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Point-by-point femtosecond laser processed fiber Bragg gratings are arranged around the edge of a standard single-
mode optical fiber core. The relative amplitudes of at least three such fiber Bragg gratings are utilized to detect
the central position of themode fieldwithin the fiber core and calculate the local curvature of the fiber. An analytical
approximation is given, and an experimental validation is performed. © 2018 Optical Society of America
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1. INTRODUCTION

We report on a novel approach to retrieve the local curvature of
a standard single-mode optical fiber based on the analysis of
relative amplitudes of at least three femtosecond (fs)-laser-
written fiber Bragg gratings (FBGs) arranged around the edge
of the waveguiding core. An analytical approximation model
and an experimental validation of this approach is given. The
proposed interrogation scheme based on the analysis of relative
light intensities is immune to polarization effects and wave-
length shifts caused by temperature or strain. In addition,
the wavelength information of the FBGs remains a free
parameter for further sensory tasks.

Since the first reports on point-by-point inscription with
femtosecond laser pulses of FBGs [1–3] through the coating
of standard single-mode optical fibers it is known that the area
of index modification can be of the order of 1 μm3—small
enough to realize several spatially separate gratings at the same
position within the core of a typical single-mode fiber.
Compared to other core edged FBG structures, several fs-laser-
inscribed FBGs in the same plane of a single-mode fiber do not
have to overlap physically and the resulting FBG signals do not
interfere with each other. Moreover, point-by-point written
FBGs could be inscribed customized at any place within the
fiber. In 2005, Martinez et al. took advantage of this and de-
veloped a fiber optical bending sensor based on an eccentrically
written FBG [4]. However, only the wavelength shift was used
for the evaluation and it turned out that only a much smaller
wavelength change could be observed than geometrically pre-
dicted. Therefore, a high-precise FBG readout unit has to be
used. In addition, temperature and polarization effects were not

compensated. In 2018 two similar vector bend sensors based on
eccentric FBGs applying a depressed cladding fiber [5] and a
multicladding fiber [6], respectively, were presented. In the last-
mentioned work, in addition to wavelength information, the
intensity information of the created cladding modes of the FBG
was also taken into account. Nonetheless, only a single and
one-dimensional bending plane was realized.

In more recent years, fiber optical shape sensing based on
FBG technology and the resulting applications [7,8] has been
a widely discussed and promising field of research. However,
to date most approaches turn out to be either too expensive
for industrial application (e.g., the inscription and interrogation
of FBGs or the analysis of Rayleigh scattering in special multi-
core fibers that always demand a special fan-out device to
address each core separately) or do not allow a high enough num-
ber of local curvature sensors for a sufficiently precise shape
reconstruction along the entire fiber (e.g., the introduction of
additional waveguides to the fiber cladding [9]).

Therefore, a simple solution that allows a great number of
curvature sensors within one standard single-mode fiber still
has a huge potential for numerous applications in medical
or robotic sensing.

Point-by-point fs-laser-inscribed Type II or Type III FBGs
(fs FBGs) show a birefringence due to the elliptical shape and
locally strong refractive index change at each point of the grating
[10]. For orthogonal polarization states this leads to a change of
the reflected FBG wavelength of the order of 40 μm/m [11]. In
the field of fiber optical shape sensing this effect cannot be ne-
glected since most light sources used for FBG interrogation (like
tunable diode lasers or superluminescent diodes) are polarized.
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Certain applications (e.g., the navigation of medical catheters
within the human body) cannot be realized with such a high
uncertainty.

To overcome these drawbacks, we suggest using the relative
amplitudes of at least three different point-by-point fs-laser-
written FBGs arranged off-center around the fiber core to
detect the relative position of the mode field within the core.
In comparison to other recent research that utilized basically
the same curvature-induced mode field deformation together
with a special core dip fiber to create an accelerometer [12],
only standard single-mode fiber without any preprocessing
or postprocessing is necessary.

In principle three FBGs localized around the outer edge of
the fiber core (we will refer to this kind of FBG as “edge FBG,”
all three together forming an “edge sensor”) might also show a
curvature-dependent wavelength shift [13]. But the minimal
distance to the center of the fiber core and the neutral axis
of the curvature, respectively, will lead to very small changes
of the Bragg wavelength. In fact, our experiments showed that
the bending of FBGs at all possible positions relative to the fiber
core leads to much smaller (more than one order of magnitude)
wavelength shifts than geometrically expected if only their rel-
ative positions to the neutral axis are taken into account. This
observation is in accordance to prior results of Martinez et al.
[4]. Therefore, a reliable bending measurement remains
extremely challenging even with most sophisticated interroga-
tion systems available [14,15].

We will demonstrate that a curved fiber induces a polariza-
tion-independent change of the backreflected relative light
intensities between at least three FBGs arranged around the
core of a standard single-mode fiber that can effectively be
utilized to retrieve the local curvature.

2. FEMTOSECOND-LASER-INSCRIBED
ECCENTRIC CORE EDGE FBG

A. Concept of Relative Amplitude Comparison
The volume of refractive index modification of a typical point-
by-point fs FBG can be estimated to 1 μm3 [16], which is
much smaller than the diameter of the entire fiber core
(9 μm for SM1550 and 5.8 μm for SM800, the latter of which
is used in this work). Due to this, multiple point-by-point fs
FBGs can be written side by side into the same fiber core plane.

The mode field intensity within the fiber will be slightly
shifted if the glass fiber is curved. Consequently, the coupling
between the mode field and an edge FBG will be influenced
and the backreflected light of the edge FBG will change.
With an edge FBG sensor pattern shown in Fig. 1(a), the posi-
tion of the mode field or the curvature of the glass fiber, respec-
tively, can be determined by monitoring the intensities of the
backreflected light. As example, the intensity changes of two
opposite positioned edge FBGs is shown in Fig. 1(b).

If this approach is applied in two dimensions every possible
local curvature of the fiber leads to a defined set of edge
FBG amplitudes. We will show that it is sufficient to inscribe
three edge FBGs at arbitrary different positions around the
edge of the fiber core to obtain the two-dimensional curvature
information.

B. Experimental Setup
A commercial regenerative Ti:Sa amplifier system is used to
create laser pulses at 800 nm with an energy of approximately
150 nJ and 100 fs duration. They are focused within the fiber
applying a high-NA objective (40×, 0.65NA) to a spot size of
less than 1 μm. By shifting xyz-nano-positioning stages, the
edge FBGs are inscripted by the point-by-point FBG process-
ing method described in [3] in detail. All three edge FBGs are
written with the same processing parameters after each other. In
this paper a single-mode fiber for 830 nm has been applied
(Fibercore SM800(5.6/125) with an NA of 0.10 and a cut-
off wavelength of 690 nm), but all following results could
be obtained in the 1.3 μm and 1.5 μm wavelength domains
as well. With respect to the center of the fiber core, three edge
FBGs are centered at the coordinates (−2.0 μm; 0.0 μm),
(�2.0 μm; 0.0 μm), and (0.0 μm; −2.0 μm). A typical spec-
trum of an array of three such triplets is shown in Fig. 2.

In the given example the edge sensors (each consisting of
three edge FBGs) are separated by 2 cm from each other along
the fiber.

For each edge FBG triplet, the FBG with the smallest wave-
length has the highest reflectivity due to a small constant offset
in the applied auto-positioning system or an inhomogeneous
focal spot of the fs laser. The processing order of the three
FBGs forming each edge sensor has no effect on the resulting
relative amplitudes.

Fig. 1. (a) Point-by-point inscription of three edge core FBGs
placed eccentrically around the core of a single-mode fiber forming
an “edge sensor.” (b) Principle of amplitude-based curvature sensing.
Each edge FBG’s reflectivity varies with the change of the central
position of the mode field.
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However, to minimize typical transmission losses the edge
sensor with the three highest wavelengths is processed with the
biggest distance to the interrogation system so there is no
light scattering at FBGs that are hit by the light before the
target FBG.

Since we will show that only the relative amplitudes are rel-
evant to measure the local curvature of the fiber, moderately
different reflectivities have no negative effect on the sensing
characteristics. All following experiments have been performed
with edge sensor 2 defined by the edge FBG triplet 2.1, 2.2,
and 2.3, as shown in Fig. 2.

Figure 3 shows a microscopic image of the fiber core after
the processing. All three gratings are clearly visible, and the
focal plane of the microscopic camera has been chosen equal
to the middle of the fiber core. The edge FBGs have been
processed in second order at a wavelength of 800 nm (approx-
imately 590 nm point-to-point distance) with a length of
0.5 mm. This together with the laser spot size means that
the grating points are overlapping, but each region with a sig-
nificant index refraction change is small enough for the grating
to take effect. The microscopic image, however, does not reveal
any singular points of the gratings, but rather shows three
waveguide-like structures instead.

C. Birefringence and Polarization Dependency
It is known that the inscription of Type II FBG with fs laser
pulses leads to a certain local birefringence within the fiber and
therefore polarization-dependent wavelength and amplitude
shift of the FBG [17]. One of the central advantages of a
reflectivity-based interrogation of fs-laser-written edge FBGs

is that all three gratings will show the same polarization depend-
ency and the relative amplitudes between them remain un-
changed. Only the combined birefringence at each position
of the waveguide is taken into account.

For proof the presented array of edge FBGs have been
interrogated with a polarized light source connected to a slow
rotating quarter-wave and a faster rotating half-wave plate
applying a high-speed spectrometer (BWTEK Exemplar).
This enables an illumination of the edge FBGs with all possible
polarization states.

Figure 4(a) shows a characteristic polarization dependency
of all three gratings of max �20 pm. Compared to other re-
ported values this is quite low and shows a good quality of the
utilized point-by-point FBG inscription setup. The three edge
core gratings clearly show an identical behavior for each applied
polarization state. The same occurs to be true for the normal-
ized amplitudes of the three edge FBG, as shown in Fig. 4(b).

Figure 5 depicts the relative changes between the three am-
plitudes. The systematic patterns nearly vanish, and the overall
changes are below 3% of the amplitude, probably caused by
spectral underground added to the FBG signal by undesired
backscattering of a connector or the end of the sensing fiber.
In the chosen visualization a constant offset to all three signals is

Fig. 2. Spectrum of three edge FBG triplets. Each triplet builds up a
curvature sensor plane.

Fig. 3. Microscopic image of an edge FBG triplet.

Fig. 4. (a) Polarization-dependent wavelength shift of edge FBGs.
(b) Amplitude change.

Fig. 5. Relative amplitude change of an edge FBG.
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not compensated and could lead to the remaining small system-
atic differences of the relative amplitudes. Still, the quotient
of two edge FBG amplitudes show very little effect due to
polarization changes within the fiber.

3. THEORETICAL MODE FIELD DISPLACEMENT
AND MATHEMATICAL APPROXIMATION OF
RELATIVE EDGE FBG AMPLITUDES

The following section of this paper focuses on the actual behav-
ior of a mode field within a curved single-mode fiber to achieve
a quantitative model for the qualitative observations previously
described. The mode field within the applied fiber is simulated
and its dislocation and deformation due to bending is analyzed.
As an approximation an antiproportional shift of a static
Gaussian intensity distribution is applied and compared to
the simulated light field. This estimation allows us to describe
the mode field displacement for all bending radii with a simple
analytical solution to derive the actual bending radius from the
relative intensity changes of at least three edge FBGs.

A. Mode Field Dislocation in a Curved Single-Mode
Waveguide
The simplest approach to mathematically describe the mode
field of a single-mode fiber is a Gaussian distribution with
the wavelength-dependent diameter ωm.

For standard single-mode fibers an optimized empiric
solution has been given recently in [18]:

ωm � a
�
172.04e

−�V�3.412�2
2.1412 � 1

�
, (1)

with the radius of the waveguide a and the normalized fre-
quency V . V can be calculated with the applied wavelength
λ, the radius of the waveguide a, and the numerical aperture
NA of the fiber used [18]:

V � 2π

λ
aNA: (2)

The simplest approach of predicting the change in intensity
distribution within a curved waveguide would be an antipro-
portional shift of a constant Gaussian mode field. To evaluate
whether the accuracy of this approximation leads to sufficient
results the actual electromagnetic field within a bent single-
mode fiber has been simulated. A commercial software
(PhotonDesign FIMMWAVE) was applied to simulate a
straight and several curved waveguides (with bending radii R
between 2.1 mm and 500.0 mm) with a � 2.9 μm and a
numerical aperture NA � 0.10 to the surrounding cladding.
This resembles the commercial SM800 single-mode fiber used
for all experiments presented in this paper.

In this scenario 2.1 mm radius appeared to be the smallest
possible radius that still supports waveguiding. In Fig. 6
the expected difference between the straight fiber (left) and
the simulation for the strongest curvature (right) is shown. The
position of the maximum intensity changes according to the
simulated curvature almost 1.5 μm to the right side and a
certain deformation of the intensity pattern can be observed.

For a straight waveguide the simulated intensity distribution
overlaps with a Gaussian function with the empirical predicted
mode field diameter very well. But for the strongest curvature

the simulation shows a significant asymmetric deforma-
tion (Fig. 7).

To analyze the systematical error a linear shifting Gaussian
approximation would imply for sensor signals, the local inten-
sities at defined positions have been compared to the more
accurate simulated intensity distribution. These localized inten-
sities resemble detectable spectral amplitudes of the edge FBGs
written at those positions.

For each simulated curvature with radius R the quotient of
two approximated normalized intensities (IFBG1,2) can be cal-
culated as a function of the two distances with respect to the
fiber core (rFBG1,2). A simple constant D is introduced to trans-
late the mode field shift of the Gaussian approximation to the
radius of the corresponding simulation (Δr � D∕R):

IFBG1,2 � e

−�rFBG1,2 − Δr�2
2ω2

m : (3)

For this example (ωm � 1.743, D � 354.2 nm2, and
rFBG1,2 � �2 μm), the difference between the simulated data
and the Gaussian approximation leads to an error of the result-
ing curvature below 0.1% of the applied radius for all radii big-
ger than 10 mm. As shown in Fig. 8(b) even for a 5 mm radius
the difference between the simulated and the calculated relative
intensities remains well below 1%. An extremely curved fiber
with a diameter of 4 mm suffers strong transmission losses, and

Fig. 6. Simulated mode field for a straight single-mode waveguide
for 850 nm and within a curved fiber with a bending radius
R � 2.1 mm.

Fig. 7. 1D intensity distribution compared to a Gaussian distribu-
tion (straight fiber and curve with R � 2.1 mm). In addition to the
dislocation of the maximum a deformation occurs.
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even in this extreme case the systematic error due to the
approximation remains moderately low (4.6%).

If other positions for rFBG1,2 are applied, the difference be-
tween both intensities will increase slightly. However, Fig. 9(a)
shows that for a reasonable change of the grating distance
between 1 μm and 3 μm with respect to the fiber core, the
approximation error maintains below 1% of the applied curva-
ture for radii >10 mm. The positioning accuracy of typical
commercial xyz-nano-positioning systems is much better than
1 μm and therefore D can be assumed as constant.

For very tight curvatures the position of each grating
changes this proportional factor and could be developed as a
linear function dependent on the distance rFBG [in this example
D�rFBG� � 3892 nm2 − rFBG � 175 nm, Fig. 9(b)].

Consequently, for first experimental applications the
proposed approximation of a static Gaussian mode field that
shifts antiproportional to the curvature is sufficient to retrieve
the bending information with an uncertainty below 1%.

B. Analytical 2D Curvature Calculation with Three
Edge FBGs
Obviously, it is the biggest advantage of a Gaussian approxima-
tion that an analytical solution can be found for all parameters
within the equation. The following calculations have been

performed in Cartesian coordinates and therefore the
perpendicular mode field shifts Δx and Δy are the desired un-
known values. They are dependent on the detected backre-
flected FBG intensities at the coordinates around the fiber
core. Additionally, the global light intensity within the fiber
IGlobal is typically unknown and therefore it is necessary to
analyze at least three edge FBGs at different positions to solve
the equations and retrieve all three parameters.

Within the symmetric Gaussian approximation, the backre-
flected intensity of each edge FBG (I 1–3), depending on its
position (x1–3, y1–3) and the displacement of the mode field
(Δx,Δy), can be written for each edge FBG as

I 1–3 � IGlobale
−��x1–3−Δx�2��y1–3−Δy�2�

2ω2m : (4)

Together with the mode field diameter ωm three of these equa-
tions with different values for the position x1–3 and y1–3 can be
derived to

Δy � A1,2 − A2,3

C1,2 − C2,3
(5a)

and

Δx � A1,2 � C1,2Δy, (5b)

with

Ai,j �
2ω2

m ln
�
I i
I j

�
� x2i � y2i − x

2
j − y2j

2�xi − xj�
(6a)

and

Fig. 8. (a) Simulated change of intensity ratio for two edge FBGs at
�2 μm and −2 μm and the corresponding Gaussian approximation.
(b) Relative radius error between simulation and approximation.

Fig. 9. (a) Relative radius error between simulation and approxima-
tion for an edge FBG at different positions with a constant factor D.
(b) D as linear function of the distance rFBG.
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Ci,j �
yj − yi
xi − xj

: (6b)

Therefore, the change of the mode field position can be calcu-
lated with the knowledge of three edge FBG positions with
respect to the fiber core and their current intensity. Global
changes to the light intensity guided within the fiber (IGlobal)
have no effect on the resulting mode field shift.

As shown in the previous section the radius of curvature can
be estimated as antiproportional to the displacement of the
mode field with the fiber-dependent constant D that can be
retrieved from the simulation above and equals in this case
approximately D � 354.2 nm2. Transformed to polar coordi-
nates the direction (φ) and the bending radius (R) can be
obtained:

R � Dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δx2 � Δy2

p φ � tan−12 �Δx,Δy�: (7)

In summary, the relative intensities of three edge FBGs in-
scribed in a fiber at arbitrary positions with respect to the fiber
core are sufficient to retrieve an analytical localization of the
mode field within the fiber. In turn this position shifts antipro-
portional with the applied radius of curvature. Since only the
quotient of the normalized intensities is considered, all global
changes to the backreflected intensity have no effect on the
result. This makes the edge FBG a very robust and promising
approach to detect curvatures.

4. EXPERIMENTAL VALIDATION AND
CURVATURE SENSING

In this section we apply the analytical approximation given
above to real edge FBG fibers and validate the experimental
capability of this approach. The sensors signals are monitored
while bent in all directions at several defined reference curva-
tures. The resulting amplitude change and phase of each edge
FBG is used to calibrate the actual positions of the fs-laser-
inscribed structure.

A. Reference Curvatures
To allow an experimental validation of the calculations above,
several fiber guidance tools with defined reference curvatures
have been manufactured. As shown in Fig. 10, the edge
FBG fiber is inserted into defined circular paths with different
radii. While the fiber maintains fixed in its position, the tool is
rotated around the entrance point of the sensor with a stepper
motor. The edge FBGs are positioned in the middle of the
rotating curvature.

For each step the amplitudes of three edge FBGs that
form a sensor plane are recorded with a commercial micro-
spectrometer (Ocean Optics STS). A simple Gaussian peak
fit has been applied, which is also useful to obtain the edge
FBG wavelength at the same time. Of course, other known
peak detection algorithms can be applied as well.

During the processing of an actual edge FBG fiber it is not
possible to guarantee that each processed FBG has the same
absolute intensity. Therefore, each sensor signal (IRawFBG with
FBG � 1–3) must be normalized with an additional constant
(N FBG) to obtain a comparable triplet of intensities (IFBG) for
each sensor plane:

IFBG � IRawFBG
N FBG

(8)

This parameter corrects the measured amplitudes of a straight
fiber to the theoretical relative intensities of a one-dimensional
Gaussian distribution at the distance to the center of the fiber
core (rFBG), e.g., approximately to 0.5 in the given example.
This can easily be done by measuring the amplitudes of a
straight fiber (IStraightFBG):

N FBG � I StraightFBG∕e
−r2
FBG

2ω2m : (9)

Both position and spectral response of the gratings will remain
constant after processing. Changes to the applied light intensity
will not affect this normalization since all three edge FBGs
behave symmetrically.

Figure 11 depicts the normalized intensities of an edge FBG
triplet rotated around a reference curvature with R � 20 mm.

The sensor analyzed in Fig. 8 has been designed with a
perpendicular geometry and an identical distance between each
edge FBG and the fiber core (2 μm). Therefore, the amplitude
of all three oscillations can be expected to be equal and their
phases also identical 90° to each other. If the assumed process-
ing positions are used to calculate the mode field shift according
to Eqs. (5a) and (5b), Δx and Δy appear (in this case for a
radius of 20 mm) 10% to 20% bigger than the value of the
reference radius and follow an elliptical shape, as illustrated
in Fig. 12.

The processing stability of the true central position of each
edge FBG is limited due to the mechanical stability of the nano-
positioning system. Additionally, the curved surface of the fiber

Fig. 10. Photo and schematic of the experimental validation setup.
An edge FBG fiber is guided within a guidance tool with a defined
radius that can be rotated to bend the sensor in all directions.
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may lead (even within immersion) to a certain offset between
the programmed edge FBG position and the real focal spot of
the laser.

The better the absolute positioning of each edge FBG dur-
ing the fs laser inscription process, the smaller the radius sens-
ing error or at least the difference between several edge FBG
sensors. However, it is possible to overcome all processing un-
certainties with the measurement of one reference curve with a
defined radius and calibrate the actual position of each grating.

B. Edge FBG Calibration
According to Eq. (6a) the mode field shift can be approximated
as linear to the logarithm of the normalized intensity change.
While rotated around a constant radius the absolute value of
the shift remains constant, only the direction oscillates with
the direction of curvature (α). Therefore, the detected intensity
changes according to the exponent of a sinusoidal function and
can be approximated as

IFBG�α� � I StraightFBG � �Imax − Imin�esin�α�φ�: (10)

Figure 13 shows a very good overlap between all measured
intensities and their curve fits. The experimental data shows
a minimal asymmetric deformation compared to the model
approximation. The coated fiber used for this experiment is

stored wounded up and shows a slightly preferred bending
direction. Within the reference radius, this leads to a small tor-
sion of the fiber to avoid a curvature contrary to this preferred
direction.

The fitted values for the maximum and minimum intensity
equal the mode field shift for a fiber exactly curved in or inverse
to the direction of the edge FBG with respect to the center of
the fiber core. For these two cases Eq. (4) can be simplified to
one dimension:

Imax ,min � N FBGIGlobale
−�rFBG−Δrmax ,min�2

2ω2m : (11)

For maximum and minimum intensity, the mode field shifts
with the same absolute value (Δr) in opposite directions
(Δrmin � −Δrmax � Δr). IGlobal and N FBG maintain un-
changed during the reference measurement.

With the empirical constant for the applied fiber D intro-
duced in Section 3.A of this paper (Δr � D∕R) both equations
can be solved and lead to the desired true distance between the
edge FBG and the center of the fiber core rFBG:

rFBG � ω2
m

2Δr
ln

�
Imax

Imin

�
� ω2

mR
2D

ln

�
Imax

Imin

�
: (12)

Combined with the fitted phase φ, the position of each edge
FBG and the normalization constant CFBG (with IGlobal � 1
for the calibrational measurement) can be obtained.

For this example, Fig. 14 depicts the calibrated coordinates
of all three edge FBG sensors compared to their desired process-
ing positions. Especially the lower two edge FBGs have repeat-
edly been processed about 1 μm below the programmed
parameters and have a significantly larger distance to the center
than expected. Other identically processed sensors show a sim-
ilar behavior. Therefore, an additional systematic processing
error occurs that could be corrected already during the inscrip-
tion. However, since the demonstrated calibration allows
arbitrary edge FBG positions, this offset can be tolerated.
All edge FBG coordinates and the constants CFBG remain
unchanged for as long as the sensor exists.

Fig. 11. Normalized amplitude of three edge core FBGs.

Fig. 12. Reconstructed mode field displacement for an uncalibrated
edge FBG sensor with assumed edge FBG positions according to the
inscription process.

Fig. 13. Curve fit of measured amplitudes of three edge FBGs.
Minimal asymmetries are due to a preferred bending direction of
the coated fiber.
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C. Evaluation of Calibrated Edge FBG Sensor
If the calibrated positions of an edge FBG are applied to the
reference measurement, the resulting radius of curvature re-
mains closer to the same value as compared to the uncalibrated
measurement in Fig. 12. The maximum difference between the
applied radius and the measurement is reduced to approxi-
mately 2%. In Fig. 15 the calibrated sensor is tested with several
other reference radii R between 5 mm and 50 mm.

For the applied curves the sensor shows a very good over-
lap between measured and expected radius in all possible
directions.

For a better quantification, Fig. 16 depicts the average de-
tected radii and the maximum difference for all directions. All
measurements provide a very good linearity of the calibrated
sensor and a maximum radius error below 8% for the biggest
curvatures (R � 50 mm� 3 mm) and below 4% for radii
smaller than 25 mm (e.g., R � 10 mm� 0.2 mm). The sig-
nal-to-noise ratio of the spectrometer measurement leads to a
maximum detectable radius of the order of 10 m.

Especially for the correct detection of large radii (and there-
fore small changes of the edge FBG amplitudes) it is necessary
to avoid any backscattering from connectors or the end of the
fiber, since those lead to a change of the relative amplitudes.
This in turn results in a slightly changed central position of

the circles shown in Fig. 15 and therefore an increase in
curvature detection error.

In comparison only very small curvature-dependent wave-
length shifts have been observed. Even for the smallest radius
(5 mm) the maximum difference of the wavelength has only
been of the order of 15 pm. The applied simple interrogation
system (Micron Optics STS spectrometer, 80 Hz repetition rate
and no further averaging) allows a reproducible Bragg wave-
length detection of the order of 2 pm or a maximum radius
of curvature of a few centimeters. Therefore, with the given
setup the shown amplitude-based interrogation of edge FBGs
appears to be several orders of magnitude more sensitive than a
wavelength interrogation of the identical sensor.

Even with more sophisticated interrogation systems (as
mentioned above) it is not likely to overcome this difference
completely since a better wavelength detection will improve
the amplitude detection as well.

D. Outlook: Time-Domain Standard Single-Mode
Optical Fiber Shape Sensing
Multiplexing is a critical point of all proposed variants of
fiber optical shape sensing so far. To obtain a precise three-
dimensional reconstruction the local curvature information
from numerous points along the fiber is required. Spectroscopic
FBG interrogation is always limited to the bandwidth of the
applied systems. However, since the proposed edge FBG does
not change its wavelength due to bending, the spectral distance
between two FBGs can be very small and the readout of a large
number (up 10–15 curvature sensors) within one fiber is
possible.

If even more sensor information points are necessary,
time-domain interrogation techniques can be applied [13].
Hundreds of identical FBGs with a very low reflectivity can
be analyzed within one single fiber. Backscattering of connec-
tors or the end of the sensor fiber do not affect the reflected
intensities and therefore a time-domain interrogation of the
edge FBG would improve the sensor’s quality and its stability
for application. The only requirements are the analyzation
of three different wavelength channels according to the

Fig. 14. Calibrated edge FBG positions compared to processed
sensor design.

Fig. 15. Calibrated edge FBG triplet: calculated mode field shift
during reference measurement (color online).

Fig. 16. Calculated radius of curvature for different reference radii.
The error resembles the maximum and minimum radius according to
the calculation.
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wavelengths of each edge FBG triplet and a sufficient distance
between each triplet to allow the separation of the signals. This
can be realized with fiber Bragg grating readout units, combin-
ing time and wavelength domains [19,19]. Further, the cumu-
lated intensity of all edge FBGs with an identical wavelength
should not be bigger than a few percent to minimize the
amplitude change of the later edge FBG due to bending of
the first sensors. Otherwise, for example, a bending-induced
collective increase of the reflectivity of all but the last edge
FBG with the same wavelength would lead to a significant
change for the remaining intensity for the specific wavelength
at the end of the fiber.

5. CONCLUSION

The local curvature of a fiber can be detected by analyzing the
intensity amplitude of three femtosecond-laser-written FBGs
arranged around the outer edge of a standard single-mode fiber
core. An analytical approximation has been proposed and
evaluated. For bending radii larger than 5 mm the mode field
within a single-mode fiber can be interpreted as a static
Gaussian field that shifts its position antiproportional with
the bending radius. For a simple detection of the direction
of curvature it is sufficient to apply the designed positions
of each FBG to the model. For more accurate measurements
that are required for 3D shape sensing applications with multi-
plexed edge FBG sensors, the processing must be extremely
precise and reproducible (the laser focus positioning of the
order of 20 nm for 800 nm fibers). Alternatively, a triplet of
edge FBG can be calibrated with one reference curvature.
Even with a simple commercial micro-spectrometer, a cali-
brated edge FBG triplet is capable of detecting radii between
about 10 m and 5 mm for all possible directions with good
linearity. More precise interrogation systems with higher
signal-to-noise ratios, a higher resolution, and perhaps addi-
tional averaging should allow improvement of the sensitivity
of curvature sensing at least by 1 or 2 orders of magnitude.
However, we do not think that the presented shape sensor
is appropriate for the detecting of curvatures of the order of
several kilometers, as required for downhole monitoring by
the oil and gas industry. It seems much more likely to apply
this approach for several medical procedures with the require-
ment of very small radii and a still significant number of sensor
planes. Further, if this approach is performed at 1550 nm, all
distances will be approximately twice as big as shown in this
paper. Therefore, for applications that do not allow a calibra-
tion for every single sensor the average results will improve due
to the larger mode field diameter and therefore relatively
smaller edge FBG positioning errors compared to the center
of the fiber core during the inscription process.
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