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REVIEW

A novel electromagnetic tracking system for surgery navigation

Filippo Attivissimoa, Anna Maria Lucia Lanzollaa, Sabatina Carlonea, Pietro Larizzab and
Gioacchino Brunettib

aDepartment of Electrical and Information Engineering, Polytechnic University of Bari, Bari, Italy; bMasmec Biomed Spa, Bari, Italy

ABSTRACT
Objective: This paper proposes the development of a novel electromagnetic tracking system
for navigation surgery. Main objective is to provide a system able to operate in a wide tracking
volume to make easier and efficient the surgical procedures by assuring high measure-
ment accuracy.
Methods: A new field generator consisting in five transmitting coils excited with Frequency
Division Multiplexing technique has been developed. Attention is devoted to designing and
arrangement of the coils to assure high sensitivity, system scalability and a homogeneous mag-
netic field inside working volume. A suitable technique based on Look-Up-Table is applied for
sensor position calculation and an anthropomorphic robot is used for table calibration.
Results: Experimental tests highlight a good repeatability of the measurement data and a negli-
gible noise influence for the proposed system. The obtained tracking volume is wider with
respect to the commercial tracking device used in surgical applications and seem promising.
Conclusion: The main characteristic of the developed system consists of: scalable and modular
configuration of Field Generator, high measured sensitivity due to the increased number of
transmitting coils with respect to the classical configuration and large tracking volume.
The development of the proposed magnetic tracking systems with high accuracy and wide
working volume allows to promote broader utilization of advantaged techniques in surgery pro-
cedures for both improving the effectiveness and decreasing the invasiveness of medical
interventions.
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Introduction

Computed-assisted medical interventions are being
very important in modern surgery because they offer
many benefits compared to conventional approaches,
including increased accuracy, reduction of postopera-
tive pain, reduction of complications and risks for the
patient, decreased hospitality time. They are especially
used in surgery navigation to provide freehand navi-
gation or guidance for real time precise localization of
specific anatomical structures within the human body
[1–5] and in neurosurgical and orthopedic applications
to monitor motor disorders [6–11].

Surgery navigation system are based on the joint
use of tacking system to provide the sensor localiza-
tion and with respect to the patient and diagnostic
imaging techniques (such as Magnetic Resonance
Imaging, Computed Tomography, ultrasound imaging)
to obtain a real-time imaging of the region of patient
body that must be operated. Moreover, imaging

techniques often require suitable procedure to
improve quality images without increase the radiation
dose or the acquisition time [12–16].

The quality and the performance of surgery naviga-
tion systems are strongly dependent on accuracy of
the used tracking systems. Tracking devices currently
used in surgery navigation are mainly based on two
different technologies: optical and electromagnetic [5].

Optical tracking systems (OTS) include one or more
cameras and a set of dedicated markers to track the
object. The high accuracy of optical-sensing systems is
essential for tools used in surgical procedures [17, 18].
The main limit of this system is that it requires a clear
line-of-sight between the patient and instrument
trackers and the optical cameras; indeed, any obstacle
between sensor and source seriously degrades the
tracker’s performance. Moreover, OTS are not able to
track flexible tools such as needles, endoscopes and
catheters. For this reason, optical tracking technique is
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particularly suitable for radiation treatment, but it is
inadequate for intracorporal surgical operations.

Electromagnetic tracking systems (EMTS) localize
small electromagnetic sensors in an electromagnetic
field of known geometry. These systems suffer from
the influence of EM interferences due to the presence
of medical diagnostic devices or ferromagnetic objects
nearby the field generator, which distort the transmit-
ting signal, and the resulting measurements are
affected by both static and dynamic error, [19,20].
Table 1 summarizes main characteristics and limits for
both OTS and EMTS technologies.

EMTS are the main systems used in image-guided
surgery. The signal of electromagnetic sensor used for
volume tracking is inversely proportional to fourth
power of the distance of the sensor from the Field
Generator (FG) [21] and this degrades the accuracy for
high distance (a typically operanting distance is 0:5m).
Then, these systems can operate in a limited tracking
volume and their accuracy decreases as the distance
between the transmitter and the receiver increases.
Nowadays it is difficult to have systems able to track
small sensors within a volume larger than 1m3.

Main commercial available EMTS used for clinical
applications are: NDI Aurora (NDI Medical, Canada),
Polhemus Fastrack (Polhemus, Canada) and Ascension
MiniBIRD (Ascension Technology, USA).

The aim of this work is the realization of an EMTS
with high resolution (< 2 mm for position and <0; 1�

for orientation) in a volume of 1m3, high reliability
and high measurement sensitivity. These characteris-
tics have been obtained by means of both the
increased number of transmitting coils and their suit-
able arrangement, without suffering of distortion due
to EM interferences and limits for luminosity and line-
of-sight of tracking volume. In this way, it is possible
realize a suitable EMTS for surgery with good trade-off
between actual OTS and EMTS.

Materials and methods

Design of field generator

The reference magnetic field for EMTS can be pro-
vided either with the use permanent magnets [22] or
with an electrical circuit in which are present some
solenoids. In the latter case, the arrangement of the
coils and the type of current passing through them
determine the profile and the geometric properties of
the magnetic field. Normally, Field Generator consists
of at least three coils arranged along Cartesian axes.
However, in many cases, EMTS manufacturers custom-
ize the field generator to give some benefits such as

better placement, greater tracking range and low
distortions.

In a previous study [23] the analysis of different
transmission methods used EMTS has been carried out
by comparing the different performance in terms of
reduction in time measurements, interference and cir-
cuital complexity.

In this work the realization of a 5 channels EMTS
-FDM transmitter (with nominal frequencies
f1 ¼ 1 kHz, f2 ¼ 2 kHz, f3 ¼ 3 kHz, f4 ¼ 4 kHz,
f5 ¼ 5 kHzÞ is proposed. Primary elements which have
to be designed in EMTS are coils for both the field
generator and the sensor.

For FG designing, attention is devoted to the single
coil geometry and to the arrangement of FG coils to
have system scalability and uniform distribution of the
magnetic field inside the tracking volume.

The analytical expression of axial magnetic
field Bz of a single coil can be obtained by means of
Biot-Savart law [1]:
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where l0 ¼ 4p� 10�7 T m=A is the magnetic per-
meability in vacuum, a1 and a2 are the internal and
external radius of the coil respectively, l in the coil
length, N is the number coil turns along l, and I is
crossing current.

In order to meet the IEEE rules on magnetic field
values within tracking volume [24,25], the following
physical parameters for each coil have been used:
l ¼ 45 mm, a1 ¼ 12 mm, a2 ¼ 19 mm, and then a
thickness coil d¼ a2 � a1 ¼ 7 mm, as shown in
Figure 1.

Taking into account that magnetic field value
increases when I and N increase, while it decreases
with the increasing of d, a parametric simulation has
been carried out to optimize the system performance.
Then, different simulation tests have been performed
by varying the crossing current values (I ¼ 1, 1:5, 2A)
and the diameter of the cross-section wire
(D ¼ 0:36 mm; 0:5mm, 0:63mm, 1 mm) for a variable
number of layers M from 1 to 20, along thickness d.
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Figure 1 shows an example of simulation of mag-
netic field behaviour as function of distance from coil
center, for different current values and for a wire
diameter of 1mm. The simulation results show that
for I ¼ 2 A the magnetic field value obtained in a dis-
tance of 40 cm exceeds the threshold level in the
above mentioned IEEE rules.

By analysing the test results, it is possible to define
the best configuration for each coil consisting in a
crossing current of 1:5 A, a cross-section of 1 mm,
N ¼ 45 and M ¼ 7. This configuration makes a rough
estimate of total wire lengthlwire ¼ 30:7m, and a wire
resistance Rwire ¼ 0:7X.

To obtain the maximum gain for the device’s fre-
quency response, it is desirable to work in resonance
condition. Then, suitable capacitors have to be con-
nected to each transmitting coil. Due to the limited
commercial availability of capacitor values, the reson-
ance condition has been obtained by using the effect-
ive values listed in Table 2.

Once defined the characteristic parameters for a
single coil, the arrangement of the 5 transmitting coils
must be chosen. The simpler configuration of FG to
minimize mutual EM interference and assure the best
uniformity of magnetic field inside the tracking vol-
ume includes 3 orthogonal coils along x, y and z axis.

Figure 1. Behaviour of magnetic field for different current values and for wire diameter of 1mm:

Table 1. Comparison between EMTS and OTS.
Features Advantages Disadvantages

OTS Well known geometry of markers;
High sensibility to light;
High frame rate (20–30 frame=s) and

low latency (20� 80 ms).

High resolution (2 mm for position
and 0:1� for orientation);

High accuracy;
High reliability;
Large tracking volume;
Absence of EM interferences.

High cost;
Need of IR;
Line-of-sight.

EMTS Wiring electronics;
Control of magnetic field from elec-

tronic devices nearby.

Low cost;
Absence of limits for luminosity and

line-of-sight of tracking volume.

EM interference;
Accuracy in inverse proportion with

distance from tracking volume.

Table 2. Parameters for resonance condition.
Nominal resonance
frequency [kHz]

Nominal capacitor
value [mF]

Effective capacitor
value [mF]

Effective resonance
frequency [kHz]

1 4.150 4.3 0.973
2 1.040 1.0 2.058
3 0.462 0.48 3.070
4 0.260 0.3. 3.700
5 0.167 0.2 4.740
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To analyse the behaviour of magnetic flux and to ver-
ify the values of magnetic field calculated design
phase SW Comsol – Multiphysics [26], was used.
Figure 2. shows the simulating results obtained with
three transmitting coils excited by AC signal with
physical parameters previously defined and nominal
frequencies 1 kHz, 2 kHz and 3 kHz displaced along
the axis x, y and z respectively. The results highlight a
good uniformity of magnetic field for a fixed distance
from the centre of coils configuration.

To define the position of the other two coils, it is
necessary to minimize the changing in the resonance
condition of each coil due to mutual coils interference.
In the optimal case both 4 and 5 kHz coils are placed
at 45 degrees with respect to the horizontal plane and
are orthogonal each other as shown in Figure 3. Then,
this arrangement minimizes the eddy current and
respects at the same time the IEEE normative about
the Human Exposure to Radio frequency. It provides a
transmitting system with a total size of 16� 15�
10 cm and a weight of about 2:5 kg.

Experimental set-up of EMTS

To implement the experimental set-up of the pro-
posed EMTS, a DAQ-National Instruments device is
used both to generate the sinusoidal waveforms for
transmitting devices and to acquire signal by the sen-
sor. The experimental set-up shown in Figure
4 includes:

� DAQ device NI cDAQ7192 including NI 9263
Analog Output module [27] to generate 5 sinus-
oidal signals for tramsmitting colis, NI 9215 Analog
Input module [28] to acquire signal of the receiving
coil sensor and a 16 bit ADC SAR.– NI-Analog
Output AO/Input AI;

� Field generator previously described;
� Coil sensor by NDI [29]. The sensor inserted into

the tracking volume provides a induced voltage
that is proportional to the excitation magnetic field
at the sensor localization [29]. It is shielded from
electromagnetic interferences in order to measure
the local value of magnetic flux density within

Figure 2. Comsol simulation of magnetic flux for 3
coils EMTS.

Figure 3. Arrangement of 5 Transmitting coils EMTS. Figure 4. Experimental set-up for the proposed system.
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8kHz band, according to the driving operative fre-
quencies applied to transmitting coils.

Voltage signal induced in the sensor coil is sum of
5 waveforms, then, a filtering process is necessary for
components extracting. For this, a filter bank consist-
ing in 5 digital band pass IIR – Butterworth filters with
high selectivity, narrow band B � 100 Hz and center
frequencies equal to the resonance frequencies of
transmitting coils are used.

A suitable and dedicate software for signal acquisi-
tion and elaboration is developed in LabVIEWVR envir-
onment using built-in and custom-built blocks. It
represents a helpful tool to acquire and manage sev-
eral data an than it widely used in different applica-
tion fields ranging from image-based navigation,
remote sensing, energy monitoring or devices test and
characterization [30–33]

Figure 5 shows the complete block diagram for
experimental set-up of EMTS.

Sensor position calculation

Different calibrating techniques have been developed
for position tracking system evaluating [29].

In the proposed study, a voltage/position con-
version method based on writing and reading a
Look-Up-Table (LUT) is used to evaluate the sensor
position of starting from the acquired sen-
sor voltage.

This table provides a univocal association between
five components of sensor voltage values measured
into tracking volume and sensor position (coordinates
x, y and z of the sensor). The main advantage of this
method with respect to common run-time calculation
mainly based on magnetic dipole mathematical model
[34], is the speed in recovering stored data.

For Table calibrating phase the anthropomorphic
robot Kuka [35] is used. Kuka is a 6 DoF robotic arm
used to execute measurements for the calibration of
the proposed EMTS. It includes mechanical and
motion control parts to scan a designed shape trajec-
tory within a volume of 2:3m3 with a resolution step
of 6 0:03 mm. The electromagnetic sensor is placed
at the end of a carbon pole mounted on Kuka’s arm,
the FG is placed at the foot of robot (as shown in
Figure 6); the TX/RX electronic part, the DAQ system
and the current supply are placed far from the field
source to avoid EM interferences.

Figure 5. Block diagram of experimental set-up for EMTS with Look-Up-Table.
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During the calibration phase of system, each cell
value of the matrix is calculated and stored in a txt
file. Each row consists in height values: five voltage
components and three Cartesian coordinates.

For managing of remote control and the writing of
the LUT of EMTS, a Client/Server system based on
communication protocol TCP/IP and two different
graphical interfaces are used. Robot and PC are con-
nected through Ethernet communication. The Server
coordinates robot activities and manages the resource
sharing among one or more Clients. Client interface,
developed in Cþþ language, allows the setting of
speed movement, initial coordinates and starting coor-
dinates for scanning, dimensions of mapping volume,
the incremental step Dx, Dy, Dz along 3 directions
and the shape of trajectory.

Results

Several experimental tests are carried out or both cali-
brating phase and evaluating the performance of the

proposed system in terms of noise and repeatability.
For testing, suitable trajectories obtained by setting
point-to-point (PTP) are used. Low velocity scan is set
to avoid rough accelerations.

Noise evaluation

Firstly, the system has been characterised in terms of
noise evaluation in static condition. For this, the sen-
sor is placed in a fixed position to 60 cm from FG.
The measurement of the sensor signal has been car-
ried out with the five transmitting coils turned off. The
experimental results highlight that all spectral compo-
nents of sensor voltage are lower than �83 dB, as
shown in Figure 7.

Successively, same measurement has been per-
formed with transmitting coils turned on by obtaining
spectral components of sensor signal significantly
higher than �83 dB as shown in Figure 8.

Moreover, the sensor is moved in a fixed trajectory
to evaluate the noise influence in dynamic conditions.

Figure 6. Kuka robot with sensor and FG.

Figure 7. Spectral components of sensor signal with transmitting coils turned off and sensor palced at 60 cm from FG.
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With transmitting coils turned off, the sensor tracks a
trajectory in xy plane at a distance of 100 cm from FG.
The dimension of scanned xy plane is 90� 47:5 cm
with the following steps: Dx ¼ 10 cm, Dy ¼ 10 cm,
Dz ¼ 0. Then, the performed trajectory consists in
45 points.

The acquired noise signal, shown in Figure 9, pro-
vides an average value inside the xy plane of 545 lV,
while it decreases about one order of magnitude out-
side the tracking volume.

Repeatability

In a second test, five successive scans of the same tra-
jectory in the xy plane previously described have been
performed to evaluate the repeatability of the
acquired signal sensor. The experimental results

(shown in Figure 10) highlight a good repeatability of
the measurement data by obtaining a mean error of
3:1%. Moreover, the amplitude of sensor signal is two
orders of magnitude higher than the data obtained in
the noise evaluation and this conforms the negligibil-
ity of the noise.

Discussion

To perform LUT calibration it is necessary move the
sensor coil, manually or fixed at the end of a mechan-
ical arm, so that it can be map a fixed tracking volume
with constant step, along and around the spatial coor-
dinates 3D.

For this aim, a wide working volume with size
of 90� 47:5� 46 cm has been used. The tracking
trajectory (shown in Figure 11) is set in modality PTP,

Figure 8. Spectral components of sensor signal with transmitting coils turned on and sensor placed at 60 cm from FG.

Figure 9. Voltage sensor signal xy plane scans with a sensor distance from FG of 1m and transmitting coils turned off.
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with the following steps: Dx ¼ 10 cm; Dy ¼ 9:5 cm;

Dz ¼ 1 cm. Then, the total acquisition number is
9� 5� 46 ¼ 2070. The total time for scanning phase
is 100 minutes.

Measurement voltage components of sensor signal
(Vrms;i¼1...5) and position coordinates (x, y, z) provided

by KuKa are stored, during volumetric scan, in a Look-
Up-Table.

The developed software interface allows to real
time monitor each voltage component in frequency
domain and the behaviour of total sensor voltage in
the time domain.

Figure 10. Voltage sensor signal for the 5 consecutive scans of xy plane with sensor distance from FG of 1 m.

Figure 11. Tracked volume for calibration test.
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To verify the repeatability of measurements in dif-
ferent working conditions, some experimental tests
have been carried out by varying the region of volu-
metric scan and the incremental step performed by
Kuka robot.

Particularly, four linear trajectories used in the tests
have been obtained by fixing both y and z coordi-
nates and by varying x coordinates and incremental
steps as detailed below.

að Þ 27:505 � x � 827:505 mm; y ¼ �1185:72 mm;

z ¼ 506:245 mm; step Dx ¼ 1 mm:

bð Þ 747:505 � x � 827:505 mm; y ¼ �1185:72 mm;

z ¼ 506:245 mm; step Dx ¼ 10 mm:

cð Þ 27:505 � x � 827:505 mm; y ¼ �1185:72 mm;

z ¼ 506:245 mm; step Dx ¼ 100 mm:

dð Þ 687:515 � x � 777:5105 mm; y ¼ �1185:72 mm;

z ¼ 506:245 mm; step Dx ¼ 10 mm:

Figure 12 shows the behaviour of the voltage sensor
for the four analyzed test cases and it highlights a
good measurement repeatability of the proposed sys-
tem. Table 3 lists the both average and maximum sen-
sor voltage deviation corresponding to same Cartesian
coordinates and it highlights that the maximum volt-
age error is lower than voltage noise evaluated in the
previous sub Section.

Moreover, to verify the accuracy of voltage/position
conversion based on interpolation data of LUT, a
tracking volume consisting in a cube of 1331 points

(11 per side) with spatial resolution of 5mm was used.
Two consecutive scans of the cited cube whose centre
is 60 cm from FG were performed. After first scan LUT
was filled with 1331 datasets each consisting in height
values: five voltage components and three Cartesian
coordinates. Once the table was filled and then the
calibrating LUT was created, a second acquisition of
the same tracking volume was carried out. New
Cartesian Coordinates were obtained by means of
interpolation technique based on the calibrating data-
set. The position mean error was evaluated by means
of the following expression and it is less than 0.5mm

Ep ¼
PN
i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xci � xið Þ2 þ yci � yið Þ2 þ zci � zið Þ2

q
N

where N is the number points of the cube (1331),
xci ; yci ; zci are the calibration Cartesian coordinates of
i-th point and xi; yi; zi are the Cartesian coordinates
of i-th point obtained by means interpolation of data
of the second scan with calibrating values.

To evaluate the effect of increasing in distance
from field generator, two additional consecutive scans
of the same cube with centre at 100 cm from FG were
carried out by obtaining a position mean error of
about 2mm.

Basing on the results obtained in the experimental
tests it is possible to develop suitable interpolation
algorithms, so that also a volumetric scanning realized

Figure 12. Behaviour sensor signal for different test cases.

Table 3. Repeatability error.
Average voltage error 143 lV
Maximum voltage error 399 lV
Average percentage error 1.5 %
Average maximum error 4.0 %
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with a rougher position step value can be used for
calibration of LUT, allowing the reduction of time
acquisition for storage voltage values in the LUT.

Conclusions

In the proposed work, basic tracking systems used in
guided surgery applications have been analyzed by
highlighting limits and advantages.

The development of a novel EMTS is proposed to
overcome the limits of the commercial tracking devi-
ces used in medical applications principally due to a
low accuracy in a large volume to scan. More atten-
tion was paid to the design of Field Generator by
defining the best suited transmission technique based
on FDM, the main parameters of the transmitting coils
and their arrangement to minimize the mutual EM
interference. The developed experimental set-up is
based on Labview and DAQ elements to process data.
A Look-Up-Table (LUT) is written to store data acquisi-
tion of sensor voltage and the coordinates of sensor
position. Experimental tests highlight good perform-
ance of the proposed system in terms of both meas-
urement repeatability and low acquired noise signal
also by changing the step of scanning, and the cap-
ability to appreciate voltage values also at 1m of dis-
tance from FG.

The next step for EMTS is the implementation of a
method to store also the orientation value (roll, pitch e
yaw) around 3 axis x, y and z, in the same LUT.

Further validation tests are currently being in
Masmec Biomed company.
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