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Abstract
Here, we describe a method for producing locally micro-structured fiber Bragg gratings (LMFGB) by fs-laser machining. 
This technique enables the precise and reproducible ablation of cladding material to create circumferential grooves inside 
the claddings of optical fibers. From initial ablation experiments we acquired optimized process parameters. The fabricated 
grooves were located in the middle of uniform type I fiber Bragg gratings. LMFBGs with four different groove widths of 48, 
85, 135 and 205 μm were produced. The grooves exhibited constant depths of about 30 μm and steep sidewall angles. With 
the combination of micro-structures and fiber Bragg gratings, fiber optic sensor elements with enhanced functionalities can 
be achieved.

1  Introduction

Fiber-optic sensors (FOS) promise high potential for oper-
ating in industrial fields of application such as the energy 
sector [1, 2], structure monitoring [3, 4], medicine and biol-
ogy [5–7]. Typical benefits of FOS lie in their multiplexing 
capability, their miniaturized sensor design and their resist-
ance to electromagnetic interference. Among FOS, fiber 
Bragg grating (FBG) sensors are mainly applied for sensing 
temperature and mechanical strain by detecting the shifts of 
the Bragg wavelengths [8].

According to Young’s law, there is a linear relationship 
between stress and strain of a spring element. Considering 
the fiber as spring element, FBGs can operate as force sen-
sors. For a given axial force, the axial strain of the fiber 
depends on the cross section of the fiber; the smaller the 
cross section, the higher the strain. With standard FBGs, 
temperature and force effects are difficult to separate because 

the Bragg wavelength depends on both strain and tempera-
ture. Several approaches to discriminate strain (force) and 
temperature using FBG-based sensors have been reviewed 
by Frazao et al. [9].

An improvement of the sensing functionality of uni-
form FBGs has been demonstrated with so-called locally 
micro-structured FBGs (LMFBGs) [10]. At the location of 
the FBG, LMFBGs comprise a small fiber segment with a 
reduced diameter that is shorter than the extension of the 
FBG in order to generate a specific change of the grating 
period when axial forces are applied. These structures have 
been produced by different techniques, including chemical 
etching [11] and tapering [12]. Employing laser-structur-
ing of the polyamide coating of the fiber and using it as a 
mask for a HF-based etching process, Iadicicco et al. [13] 
have fabricated a 136 μm long microstructure with 6 mm 
in diameter within a 6 μm long FBG inscribed in a stand-
ard fiber of 125 μm in diameter. Cusano et al. [12] locally 
tapered a standard fiber by electric arc discharge (EAD) 
and achieved over lengths of typically 350 μm reduced 
fiber diameters down to 50 μm . These microstructures 
divide the pristine FBG into two sub-FBGs that form a 
Fabry–Perot structure and the local microstructures intro-
duce phase shifts between the waves reflected from both 
mirrors of the Fabry–Perot. The reflection spectrum of 
the LMFBG shows a pass band within the stop band of 
the pristine FBG for non-zero phase shifts. The spectral 
position of the pass band depends on the phase difference 
between the waves from both sub-FBGs and the strength of 
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the pass band depends on the balance of the intensities of 
both reflected waves. Sensing of the surrounding refractive 
index [14] and temperature self-referenced strain measure-
ments have been demonstrated [12] by using LMFBGs. 
Although a qualitative agreement between measured 
reflection line shapes and theoretical considerations has 
been shown [11], theoretical model calculations that fit to 
the measured line shapes have not yet been reported. Both 
fabrication methods mentioned above produce gradual 
transitions between the pristine fiber and the fiber segment 
with the reduced diameter. The lengths of the transition 
regions are typically larger than the segments with the 
reduced diameter, hindering to find a quantitative model 
of the sensor structure and thus a theoretical description 
of the reflected spectrum. Additionally, the design flex-
ibility of the sensor structures and the reproducibility of 
the fabrication processes remain limited [15].

Over the years, femtosecond (fs) micromachin-
ing has become an important tool in the fabrication of 
advanced photonic devices in transparent materials [16]. 
Applications in fiber-optic sensor design have been, e.g. 
the inscription of fs-FBGs [17, 18], micro Fabry–Perot 
interferometers [19, 20] and complicated structures with 
micrometric precision [21, 22]. Some of the authors have 
already proposed and demonstrated a LMFBG manufac-
tured by femtosecond laser micro-structuring [23]. The 
sensor structure has been designed for the measurement 
of compressive forces for biomedical applications [7]. The 
short pulse duration avoided excessive heating of the mate-
rial and consequently preserved the FBG within the struc-
ture from damage. The precise shapes of the structures and 
the sharp boundaries between the fiber segments enabled 
the development of a transfer matrix model comprising of 
three sections, the left and right sub-FBGs and the struc-
tured section in the middle. This theoretical model allowed 
a very good description of the spectral response of the 
LMFBG with temperature and force as the free fit param-
eters. It was possible to achieve a separation of force and 
temperature measurement [23, 24] by applying the model 
and fitting model-based reflection line shapes to measured 
data. Because of the reduced diameter in the structured 
fiber section, this LMFBG also showed an enhanced force 
sensitivity compared to standard FBG sensors [25].

In this article we describe the systematic and automated 
method to generate a LMFBG using a fs-laser micro-struc-
turing procedure on standard single mode fibers (Nufern 
GF1B) containing 1.3–6.8 mm long type I FBGs. Four 
different LMFBGs were produced by engraving circumfer-
ential grooves with lengths of 48, 87, 135 and 205 μm in 
the middle of the FBGs by fs-laser ablation. The grooves 
in the cladding of the fiber had constant depths of about 
30 μm and steep sidewalls.

2 � Experimental setup

The LMFBGs presented in this paper were fabricated in an 
experimental setup comprising a fs-laser system and a setup 
for mounting, xy-positioning and rotating the fiber. Figure 1 
shows a schematic drawing of the system.

The fs-laser source used is a regenerative amplifier (fem-
toREGEN, High Q Laser, Rankweil, Austria) with an emis-
sion wavelength of 1036 nm, a pulse duration of 470 fs and 
a repetition rate of 60kHz. The laser beam was directed by 
several mirrors via a beam expander (expansion factor 2.5) 
towards a microscope objective (MO) with a numerical aper-
ture of 0.6 and a magnification of 32× , which focused the 
beam on the sample. The beam diameter at the entrance of 
the MO was about DMO ≈ 10mm . An integrated dichroic 
mirror in the collimated beam path, which was reflective for 
1036 nm and transparent for visible wavelengths, allowed 
the observation of the processing site by a CCD camera. 
The MO was mounted on a vertical stage, and thus the focal 
point could be shifted in z-direction with a precision of about 
1 μm.

We placed the setup for the automated rotation of the 
FBGs on an xy-translation stage, which allowed positioning 
with a precision of about 1 μm in x- and y-direction. The 
rotation setup consisted of a step motor rotating the FBG 
and of two capillary mounts. The capillaries and the axis 
of the step motor were aligned collinear to each other. The 

Fig. 1   Schematic drawing of the experimental setup for manufactur-
ing LMFBGs. The experimental setup comprises a step motor driven 
rotation stage (metal block and angle plate mounted on a work bench, 
a fiber chuck attached to the step motor), fiber fixture components 
(capillary with 140 μm inner diameter glued on a metal block, capil-
lary with 150 μm inner diameter held by a magnetic clamp) and the 
fs-laser source, several beam steering mirrors, a 2.5× beam expander, 
a CCD camera and a microscope objective (NA 0.6, 32×)
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first capillary, which was glued on a block, had an inner 
diameter of 140 μm . The second capillary, held by a mag-
netic clamp, had an inner diameter of 150 μm . The FBG was 
positioned with the help of a check laser (model Fiberpoint 
250/HPD, IMM Photonics GmbH, Unterschleissheim, Ger-
many) between both capillaries where the machining of the 
fiber was carried out.

3 � Sample preparation and determination 
of ablation threshold and spot diameter

Before actually beginning the micro-structuring of FBG sen-
sors, we determined the ablation threshold fluence of a flat 
fused silica (FS) sample (model WG42012, Thorlabs GmbH, 
Munich, Germany) with the D2-method [16]. The evalua-
tion formula of the peak fluence from the measurable laser 
parameters is given as follows:

where P is the average power measured at the sample; fR is 
the repetition rate of the laser system and weff the effective 
focus or spot radius. In Fig. 2 the results of threshold fluence 
measurements are displayed: The linear fit function yields a 
threshold fluence Φthr,FS = 3.8 ± 0.3 J/cm

2 and an effective 
focus radius weff,FS = 1.45 ± 0.06 μm.

The meaning of the effective spot radius is connected 
with the assumptions of the D2-method, which are a Gauss-
ian spatial laser beam fluence profile and a pure process 
threshold behavior: Above a certain threshold fluence the 
observed process, here the ablation of fused silica, occurs, 

(1)Φ =
2 × P

fR × � × w2

eff

,

below the threshold no material is removed. As the laser 
processing of transparent media bases on multi-photon 
absorption, a non-linear process, the weff derived from the 
fused silica sample might underestimate the beam radius. 
To access the spot radius of our setup in an independent 
experiment, we carried out a second D2 measurement on 
a well-defined metal sample based on linear absorption ( 
500 nm thick molybdenum film on a glass substrate (MGS) 
[26]). In the MGS D2-experiment the effective beam radius 
was determined to weff,MGS = 1.6 μm , which lies about 10% 
above the value of the measurement on fused silica and rep-
resents the diffraction limit of the focal spot. This value of 
weff = 1.6 μm was used to calculate all fluence values men-
tioned in the following sections.

Early studies of the ablation threshold of fused silica 
for near infrared laser pulses and its dependence on pulse 
duration in the ultra-short pulse regime have already been 
performed in the mid-1990s e.g. by Stuart et al. [27]. They 
have found ablation thresholds for sub-ps pulse durations in 
the range of 2–3 J/cm2 . More recent works from Varkentina 
et al. [28] and Mirza et al. [29] have indicated values of 
5.9 and 2 J/cm2 as thresholds for ablation. Our peak fluence 
value of 3.8 J/cm2 is in accordance with the reported values.

4 � Focus search and machining process

The most critical start coordinate for the fiber machining 
process is the zero position in z-direction, z0 . Zero posi-
tion means that the z-position of the optical focus is identi-
cal with the highest point of the fibers cross section. It was 
not possible to identify the focus position with the in-line 
camera vision system. Therefore, the focus position had to 
be determined by a so-called focus test routine prior to the 
LMFBG fabrication. Initially, we placed the fibers surface 
close but still below to the estimated z-position of the focus. 
Then, a linear movement in y-direction was performed. This 
movement has been repeated for several times with subse-
quently 2 μm lowered z-positions and 10 μm displacement in 
the y-direction. When the focus had approached the surface 
of the fiber, the y-scans created a series of grooves on the 
fibers surface with individual lengths (see Fig. 5a, b, vertical 
black lines). The vertical position of the MO where the sec-
ond visible groove was inscribed was chosen as z0 , because 
it showed the most uniform ablation. The uncertainty of the 
focus finding routine is estimated to ± 2 μm.

Figure 3 depicts a schematic of the systematic fabrication 
process of the LMFBGs. The entire process was performed 
in three steps. At the determined z0 position, the structuring 
started by applying the laser pulses on the top of the fiber 
surface and rotating the fiber. This way, a complete 360◦ cir-
cumferential groove (Fig. 3a) was produced. After ablating 
the groove, the fiber was shifted by Δx = 2 μm for

Fig. 2   D2-method for determining the threshold fluence of a fused sil-
ica sample. The linear fit function yields a value of Φthr,FS = 3.8 J/cm

2 
for the threshold fluence and a value of weff,FS = 1.45 μm for the 
effective spot radius
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producing the next groove which intersected with the previ-
ous circumferential groove. The process in x-direction was per-
formed until a desired groove width b∗ was reached (Fig. 3b). 
Then, the laser focus position was set at the original xyz-posi-
tion except that the MO position was lowered by Δz = 1 μm

(Fig. 3c). At this new position, the processing of circumfer-
ential structures at successive positions along the x-axis was 
carried out again. This whole process has been repeated until 
a desired groove depth d was achieved. The whole process 
produced individual grooves with specific groove widths, b, 
and depths, d. The number of z-positions was identical to the 
number of scans, Nz , in x-direction and determined the groove 
depth d, while the number of Δx-steps, Nx , defined the groove 
width b.

5 � Determination of process parameters

For a determination of optimized laser machining parameters 
such as average power, repetition rate, spot radius and spot 
scanning speed, expressed as a product of angular velocity and 
fiber radius, generalized process parameters have to be intro-
duced, which are proportional to the average applied dose in 
J∕cm2 per position. The generalized laser parameters include 
pulse overlap OL or, in other terms, pulses per position PPP 
and the laser fluence Φ . The overlap OL and the pulses per 
position PPP are related by

with fR as repetition rate, r as the radius of the fiber and 
weff as the effective focus radius determined by the D2

-method to weff = 1.6 μm (see Sect. 3). During the entire 
machining process the fiber rotated with a constant angular 
velocity of � = 698mrad/s (equals t = 9s per 360◦-turn), 

(2)OL = 1 −
1

PPP
= 1 −

� × r

fR × 2 × weff

which was the fastest value to be set with the rotation stage 
employed. The resulting OL at the unstructured fiber full 
radius r0 = 62.5 μm calculates to 99.98%, corresponding to 
an average pulses per position of PPP=4400 at the begin-
ning. During the processing, the radius decreases to about 
32.5 μm and thus PPP increases gradually to 8500. The 
machining parameters also include the focus shift Δz and 
the number of Δz-steps, Nz (see Sect. 4). To obtain a process 
landscape, grooves in standard fibers were manufactured at 
varying fluencies and numbers of Nz , while the focus shift 
Δz was set to a constant value of 1 μm.

Figure 4 displays the process landscape consisting of the 
measured depths of the grooves as a function of Nz for sev-
eral fluencies, Φ . From the chart in Fig. 4 both parameters, Φ 
and Nz , can be selected to reach a desired groove depth. As 
indicated by the linear fit curves, a typical ablation depth of 
about 0.9 μm per scan could be realized at fluence higher than 
approximately 50 J/cm2 . By extrapolating the fit curves, an 
estimate to obtain deeper depths is possible.

In this work the aim was to generate grooves with depths d 
of 25 μm to 30 μm (leaving a remaining fiber radius of approxi-
mately 32.5 μm ). Thus, according to Fig. 4, we selected the 
values Φ = 46 J/cm

2 and Nz = 25 as laser peak fluence and 
number of scans, respectively.

Fig. 3   Schematic of the systematic process for generating the 
LMFBG: (a) Focusing the laser beam on the fiber surface at z0 posi-
tion and performing a complete 360◦ (ring structuring). (b) Moving 
the fiber in x-direction by Δx = 2 μm for the next ring structures inter-
secting with previous ring structures until a desired groove width was 
generated. The number of Δx-steps, Nx , defined the groove width. (c) 
Lowering the MO with Δz = 1 μm for the next ring structures and 
repeating the second step until a desired groove depth was reached. 
The three steps (a)–(c) were repeated Nz times to obtain a desired 
groove depth

Fig. 4   Process landscape to determine parameters for a desired 
groove depth. Here, the measured groove depth d is shown in depend-
ence on the number of scans, Nz , for different fluence, Φ . The lines 
correspond to linear fits to the respective data. In this study, values of 
Φ = 46 J/cm

2 and Nz = 25 were selected for a desired groove depth 
d = 30 μm



Fabrication of locally micro‑structured fiber Bragg gratings by fs‑laser machining﻿	

1 3

Page 5 of 8  426

6 � Results and discussion

LMFBGs with four different groove widths were processed 
and analyzed. For an analysis of the groove widths, we 
used a standard light microscope. Figure 5 depicts light 
microscope images of the LMFBG structures with meas-
ured widths at the top of the grooves of b = 47, 85, 135 
and 201 μm . The measurements shown represent the 
widths at a single azimuthal position.

When measured at twelve equally spaced azimuthal 
angles, the averaged widths yield 48, 87, 135 and 205 
μm , each with a standard deviation of 3 μm (see Table 1). 
These LMFBGs were produced with nominal values of 
groove widths of b∗ = 40, 80, 120 and 200 μm , respec-
tively. Therefore, the measured groove widths were actu-
ally larger than the corresponding nominal values by 5–15 
μm.

All LMFBGs exhibited almost parallel and steep side-
walls when inspected under the light microscope. To get 
further information on the spatial properties we addition-
ally used confocal imaging microscopy. As examples, 
Fig. 6 depicts two height profiles that were extracted from 
the confocal images. In this figure, the height profiles show 
that the edges have certain slopes. For the 48 μm LMFBG 
(Fig. 6a), the sidewall angles amount to −60◦ for the left 
and 82◦ for the right edge. The widths on the top and the 
bottom of the groove have values of about 48 and 30 μm , 
respectively. For the 135 μm LMFBG the corresponding 
values for the left and right sidewall angles as well as for 
the top and bottom groove widths are −75◦ , 72◦ , 135μm 
and 108μm (see Fig. 6b).

In both cases, the sidewall angles have not the ideal val-
ues of 90◦ and the removed material geometries correspond 
to a trapezoid and deviate significantly from an ideal square. 
With respect to the beam caustics of a focused laser beam 
and under the assumption of a focus radius of weff = 1.6 μm 
and an ideal Gaussian beam, a far field divergence angle 
of about 12◦ can be expected. This would result in maxi-
mum sidewall angles of ± 78 ◦ . By taking into account a 
non-ideal Gaussian beam and process inhomogeneity due 
to the non-linear character of the machining, combined with 
measurement uncertainties of the confocal microscope used, 
the observed values for the sidewall angles ranging from 
60◦ to 82◦ can be understood. With the data obtained from 
confocal images, an analysis regarding the processed actual 
depth d was performed. From a series of confocal images 
that have been taken at different azimuthal angles, the depth 
of the structure could be measured and thus the roundness 
of the ablated cylinder and its alignment with the fiber axis 
could be assessed. Figure 7 displays a polar diagram of the 
measured radii in dependence on the azimuthal angle in 30◦ 
steps for the four LMFBGs.

According to the diagram in Figure 7, all LMFBGs 
except for the 205 μm LMFBG exhibit a round and con-
centric shape with radii in the range from 31.5 to 37.5 
μm . Typically, the ratio of the minimum remaining radius 
divided by the maximum remaining radius is 0.85 for these 
LMFBGs. The 205 μm LMFGB exhibits a ratio of only 
about 0.75, resulting in an elliptical shape. Between 240◦ 
and 330◦ , the remaining radii of the 205 μm LMFBG show 
a significant deviation from the nominal value with notice-
ably low values in the range from 24.5 to 28.5 μm . Posi-
tioning uncertainties, comprising a value of ± 2 μm for the 
z-zero position finding routine and ± 1 μm for z-translation 

Fig. 5   Light microscope images of LMFBGs with different groove 
widths at 10× magnification. From image a) to d) the measured 
groove widths rounded to a full micrometer are b = 47, 85, 135 and 
201 μm , as indicated by blue lines. The vertical black lines on the 
fiber surfaces are residuals from the focus finding routine



	 F. J. Dutz et al.

1 3

426  Page 6 of 8

stage can contribute to the deviation of nominal and actual 
radii in the order of ± 3 μm . This explains well the devia-
tions observed in the 48, 87 and 135 μm LMFBGs. Most 
likely, an inaccurate alignment of the stage-system has led 
to an elliptical rotation of the fiber and thus caused the 
larger deviation of the 205 μm LMFBG. The roughness at 
the bottom of the grooves, calculated by the standard devi-
ation of the measured depths along the fiber axis at a sin-
gle azimuthal position, exhibits values of ± 0.3–± 0.8 μm . 

Table 1 summarizes the geometrical analysis of the data 
acquired by light microscope and confocal microscope.

For a rough estimate of the laser processing energetics, the 
ablation efficiency E/V is considered. Here, the dose E is the 
total energy accumulated over all incident pulses and V is the 
ablated volume. The total energy dose used for the ablation 
equals

with the averaged laser power, P = 111mW , the duration 
time for one rotation, t = 9 s , and the number of x- and 
z-scans, Nx and Nz , respectively. The determined ablated 
volume can be calculated by subtracting the volume of the 
remaining fiber segment of averaged radius r from a cylinder 
with the groove length b (values see Table 1) and the initial 
fiber radius rF = 62.5 μm:

(3)E = P × t × Nx × Nz

(a)

(b)

Fig. 6   Height profiles obtained by confocal microscopy of LMFBGs 
with groove widths b = 48 μm (a) and b = 135 μm (b). The steepness 
of the edges is evaluated by their sidewall angles that are estimated to 
−60◦ for the left and 82◦ for the right edge of the 48 μm LMFBG. For 
the 135 μm LMFBG, sidewall angles correspond to −75◦ for the left 
and 72◦ for the right edge. Consequently, different widths are meas-
ured at the top (48 μm ) and the bottom (30 μm ) of the groove for the 
48 μm LMFBG. For the 135 μm , LMFBG groove widths yield 135�m 
on the top and 108 μm on the bottom

Fig. 7   Polar diagram with cross sections of all LMFBGs displaying 
the remaining radius r in dependence on the azimuthal angle �

Table 1   Results of the geometrical analysis of the LMFBG images 
recorded in azimuthal angle steps of 30◦

The azimuthally averaged groove widths, b, and radii, r, as well as 
the ratios of the minimum and maximum radii of the LMFBGs are 
given. The uncertainties are the empirical standard deviations of all 
averaged values. The values of groove roughness correspond to the 
empirical standard deviations of measured groove depths at a single 
azimuthal position

Av. Groove Average Ratio Groove
LMFBG width b Radius r r

min
∕r

max
roughness

μm μm μm

48 48 ± 3 34.5 ± 1.4 0.86 ± 0.5

87 87 ± 3 35.3 ± 2.2 0.84 ± 0.3

135 135 ± 3 32.8 ± 0.7 0.94 ± 0.6

205 205 ± 3 29.8 ± 2.7 0.75 ± 1.0



Fabrication of locally micro‑structured fiber Bragg gratings by fs‑laser machining﻿	

1 3

Page 7 of 8  426

Table 2 gives an overview of the deposited energy dose, 
the ablated volumes and the corresponding ablation efficien-
cies for all four samples which have been processed. In our 
experiments, the ablation efficiency was 1.3–1.4 MJ/mm

3 . 
The typical total evaporation enthalpy of a solid lies in the 
range of 50–100 J/mm

3 [26]. For ultrashort single pulses, 
the energetics at laser ablation threshold corresponds to 
an energy per volume, which is close to the evaporation 
enthalpy. On ultrashort time scales the dominant ablation 
mechanism is mainly evaporation and not liquid dynamics 
or melt ejection, as it is the case for ns-pulses [30]. The 
dose per volume for the most efficient ultrashort pulse laser 

(4)V = (r2
F
× π − r2 × π) × b. ablation of solids lies in the range of 500–1000 J/mm

3 [28, 
31].

Compared to these values, the ablation efficiencies 
from Table 2, which lie in the order of 1.3 MJ/mm

3 , rep-
resent three orders of magnitude higher energy irradiation. 
This is obviously caused by the large overlap of 99.98% 
( PPP = 4400 ) which even increases when the fiber diam-
eter decreases during the fs-laser processing (see Sect. 5). 
The high pulse overlap has been chosen in order to achieve 
a smooth and almost ideal optical surface quality and 
steeper edges, although it represents a trade-off with regard 
to ablation efficiency. Here, steep groove walls are impor-
tant because they allow to model the sensor element as a 
combination of three distinct sections, as described in [23]. 
This model approach, consisting of a three-element transfer 
matrix, cannot be applied to LMFBGs produced by alterna-
tive techniques [10–15], because these techniques only allow 
gradual variations of the fiber diameter that extend over dis-
tances in the order of 1 mm. As an example, Figure 8 depicts 
reflection spectra of the 135 μm LMFBG at certain refer-
ence values of axial compressive forces at room temperature. 
Theoretical line shapes, based on the three-element trans-
fer matrix model have been fitted to the experimental data 
with temperature and force as the free-fitting parameters, 
as described in [23]. As can be seen in Fig. 8, the measured 

Table 2   Calculated ablation efficiencies of the machining processes 
for the produced LMFBGs

LMFBG ( μm) Cumulated 
energy dose 
(J)

Ablated volume ( mm
3) Ablation 

efficiency 
( J/mm

3)

48 499.4 4.0 × 10
−3

1.3 × 10
6

87 998.9 7.3 × 10
−3

1.4 × 10
6

135 1498.3 12.0 × 10
−3

1.3 × 10
6

205 2497.2 19.4 × 10
−3

1.3 × 10
6

Fig. 8   Reflection spectra of the 
135 μm LMFBG at compressive 
reference forces from 0 to 1.28 
N and reference temperature 
(data in the upper left). The 
force and temperature values 
derived from fitting theoreti-
cal line shapes to the measured 
spectra (data in the upper right) 
agree well with the correspond-
ing reference values
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lines data are in good accordance with the theoretical line 
shapes and thus the force and temperature values obtained 
by the fits to the spectra agree well with the corresponding 
reference values.

7 � Conclusion

In this article, we describe the fabrication of four LMFBGs 
with different groove widths by fs-laser processing in a spe-
cially designed machining system. Observed with a light 
microscope, the structured grooves indicate selective and 
homogenous profiles with steep edges. Furthermore, confo-
cal images have provided quantitative information on the 
geometry of the LMFBGs. The slopes of the edges show 
angles of 60◦–82◦ with respect to the surface. The widths at 
the surface of the grooves are 5–15 μm larger than the cor-
responding desired widths. The resulting depths of the struc-
tures, indicated by the azimuthally averaged radii, deviate 
less than 3 μm from the targeted value of 32.5 μm . However, 
the LMFBG with the largest groove width exhibits outliers 
of the remaining radii over a certain angle range, result-
ing in an elliptical shape. To obtain a precise morphology 
with smooth micro-structured surfaces, a high pulse overlap 
(respectively number of pulses per position) was employed, 
resulting in a process not optimized with regard to abla-
tion efficiency. Exemplarily shown reflection spectra of one 
of the LMFBG sensors produced by the machining process 
are in good agreement with theoretical model calculations. 
Here, the goal was to create grooves with steep sidewalls 
to keep the theoretical model, which considers only three 
distinct fiber sections, as simple as possible. The LMFBGs 
may find applications as sensors for simultaneous force and 
temperature measurements with enhanced force sensitivi-
ties. Future tasks will be the improvement of the ablation 
efficiency and the fabrication accuracy, and the reduction of 
processing time. Due to the high flexibility of the fabrica-
tion technique, we will investigate different micro-structured 
geometries with further improved sensing characteristics in 
the future.
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