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Electromagnetic Servoing—A New
Tracking Paradigm

Tobias Reichl*, José Gardiazabal, and Nassir Navab

Abstract—Electromagnetic (EM) tracking is highly relevant for
many computer assisted interventions. This is in particular due to
the fact that the scientific community has not yet developed a gen-
eral solution for tracking of flexible instruments within the human
body. Electromagnetic tracking solutions are highly attractive for
minimally invasive procedures, since they do not require line of
sight. However, a major problem with EM tracking solutions is
that they do not provide uniform accuracy throughout the tracking
volume and the desired, highest accuracy is often only achieved
close to the center of tracking volume. In this paper, we present
a solution to the tracking problem, by mounting an EM field gen-
erator onto a robot arm. Proposing a new tracking paradigm, we
take advantage of the electromagnetic tracking to detect the sensor
within a specific sub-volume, with known and optimal accuracy.
We then use the more accurate and robust robot positioning for
obtaining uniform accuracy throughout the tracking volume. Such
an EM servoing methodology guarantees optimal and uniform ac-
curacy, by allowing us to always keep the tracked sensor close to
the center of the tracking volume. In this paper, both dynamic ac-
curacy and accuracy distribution within the tracking volume are
evaluated using optical tracking as ground truth. In repeated eval-
uations, the proposed method was able to reduce the overall error
from mm to a significantly improved accuracy of

mm. In addition, the combined system provides a
larger tracking volume, which is only limited by the reach of the
robot and not the much smaller tracking volume defined by the
magnetic field generator.

Index Terms—Instrument and patient localization and tracking,
motion modeling and compensation, planning and image guidance
of interventions, robotics and human–robot interaction.

I. INTRODUCTION

E LECTROMAGNETIC (EM) tracking is relevant for
many clinical applications, including colonoscopy [1],

neuroendoscopy [2], bronchoscopy [3], and catheter naviga-
tion [4], [5], and there are several clinically established and
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commercially available navigation solutions based on EM
tracking (Biosense Webster CARTO, Medtronic StealthStation,
superDimension iLogic, etc.).
Besides EM tracking, there is not yet a general solution for

tracking of flexible instruments or endoscopes within the human
body. However, in general EM tracking systems do not yet pro-
vide the same level of accuracy as optical tracking systems. The
accuracy is also not uniform through the volume of interest and
they are susceptible to distortions from secondary EM fields,
which are caused by metallic objects in the vicinity. Consequen-
tially, any improvement over current solutions will have an im-
pact. Due to a missing line of sight, optical tracking is not ap-
plicable for tracking inside the human body. When flexible in-
struments are used, the position and orientation of parts inside
the body can not be inferred from tracking of parts outside the
body.
Upcoming technologies like fiber-optic tracking (Luna

Technologies, Blacksburg, VA, USA) or radio-frequency iden-
tification (RFID) technology [6], [7] are promising, but their
clinical tracking performance cannot be judged yet. Prototypes
for time-of-flight real-time ultrasound catheter localization
have been reported [8] with an internal ultrasound pulser and
an external array of sensors, but their accuracy is limited to 2–3
mm due to variations of speed of sound in human tissue.
To improve EM tracking accuracy there have been numerous

approaches towards the compensation of static errors [9], but
these require a lengthy calibration procedure and do not hold up
in a highly dynamic environment like an operating room (OR).
Other approaches towards dynamic error compensation employ
other sources of information like segmentation [10], image reg-
istration [11], or hybrid EM-optical tracking and models of in-
strument motion [12]. These approaches are highly application-
specific, rely on static preoperative images, or are not yet fea-
sible in real-time.
Here, we present a novel and general solution for improving

EM tracking accuracy, which may be applicable to a sizable
spectrum of interventions, including colonoscopy, neuroen-
doscopy, bronchoscopy, and catheter navigation. Rogers et al.
[13] presented an ultrasound-holding needle biopsy robot, with
movement commands determined from segmentation results.
However, in their set-up, the tracked object’s position was only
determined at a single point in time, and tracking was neither
the focus nor the objective of their valuable work.
We use electromagnetic tracking to detect a sensor within a

small, specific sub-volume, with known and optimal accuracy,
where no line of sight is available. Then we use a robotic arm
to reposition the field generator, in order to maximize the ac-
curacy of the electromagnetic tracking. This combines the best
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Fig. 1. Typically bowl-shaped plot of absolute three-dimensional tracking po-
sition accuracy (right), as distributed in x and y direction.

of both methods, namely tracking without a line of sight with
electromagnetic tracking, and uniform and higher tracking ac-
curacy with robot positioning. This approach is superior to hy-
brid optical and electromagnetic tracking [12], [14], since with
such hybrid tracking there will still be suboptimal positions of
the EM sensor relative to the field generator.
Our method does not rely on the assumption of static error,

but it can still be freely combined with and take advantage of
existing methods for static error correction.
We do introduce additional complexity into the OR, but we do

so in order to gain accuracy. The robot does not need to touch the
patient, and during endoscopic or catheter navigation—exactly,
where EM tracking is needed, in contrast to open surgery—the
space directly above the patient is free, and the robot could be
attached to the OR bed, a movable small and lightweight cart, or
the ceiling. Depending on the application, the robot could even
be placed under the OR bed.
During bronchoscopic examinations or cardiac catheteriza-

tion, the robot can keep the EM field generator close to the chest
of the patient, without actually touching it. During gastroscopy
or colonoscopy, the robot can keep the EM field generator close
to the abdominal surface. The robot could be used not only for
tracking, but also for carrying imaging devices like ultrasound
transducers [15] or oxygen sensing probes [16], which could
then be co-registered through our method with tracked tools.
However, in such cases further research is necessary for adop-
tion of technology taking interferences between the systems into
account.
Ideally, optical tracking would be used, when a line of sight is

available, and electromagnetic servoing, when no line of sight
is available.
Tracking accuracy delivered by current EM tracking solu-

tions is not uniform throughout the tracking volume, as shown
in Fig. 1. The highest accuracy is commonly found close to the
center of the tracking volume. Thus, our approach aims at al-
waysmaintaining this ideal relative positioning of EM field gen-
erator and sensor. Since such a feedback loop could hardly be
realized with a human operator in this loop, the field generator is
moved in an automated manner by a robotic arm. Such EM-ser-

Fig. 2. Evaluation setup (top), arranged for display purposes, and mock-up
setup (bottom) for tracking during abdominal intervention.

voed tracking results in uniform and optimal EM tracking ac-
curacy, only diminished by robotic relative accuracy, which is
usually negligible in comparison to EM tracking accuracy. As
an additional benefit, the effective tracking volume is increased,
and is no longer limited by the EM field, but by the reach of the
robot.

II. METHODS

Our setup, as shown in Fig. 2, consists of a six-axis robotic
arm (UR-6-85-5-A, Universal Robots, Odense, Denmark, stated
accuracy 0.1mm) and an EM tracking system (Aurora, Northern
Digital, Waterloo, ON, Canada) with a compact field generator
(stated accuracy 0.6 mm). For evaluation purposes we also use
an optical tracking system (Polaris Vicra, Northern Digital, Wa-
terloo, ON, Canada, stated accuracy 0.25 mm) and the tracking
targets were kept near the optical tracking volume center to min-
imize the error. The range of motion in our experiments was
similar to the tracking volume of the EM field generator (diam-
eter 220 mm, height 185 mm, see Fig. 4), and thus the tracking
volume of the Polaris Vicra1 (width 491–938 mm, depth 779
mm) was sufficient.
The EM field generator was rigidly fixed to the robot hand

using a custom-designed spacer made of bio-compatible Du-
raForm PA plastic, which is shown in Fig. 3. For evaluation

1http://www.ndigital.com/medical/polarisfamily-volumes-vicra.php
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Fig. 3. EM sensors mounted in orthogonal orientations (top), and EM field
generator attached to robot (bottom), both equipped with optical tracking targets
for evaluation.

three EM sensors were fixed in orthogonal orientations to a
holder made of the same material. Two nonmetallic optical
tracking targets were attached to both the EM field generator
and to the EM sensors.
It can be derived from theoretical considerations that sec-

ondary EM fields from anymetallic object, whose distance from
the EM field generator is at least twice the distance between EM
field generator and sensor, contributes less than 1% to the mea-
sured field strength [17]. Since our goal is to track an object
at the center of the tracking volume, the distance between EM
field generator and sensor is kept at approximately 95–100 mm.
Thus, a spacer of 220 mm length between robot and EM field
generator is sufficient to avoid EM distortions from the robot.
Polyamide screws were used in the vicinity of the EM field

generator and EM sensors. Evaluations were performed over
a metal-free table, with as much distance from other electrical
equipment (computers, power supplies, lamps, etc.) as possible.

A. Hand–Eye Calibration

We perform hand–eye calibration as proposed by Tsai and
Lenz [18]. Measurements during a sequence of robot hand mo-
tions can be rewritten as or

(1)

where is a motion of the robot hand relative to the
robot base, is the corresponding, measured motion
of the EM field generator relative to a fixed sensor, and

is the transformation from the EM field generator to the
robot hand.
Using input motions from robot positioning, EM tracking,

and optical tracking for the hand–eye calibration algorithm, it
is possible to compute the fixed transformations in our setup.
We are particularly interested in the transformationmatrix
from the EM field generator to the robot hand, and in the trans-
formation from the EM sensors to the optical tracking

target next to the sensors. The latter is computed from
motions of the optical tracking target relative to
the optical tracking system and from motions of the
EM sensor relative to the field generator. These relative motions
can be computed, even though the EM sensor and the optical
tracking target are stationary during hand–eye calibration. It is
important to note that the transformation is only relevant
for comparing ground truth for evaluation, and our setup does
not depend on optical tracking.
The robot hand serves as a dynamic reference frame for EM

tracking, after the pose of the EM field generator relative
to the robot hand has been calibrated. The additional optical
tracking target is only included for evaluation purposes.
Hand–eye calibration is fully automated and takes only sec-

onds to perform.

B. Feedback Loop and EM Servoing

In order to keep the EM sensor at the center of the tracking
volume, its position is constantly monitored. During tracking
arbitrarily many position changes may be expected, so manual
motion is not applicable. For example, we observed during
bronchoscopy procedures on patients that motion is usually
confined to a volume of 200 200 100 mm. However, there
is a lot of movement of the bronchoscope due to steering and
breathing motion, and thus the overall distance traveled during
an inspection of the central airways can be one meter and more.
Whenever the distance from a preselected position is larger
than a specified threshold, the required translation vector
of the field generator is computed and the robot hand pose

is updated as

(2)

where is the transformation from robot hand to base and
is the transformation from the field generator to the robot

hand. The new hand pose is then sent to the robot and exe-
cuted. Ultimately, the field generator would move continuously.
This method can be implemented with any particular pres-

elected position within the tracking volume, and any specified
threshold. The volume center was chosen as the point of highest
static accuracy, and we will demonstrate below, how to define
the threshold based on static tracking accuracy measurements.
This method can be freely combined with existing methods

for static error correction [9], but our method does not depend
on a calibration of static errors, but on the motion through the
robot, and thus it is different from previous methods. If such an
error correction method is available, it can be used to look up
the previously determined, corrected values for EM tracking,
before computing the required translation vector .

III. EXPERIMENTS AND RESULTS

Hand–Eye calibration: In 54 repetitions of the hand–eye cali-
bration procedure, the results for the transformation from
field generator to robot hand had a mean deviation from their
mean of 1.91 mm and 2.55 , i.e., less than one percent of the
true distance of 243 mm.
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Fig. 4. Tracking volume of compact field generator, where volume offset is
10 mm, cylinder radius is 110 mm, and dome radius is 185 mm. Image courtesy
of Northern Digital [24].

A. Static Data Acquisition

In order to verify that our setup does not introduce additional
errors, we determine static EM tracking accuracy first. There
have been numerous works benchmarking EM tracking sys-
tems and assessing EM field inhomogeneities, e.g., [19]–[23].
We employ a standard methodology for evaluation of the setup,
which is analogous to these previous works, and involves reg-
istration to ground truth data from optical tracking.
The scanning volume was defined according to the field

generator specifications [24] with a cylinder radius of 110 mm
and a dome radius of 185 mm (cf. Fig. 4) and transformed
into robot coordinates using hand–eye calibration results (cf.
Section II-A). The sensors remained static, while the field
generator was moved through the tracking volume without
changing its orientation. The volume was sampled on a regular
3-D grid with a spacing of 25 mm, and 10 samples were
recorded at each position. In order to avoid bias due to sensor
orientation, we used three sensors at the same time, which were
mounted in orthogonal orientations, cf. Fig. 3.
For all stations, the EM tracking measurements

were transformed into the robot base coordinate system
as

(3)

where is the current robot hand pose, and is the cal-
ibrated transformation from EM field generator to robot hand.
Optical tracking was used as ground truth, and since the spatial
relation between the EM sensors and the optical tracking
target is known, a reference value for the EM sensor’s
pose relative to the optical tracking system can be determined
as

(4)

where is the current optical tracking measurement for the
tracking target.
The spatial relation between optical tracking system

and robot base is available as a by-product of hand–eye calibra-
tion. However, we optimized the hand poses used for hand–eye
calibration for an accurate determination of , and due to the
large distance of approximately 1.3 m between optical tracking
system and robot base, position uncertainty for is higher
(up to several centimeters) than for . Thus, we do not use
the original measurement of for evaluation of position
errors.
Instead, as proposed by earlier works on tracking system

benchmarking ([19], [23]), the transformation between
reference positions relative to optical tracking, and
positions relative to the robot base was computed by
point-based registration as

(5)

Position errors can then be computed as Euclidean distances
between measured positions and transformed positions

.
For optimal registration, we picked the 10% of measurement

points with best signal quality (quality as reported by the
tracking system), since this ratio seems to avoid both over-
and underestimation. If too few points are used for point-based
registration (or if these points’ accuracy is worse than average),
measurement errors in these points may lead to an overestima-
tion of errors for the remaining points. However, if too many
points are used, this may lead to an underestimation, since the
errors are minimized during registration. We verified that any
other percentage between 1% and 99% did not change the final
result by more than 0.06 mm.
For evaluation of orientation errors, it is possible to use the

original measurement of from hand–eye calibration, since
orientation errors do not scale with distance. Thus, we compute
a reference pose of the EM sensor relative to the robot
base as

(6)

Orientation difference was then determined as the angle be-
tween orientation of measured pose [cf. Equation (3)]
and orientation of reference pose .
The static accuracy of our tracking setup, including co-cali-

bration of EM tracking and optical tracking for evaluation, was
and over the whole tracking

volume, which is shown in Fig. 4.
The field generator was moved in three dimensions across

the whole tracking volume. For each measurement, the absolute
3-D position error was determined as Euclidean distance from
ground truth data.
In order to show the distribution of errors across the tracking

volume, errors were then collected by measurement location
into bins of 25 25 mm in two direction and averaged along
the third direction. In particular, there was a single bin along the
third direction, in order to reduce dimensionality for visualiza-
tion. The distribution of static position accuracy in our set-up is
shown in Fig. 5.
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Fig. 5. Absolute static 3-D tracking position accuracy in our setup, as dis-
tributed in x and y direction (top), x and z direction (middle), or y and z direction
(bottom).

The relationship between distance of the EM tracking sensor
from the tracking volume center and the position error is shown
in Fig. 6. We fitted a quadratic function to the measured per-
formance within a distance of up to 50 mm. From this we can
derive that, in order to achieve sub-millimeter accuracy, the dis-
tance from the tracking volume center needs to be kept below
20.35 mm. Beyond this distance a steep increase in error can be
seen, and thus in our evaluation 20 mm was chosen as motion

Fig. 6. Static position error versus distance of EM sensor from the tracking
volume center. We fitted a quadratic function to the measured performance
within a distance of up to 50 mm (red line). Distance of up to 20.35 mm cor-
responds to sub-millimeter accuracy (red circle), and with greater distances the
error steeply increases.

threshold. The threshold could also be set to zero, i.e., having
the robot continuously moving, but since the dynamic tracking
accuracy of EM tracking is limited to one millimeter in the best
case (cf. Fig. 12), there is no need for a lower threshold. The
threshold could be set higher, though, in order to come to a com-
promise achieving the desired accuracy, while reducing the mo-
tion of the robot.

B. “Pure” Tracking Accuracy

For an assessment of “pure” static tracking error (as given
by tracking system manufacturers) without calibration error, it
is also possible to perform a point-based registration of posi-
tions measured by EM and optical tracking, without inclusion
of , as proposed by e.g., [19], [22], [23]. This transforma-
tion does not have a physical meaning, since the assumption
is that EM and optical measurements describe the same point
in space, which they do not. However, position error can then
be determined as Euclidean error between originally measured
positions and transformed reference positions. The orientation
error can be determined as the mean deviation from the average
measured orientation, since the true orientation of both the sen-
sors and the field generator remained constant. In five separate
experiments on three different days we measured a mean static
position error between 0.54 and 0.68 mm, and a mean static
orientation error between 0.49 and 0.67 , which agrees with
the specified accuracy for the EM tracking system (0.6 mm and
0.8 ), cf. Fig. 7. This confirms that the robot does not adversely
influence tracking accuracy.
The same assessment can also be performed using the more

accurate robot positioning data instead of optical tracking,
yielding a mean static position error between 0.51 and 0.74
mm, and again a mean static orientation error between 0.49
and 0.67 . This agrees with the result using optical tracking
and confirms that optical tracking can be used for evaluation of
our method.
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Fig. 7. Pure absolute 3-D tracking position accuracy in our setup, as distributed
in x and y direction.

TABLE I
DYNAMIC TRACKING ACCURACY DURING FOUR EXPERIMENTS EACH WITH
STATIONARY FIELD GENERATOR (FG, TRADITIONAL SETUP) AND MOVING
FIELD GENERATOR (ELECTROMAGNETIC SERVOING). ELECTROMAGNETIC
SERVOING SIGNIFICANTLY IMPROVES TRACKING ACCURACY. STATIC

TRACKING ACCURACY IS SHOWN FOR COMPARISON

C. Dynamic Data Acquisition

In order to evaluate the accuracy of EM-servoing, we moved
the EM sensors by hand, while the robot was following one of
the sensors. We were covering the full tracking volume and a
range of speeds between 0 and 100 mm/s, which for example
covers clinically relevant speeds of flexible endoscopes. As de-
scribed in Section II-B, whenever the sensor was detected more
than 20 mm away from the center of the tracking system, the
robot would move accordingly and refocus on the sensor. In par-
ticular, the robot would move in three dimensions, depending on
sensor movement.
For comparison with the traditional setup with a fixed field

generator, in another type of experiment the robot remained
static, while measurements were recorded. Both cases were
evaluated against optical tracking as ground truth data.
Measurements were performed with either a moving field

generator or with a static field generator. More than 136 000
samples were collected for each case, where each sample con-
sisted of corresponding measurements for all EM sensors and
optical targets as well as the robot.
The position and orientation accuracy determined for both

cases are compared in Table I, together with the static acqui-
sition. In total, the proposed method was able to reduce the
mean error from 6.64 mm and 2.70 to 3.83 mm and 1.34 . As-
suming that the three components of position error vectors are
normally distributed, the overall Euclidean position error fol-
lows a distribution, also known as Maxwell–Boltzmann dis-
tribution. Approximating this by a normal distribution, we may
use Welch’s t-test, which yields , i.e., due to the large

Fig. 8. Dynamic absolute 3-D position errors of traditional setup with static
field generator (top) and proposedmethod with moving field generator (bottom),
as distributed in x and y direction. Please note that the proposedmethod provides
mostly uniform errors across the tracking volume, as well as a larger tracking
volume. For visualization, 10% outliers have been removed in both plots.

number of measurements, the difference is statistically highly
significant. The accuracy distribution over the tracking volume
is shown in Fig. 8.

D. Outlook: Medical Application

In order to demonstrate the potential application of our
method, we performed EM servoing and tracked a flex-
ible catheter within a realistic bronchoscopy phantom. EM
tracking has already been clinically established for navigated
bronchoscopy [3] and approved devices like iLogic (superDi-
mension, Minneapolis, MN, USA) are commercially available.
Our set-up for the navigated bronchoscopy application is de-
picted in Fig. 9. We used a bronchoscopy training phantom with
realistic shape and appearance (Koken, Tokyo, Japan), which
is usually used for the training of bronchoscopists. Similar to
the workflow proposed by Maurer et al. [25] registration of the
phantom to tracking data was performed via optical tracking
markers, which were also well visible in the computed tomog-
raphy (CT) image. After point-based registration of marker
positions in image space and tracking space [25], the position
and orientation of a tracked 6-D catheter (Aurora, Northern
Digital, Waterloo, ON, Canada) can be visualized directly in
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Fig. 9. Setup for medical application demonstration. A flexible catheter was
inserted into a realistic bronchoscopy training phantom and tracked using EM
servoing. As with a real intervention, a registration between the phantom CT
image and tracking coordinates is required, for which we used optical tracking
markers, which were also well visible in the CT image.

Fig. 10. Trajectory of an EM tracked catheter (red line) is visualized with re-
spect to the airway shape as extracted from CT data (blue). It can be seen qual-
itatively that the trajectory is almost completely within the airway lumen.

relation to CT data. In Figs. 10 and 11 we show the catheter’s
recorded trajectory in relation to a segmentation of the airway
shape—for segmentation, a gradient threshold was used. Inside
the airways no ground truth for the tracking of the flexible
catheter is available. However, it can be seen qualitatively that
the trajectory is almost completely within the airway lumen.

Fig. 11. Trajectory of an EM tracked catheter (yellow line) can be overlaid
over slices from the CT image itself—please note that here the full trajectory is
visualized, even where actually in front of or behind the chosen CT slice.

IV. DISCUSSION

Multiple EM sensors can be tracked at the same time, i.e., all
sensors within the EM tracking volume. However, a meaningful
EM servoing objective needs to be chosen. Either a single sensor
can be kept close to the tracking center, or several sensors, if
they are close together.
Interpretation of EM tracking error components: The differ-

ence between the dynamic acquisition with static (6.64 mm) and
moving field generator (3.83 mm) indicates the error due to in-
creased distance from the center of the tracking volume (dimin-
ished by additional error due to robot movement, which we as-
sume to be negligible). This component amounts to 2.81 mm
on average. The correlation between distance from the center
of the tracking volume and position error is demonstrated in
Fig. 12 for a continuous acquisition of more than 34 000 sam-
ples with stationary field generator, where this correlation was
clearly visible. There, measurements were binned by distance
from the center of the tracking volume, and average position
error was computed. A similar correlation was observed in the
quasi-static acquisition, but the effect is significantly stronger
for dynamic measurements, leading to higher error. Over the
whole dynamic acquisition data set with stationary field gener-
ator, the correlation coefficient between distance from the center
of the tracking volume and the position error was 0.87.
Further error is due to the motion of the EM sensor during

measurement. This can be explained if the transmit coils of
the EM field generator are sequentially excited, i.e., for each
tracking update, multiple readings of electromagnetic fields are
taken in sequence and combined into position and orientation
estimates. However, this needs to be further evaluated with dif-
ferent magnetic tracking systems. In this case there is one mea-
surement for all sensor coils, while each field generator coil is
active. Motion of a sensor during such a measurement cycle re-
sults in inconsistent measurements and leads to tracking errors.



REICHL et al.: ELECTROMAGNETIC SERVOING—A NEW TRACKING PARADIGM 1533

Fig. 12. Dynamic position error is correlated with Euclidean distance from the
center of the tracking volume. Keeping the EM tracking sensor close to the
center, as with EM servoing, significantly improves accuracy.

A relationship between motion speed and tracking accuracy has
already been reported by Nafis et al. [21], albeit to a lesser ex-
tent for the NDI Aurora system than for other systems.
The motion-related error component can be estimated as the

difference of 5.09 mm between the dynamic acquisition with
static field generator (6.64 mm) and the quasi-static acquisition
(1.55 mm). This difference is reduced to 2.28 mm in the dy-
namic acquisition with moving field generator (3.83 mm). The
correlation between the sensor’s positional velocity and posi-
tion error is demonstrated in Fig. 13 for continuous sequences
of more than 36 000 samples with both stationary and moving
field generator, where this correlation was clearly visible. Mea-
surements were binned by sensor’s positional velocity, and av-
erage position error was computed. Over the whole data sets,
the correlation coefficient between sensor’s positional velocity
and position error was 0.77 (traditional setup) and 0.71 (pro-
posed method), but keeping the sensor close to the center of the
tracking volume decreases the amount of error significantly.
While previous works [19] did already use a robotically

moved EM tracking sensor, a robotically moved field generator
may be used to estimate EM field inhomogeneity.2 Even when
moving an EM sensor, use of a robot promises exploration of
dynamic effects, since predefined speed profiles can be used.
Hummel et al. [26] found dynamic position errors of 3.24 mm

with a pendulum setup. However, in contrast to their setup we
used three sensors mounted in orthogonal orientations, in order
not to favor specific sensor orientations, and we covered the full
depth of the tracking volume. Thus, we believe that the dynamic
position errors observed in our experiments agree with previous
results. Dynamic EM tracking errors have received little atten-
tion so far, and, besides the improvement due to the proposed
method, their study is beyond the scope of our work. In the fu-
ture, a fast-moving robot could be able to reduce the relative
motion of EM field generator and sensor, and thus could be able
to reduce motion artifacts.

2We would like to thank the anonymous reviewer for this suggestion.

Fig. 13. Position error versus sensor velocity for measurements with stationary
field generator in the traditional setup (top) or with moving field generator for
EM servoing (bottom). By keeping the EM tracking sensor close to the center,
the proposed method significantly improves accuracy.

NDI recently released the Aurora table-top field generator.
Both the compact field generator and the table-top field gen-
erator were found to provide better accuracy than the Aurora
planar field generator, within their different tracking volumes
[27]. However, the resulting tracking volume of our method is
only limited by the reach of the robot, and thus is possibly bigger
than the tracking volume of the table-top field generator. Of
course, if the tracking volume of the table-top field generator
is sufficient for certain applications, then the additional com-
plexity of introducing a robot can be saved. However, experi-
ments have shown that the compact field generator is consid-
erably more robust to metallic components in the environment
[27]. A detailed study of the performance of EM tracking system
in clinical environments has been presented by Yaniv et al. [22],
while the influence of metals on EM tracking in general has been
evaluated by Hummel et al. [28] and theoretically explained by
Nixon et al. [29].
Following the considerations of distance from metals, a setup

like the proposed is potentially more robust against influences
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from OR tables and other items, since the distance between the
field generator and sensor is small, compared to the distance
between field generator and OR table. Note that metal-free OR
tables with carbon fiber tops are already being used for intra-
operative C-arm imaging.
The robot used in our set-up has redundant safety features

generating a protective stop if the force exceeds 150 Newtons.
While this is sufficient for research and development and no ad-
ditional safety guards are needed between robot and operator,
for use on patients further safety measures will need to be in-
troduced [30]. Since in our application we do not need to touch
the patient, contact sensors or an additional distance measure-
ment sensor could be mounted at the EM field generator, en-
suring a safe distance from the patient even in the case of errors
in tracking or registration.
Even our rather low-cost robotic arm has a stated accuracy

of 0.1 mm (Universal Robots), and similar specifications are
given by other manufacturers (KUKA, Barrett). The particular
robot in our setup was only used as proof of concept, and with
a more advanced robot, several issues could be avoided. For in-
stance, there was no suitable real-time interface available, and
there was considerable temporal lag before commands were ex-
ecuted (up to 600 ms). Thus, the robot was only able to follow
the tracked object at slow speeds, which could easily be reme-
died with a real-time interface. Also, the robot currently used is
rather heavy (18 kg weight, 5 kg payload), and for better integra-
tion into clinical environment and workflow it could easily be
replaced with a more lightweight robot, since the EM field gen-
erator weighs only 120 g. In the current implementation, elec-
tromagnetic servoing does not require more than three degrees
of freedom. Thus, even simpler kinematics like selective com-
pliant assembly robot arm (SCARA) robots could be used.
In contrast to previous works concerning hybrid EM-optical

tracking [31], [32], we do not only provide a larger effective
tracking volume and relocation ability of the EM field generator,
but we are also able to maintain the optimal level of accuracy
throughout the tracking volume, otherwise only obtained close
to the tracking volume center.

V. CONCLUSION

We presented a novel and general solution for improving EM
tracking accuracy, namely electromagnetic servoing.
There is a clear correlation between an EM sensor’s distance

from the center of the tracking volume and its position error. By
keeping the sensor close to the center of the volume at all times,
tracking error is significantly reduced.
We use electromagnetic tracking to detect and localize a

sensor within a specific sub-volume, with known and optimal
accuracy. We introduce a new tacking paradigm, which takes
advantage of more accurate and robust robot positioning for
obtaining uniform tracking accuracy. This leverages tracking
without a line of sight by electromagnetic tracking, and uniform
and higher accuracy of robot positioning.
We have shown the feasibility of the setup, and in a thorough

accuracy evaluation we have shown that the mean accuracy can
be significantly improved from 6.64 mm and 2.70 to 3.83 mm
and 1.34 . Our method may be applicable to a sizable spectrum

of interventions, including colonoscopy, neuroendoscopy, bron-
choscopy, and catheter navigation.
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