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Optical Bend Sensor Based on Eccentrically
Micro-Structured Multimode Polymer Optical Fibers

Lennart Leffers , Julia Locmelis, Kort Bremer, Bernhard Roth , and Ludger Overmeyer

Abstract—We report on a novel bend sensor with high flexibility
and elasticity based on Bragg grating structures in polymer optical
fibers to detect bending for the measurement of movement. The
concept is very simple and relies on the inscription of eccentrical
Bragg gratings into multimode graded-index polymer optical fibers
via contact exposure with a krypton fluoride excimer laser in the
ultraviolet region and an optimized phase mask. Depending on
the fiber deformation, the lattice constant of the inscribed Bragg
grating is strained or compressed due to its position relative to
the fiber core. This in turn results in a specific shift of the Bragg
wavelength of up to 1.3 nm to the red or blue wavelength region,
respectively, which is sufficiently large to be reliably detected.
Therefore, as proof of principle, deformation along one axis can be
observed with a single Bragg grating with a maximum sensitivity
of up to 65 pm/m−1. Moreover, multiple Bragg gratings inscribed
into the same polymer optical fiber at different positions around
the fiber axis allow to determine the shape deformation of the fiber
relative to a reference frame with similar accuracy. Consequently,
this technology could form the basis for new applications in the
areas of medical diagnostics, robotics or augmented reality, which
are lacking affordable sensor systems to date.

Index Terms—Fiber Bragg gratings, fiber optics, optical bend
sensor, polymer optical fiber, UV excimer laser.

I. INTRODUCTION

IN RECENT years polymer optical fibers with inscribed fiber
Bragg gratings (FBG) have emerged as potential sensors for

various purposes such as strain, temperature, humidity, pressure,
vibration or bending [1]–[7]. Compared to silica glass fibers,
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polymer optical fibers (POF) have several advantages such as a
lower Young’s modulus, higher flexibility, higher elastic strain
and ductile breaking limits while they are still inhibiting the
critical benefits of silica glass fibers compared to metallic elec-
trical conductors [7], [8]. Since the first reported inscription of
FBGs in POF in 1999 [9], different kinds of fibers, such as single-
mode, multimode and micro-structured fibers were employed for
FBG fabrication [9]–[12]. As fiber materials often Polymethyl-
metacrylate (PMMA) is used, since its material characteristics
are well known and PMMA fibers are widely available [10]–
[12]. Also cyclic transparent optical polymer (CYTOP) is
emerging as fiber material [13], since it offers some advantages
over, e.g., PMMA such as high chemical stability and low
attenuation in the infrared region [8], which renders it suitable
to even replace silica glass fibers in common applications. As
methods for inscription of a Bragg grating (BG) into POF either
Ultraviolet-exposure (UV) with phase masks [7], [12], [13] or
direct-write methods with femtosecond lasers are known [14]–
[17]. Femtosecond lasers can alter the material at precise posi-
tions by plane-by-plane or point-by-point methods, which usu-
ally leads to strong gratings with 90 percent reflection efficiency.
On the other hand the phase mask method is more simple but
alters the material only from the surface onwards into the bulk,
where the depth also relates to the reflectivity of the gratings.

Additionally to the usual applications of POF to sense changes
in strain, temperature, humidity or pressure, for example in
structural health monitoring [18], [19], we here present an FBG
sensor to detect bending precisely at one spot. Beforehand, this
was performed with uneven or asymmetric fibers [2], [5], [20],
multiple fibers [21], multi-core fibers [2], [22]–[25] or additional
optical elements [26]. The new sensor concept presented in this
work employs a single multimode fiber and a single FBG for
sensing of angular movement in one direction or multiple FBGs
at the same position along the optical axis of the fiber (FBG
triplets) for sensing of angular movement in 3D (Fig. 1). Apart
from the simplicity of the concept itself its manufacturing is also
very simple, i.e. the inscription of the FBGs, the connection to
an interrogation system and ultimately also the production of
the polymer fibers, which is an overall benefit with regard to
production time and cost. Compared to that, other approaches
require more complex processes for example for the production
of fibers [2], [5], [20], [22], the focusing of the laser light on
single fiber cores of the multi-core fibers during inscription [2],
[23], [25] or the connection to the measurement system based
on fiber splicing [22] or fan-outs [24]. We report on production
and detection of the eccentric BG under the surface of the
graded-index core of a CYTOP fiber and validate the sensitivity
for detection of bending in a proof-of-principle experiment. The
realized bend sensor is expected to find applications in various
kinds of 2D or 3D movement control scenarios.
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Fig. 1. Schematic concept of the sensor for 3D bend sensing. Three FBGs with
different grating constants are written at the same z-position under the surface
of the multimode fiber core. A detailed view is given in Fig. 5.

Fig. 2. Microscopic image (x400, F1VS400F, Fiber Instrument Sales, Inc.)
of a CYTOP fiber-core (75 µm± 10 µm diameter, inner circle) glued into an
FC/PC-connector with 126 µm inner diameter (outer circle). In the middle,
the fiber core surrounded by adhesive is visible. Remaining scratches due to
grinding can be eliminated by polishing and are not crucial at this point.

II. MATERIALS AND METHODS

A. Chemical and Mechanical Preparation of POF

In our work, we use graded index Gigapof-50SR multimode
polymer fibers (Chromis Fiberoptics) with 50µm core diameter.
Initially the coating material of the fiber is chemically removed
by placing an approximately15 cm long part into a cylinder filled
with tetrahydrofuran (Carl Roth GmbH + Co. KG). The latter
penetrates the coating material and its volume increases, whereas
the CYTOP is chemically resistant to the organic solvent. This
step is followed by a delamination process and results in a
75 µm± 10 µm thick bare CYTOP fiber without coating. The
remaining core and cladding are then glued into an FC/PC-
connector (126 µm inner diameter). Due to the manual process
and the viscosity of the glue, the fiber core is usually located
off-axis inside the FC/PC-connector. Since light is coupled into
the fiber by using a 126 µm fiber, sufficient higher order modes
are excited and propagate through the sensor section, i.e. the
inscribed eccentrical FBGs. Thus, the off-axis position of the
fiber inside the connector does not represent a limitation for our
work. When the adhesive is cured, the surface of the connector
is ground and hand polished with polish film (Fiber Instrument
Sales, Inc., 5 µm; 1 µm and 0.3 µm grit sizes). The result of this
process is controlled by a fiber microscope (F1VS400F, Fiber
Instrument Sales, Inc.; Fig. 2). Irregularities of the fiber cross
section, as obvious from Fig. 2 are located on the surface only

TABLE I
AVERAGE VALUES AND STANDARD DEVIATIONS FOR MEASURED SENSITIVITIES

AND SHIFTS FROM FIG. 11 (TOP) AND FIG. 12 (BOTTOM), RESPECTIVELY.
VALUES ARE FORMED FROM FIVE SAMPLES.

and originate from the polishing process. Generally, they can be
minimized by using adhesives with a higher shear strength.

B. Bragg Grating Inscription

For fabricating of the FBGs the phase mask technique with
contact exposure is applied. A pulsed (5-8 ms) KrF Excimer
Laser (Atlex FBG-300, ATL Lasertechnik GmbH) generates UV
light with 248.3 nm wavelength, which is directed by three
mirrors (99.0% reflectance at 45°, Spectral Products) and a
cylindrical focus lens onto a phase mask (±1st order optimized,
Ibsen Photonics A/S). The grating side of the phase mask is
placed directly onto the POF and grating lines are orientated
perpendicular to the fiber. The POF itself is fixed by a rotatable
connector on one side and a rotatable fiber clamp on the other
side. For bend detection the individual FBGs of each triplet are
inscribed at fiber rotation angles of 0°/360°, 120° and 240°, to
not interact with each other. Phase masks with grating periods
of 1065 nm, 1070 nm, 1080 nm, 1100 nm and 1120 nm are
utilized for different experiments. Grating periods of 1080 nm,
1100 nm and 1120 nm are used to create the FBG triplets,
as their reflection signals have sufficient spacing with respect to
each other, whereas the grating periods of1065nm and1070nm
are utilized for test measurements. During inscription of the FBG
triplets only the corresponding signals were detected and each
signal remained stable during the inscription of further FBGs
from different angles. Laser pulse parameters of 15 Hz and
6mJ are employed within two consecutive inscription processes
of 256 s each, which are paused by one minute to reduce fiber
damage by overheating. The setup is described in detail in [7],
[19]. When UV light irradiates the molecular structure of poly-
mers, molecular bonds are broken and the radiation is dissipated.
The initial penetration depth of UV light into polymers is only
a few µm and increases with the time of illumination, since the
number of bonds to break within the initial penetration depth
decreases. In this experiment the fiber is located some cm above
the focal spot of the cylindrical lens, so the power per area is
relatively low to prevent fiber damage due to high radiation. Also
this allows for more control over the duration of the inscription
process, which significantly depends on the illumination time.
The low amount of radiation only structures the polymer on and
directly below the cladding and since the illumination time of
2× 256 s is relatively short, only eccentrical FBGs are generated
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Fig. 3. Measurement setup to detect and evaluate reflected signals from the
bend sensor.

in the core, whereas also the center of the multimode fiber core
would be modified with a longer exposition to UV radiation.

C. Optical Analysis

Samples are inspected by an optical interrogation system
consisting of a broadband light source (Thorlabs SLS201 L/M),
a 50:50 Y-coupler (Thorlabs TM105R5F1B) and an optical spec-
trum analyzer (Ando AQ6317B), which detects Bragg gratings
in reflection mode only with a resolution of up to 20 pm (see
Fig. 3). Light is coupled into the multimode fiber from the
broadband light source, by using the multimode coupler and
propagates to the sensor section, which consists of a single
fiber with one or multiple FBGs. Reflected signals from the
FBGs are split by the multimode coupler and detected by the
optical spectrum analyzer and processed on a personal computer.
To enhance coupling effects and to suppress refraction, index
matching oil (n = 1.4, Cargille Laboratories) can be applied
on the coupling surfaces between the sensor and the coupler
fibers. This method allows scanning of the spectrum while the
inscription process is ongoing.

For measuring of the wavelength shift of FBG characteristic
spectra during bending, fibers are inserted in 3D printed tools
with guide grooves of predefined radii. Fibers are bent down-
wards and upwards with defined radii of 6.75 mm, 12.5 mm,
25mm, 37.5mm, 50mm, 100mm, respectively. As reference
measurement a “straight” groove is used. Consecutively the
reflectivity of the fibers is measured statically in their bending
position.

Refractive index values and profiles of the produced samples’
cross-sections are measured with an optical index refractometer
(RINCK elektronik) with a reference glass (n = 1.44) and dis-
tilled water (n = 1.34) as reference liquid. Confocal microscopy
(µscan, NanoFocus AG) is performed to observe the surface of
structured fibers (see Fig. 4). After the UV inscription process,
densification of the modified material occurs, which alternates
with unmodified material, located in the shadow of the grating.
This leads to a change of the surface topography as well. Further-
more, bright field microscopy (BA310 LED Trinocular, Motic
Deutschland GmbH) is performed with change of the focus to
scan through the sample and check if the gratings are located on
the surface only or reach deeper inside the fiber cores (Fig. 5).
To eliminate temperature cross-sensitivity, all experiments are
performed at a temperature of 21.5° C with exception of the
refractive index measurement.

III. RESULTS & DISCUSSION

A. Evolution of FBGs During and After Inscription

After starting of the inscription process we observe an im-
mediate generation of a weak intensity peak due to evolution
of an FBG, which increases with process time, as long as the
laser is switched on. After 6 min the FBG peak reaches the

Fig. 4. Confocal microscopic image (x50, µscan, NanoFocus AG) of a struc-
tured fiber section. The colors indicate the height of the structured area in vertical
direction. The grating periods on the surface can be observed in the yellow and
red region. The average peak to valley height of the surface grating is 200nm.

Fig. 5. Transmission microscopic images (x40, BA310 LED Trinocular,
Motic Deutschland GmbH), as illustrated in Fig. 1, with a single structured
section of CYTOP fiber imaged at 5 different focus depths. Depth 1 shows the
surface of the fiber, while the depths 2-5 show the FBG structure inside the
fiber with increasing focus depths, achieved by shifting the focal distance of the
microscope. Black dots originate from dust particles inside the microscope.

same magnitude as after 4 min due to the break of one minute
in illumination and it rises again during the second inscription
process after the break. During the break of one minute and
after the whole inscription process the signal decreases notably
but with smaller rate until it equilibrates (Fig. 6). A further
decrease of the peak is observed on larger time scales of days and
weeks, see below (Fig. 7). The decrease of signal power can be
explained by diffusion processes within the material [27], which
reduce the refractive index difference between modified and
unmodified material over the length of the structured sections as
well as the effective area of the grating. This, in turn, affects the
propagation of modes, which were interacting with the grating
before. Since the grating is inscribed eccentrically mostly lower
order propagation modes are affected and do not interact with
the grating anymore, which leads to a decrease in the longer
wavelength area of the reflected intensity peak, while the lower
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Fig. 6. Increase of the FBG reflection peak as function of time. After
switching off the laser, the signal drops quickly (orange, from a maximum
of −74.32 dBm) to its final level (red, −74.59 dBm) and the FBG has a
maximum reflectivity of 4.02 dB and a full width at half maximum (FWHM)
of 8.49 nm.

Fig. 7. Decrease of the reflection peak at 1437 nm as a function of time. At
1431 nm a stable reflection peak remains after two weeks with a smaller side
peak at 1437 nm. The decrease is explained by diffusion processes in the fiber
core. The two peaks originate from different propagating mode groups.

wavelength part is relatively stable. After one week the FBG
peak wavelength shifts by 6 nm into the blue.

B. Optical Index Refractometry

The effective refractive index of the Bragg gratings can be
calculated by λBragg = neff × 2× Λ, with the Bragg wave-
length λBragg and the grating constant Λ. Assuming that modi-
fied (nUV ) and unmodified (nnormal ) sections in FBGs have
an even thickness and sharp boundaries the effective refrac-
tive index can be calculated with neff = (nnormal + nUV )/2.
The effective refractive index of the inscribed fiber core with
λBragg ≈ 1427 nm and Λ = 1065 nm/2 is neff ≈ 1.3399,
which agrees well with the one given in literature for CYTOP
(nLiterature = 1.34) [28]. Optical index refractometry measure-
ments show that the values of unmodified fibers lie in a range of
nnormal = 1.335± 0.003, whereas UV-structured fibers have a
refractive index of nUV = 1.342± 0.003. Calculation confirms
the effective refractive index of 1.339. Fig. 8 shows examples
of the refractive index profile of unmodified and UV-modified
specimen used. The modified fiber has a higher refractive index

Fig. 8. Top: Area measurement of refractive index using an index refrac-
tometer (RINCK elektronik) of an unmodified (left) and a UV-modified (right)
fiber with distilled water as surrounding medium and reference glass on the left.
Bottom: Refractive index line profiles of the same samples along the y-direction.

on the bottom side, where the modification is located. Fluctua-
tions are due to impurities coming from the polishing process
or tensions at the surface. No FBG is inscribed here, since it
is necessary to measure the UV-induced change of the material
only.

C. Bending Detection and Measurement Sensitivity

When bending is applied, the fibers show a shift of their
reflected FBG peak signal. When bending the fiber in a direction
in which the grating is stretched or compressed, a red or blue
shift appears for the Bragg wavelength, respectively (Fig. 9).
It is clearly visible, that gratings, while being in compression
mode and therefore located on the inner part of the bent fiber,
exhibit a decrease in signal power. On the other hand, gratings
in stretching mode being located on the outer bending position
exhibit an increase in signal power. This can be explained with
the fiber guiding more light in the outer part compared to the
inner part of the core. This also enables to detect a bending
just by measuring the power in a specific wavelength range. In
contrast, previous works with single mode fibers measured a
wavelength shift only [1], [2], [5].

In Fig. 10 different selected data curves from Fig. 9 are
normalized to highlight the red and blue shifts of the Bragg
wavelength increasing with decreasing bend radius and shifting
away from the initial reference measurement (straight). The
bending sensitivity (Fig. 11) of the produced FBGs is calculated
from the shift of the Bragg wavelength ΔλBragg depending

on the curvature C =
1

r
, with r being the bend radius [2],

[5]. Calculations are performed with samples with a single
FBG (see Fig. 9). A measured maximum bending sensitivity
of 65 pm/m−1 could be achieved with a curvature of only
10m−1 (bend radius 100mm) and a wavelength shift of 650 pm
in stretching mode. For higher curvatures (r = 6.75 mm) a
measured maximum shift of 1950 pm is observed in stretching
mode and of −1450 pm in compression mode with sensitivities
of up to 13 pm/m−1 and 10 pm/m−1, respectively (Fig. 12).
The sensor’s measured sensitivities decreased to a minimum of
±4 pm/m−1 in compression mode (−) and stretching mode
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Fig. 9. Reflected FBG peak signal for different bending radii. It is obvious
that the peak in maximum compression mode (top) exhibits a decrease in signal
power, while in maximum stretching mode (bottom) it exhibits an increase,
the magnitude of the two being different due to the different mechanical
deformations acting on the grating.

(+) with shifts of ±601 pm at maximum bending, respec-
tively. Although these shifts are currently relatively small, they
are reliably detectable at a measurement resolution of 20 pm
with state of the art technology. Thus, the approach is suited
to quantify bending or shape deformation of surfaces, where
the fibers are attached to. Since for larger bending radii the
measurement uncertainty is higher compared to the case of
smaller radii, we conclude that the current mechanical holder
with guide grooves is not ideal for the former, as it does not
fixate the fibers sufficiently tight and allows twists in the fiber.
An explanation lies in the natural bend shape of the fiber, which
originates from the storage on a spool. Due to fiber twist the FBG
peak shifts for higher curvatures are varying more obvious than
for smaller curvatures, since the former are generally higher
and the fiber twist is affecting them stronger. As this is not
a fundamental limitation, we expect a significant increase in
measurement accuracy and thus sensitivity with an improved
fiber holder in place.

Analysis of the azimuthal orientation of the fiber’s bending for
the smallest bending radius of 6.25 mm in upward direction is
performed with increments of 30° rotation of the fiber connector.
The FBG is inscribed at an angle of 0°/360°. The measurements
show small deviations between the initial measurement at 0° and
at the control measurement of 360° approximately 30 minutes
later, which derives from the aforementioned loose fixation in the

Fig. 10. Normalized reflected FBG peak signal for selected bending radii. The
Bragg wavelength undergoes a red or blue shift under stretching or compression
of the grating, respectively. The difference between the shift from maximum
stretching to maximum compression is 2 nm in this case.

Fig. 11. Average sensitivity of the bend fibers from Fig. 9 as a function of
curvature. The highest sensitivity is achieved for larger bending radii. Error bars
represent the standard deviation.

mechanical holder. As expected at 180° the maximum reflected
signal power and shift are detected reproducibly. In contrast to
the expectation, the minimum is not detected at 0/360 °, but
instead of 90°. This is explained by the twist of the fiber, which
already applies at 0°/360° to act against the applied bending into
upward direction. With further rotation of the fiber more force
is applied against the natural twisting behavior. At 90° rotation
of the connector, the minimum signal and shift are detected and
afterwards the applied force overcomes the natural twisting of
the fiber and the signal and shift rises again until an azimuthal
angle of 180° is achieved. With further rotation of the connector
the signal and the shift of the peak decrease constantly.

D. 3D Bend Detection With Three Gratings

To quantify bending in all three dimensions, FBG triplets are
inscribed into the fiber as shown in Fig. 1. A sensitization effect
of the fibers is found which leads to nonuniform intensity of
the FBG with increasing time of the fiber under the effect of
UV light, whereas no interaction between the different FBGs is
found in the spectrum. Therefore we conclude, that the gratings
do not overlap inside the fiber. In the simplest case, bending
is realized with one FBG above the bending plane and two
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Fig. 12. Average shift of the Bragg wavelength as a function of the fiber cur-
vature based on the results from Fig. 9. The curve fit gives a good approximation
for a linear relationship between the wavelength shift and the bend radius or the
curvature. Error bars represent the standard deviation.

Fig. 13. Average spectrum of reflected power with fibers in 6.25mm upward
bending direction at different azimuthal orientations. As expected at 180° the
maximum is observed, whereas in contrast the minimum is observed at 90°
instead of the expected 0°/360°.

Fig. 14. The three-dimensional bending situation, when the fiber is bent up
and down, as well as the positions of the three FBGs inside the fiber core with
respect to the bending plane.

FBGs below ( Fig. 14) with the fiber bending in previously
mentioned radii and directions. However, when only one FBG
is located on each side of the bending plane and the third FBG
is exactly in the bending plane, bend detection is still possible.
Here it has to be pointed out, that writing of additional FBGs
in one section is not interfering with already existing FBGs due
to the rotation of the fiber and the size of each grating area.
When the fiber is bent upwards (downwards), the grating above
the bending plane undergoes compression (stretching), whereas

Fig. 15. Reflectivity of an FBG triplet for selected bending radii. The Bragg
wavelengths undergo an increase or decrease of signal power as well as a red
or blue shift under stretching or compression of the grating positions inside the
core.

the gratings below the bending plane undergo the opposite. In
Fig. 15, FBG 1 shows the expected behavior with regard to
bending as shown in Fig. 9. FBGs 2 and 3 show an opposite
effect, which indicates that both are located on the other side of
the bending plane. In addition, for the smallest bending radii
of 6, 25 mm in downward bending direction FBGs 2 and 3
show opposite wavelength shifts. The observed variation in FBG
peak shifts for identical bending cases and radii applied can be
attributed to small twists of the fibers induced by the mechanical
fixation during the measurements (Fig. 13). When the fiber is
bent upwards, it is twisted with rotation in clockwise direction
(see Fig. 14). FBG 1 is moved towards the bending plane but
is still further away from it. FBG 2 is moved away from the
bending plane, which leads to a stronger change in the signal.
Finally, FBG 3 is moved towards the bending plane as well,
but in contrast to FBG 1 it is closer to it. Consequently, FBG
1 exhibits less sensitivity to bending. The reaction of FBG 2
is improved compared to the theoretical model, whereas FBG
3 is showing only slight differences compared to the straight
reference measurement. When the fiber is bent downwards, it is
twisted by rotating counterclockwise, thus, the signals of FBGs
2 and 3 are changed now. However, this is not decisive for the
proof-of-principle experiment. The peak power of FBG 1 is
stronger, which can have multiple causes such as different strain
on the fiber due the inscription process, however, the peak power
itself is not the main relevant parameter. Instead, the individual
behaviour of each peak under bending needs to be considered.
Depending on the individual effect on each grating to bending
the bending direction can be calculated, if the exact positions of
the gratings inside the fiber are known. If the latter are unknown,
but the directions of the first two bend movements are known, the
grating positions can be calculated in turn. If the exact positions
of the three FBGs are not known, as is the case in applications,
for example, it is possible to perform reference measurements,
in which the ultimate bending positions are determined. With
one reference in a straight fiber position and one reference in a
known direction, a third measurement’s direction and bending
radius can be calculated from the detected spectrum of the three
gratings. Also the exact positions of the three FBGs can be
determined with these reference measurements as long as there
is no fiber twist in the reference bending measurement.
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IV. CONCLUSION

In summary, we demonstrated a new and simple sensor to
detect and characterize bending with high sensitivity based on
eccentric FBGs in POF. The sensor is capable to measure one-
directional bending with a sensitivity of 30 pm/m−1, which
is higher compared to previous works (see e.g. [5]), where, in
addition, mostly multi-core and single mode fibers were used.
For the smallest bending radii applied, wavelength shifts of up to
1.3nm in stretching mode and sensitivities as low as 9 pm/m−1

are reproducibly observed. Furthermore, it is possible to use only
the peak signal of the individual FBGs for bend monitoring to
realise a simplified sensor with LEDs as light sources and a
powermeter for measurement. In addition it is worth noting, that
the sensor is capable of reliably measuring at small bend radii,
at which common glass fibers fail to guide light or even break.
Due to phase mask technique employed and the multimode fiber
used, the technique is very cost-efficient.

Our setup also enables to write multiple FBGs with different
grating constants at one position of a multimode fiber along
the optical axis. This offers the possibility to quantify bending
in all three dimensions. The developed technology represents
a promising approach for applications in medical diagnostics
to detect motion of patients [29]–[31], in robotics and aug-
mented reality scenarios including gaming gloves or in motion-
recording wearables for use in sports and motion capture [32],
[33], to name a few.
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