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Purpose: Fiber Optic RealShape (FORS) is a new technology that visualizes the full three-
dimensional shape of medical devices, such as catheters and guidewires, using an optical fiber
embedded in the device. This three-dimensional shape provides guidance to clinicians during mini-
mally invasive procedures, and enables intuitive navigation. The objective of this paper is to assess
the accuracy of the FORS technology, as implemented in the current state-of-the-art Philips FORS
system. The FORS system provides the shape of the entire device, including tip location and orienta-
tion. We consider all three aspects.
Methods: In bench experiments, we determined the accuracy of the location and orientation of the
tip by displacing and rotating the fiber end, while allowing the rest of the fiber to change shape freely.
To test the accuracy of the full shape, we have placed the fiber in a groove, which was accurately
machined in a thick, stiff metal “path plate.” We then compared the reconstructed shape with the
known shape of the groove.
Results: The tip location is found with submillimeter accuracy, and the orientation is sensed with
milliradian accuracy. The shape of a fiber in the path plate faithfully follows the known shape of the
groove, with typical deviation less than 0.5 mm in the plane of the plate. Out of plane accuracy, per-
haps slightly less relevant clinically, is more challenging, due to the influence of twist; yet even out
of the plane, the deviation is only submillimeter.
Conclusion: The technology achieves submillimeter precision and provides full three-dimensional
shape, surpassing the reported precision of other navigation and tracking technologies, and therefore
may potentially alleviate the need for fluoroscopy. © 2021 Philips Research. Medical Physics
published by Wiley Periodicals LLC on behalf of American Association of Physicists in Medicine
[https://doi.org/10.1002/mp.14881]

Key words: distributed optical fiber strain sensing, navigation, optical frequency domain
reflectometry, radiation free, real time

1. INTRODUCTION

The progress toward minimally invasive procedures for medi-
cal interventions calls for a means of visualization of medical
devices without line of sight restrictions. Traditionally, this
need has been met using fluoroscopy. However, fluoroscopy
relies on ionizing radiation, harmful to the patient and inter-
ventionist, and it provides a two-dimensional shadow image
of the devices, making it hard to navigate within the three-
dimensional anatomy. Alternatives would be desirable. Alter-
native navigation and tracking methods have been pursued
before, notably electromagnetic (EM) tracking of the tip of a
device.1 In an optimal setting, EM tracking offers millimeter

precision in tip location. However, it is affected by sources of
magnetic distortion (like the presence of a C-arm), and when
integrated into a medical device, the inaccuracy typically
increases to multiple millimeters.2 Fiber optics offers an alter-
native. Compared with EM tracking, FORS is not at all sensi-
tive to movement of metal objects in the vicinity. Fiber optic
shape sensing has been studied in the past few decades for
applications ranging from mining industry to aerospace.3 The
small footprint of an optical fiber makes it an ideal sensor for
incorporation into a thin medical device, such as a catheter or
guidewire. With such a sensor, the shape of the device inside
the human body can be determined without using harmful
radiation. For almost rigid devices, such as needles, shape
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sensing has been demonstrated by interpolating discrete mea-
surement points along the device.4 However, for long flexible
devices such as guidewires, this method is insufficient since
detailed information on the twist of the device is essential for
accurate shape reconstruction. By measuring in a distributed
fashion on submillimeter scale, it becomes possible to deter-
mine the shape of a highly flexible device accurately.5,6

Based on work at NASA,7 the core technology has been
further developed at Philips, initially in collaboration with
Luna Innovations (Blacksburg, VA, USA) and Hansen Medi-
cal (Mountain View, CA, USA), later independently. The
shape sensing technology developed at Philips, trademarked
as Fiber Optic RealShape (FORS), enables real-time tracking
(ca. 60 frames per second, 1 frame latency) of the full shape
without line-of-sight restrictions. The shape of the device can
be visualized in three dimensions, enabling intuitive naviga-
tion. This visualization provides guidance to clinicians during
minimally invasive procedures. It does not require the use of
ionizing radiation. It does still need an anatomical roadmap
to visualize the anatomy of interest. For its initial intended
use, aiding the positioning and navigation of a catheter or
guidewire during endovascular procedures, creating of such a
roadmap is accomplished most naturally with a digital sub-
traction angiogram (DSA) or coregistered preoperative com-
puterized tomography angiography (CTA).8 While FORS
does not completely eliminate the use of radiation, it does
offer great potential to reduce the cumulative radiation dose
of endovascular procedures.

Originally developed with structural monitoring in mind,9

distributed fiber optic sensing offers opportunities in biomed-
ical applications for device tracking and treatment monitoring
in minimally invasive procedures.10 Notable early applica-
tions were in colonoscopy 11,12 and needle tracking.13,14 These
devices were based on a limited number of discrete fiber
Bragg grating (FBG) sensors that act as strain gauges.15 The
differences in strain between fibers on opposite sides of a
device provide a measure of local curvature. The strains can
be interpolated between gratings, and for needle shape track-
ing, this is sufficient.4,16–19 These devices use several fibers
that are affixed inside the needle stylet, and the strains are
mostly determined by the material of the needle. The alterna-
tive is to use an unattached multicore fiber that is free to
move inside the device. The strain then results from the fiber
material itself, and the differences in strain between gratings
written in separate cores of the multicore fiber provide a mea-
surement of local curvature.20,21 The multicore approach sim-
plifies the design of the device and reduces the influence of
temperature and axial strain. The effect of different core con-
figurations on the resulting curvatures has been analyzed,19

and vectorial curvature has been measured with up to seven
cores in one fiber22 — the use of yet multiple multicore
fibers23 would seem redundant.

The aforementioned systems generally use a broadband
light source and spectrometer to determine the reflection
wavelength of the gratings. However, there are other possibil-
ities. Already early on, it was shown that strains can be mea-
sured using a fiber as part of an interferometer and a

scanning laser.24,25 This technique, optical frequency domain
reflectometry (OFDR), offers the opportunity to employ grat-
ings at nominally the same wavelength; or even no fiber
Bragg grating at all, instead relying on correlating the Ray-
leigh scattering of the fiber.9 This approach has been
patented.5,6 It provides truly distributed sensing, rather than
the discrete or quasi-distributed sensing of separate grat-
ings.10,26 Broadband continuous gratings can be used to
enhance the signal further.27

For a fiber with straight fiber cores, twisting in positive or
negative direction is indistinguishable: twist either way will
elongate the outer cores. This can be remedied by arranging
the cores in a helical fashion, as if applying a pretwist, for dis-
crete FBGs28 as well as OFDR.29 For shape sensing of medi-
cal catheters and guidewires, OFDR in combination with
twisted multicore fiber gratings seems most suitable. Evi-
dently, this is not the only option: various other approaches
have been put forward, such as Incoherent OFDR30 for fiber
interrogation, or employing polarization maintaining fiber for
the sensors.31 Efforts have been made to construct a single-
core sensor, for example, by laser writing of waveguide cou-
plers and FBGs in the cladding of standard single-mode
fiber,32 or utilizing tilted gratings to distinguish bending.33

However, these approaches cannot at this time rival the quasi-
continuous shape sensing with submillimeter resolution,
combined with industrialized production of sensing fibers,
that multicore OFDR offers.

In this article, results are presented of the first bench char-
acterization of the FORS technology developed by Philips.
We determined the precision of the location and orientation
of the tip by displacing and rotating the fiber end, while
allowing the rest of the fiber to change shape freely. This
assessment allows for comparison to the performance of EM
tracking technology. Unlike EM tracking, FORS technology
provides not just the tip, but the entire shape of the fiber. To
test the accuracy of the full shape, we have placed the fiber in
a groove, which was accurately machined in a thick, stiff
metal “path plate.” We then compared the reconstructed
shape with the known shape of the groove.

2. MATERIALS AND METHODS

For medical applications in the endovascular domain, the
fiber shape sensor is integrated into a catheter or guidewire.
We performed experiments both on bare fiber and on inte-
grated devices. For the latter, the sensor was integrated into a
0.035” hollow flexible guidewire with an in-body section of
1.2 m. Guidewires of this diameter are used in endovascular
aortic and peripheral interventions, such as endovascular aor-
tic repair (EVAR), in which a stent graft is placed in the
aneurysm region. The FORS technology currently uses an
optical fiber of 190 μm outer diameter, consisting of a
125 μm cladding for the cores that guide the light, and
32 μm coating for mechanical protection. In the experiments
labeled as “with bare fiber,” there is no further protection out-
side the fiber with its coatings. In the experiments with a
guidewire, the fiber is enclosed in a channel reserved for this
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purpose. The fiber is free to move inside the channel, which
is hermetically sealed. Since the fiber is free to move within
the guidewire, no influence of the guidewire would be
expected a priori (and this is confirmed by the experiments).
Preclinical study results indicate that the fiber can be incor-
porated in our guidewires without adversely affecting the
mechanical properties (torquability, pushability) of the
devices.8

A laser that is part of the FORS system measures the back
reflection from the fiber. The fiber has four cores, one along
the central axis and three wound around it in helical fashion,
see Fig. 1. Fiber Bragg gratings, which are periodic variations
in refractive index, are imprinted on the cores. These gratings
reflect back a fraction of the light that is sent down the cores.
Bends in the fiber induce local stretching and compression of
the fiber cores. The concomitant change in grating period
results in a wavelength change of the grating reflection,
which reveals the amount of stretching (or compression). The
time delay of these reflections reveals their position along the
fiber. In practice, the reflections are measured using a
Fourier-domain method, that is, scanning the laser wave-
length, rather than measuring the optical delay directly, an
approach known as optical frequency domain reflectometry,
or OFDR.5,34,35 For the system at hand, this results in a spa-
tial resolution along the fiber better than 50 μm. The three-
dimensional shape is obtained by measuring the strains along
the four cores. Differences in strain among the outer cores
indicate bending; differences between the central core and
the outer cores indicate twist. Strains that are common to all
four cores tend to cancel out from the curvature and twist.
This cancelation shields the system from influence of
mechanical stress in longitudinal direction and of temperature

change. The shape is reconstructed from the spatially
resolved bending and twist by integrating the Frenet–Serret
formulas.36 Getting the reconstruction right requires careful
attention to various details, such as nonideal fiber geometry
and its associated calibration, birefringence of the fiber, and
various nonlinearities, for example, in the twist; and naturally,
the accuracy of a shape sensing system is constrained by
finite signal to noise ratios and measurement bandwidths.
This then raises the question of how accurately the technol-
ogy actually can resolve the shape of a medical device. Here
we focus on the accuracy of the FORS technology using non-
clinical data, since this facilitates quantitative comparison
with other techniques. That notwithstanding, the technology
is obviously intended for clinical use. Results of a preclinical
study have been published recently,8 and first-in-human clini-
cal study results have been presented.37–39

2.A. Tip positions

To determine the accuracy of the reconstructed position of
the fiber tip, we have measured tip coordinates for a cubical
grid of points, as illustrated in Figs. 3 and 6(a). We aim to
mimic closely the protocol of Wilson et al,40 designed for
evaluation of electromagnetic (EM) tracker accuracy. The
Wilson protocol involves a cube phantom of stacked cast
acrylic sheets, with a 15 × 15 array of precisely machined
holes of various depths from the top face. The EM probe is
fully inserted in each hole, which provides a snug channel,
and 100 samples of the probe position are recorded at each
position.40 For shape sensing, we visited the locations of the
15 × 15 × 15 vertices of a Cartesian lattice on a
14 × 14 × 14 cm cube, using three nominally orthogonal lin-
ear translation stages (Newport M-ILS200CC, 200PP, and
175CCHA) with an ESP-300 Motion Controller/Driver. Such
stages achieve a nominal accuracy of 1.2 μm, and their accu-
racy is guaranteed to be better than 3.75 μm. Their pitch and
yaw are guaranteed within �100 μrad, so in combination with
the short lever arm, the fiber tip should enjoy similar micron-
scale positioning accuracy.

Figure 2 shows the setup. The fiber tip is clamped onto
the last stage, and 50 cm ahead of the tip, the fiber is held
fixed on a platform that is level with the cube (the “launch”);
the fiber is otherwise free to move. The launch ensures that
the fiber reconstruction starts in a well-defined position and
orientation with respect to the laboratory frame; in a medical
procedure, the launch is commonly situated at the side of the
operating table. For each fiber tip position, 100 shapes were
recorded for averaging, as in the Wilson cube phantom proto-
col. We have also performed measurements with the launch
further away from the tip, at a distance of 1.8 m, directly on
the table. Various fibers were measured; they are identified
by different colors in the figures.

2.B. Registration

In the original prescription by Wilson,40 the cube of
observed tip positions is registered to the underlying lattice

FIG. 1. Arrangement of cores in the multicore optical fiber: as a sketch (a);
side view (b), microscopy, images stitched and foreshortened to show the
helical twist; and in cross section (c), where the coating has been removed.
The distance from central core to outer cores is 35 μm; the diameter of the
cladding is 125 μm, and the total diameter, including two-layer coating, is
190 μm. [Color figure can be viewed at wileyonlinelibrary.com]
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by selecting, in a pseudo-arbitrary manner, a set of eight to
ten points in the “optimal” measurement subvolume of the
system, assumed to suffer from minimal distortion, and then
applying what is essentially a Procrustes transformation.41

Here we have used a slightly different approach that allows
for a slight skew between the stages, since the translation
stages are bolted together by hand, presumably not perfectly
at right angles; and we register with the full cube dataset. It
turns out that these provisions are largely superfluous: the lin-
ear stages move as intended, and their directions are close to
orthogonal. Nevertheless, we provide a brief description of
the method.

We allow for an affine transformation from the lattice
coordinates in jn knð Þ to the corresponding observed tip posi-
tions r!n:

r!n� r!0 ¼ in a
!
1þ jn a

!
2þ kn a

!
3,

where the a!i are the axes of the translation stages, in the coor-
dinate basis of the shape sensing system, and the vector r!0

points from the launch to the lattice origin. The vector r!0 can
be dealt with straightforwardly by subtracting the mean from
both the observed positions and from the lattice coordinates,
that is, mean centering. The axes a! then can be found using
singular value decomposition (SVD).42 Their lengths a!i

�� ��
turn out to be close to the intended lattice spacing of
10.00 mm, indeed indistinguishable within the

reproducibility (of ca. 0.01 mm) among cubes. The axes are
orthogonal, that is, the stages are moving in perpendicular
directions, to within about 3 milliradians (0.2°) for the xy
pair, and with even less skew for xz and yz. This orthogonal-
ity is quite satisfactory, considering that the translation stages
are bolted together by hand; it would lead to a displacement
at the edge of the cube of only 3 mrad × 140 mm / 2 =
0.2 mm. To the set of stage directions a!i corresponds a set of
reciprocal vectors b

!
i, such that b

!
i � a! j ¼ δij; multiplying a

reciprocal vector b
!
i with the observed tip positions r!n yields

the travel distances a!i

�� �� b
!
i
� r!n of the corresponding stage i.

The stage displacements are then compared with the ideal lat-
tice to obtain a quantitative measure of the position accuracy.

2.C. Tip orientation

The Fiber Optic RealShape technology also provides infor-
mation on orientation of the fiber. This can be put to use to
determine the orientation of interventional devices, by attach-
ing the fiber to the device. To quantify the orientation accu-
racy, we have rotated the distal end of the bare fiber, using a
rotation stage (Newport SR50PP), over a range from −180°
to +180°, in 5° increments. A length of 1.8 m fiber is used to
accommodate the twist. Since the fiber is free hanging, it can
change in shape, so in addition to the physical twist of the
fiber, there is a geometrical contribution to the twist as well.
Consequently, it is not sufficient to observe merely the twist
measured from the helically wound fiber cores: the bending
has to be taken into account too. We do this by tracking the
orientation of three orthonormal vectors as we reconstruct
along the fiber. The three vectors indicate the tangent to the
fiber and the orientation of the outer cores. When the tip is
rotated by an angle ϑ, then the three vectors at the tip rotate
accordingly, tracing out circles around the rotation axis. The
rotation axis can be recovered by mean centering the collec-
tion of vectors from a rotation scan, followed by SVD; the
two largest SVD components are linear combinations of cosϑ
and sinϑ, and reveal the rotation angle ϑ. The advantage of
this approach is that it is independent of the orientation of the
fiber with respect to the rotation axis, that is, the fiber and
rotation axis need not be collinear — in fact, the performance
is better if the fiber is perpendicular to the rotation axis, as
we will see below.

2.D. Path plate

The two measurements described above only refer to the
tip of the fiber. The FORS technology yields not only the
position and orientation of the tip but also the entire three-
dimensional shape. This is helpful for navigation during min-
imally invasive procedures. To investigate the accuracy of the
full shape, we have placed the fiber in a groove, which was
accurately machined in a thick, stiff metal “path plate.” We
then measured coordinates of complete reconstructed shapes,
and compared the reconstructed shape with the known shape
of the groove. The reconstructed shapes have been registered
to the known shape in the plate by cross correlating their

FIG. 2. Measurement setup to determine the accuracy of the position of the
fiber tip. Three linear motion stages move the tip in x, y, and z direction, and a
rotation stage can change the orientation of the fiber. The fiber tip is attached
to the last stage by a small clamp. The fiber is attached to the table about
50 cm ahead of the tip (the “launch”). Fiber shape is reconstructed from the
launch to the tip. [Color figure can be viewed at wileyonlinelibrary.com]
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curvatures to find the point of entry in the groove, and then
rotating and translating to minimize the distance between cor-
responding points, known as an orthogonal Procrustes fit.41

The match has been further refined by locating the closest
point on the groove for each measured point. The remaining
distance between matching points is separated into in- and
out-of-plane components.

3. RESULTS

Figure 3 shows the fiber end points for the full lattice. A
few of the shapes are shown too, to provide a sense of the
motion of the fiber due to the tip movement, and to show the
location of the launch with respect to the cube. In Section 3.A,
the jitter of the fiber tip will be discussed. This jitter is an
apparent variation in the reconstructed shape, even though
the sensor is physically in a fixed position. Section 3.B will
cover the accuracy of the averaged sensor tip position with
respect to the intended position. Section 3.C will discuss
rotation sensitivity. Finally, in section 3.D we present accu-
racy results for full shapes.

3.A. Jitter

The recorded shapes show a slight variation in tip posi-
tion, even when the stages are not moving. This “jitter” has
been quantified by calculating the (co)variances of the tip
coordinates. The jitter appears to be largely independent of
position in the lattice. The jitter is not isotropic; it is expected
to be different in the direction along the fiber, and the direc-
tions normal to and in the plane of the shape (when we con-
sider the shape to be approximately two-dimensional).
Figure 4 shows a histogram of the jitter, projected along the
principal axes of the jitter ellipse, for a typical fiber. Figure 5
shows the jitter for six fibers. The jitter has a quite a pro-
nounced anisotropy, that is, it is different along the fiber and

normal to or in the plane of the shape. We will see that this
can be readily understood.

Figure 5 shows the jitter components in various situations,
for all the fibers measured. The jitter is on a logarithmic
scale, to aid in comparing the various groups. The spread in
each group is similar, that is, the relative variations are about
the same, and the ratios between different situations are fixed.
Comparing different distances to the launch in the Figure, it
appears that the jitter increases going from 50 cm to 1.8 m
distance from the launch. For the fiber integrated in a device
(a guidewire), we see that the jitter tends to increase slightly
when integrated; however, the increase is only barely signifi-
cant, the variation in the jitter among the various fibers mea-
sured is comparable to the increase in jitter upon integration.

3.B. Tip positions

The 100 measurements for each position in the lattice are
averaged to obtain a tip position with reduced jitter; this facil-
itates the detection of even small systematic biases in tip posi-
tion. Figure 6 shows the tip positions in projection. In panel
a), the data are shown as measured, with a slight rotation of
the axes, so the lattice points at different depths become visi-
ble, each depth with a different color. In panel b) and c), the
departure from the ideal lattice is shown magnified 20×, for
the same fiber (SMB0168), with the launch at 1.8 m distance
in both cases, but measured with bare fiber (b) or with the
fiber integrated in a device (c). The 20× magnification accen-
tuates small distortions. Interestingly, the (small) distortion is
mostly in the x, z plane, the spots from nearer and farther lat-
tice points along the y axis line up nicely in this view. (Refer
to Figs. 2 and 3 for a definition of the x, y and z directions.)
By contrast, in an x, y or y, z view, the point clouds would
merge and become indistinguishable, due to the x, z warping.
For the bare fiber, the distortions are mostly in the z direction,
that is, out of the (approximate) plane of the shape; for the
fiber in the guidewire, there is additional variation along x,
that is, longitudinally.

The r.m.s. distance between the tip positions and their cor-
responding lattice positions for various fibers is summarized
in Fig. 7. The inaccuracy is well below a millimeter. Analo-
gous to the jitter, the variation around the lattice position is
anisotropic, that is, different for different directions, and
slightly larger for the fiber integrated in a device than for the
bare fiber, and slightly smaller if the launch is fixed closer to
the end of the fiber.

3.C. Tip orientation

Figure 8(a) shows the tip rotation angle measured using
the FORS system, as a function of the known rotation of the
mechanical stage that holds the fiber tip. There are two sets
of curves in the Figure: colored curves show the twist derived
by integrating the twist rate, and black curves show the orien-
tation of the tip derived from tracking the locations of the
outer cores. The latter takes into account geometrical
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FIG. 3. Fiber tip positions for a 15 × 15 × 15 cubical grid of lattice positions
spaced 10 mm apart, together with a few of the fiber shapes all the way from
the launch, to provide a sense of the orientation of the lattice with respect to
the launch position. The various colors serve to distinguish the fiber shapes
leading to the eight corners of the lattice cube. [Color figure can be viewed at
wileyonlinelibrary.com]
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contributions due to bending. The colored twist curves show
considerable variation around the rotation angle. In contrast,
the black curves faithfully track the angle from the stage;
indeed the curves for the different fibers are indistinguishable
from straight lines in Fig. 8(a). Figure 8(b) shows the differ-
ence between measured and requested rotation angles, that is,
the residuals of the black curves in panel a. This makes the
differences between various fibers visible. Table I summa-
rizes the root-mean-square of these angular differences
between the actual and measured rotation.

The rotation accuracies in Table I were measured with the
fiber tip oriented parallel to the rotation axis of the stage.
Interestingly, the fiber can also be oriented differently. Fig-
ure 9 shows accuracies for various angles between the fiber
tip axis and rotation axis, for the SNA0003 fiber. For each
orientation, the rotation measurements are repeated and the
root-mean-square difference is reported in the Figure.

3.D. Path plate

The shape of the groove in the path plate is shown in
Fig. 10. Also shown is the reconstructed shape of a fiber that
was placed in the groove, but with the distance between fiber
and groove magnified 50 times, to make small departures

visible. Only two of the six fibers are shown, not to clutter
the diagram. A different view of these distances is presented
in Fig. 11, as a function of arc length along the fiber, for all
six fibers. Figure 11(a) shows the out-of-plane component,
that is, the seeming departure of the fiber from the plane of
the path plate. To register the shape to the plane, the shape
has been rigidly translated and rotated to minimize the largest
out-of-plane distance. All six shapes always stay in the plane
to within �1.2 mm, and the best one within 0.5 mm. The
variations consist mostly of broad features extending over the
full length of the shape.

The broad features in the out-of-plane distance contrast
with the castellated features visible in the in-plane distance in
Fig. 11(b), showing the in-plane distance to the closest point
on the groove centerline, that is, transverse distance. The
castellated features correlate with changes in curvature of the
groove. For reference, the curvature is shown as a colored
band in the figure. It turns out that the castellations are not an
artifact of the reconstruction, but reflect the actual shape of
the fiber in the groove. The groove is wider than the diameter
of the fiber, so the fiber can relax its shape to some extent.
Figure 12 shows that the transitions in curvature indeed are
not as sudden for the fiber as compared with the groove.
Returning to Fig. 10, we see that the fibers alternate between
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axes x’, y’, and z’ are close to the directions of the axes x, y, and z in Figs. 2 and 3. Outliers are shown as separate markers. The launch at 50 cm from the tip.
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touching the inner and outer radii of the circular arcs that
make up the groove shape. Due to the 50× lateral magnifica-
tion, the transitions appear overly abrupt in Fig. 10; in reality,
the transitions are smooth, of course. The inset shows a pic-
ture of the fiber in the groove at the end of the tight U-turn.
The fiber can be seen transitioning to the other side of the
groove here. The 0.4 mm diameter groove leaves generous
clearance for the 0.2 mm diameter fiber. Since the distance to
the centerline of the groove is plotted, the crossings of the
fiber show up as transitions in Fig. 11(b). The 0.2 mm clear-
ance matches with the height of the steps in the Figure. The
longitudinal displacement of the fiber with respect to the

groove (not shown) is consistent with this interpretation too,
that is, the fiber gets ahead of the centerline after it “cuts cor-
ners.”

The overall transverse distance variations are generally
smaller than the out-of-plane variations, within �0.9 mm for
the six measurements shown, and usually smaller. Since these
variations are generally of low spatial frequency, the root-
mean-squared distance variations are only about half as big as
the maximum departures. The departure of the reconstructed
shape from the path plate shape is routinely measured as part
of manufacturing of the fiber sensors, so this information is
available for a much larger number of fiber sensors than the
six fibers discussed so far. Figure 13 shows histograms of the
maximum departure from the path plate shape over a length
of 1.8 m, for well over 2300 bare fibers. The median of the
maximum departure for each fiber is 0.72 mm out of plane,
and 0.47 mm transverse, in-plane. The latter is perhaps most
relevant for applications.
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4. DISCUSSION

The results for the jitter, distortion of the lattice, and rota-
tion presented above, can be rationalized, as we will explain
in the following sections. To close, we put the accuracy in the
context of other shape sensing and tracking techniques.

4.A. Jitter

The jitter has a quite a pronounced anisotropy, that is, it is
different along the fiber and normal to or in the plane of the
shape. This can be readily understood, knowing how the
shape is calculated. The fiber length is determined with great
precision, since the extension or compression is small to start
with, and it is measured interferometrically. The accurately
known length corresponds to the smallest component in the
jitter. The two larger components have to do with bending.
For a straight-line shape, the variations in measured bend
strain would account for the jitter of the tip in the transverse
directions, bending the shape away from the straight line.
Twist would not matter—it would only rotate the fiber along
its axis, without affecting the shape. The situation is different
if there is a bend followed by a long more or less straight sec-
tion. The straight section acts as an indicator pointer for any
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TABLE I. Root-mean-squared difference between the shape-sensed rotation
angle and the actual rotation angle from the rotation stage, for various fibers
measured.

Fiber Δϑ/ mrad

SMB0166 2.9

SMB0168 1.7

SMB0169 3.0

SNA0003 2.2

SNA0007 3.1

SNA0008 2.7

r.m.s. 2.6

The distance to the launch was 1.8 m. The last line summarizes the column above.
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FIG. 9. Accuracy of rotation measurement depends on how the fiber tip is
oriented with respect to the rotation axis, perpendicular (90°) is easier than
parallel (0°). [Color figure can be viewed at wileyonlinelibrary.com]
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but alternates between touching the inner and outer radii to minimize its bend-
ing energy. [Color figure can be viewed at wileyonlinelibrary.com]
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twist occurring proximal to the bend. The long arm amplifies
small twist errors before the bend into large displacements
distally, out of the plane of the bend. As a result, the jitter
component out of the plane is larger than the in-plane jitter
component.

Comparing different distances to the launch in Fig. 5, it
appears that the jitter increases going from 50 cm to 1.8 m
distance from the launch, which should not come as a sur-
prise, since the tip position is the cumulative displacement of
many small segments, each with their own variability. The
more segments there are, the more these variations can accu-
mulate. If the contributions of the segments were independent
and identically distributed, then this reasoning would suggest
that the variance in the tip position would scale with the
length. However, the influence of the segments is not
expected to be identical: a small change in direction at the
beginning of a long arm will result in a large displacement of
the tip. This would imply that the standard deviation rather
than the variance of tip position should scale with the length;
it could even vary more strongly than linearly, since not only
the segment at the beginning, but also the intervening

segments contribute (albeit with shorter arm). In our experi-
ment, the jitter increases by a factor of ~2 going from 50 cm
to 1.8 m distance from the launch, only slightly more than theffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1:8=0:5
p ¼ 1:9 lower bound. The arrangement with the
launch close to the original position, looping the extra fiber
back over the table, presumably helped avoid a large increase
in arm, and avoid a larger increase in jitter.

For the fiber integrated in a device (a guidewire), we would
expect the jitter to be unchanged, compared with the bare
fiber with the launch at 1.8 m, since the length of fiber is the
same. In Fig. 5, we see that the jitter tends to increase slightly
when integrated; however, the increase is only barely signifi-
cant, the variation in the jitter among the various fibers mea-
sured is comparable to the increase in jitter upon integration.

4.B. Tip positions

For the bare fiber, distortions are mostly in the z direction,
since this direction is affected by twist the most. For the
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curved shapes used (Fig. 3), the largest contribution to the
uncertainty is due to the twist. For the fiber in the guidewire,
the situation is different: the fiber is not fixed at the tip, only
at the launch, so that it has freedom to rotate inside the guide-
wire lumen and should not accumulate twist or longitudinal
strain when the surrounding guidewire is twisted or stretched.
The downside is that the fiber can slightly shift inside its
lumen. This adds uncertainty in the longitudinal direction,
here along x. This is noticeable in Fig. 6(c).

The overall r.m.s. distance between tip positions and their
corresponding lattice positions is summarized in Fig. 7. It
closely follows the results for the jitter, perhaps not too sur-
prising, since the same factors are at work. Nevertheless, it
should be kept in mind that the accuracy depends on the
shape, and the accuracies in Fig. 7 do not immediately gener-
alize to arbitrary shapes, the figure just gives an indication of
the achievable accuracy. Small curves in the proximal part of
the fiber make the reconstruction more challenging; con-
versely, inaccuracies in the twist become less noticeable if the
tip is in line with the twist axis. In particular, it can be seen
that the accuracies in Fig. 7 do not scale proportionally with
distance from the tip to the launch, as the shapes are
different.

4.C. Tip orientation

The difference between measured and requested rotation
angles, shown in Fig. 8(b), have little systematic structure, as
desired. Table I summarizes the root-mean-square of these
angular differences between the actual and measured rotation.
This is larger than the accuracy of the rotation stage itself,
which is guaranteed �0.5 milliradians. The attained relative
accuracy of a few milliradians over a full turn, that is, better
than 10−3, is quite noteworthy, considering the substantial
distance from the launch to the tip (1.8 m).

The rotation accuracy is reported for various relative ori-
entations of the fiber tip and rotation stage, in Fig. 9. It turns
out that the parallel orientation (0 degrees) as in Table I is the
most unfavorable, that is, the test is the most stringent. This
can be understood as follows. In the parallel orientation, the
measured rotation depends crucially on the twist of the fiber
itself. In contrast, if the axis of the fiber makes an angle with
the axis of the rotation stage, then the measured rotation is
determined substantially by the actual shape of the rest of the
fiber, that is, by the curvature rather than the twist. Measuring
bending accurately is easier than measuring twist accurately.
Hence, the rotation accuracy is better when the axis of the
fiber tip makes an angle with the axis of rotation.

4.D. In context

There are no standardized measurements reported on fiber
optic shape sensing using OFDR. Duncan et al. showed
0.8 mm tip location accuracy over 1.1 m of sensed fiber,9

using a predecessor of the current system. The earlier system
used only three fiber cores, hence could not take into account

twist. Galloway et al. investigated the possibility for sensing
the planar surface shape accurately,43 using a more recent
system, also from Luna Innovations. Using 1.25 m of actively
sensed fiber, a submillimeter accuracy is found. Parent et al.
show application of OFDR based shape sensing in clinical
practice.44 Their custom system employs a Luna optical
backscattering reflectometer with 1 Hz sampling rate, and
three fibers glued together, rather than a single fiber with
multiple cores. There is no provision for measuring twist.
The reported accuracy is 2.8 � 0.9 mm.

The accuracy of the tip location described here compares
favorably with EM tracking results reported in literature.1

The Wilson protocol for EM tracking also leads to r.m.s.
accuracy results in the submillimeter range, when the fields
are undistorted. However, when sources of magnetic distor-
tion like a C-arm are present, the reported r.m.s. inaccuracy
increases to multiple millimeters. In contrast to EM tracking,
where the presence of magnetic or conductive materials can
affect the fields, fiber optic shape sensing does not need
interventional-environment dependent error compensation or
per-procedure calibration. A review of EM tracking methods
for endovascular navigation2 shows that, when integrated into
a medical device, the inaccuracy typically increases to multi-
ple millimeters. Typically, these technologies only track the
tip of the device; in contrast, the FORS technology provides
the full shape.

5. CONCLUSIONS

We have investigated the precision and accuracy of track-
ing offered by Fiber Optic RealShape (FORS) technology.
This shape sensing technology developed at Philips enables
real-time tracking without line-of-sight restrictions. It
achieves submillimeter precision, surpassing the reported
precision of other navigation and tracking technologies. It
provides information not just about the tip position and orien-
tation, but about the full shape of devices in three dimensions
as well. This provides superior visualization, potentially alle-
viating the need for fluoroscopy. It enables intuitive naviga-
tion and is expected to provide guidance to clinicians during
minimally invasive procedures.
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