the obtained morphology tends
to be granular rather than petal-like by lowering the absolute value of the deposition
voltage.
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Voltage: -0.6 V
Duratlon 50 s Duration: 200 s Duration: 400 s Duration: 600 s

Voltage: -1V
Duration: 400 s Duration: 600 s Duration: 800 s

Figure 7.5 SEM images of Pt coatings at -0.6 V and -1 V, obtained at different deposition times.
Image source: [67].

(400s,-1V) petal length: 96 + 24 (600s,-1V) petal length: 90 + 24

(800s,-1V) petal length: 102 + 28 (200s,-0.6 V) 43 =13 (large spheres) Zoom of a sample large sphere
6.9 + 1.2 (small spheres)

Figure 7.6 High magnification (350k) SEM images of the 400 s, 600 s, and 800 s samples at -1 'V
deposition voltage, and for the (200 s, -0.6 V) sample. On the bottom right, a zoom of a big sphere of (200
s, -0.6 V) SEM image: several smaller spheres are visible on the surface of the larger one. Nanostructure

size is in [nm], expressed as mean + SD. Image source: [67].
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7.3.3 Electrochemical Performances of the Sensors

An investigation of the effect by voltage deposition of Pt-NSs is carried out as well
about the electrochemical performances of the realized sensors. Electrochemical
measurements are performed on the samples to calculate sensitivity, LOD and linearity.
Moreover, the long-term OCP drift after 14 hours with the KCI solution at highest
concentration is calculated for each sample, in order to evaluate the time stability of the
sensors. Table 7.1 shows the obtained values, reporting higher sensitivity and linearity
for -0.6 V (see calibration curve in Figure 7.7), with a LOD of 10* M, suitable for the
physiological range of 10~ — 102 M. The comparison with the sensors realized with bare
Pt electrodes coated with K'™-ISM as WE shows improved performances with the
nanostructuration of Pt electrodes, in terms of both stability and sensitivity. The electrode
with Pt-NSs obtained by applying -0.6 V presents lower OCP drift than the bare platinum
electrode (Figure 7.8). The signals are also much more stable and definitely noisy than
those obtained with both the bare electrode and the electrode with Pt-NSs deposited at -1
V. This could be explained with the low density of the Pt-NSs that cover the electrode
surface in the second case. On the other hand, the stability improves significantly,
accordingly to literature [79], when the electrode is fully covered by Pt-NSs.

Table 7.1 Performance parameters of the Pt nanostructured ISEs in 107 — 101 M KCl solutions.
Deposition time of 200 s, while stirring at 1200 rpm.

Deposition Voltage Sensitivity LOD Linearity Drift (mv)
(V) (mV/dec) (log[M]) (RMSE (mV)) After14h
bare Pt 38.2 -5.09 4.76 73.9

-0.2 50.0 -4.44 2.87 235

-04 57.1 -4.11 2.83 10.7

-0.6 61.3 -3.97 1.55 11.9

-1 51.9 -4.02 4.32 12.5

(*) measured in 10 M KCI.
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LODE
0 500 1000 1500 7 6 5 4 3 -2 4
Time (s) log[K"]

Figure 7.7 Calibration curve of one of the fabricated Pt nanostructured ISE obtained by applying -0.6
V for 200 s. The star indicates the intersection between the two fitting lines, which corresponds to the
LOD. Image source: [67].
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Figure 7.8 OCP drift in a concentration of 10-1 M KCI for three fabricated ISEs: bare Pt substrate,
and Pt nanostructured substrate with (-1 V, 200 s) and (-0.6 V, 200 s) deposition parameters,
respectively. The not fully covered surface of the (200 s, -1 V) sample resulted in a noisier signal. Image
source: [67].
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7.3.4 Optimization of Pt Nanostructuration Parameters with respect to
K" Sensing Performances

Since the main goal of this work is to optimize the fabrication of Pt-NSs needle-shaped
sensors for K ions toward higher possible sensing performances, in this Section we
investigate a possible correlation between sensors performances and electrodeposition
parameters. Several other sensors are fabricated for each of the following four sets of
deposition parameters: (200 s, -0.6 V), (600 s, -0.6 V), (400 s, -1 V), and (800 s, -1 V).
Then, the wire WEs are coated with a K™ ISM, and the electrochemical measurements are
performed. The experimental results are summarized in Table 7.2, which shows that the
sensor performances in terms of sensitivity, LOD, time drift, and linearity are not
significantly affected by deposition time and voltage. Among all configurations, the (200
s, -0.6 V) configuration shows lower mean and standard deviation (SD) drift after 14 h,
and higher mean sensitivity with lower SD, whereas sensors fabricated with 800 s at -1
V present lower SD for sensitivity and LOD when compared to those with 400 s at -1 V.
Overall, all performance metrics always improve with respect to bare Pt ISE, particularly
regarding sensitivity and drift, as shown in Figure 7.9.

Despite the different Pt substrate geometry, sensitivity is always near the theoretical
value of 59 mV/dec, and comparable with the one exhibited by the sensors with flat WE
presented in [80] and obtained with the same electrodeposition procedure. The fabricated
sensors exhibit high linearity, and the obtained LOD is at least one decade below the
physiological concentration range. When the deposition time is longer than 200 s and 400
s for -0.6 V and -1 V, respectively, the fabrication procedure proves to be robust and the
electrodeposition parameters do not significantly affect sensing performances. This
makes the fabrication procedure quite flexible and it allows for arbitrarily choosing the
electrodeposition parameters within these constraints, accordingly to other specific

fabrication requirements.

98



Chapter 7

Table 7.2 Statistics of performance parameters of the nanostructured samples for different deposition

configurations. Results expressed in mean + SD. Comparison with literature is reported.

Configuration Sensitivity LOD Linearity Drift (mv)
(mV/dec) (log[K*]) (RMSE (mV)) After1h After 14 h
Bare platinum 36.8+2.0 -4.27+1.15 1.02+0.79 25.72+0.68 68.7+7.3
-0.6V, 200s 59.2+2.4 -4.22+0.33 2.48+2.05 129+9.8 79163
-0.6 V,600s 55.51+8.6 -450+0.53 2.17+1.17 57+5.2 20.4+15.8
-1V,400s 60.7+£6.3 -4.31+0.48 2.39+0.44 12.2+13.3 22.0+£26.3
-1V, 800 s 54.7+3.1 -4.07+0.05 2.05%+1.38 10.4+10.2 24.4+15.6
Literature [80] 56.1+4.4  -5.42+0.88
(*) measured in 10* M KCI.
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Figure 7.9. Sensitivity, LOD, and drift for the ISEs obtained with the four chosen deposition

configurations with respect to bare Pt ISE. Single measurements (blue) and statistics (mean + SD in red)

are shown. Image source: [67].

7.4 Chapter Conclusions

The need for miniaturization of Point-of-Care systems for ion sensing in biomedical

field is leading toward the development of sensors based on all-solid-state ion-selective
electrodes but realized onto working electrodes in very small sizes. The reason relies on
typical applications where minimum invasiveness is a main issue to be considered, e.g.,
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in surgery. Among several, potassium monitoring is key to be monitored during surgical
procedures as a biomarker of organs failure. Hence, in this research we fabricate new
miniaturized K-selective sensors with working electrodes obtained by electrodeposition
of Pt-NSs on a very thin Pt wire with diameter of 0.1 mm, then in needle-shape. The use
of nanostructured Pt-electrodes as ions solid contacts results in highly enhanced time
stability, coherently with previous studies done on ion-sensors realized in past with planar
working electrodes. We employ a simple and fast one-step template-free
electrodeposition method, and we analyze for the first time the morphology of the
obtained Pt-NSs depending on both deposition time and deposition voltage, as well as
their effect on K* sensing performances, in order to optimize the electrodeposition
process. The Pt-NS are clearly visible and present granular or petal-like morphology,
depending only on the voltage applied during the deposition.

Different deposition voltages produced differently shaped Pt-NSs. Although, their
electrochemical behavior is very similar and does not lead to significant differences in
terms of K" sensing performances, thus proving the robustness of the fabrication
procedure with respect to the electrodeposition parameters. The performed
electrochemical measurements show high sensitivity, near to the theoretical value of 59
mV/dec, and comparable with the ones presented in [80], where larger flat sensors were
fabricated with the same nanostructuration procedure. Compared to [80], our needle-
shaped sensors show higher LOD, but still lower than 10 M, which is one order of
magnitude below the concentration range of interest, where the sensors exhibit high
linearity.

Moreover, the minimum deposition time to cover the whole electrode surface varies
with the applied voltage, increasing for higher applied voltage. Indeed, when applying -1
V the minimum deposition time results higher than that in [79], where Pt flat screen-
printed working electrodes were employed as substrate instead of thin Pt wires. Thus, it
remains demonstrated that working with different geometries and different working
surfaces of the underneath substrates affects the nano-fabrication process and
optimization.

Worth to note here also that the distinctive characteristics of the fabricated K sensors
are the ease to fabricate and the very small sizes, so they could be easily and effectively
integrated into surgical instruments to furnish diagnostics during surgical procedures, or
into portable devices for real-time monitoring at the patient’s bed.
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Chapter 8

Conclusions

The use of tracking systems in medicine is an important aid in patient care, and
ongoing research is focused on developing more performing systems, in order to
provide accurate surgical instruments’ position and orientation during surgical
procedures. Huge effort is made on developing robust and effective methods to track
surgical instruments.

This dissertation presented an innovative prototype of EMTS for surgical navigation,
developed with the purpose of overcoming the limitation of current commercial systems,
whose tracking distance is generally < 0.5 m, thus allowing to place the FG far from the
operating table. Several hardware improvements have been described, which led to
enhanced system performances in terms of noise level reduction.

In Chapter 3, a new approach for assessing the position repeatability of EMTSs for
surgical navigation has been presented. The repeatability error in sensor position
estimation has been evaluated through the propagation of the voltage measurement error,
at different distances from the FG, up to 700 mm, and the performances have been
compared with results obtained from the tests executed on the Aurora system, which
represents the state of the art of current commercial systems, obtaining SD values lower
than 0.2 mm at 700 mm from the FG. A suitable assessment protocol has been defined,
and a high-precision industrial robot has been used for the movement of the sensor and
to provide accurate position references. The analysis methodology is based on the
experimental measurement of field gradients, on the evaluation of coil sensor voltage
noise and drift, and on the linear approximation of the voltage-position relation, which
lead to an error propagation formula. The proposed analysis has the advantage of relating
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the overall system performance to that of identifiable components which can be separately
analyzed and optimized, on the one hand, and compared among different EMTSs, on the
other.

In Chapter 4, position RMS error due to random components was then assessed in a
volume of 400 mm x 500 mm x 400 mm, for different orientations of the magnetic sensor,
instead of using linear trajectories with a single orientation as in Chapter 3. Results from
experimentally estimated gradients are compared with those obtained by applying a
model of the magnetic field where the coils are approximated as magnetic dipoles, leading
to comparable performances. The obtained results show good overall system performance
in the considered tracking volume, particularly when the sensor is oriented along the z-
axis of the FG’s reference system, meeting the specifications required for surgical
applications in terms of repeatability. Some interesting aspects have been highlighted,
showing the presence of regions where the position error is higher, which is due to
magnetic field gradients, dependent on the spatial arrangement of the FG’s transmitting
coils and responsible for increased or reduced accuracy in the tracking volume.

In Chapter 5, tracking accuracy was evaluated by developing and testing an efficient
reconstruction algorithm, to obtain accurate estimation of the instrument position and
orientation. The results of position and angle estimation obtained by using two different
cost functions were analyzed. The performance of the two techniques was analyzed and
compared in a large measurement volume. The results obtained with the two estimation
methods in terms of robustness and pose errors, allowed us to propose a new technique
in which the best characteristic of both were easily combined. The analysis was performed
by using simulated as well as experimental data. The results showed a mean position error
of 2.2 mm, and a mean orientation error of 0.5° in a large volume with a distance from
the FG center higher than 600 mm. In the same condition mean repeatability errors of 1
mm and 0.25°, respectively are obtained, which constitutes a noteworthy achievement,
and are of the same order of those obtained in Chapter 4 by applying the estimation
through gradients. As a further step the effect of variations in transmitting coils’ excitation
currents was studied, which cause magnetic field variations, resulting in noise in the
induced voltage measured by the coil sensor. We quantified this effect by performing
several simulations, then we proposed a solution to reduce this unwanted effect, by
introducing the measurement of excitation currents in the position reconstruction
algorithm. We performed different tests both on simulated and experimental data, proving
the effectiveness and robustness of the proposed solution.

Finally, in Chapter 6 we proposed a virtual platform for assessing the performance of
EMTSs for surgical navigation, showing in real-time how the various sources of error
affect the accuracy of tracking distance estimation. This platform provides a useful tool

104



Chapter 8

for supporting engineers during design and prototyping of EMTSs, since the high
accuracy required from surgical applications is highly influenced by the design and
arrangement of the transmitting coils of the FG. It is designed to be used in combination
with the robotic arm, but can also be used in simulation mode without the need of the
physical system, so that all parameters can be studied quickly and with much less
hardware requirements. The platform permits to analyze system performances by adding
noise components and simulating error sources, hence the robustness and the accuracy of
the system and its weaknesses can be studied. Moreover, it can be particularly useful for
system prototyping, by investigating the effects of system parameters (geometrical and
electrical ones). The usefulness of the platform was demonstrated by performing
simulations related to some practical cases, and it was validated by comparing simulation
tests with that performed on the real EMTS prototype, obtaining comparable results. The
platform will be applied in further studies to design the arrangement of the transmitting
coils in order to obtain a particular distribution of the gradients and increase tracking
distance and accuracy.

Chapter 7 concerned the last part of this dissertation, regarding the fabrication and
characterization of an innovative needle-shaped sensor in sub-mm sizes with
nanostructured platinum for ion-detection aims. It can be employed in biomedical
applications, with particular regard to surgical procedures. The developed sensor has been
tested for potassium detection, which is very important in cells functions assessment. For
the first time in literature, the effects of electrodeposition voltage and time on the
morphology of the nanostructures have been investigated. In past, similar
nanofabrications have been successfully tried on usual planar geometries. Here, instead,
Pt nanostructures growth is successfully shown on a thin Pt wire with diameter of 0.1 mm
only. Both granular and petal-like nanostructures were obtained depending on the applied
deposition voltage. The minimum time needed to nanostructure the whole electrode
surface was found for each deposition voltage, suggesting that higher absolute voltage
values need higher deposition time. The electrochemical measurements performed on the
Pt nanostructured K™ ISEs showed enhanced stability over time with respect to non-
nanostructured ISEs, and a Nernstian response with best sensitivity of 59.2 + 2.4
mV/decade in the linear range from 10 to 10" M. These good results encourage to
further extend this study toward sensing of other ions by means of these microfabricated
needle-shaped sensors, which can be easily integrated into surgical instruments to be then
used for diagnosis during surgical operations.
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Appendix A

Let I; be the current in the i-th coil, and I; ; be the current in the i-th coil, filtered at the
frequency fj,j =1,..,5.

Four different techniques to implement the control loop are defined, where the
definition of the regulated variable changes each time [30].

1) For the i-th coil, the regulated variable I; was evaluated by considering all the
five harmonic components (j = 1, ...,5) present in the current measured on the
i-th channel. Then, the following expression was used:

1) For the i-th coil, the regulated variable I;" was evaluated by considering current
components in the five coils at the same frequency fi. Then, the following
expression was used:

1) For the i-th coil, only the current component at f; was considered.

nro__
Ii" =1

l

1v) For the i-th coil, the measured current signal I; was used directly, without any
filtering.
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