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a b s t r a c t 

We analyse and evaluate the sensitivity and robustness of an eccentric fiber Bragg grating sensor micro-structured 
into a polymer optical fiber under different relative humidity, temperature, strain and torsion conditions. Relative 
humidity and temperature conditions are established with a climate test chamber and prepared salt solutions. 
Though made of polymer, the cross-sensitivity of the sensor to relative humidity is low, enabling usage in rapidly 
changing environment applications, e.g., for movement detecting gloves or in vehicles, but also in high moisture 
situations. We find a linear dependence on temperature, so that either bending or temperature can be measured 
separately from each other. After rotation of one end, the sensor measures torsion by observing the light intensity 
and the change of the full width at half maximum. Strain measurement shows multiple elastic strain regions before 
final plastic deformations occur. In the next step, the flexible sensor system will be implemented in a sensor glove 
to monitor finger movement and detect different hand gestures. 
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. Introduction 

In engineering, maximum temperature and humidity are crucial de-
ign parameters regarding operability and functionality of systems, ma-
hines and the sensor units contained therein. Under high temperature
nd humidity conditions and - in extreme cases - under water most elec-
rical devices and sensors break irreparably due to short circuits. Both,
lass and polymer optical fibers (POF) are very resistant to water and hu-
id environments and are only slightly affected by them. Hence, they

re excellent alternatives for electrical circuits and sensors. However,
he relative humidity is not only a crucial design parameter to ensure
he functionality of electrics, it is also a factor which is crucial for the
ong-term stability of components similar to mechanical stress. The lat-
er, for example, leads to strain and torsion and the observation of these
s constantly desired in key components nowadays. Fiber optical sen-
ors (FOS) have already replaced electrical sensors since several years
n an increasing number of applications, where temperature [1] , rel-
tive humidity [2] , strain [3] , torsion [4] , rotation [5] , pressure [6] ,
ibration [7] , bending angle [8] , bending radius [9–11] bending direc-
ion [12–14] , a wide range of biological adhesions [15] , chemical reac-
ions [16] and many more [17–20] are measured. In addition, optical
bers provide not only good resistance to humidity, but also offer the
dvantages of a lower Young’s modulus, higher elastic strain, higher
uctile breaking limits, resistance to corrosion, insensitivity to electro-
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agnetic interference [21] and a lower weight compared to their elec-
rical counterparts. These advantages overcome existing disadvantages
uch as lower tensile strength, lower bend and torsion breaking limits
nd, in the case of POF, lower temperature resistance in many applica-
ions leading to an increase of not only the interest [22] but also the
orld-wide application of FOS [23] in all industrial fields. A large por-

ion of these FOS is realized by the implementation of fiber Bragg grat-
ngs (FBGs). Usually, FBGs are periodic variations of the refractive index
n an optical fiber, which are produced by femtosecond laser [24,25] ,
olography [26] or phase-mask-method [9] . Another manufacturing ap-
roach is the die-press-print method, in which a microstructured stamp
lternates the surface of the fiber(core) either by a mechanically induced
ransfer of the stamp’s microstructure [27] or by adhesion of specific
arkers [28] . In sports, medicine and consumer electronics the share

f wearable devices shows a continious growth in the recent years and
specially polymer optical fiber Bragg gratings are under intensive re-
earch due to their light weight, high flexibility and lower cost compared
o glass fibers. Smart wearables can observe the respiratory movement
29] , the heart beat [30] , the contraction of muscle-groups [31] and an
ssociated joint motion or even pressure distributions in beds [32] and
hoe insoles [33] . 

In this work, we evaluate the sensitivity of multimode POF sensors
ith inscribed eccentric FBGs with respect to the relative humidity, tem-
erature, strain and torsion, which are the most relevant quantities to
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Fig. 1. Optical measurement setup to evaluate different bending positions un- 
der pre-set relative humidities or temperatures. The optical spectrum analyser 
(OSA), the light source and the 50:50-splitter are outside of a gas-tight test- 
chamber. The fiber sensor is displayed in three overlayed positions inside the 
3D printed grooves. The position of the FBGs is marked in red. To measure differ- 
ent relative humidities the sensor is placed on a grid, under which an aqueous 
over-saturated salt solution is contained. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this 
article.) 

Fig. 2. Optical measurement setup to evaluate strain and torsion. The OSA, the 
light source and the 50:50-splitter are utilized to measure the FBG. The position 
of the FBG is marked in red. The sample is fixed on a rotation stage at one end, 
which is mounted on a linear translation stage. This setup is used for torsion or 
strain measurement, respectively. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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ffect such measurement devices and wearables containing them. The
xperimental validation is realized under controlled conditions. The re-
ults build the basis for utilization of such sensor systems in motion
apture gloves, which we will implement in future work. 

. Theory and methods 

Periodic refractive index (RI) modifications inscribed into optical
bers result in a wavelength specific reflection of a particular fraction of
he broadband light spectrum propagated therein. The reflected Bragg
avelength is given by: 

𝐵 = 2 ⋅ 𝑛 eff ⋅ Λ, (1) 

here Λ is the periodicity of the refractive index and 𝑛 𝑒𝑓𝑓 is the effective
efractive index of the material after structuring, usually determined as
 𝑒𝑓𝑓 = 

𝑛 1 + 𝑛 2 
2 . Here, 𝑛 1 and 𝑛 2 are the refractive indices of the unmodified

nd modified material of the fiber core. 
A change of the physical state of the fiber affects either the period-

city Λ, the effective refractive index 𝑛 𝑒𝑓𝑓 or both. For applied bending,
elative humidity, temperature, strain or torsion this results in a shift of
he Bragg wavelength: 

𝜆𝐵 = 2 ⋅ Σ
( 

𝑛 eff
𝑑Λ
di 

+ Λ
𝑑𝑛 eff

di 

) 

Δ𝑖, (2) 

here 𝑖 stands for the relative humidity RH, the temperature T, the bend-
ng b, the strain 𝜀 and the torsion 𝜏 [34] . Eq. (2) can be simplified to

𝜆𝐵 = 𝑆 RH ⋅ ΔRH + 𝑆 𝑇 ⋅ Δ𝑇 + 𝑆 𝑏 ⋅ Δ𝑏 + 𝑆 𝜀 ⋅ Δ𝜀 + 𝑆 𝜏 ⋅ Δ𝜏, (3) 

here 𝑆 denotes the corresponding sensitivity coefficients for the above
uantities [35] . For practical reasons it has to be noted, that the mea-
urements of strain and torsion are destructive and are ideally not ap-
lied together with the measurement of bending, resulting in a simpli-
ed equation for bending measurements: 

𝜆𝐵 = 𝑆 RH ⋅ ΔRH + 𝑆 𝑇 ⋅ Δ𝑇 + 𝑆 𝑏 ⋅ Δ𝑏. (4) 

The polymer optical fiber sensor itself is manufactured by chemi-
ally uncoating and uncladding a GigaPOF50-SR (Chromis Technolo-
ies) CYTOP-fiber with tetrahydrofuran (Carl Roth GmbH + Co. KG),
hich is then micro-structured by a UV-laser (Atlex FBG-300, ATL
asertechnik GmbH) and a phase mask (Ibsen Photonics A/S; Phasemask
echnology, LLC) to create eccentric FBGs [2,9] . With 15 Hz over 256 s
he FBGs are inscribed into the outer region of the core over a length of
 mm. The absence of coating and cladding generally leads to a lower
echanical robustness and to a higher flexibility. It offers the advan-

age, that the analyzed effects are only related to the fiber core and are
ot affected by cladding or coating. The optical measurement setup con-
ists of an optical spectrum analyzer (OSA, Anritsu MS9740B), a broad-
and light source (Thorlabs SLS201 L/M), a 50:50-splitter (Thorlabs
M105R5F1B) and the sensor, as shown in Fig. 1 . The micro-structured
OFs are positioned in environments with specified humidity or tem-
erature conditions during measurements. 3D printed grooves are guid-
ng the FBG-structured fibers into different bending positions: a straight
osition, an upward and a downward bending position with curvature
f ±148 . 148 𝑚 

−1 , bringing the eccentric FBGs in a state of compression
nd stretching, respectively. All measurements are performed 50 times
nd mean values and standard deviations are calculated. Strain and tor-
ion measurements are carried out in straight fiber position ( Fig. 2 ). For
his purpose, one fiber end is fixed on a rotation stage, which is posi-
ioned on a linear translation stage while the other fiber end is fixed on
 rigid stage. The investigated fiber length is 5 cm long. Measurements
re performed 10 times and mean values and standard deviations are
alculated as well. For all measurements the peak position of the Bragg
avelength and corresponding shifts are evaluated. Also, full width at
alf maximum (FWHM) and the light intensity at the Bragg wavelength
eak are analysed. 
2 
.1. Humidity measurements 

To achieve controlled relative humidity values, the following salts
re used because of their defined relative humidity at equilibrium va-
or pressure [36,37] : KOH, MgCl 2 , Mg(NO 3 ) 2 , SrCl 2 , KCl, K 2 SO 4 . The
espective values of the relative humidity for each over-saturated aque-
us salt solution are shown in Fig. 3 . For the measurements, the over-
aturated solutions are filled into a sealed chamber Fig. 1 , which also
ncorporates a hygrometer (Hygrometer testo 608-H1) to control the RH
tability. To speed up the formation of an equally distributed vapor pres-
ure inside the container a fan is installed, since the time of adjustment
f the RH is otherwise only proportional to the gas diffusion constant
nd the volume of the sealed chamber. With an installed fan an equally
istributed vapor pressure is achieved within a maximum time of three
ours. All measurements are done under stable room temperature con-
itions of 21 ◦C. 
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Fig. 3. Used salts and their relative humidity values in supersaturated aqueous 
solutions [37] . 
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Fig. 4. Top: Confocal microscopy image of a fiber after the inscription process. 
The FBG is partially written into the surface of the fiber. Bottom: Transmitted- 
light microscopic image with focus in the fiber core. 

Fig. 5. Shift of the peak positions of the FBG in three different bending posi- 
tions as function of the relative humidity. The straight measurement with 33 . 07% 

RH is used as reference. The corresponding regression lines show that there is 
only little dependence of the sensor to changes of RH. All measurements are 
performed at 21 ◦C . 

−  

i  

t  

t  

s  

w

3

 

s  

c  
.2. Temperature measurements 

For measurements at different temperatures the samples are placed
n a climate test chamber (Memmert GmbH & Co. KG, CTC256). Mea-
urements are performed at 10 ± 1 ◦C, 20 ± 1 ◦C, 30 ± 1 ◦C and 40 ± 1 ◦C.
t 50 ◦C or above no measurements are performed to exclude mechani-
al transformation of the fiber-core, as well as at 0 ◦C or below, due to
nstable temperature conditions before achieving the equilibrium state
nd an associated formation of ice crystals which are breaking the con-
ection between the fiber and the mechanical holders. 

.3. Strain measurements 

Strain is applied to the 5 cm fiber section by moving the translation
tage in increments of initially 0.01 mm and later 0.05 mm, yielding
train-increments of 𝜀 = 0 . 002 and 𝜀 = 0 . 01 , respectively. Increments of
 = 0 . 002 are applied as long as the fiber is free of constrictions and sig-
ificant elongation is detected. After each increment in strain the fiber
nd the associated measurement is brought into the initial position to
heck whether plastic deformation affected the FBG. After 𝜀 = 3 . 0 , 6 . 2
nd 9.6 the fiber was left in the zero strain position for 15 h. 

.4. Torsion measurements 

The fiber is twisted by rotating one fiber end in increments of 15 ◦
ntil a full rotation is achieved. A reference measurement is performed
t 0 ◦. Each torsion measurement followed a measurement in which the
otation is turned back to 0 ◦ to check whether a remaining deformation
ffected the sensor. The sensor rested for 15 h with 0 ◦ rotation before the
easurement at 285 ◦ to determine the presence of relaxation processes

nd the sensor rested again for 50 h with a rotation of 360 ◦ before and
fter a measurement to evaluate deformation over time. Index matching
il ( 𝑛 𝑒𝑓𝑓 = 1 . 41 ) is utilised in the setup to achieve better coupling effi-
iencies between the POF sensor ( 𝑛 𝑒𝑓𝑓 = 1 . 34 ) and the glass fiber splitter
 𝑛 𝑒𝑓𝑓 = 1 . 49 ). Therefore, the light intensity differs greatly after the rest-
ng times and the light intensity is only evaluated until a torsion degree
f 270 ◦. 

. Results and discussion 

To verify, that the investigated sensor works, bending measure-
ents are initially performed in upward and downward bending po-

itions with a curvature of ±148 . 148 𝑚 

−1 . The Bragg wavelength shifts
n stretching and compression bending mode are 2 . 556 ± 0 . 075 nm and
3 
1 . 333 ± 0 . 101 nm, respectively. The absolute shift in compression bend-
ng is smaller compared to the stretching mode, indicating that the neu-
ral axis is not exactly in the geometrical middle of the bend fiber. Neu-
ral axis is the term for an axis or plane along which no longitudinal
tresses or strains occur. Figure 4 shows the FBG in the fiber core as
ell as on the fiber surface. 

.1. Humidity measurement results 

As shown in Fig. 5 , it can be seen that the sensor exhibits very low
ensitivity to changes of the relative humidity. Stretched, straight and
ompressed FBGs display low sensitivities of 1 . 01 𝑝𝑚 , −2 . 73 𝑝𝑚 and
% 𝑅𝐻 % 𝑅𝐻 
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Fig. 6. Shift of the peak positions of the FBG in three different bending positions 
at four different temperatures. The straight measurement with 20 ◦C is used as 
reference. The corresponding regressions show a linear dependence of the Bragg 
wavelength with temperature. 
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Fig. 7. Change of the FWHM of the FBG with temperature. The reference is 
defined at 20 ◦C in straight position. 
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, respectively. This behavior is unexpected [38,39] , since
olymers usually take up water molecules and swell over time, and
herefore a significant increase of the wavelength would be expected.
rom Eq. (2) it can be concluded, that either both relevant sensitivity
oefficients are very small or one term cancels out the other. Any cross-
ensitivity to relative humidity is therefore very low and negligible. It is
o mention, that the Bragg wavelength shifts for the compression mea-
urement are positive due to technical reasons, but the changes of the
alues and the sensitivity are not affected by this. Considering that the
ensitivity to the relative humidity is negligible, Eq. (4) can again be
implified to: 

𝜆𝐵 = 𝑆 𝑇 ⋅ Δ𝑇 + 𝑆 𝑏 ⋅ Δ𝑏. (5) 

.2. Temperature measurement results 

Even though the sensor is based on the polymer CYTOP, which has
 negative thermo-optic coefficient of 𝑑𝑛 

𝑑𝑇 
= −5 × 10 −5 K 

−1 [40,41] , the
ragg wavelength and the corresponding peak position rises proportion-
lly with temperature ( Fig. 6 ). This can be explained by the expansion
oefficient of 7 . 4 × 10 −5 K 

−1 , outweighing the negative thermo-optic co-
fficient [2] . The grating constant of the FBG is increased more strongly
nd over-compensates the decrease of the refractive index with rising
emperature, which leads to a red-shift of the Bragg-wavelength. The
ragg wavelength shifts for the bending measurements are higher than
xpected due to a relaxation process within the fiber, leading to a small
hange of the Bragg wavelength between the measurements in straight
nd bend positions. It is noticeable that for the different bending states
ifferent sensitivities are measured. In a straight position the peak of
he Bragg wavelength shifts by a mean of 17 . 2 𝑝𝑚 

𝐾 
. The temperature sen-

itivities for the stretching and compression bending states are 28 . 94 𝑝𝑚 
𝐾 

nd 45 . 55 𝑝𝑚 
𝐾 

, respectively. This leads to the conclusion, that the ther-
al expansion coefficient is also affected by tensile or compressive stress

n a discrete position in the fiber. The thermal sensitivity of the FBG in
ompression bending state is higher compared to the other states, which
an be explained by a higher density of the molecules under compres-
ive stress and therefore a higher dependence to the thermal expansion
oefficient. On the other hand the FBG in stretched bending state also
as a higher sensitivity compared to the straight FBG. This can be ex-
lained by a change of the thermo-optic coefficient with the change
4 
f the density of the material due to stretching [42,43] . With respect
o these results the temperature sensitivity coefficient 𝑆 𝑇 needs to be
odified, since it also depends on a factor for the bending state f(b): 

 𝑇 = 2 ⋅ 𝑓 ( 𝑏 ) ⋅
( 

𝑛 eff
𝑑Λ
dT 

− Λ
𝑑𝑛 eff

dT 

) 

. (6) 

The values for the effective refractive index ( 𝑛 𝑒𝑓𝑓 = 1 . 34 [44] , the
hermo-optic and the expansion coefficients can be inserted into Eq. (6) ,
o that one obtains a more specified temperature sensitivity coefficient
or CYTOP: 

 𝑇 = 2 ⋅ 𝑓 ( 𝑏 ) ⋅
( 

𝑛 eff
Λ ⋅ 7 . 4 
10 5 K 

− Λ
𝑛 eff ⋅ 5 

10 5 K 

) 

(7) 

 6 . 432 ⋅ 10 −5 K 

−1 ⋅ 𝑓 ( 𝑏 ) ⋅ Λ. (8) 

This leads to a revision of Eq. (5) : 

𝜆𝐵 = 6 . 432 ⋅ 10 −5 K 

−1 ⋅ 𝑓 ( 𝑏 ) ⋅ Λ ⋅ Δ𝑇 + 𝑆 𝑏 ⋅ Δ𝑏. (9) 

Considering a straight measurement without applied bending, the
ending state factor f(b) is assumed to be 1 and the term 𝑆 𝑏 Δ𝑏 is equal
o 0, which results in: 

𝜆𝐵 = 6 . 432 ⋅ 10 −5 K 

−1 ⋅ Λ ⋅ Δ𝑇 . (10) 

The FBGs grating constant in this experiment is 540 nm and when im-
lemented into Eq. (10) , this results in a gradient of Δ𝜆𝐵 = 0 . 0347 nm ∕ K .
his value is approximately twice the experimental value, which can
e explained by constant outliers at 10 ◦C resulting in a poorly calcu-
ated slope ( 𝑅 

2 = 0 . 29 ). For the experimental stretching ( 𝑅 

2 = 0 . 98 ) and
ompression ( 𝑅 

2 = 0 . 96 ) experiments it is clear, that the bending state
actor f(b) is positive for both bending directions, since both slopes are
ncreased compared to the FBG in straight position but have the same
ending radius. Therefore, the suggested bending state factor can be di-
ided into one part for the bending curvature 𝑓 ( 𝑏 ) 𝐶 and another part
or the bending direction 𝑓 ( 𝑏 ) 𝐷 : 

( 𝑏 ) = 𝑓 ( 𝑏 ) 𝐶 + 𝑓 ( 𝑏 ) 𝐷 . (11)

Figure 7 shows the change of the FWHM of the FBG peak in rela-
ion to the temperature. With increasing temperature the FWHM of the
BG peak of the fiber in straight position increases by 55 . 67 ± 13 . 51 𝑝𝑚 

𝐾 
.

hen the fiber is bent the FWHM sensitivity to temperature decreases
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Fig. 8. The Bragg wavelength peak position shifts under the force of ten- 
sile stress (black) and relocated near to the initial position when the stress 
is unloaded (red). Blue lines show partial regressions of corresponding sec- 
tions from left to right for applied strain: 0 . 524 ± 0 . 043 𝑛𝑚 

𝑚𝜀 
, 0 . 871 ± 0 . 133 𝑛𝑚 

𝑚𝜀 
, 

1 . 115 ± 0 . 048 𝑛𝑚 
𝑚𝜀 

, 0 . 990 ± 0 . 113 𝑛𝑚 
𝑚𝜀 

, 1 . 013 ± 0 . 056 𝑛𝑚 
𝑚𝜀 

, 0 . 057 ± 0 . 057 𝑛𝑚 
𝑚𝜀 

, −0 . 044 ± 
0 . 012 𝑛𝑚 

𝑚𝜀 
; and released strain: 0 . 014 ± 0 . 017 𝑛𝑚 

𝑚𝜀 
, 0 . 220 ± 0 . 006 𝑛𝑚 

𝑚𝜀 
, 0 . 357 ± 0 . 025 𝑛𝑚 

𝑚𝜀 
, 

0 . 014 ± 0 . 005 𝑛𝑚 
𝑚𝜀 

. (For interpretation of the references to color in this figure leg- 
end, the reader is referred to the web version of this article.) 
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Fig. 9. Shift of the Bragg wavelength peak position under torsional stress. Sam- 
ple points with released torsion (red) are set back to a rotation of 0 ◦. Shifts are 
calculated from the first 0 ◦-measurement. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this 
article.) 
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n the stretching bending state to 33 . 17 ± 6 . 59 𝑝𝑚 
𝐾 

and turns negative in
ompression bending state to −5 . 75 ± 7 . 64 𝑝𝑚 

𝐾 
. This supports other data

rom literature [1,45,46] , where it was found that the temperature sen-
itivity of the FWHM values depend onto the sensitivities of wavelength
hift and intensity variation. Despite this, in bending of eccentric FBGs it
omes to a significant decrease of the temperature FWHM sensitivities.
specially the sensitivity in compression bending state turned negative,
hile the wavelength shift sensitivity was found higher compared to the
thers. Also, intensity sensitivity is not present in this specific case. This
emonstrates that there is a relevant effect under bending conditions
hich can be explained by different mode groups affected by bending
nd that the former mentioned neutral axis of the bend fiber lies not in
he middle but is shifted towards the inside of the bending. 

.3. Strain measurement results 

The sensors sensitivity to strain is measured under pure tensile stress.
s reported in the literature [47,48] the peak wavelength of the FBG in-
reases with applied strain and decreases back, when the tensile stress is
eleased. However, the presented sensor is made from the POF-material
YTOP, which exhibits a slightly different behavior under tensile stress
ompared to glass fibers. Under the load of tensile stress the sensor is
trained and the FBG peak wavelength shifts into the red wavelength
ange. Due to the polymer material characteristics the material can
train-harden, which increases locally the resistance to strain and tech-
ically lowers the effective length of the strained material. This occurs
or the in Fig. 8 shown sample at strains from 1 . 6 𝑚𝜀 to 2 𝑚𝜀 ; from
 𝑚𝜀 to 5 . 4 𝑚𝜀 and from 7 . 8 𝑚𝜀 to 8 . 2 𝑚𝜀 , where the Bragg wavelength
hifts are larger than usual with respectively 2 . 21 nm ; 1 . 495 nm and
 . 824 nm . After strains of 3 . 2 𝑚𝜀 ; 6 . 4 𝑚𝜀 and 9 . 8 𝑚𝜀 the shown sample
ested for 15 h, resulting in an irreversible decrease of the wavelength
hift, which is explained by a mechanically induced relaxation process
n the fiber and is observable when strain is applied and unapplied. Ini-
ially, the measurements without applied strain are supposed to record
rreversible changes to the FBG from previous applied strains, but also
he relaxation is visible here. After the positive wavelength shift at 8 𝑚𝜀
he ability to increase the wavelength of the FBG even further with strain
5 
ets lost ( 0 . 05710 ± 0 . 05670 𝑛𝑚 
𝑚𝜀 

), explainable by constrictions in the fiber
nd resulting in damage of the sensor. Also the decrease of the shift after
elaxation at 9 . 8 𝑚𝜀 is bigger than before and the shift with applied strain
oes not increase afterwards but decreases ( −0 . 04441 ± 0 . 01153 𝑛𝑚 

𝑚𝜀 
). This

s also observed when the strain is not applied any more. Before the de-
truction of the sensor, the strain-sensitivity ( Fig. 8 , blue regression lines
o corresponding black graph) increases slowly with increasing strain
ntil a sensitivity of approximately 1 𝑛𝑚 

𝑚𝜀 
is reached. This characteristic

s typical for low temperature thermosoft plastics and is linked to their
ow behavior under increasing strain load, which is supported by the ir-
eversible changes and the as well increasing strain sensitivity without
pplied strain, showing the plastic deformation of the material. After
esting for 15 h, the sensitivity is increased slightly compared to the
ensitivity before resting, as long as the fiber has not taken any dam-
ge or a certain threshold ( 8 . 2 𝑚𝜀 ) is exceeded. This is explained by the
ensor being worn out while strain is applied and unapplied and again
he relaxation process over 15 h is recovering the structural integrity
artially, also leading to the mentioned decrease of the wavelength. 

.4. Torsion measurement results 

Twisting the fiber over a length of 5 cm with increments of 15 ◦ re-
ults in a positive Bragg wavelength shift of 0 . 12 nm after 15 ◦, in small
egative shifts after 45 ◦ and in stronger negative shifts after 180 ◦ of
orsion ( Fig. 9 ). The decreasing shift with increasing torsion is a new
ffect and stands in contrast to the existing literature about fiber tor-
ion [18,49] . The effect can only be explained by the eccentricity of
he FBG, since direction dependent polarization effects in the sensor are
ot observed and the fiber material was examined with centric FBGs
nder torsion before [49] . The measurements with 285 ◦ and 360 ◦ tor-
ion are performed as described in Subsection II-D. It is clearly visible,
hat the wavelength shift changed completely to the respective previ-
us measurements. After a break of 15 h at 0 ◦ the Bragg wavelength
hifted by only 8 ± 53 𝑝𝑚 compared to the reference measurement. This
an be explained by a relaxation of damage in the molecular structure
f the fiber material induced by torsion, which is applied relatively fast
ut needs comparatively more time for relaxation which in turn affects
he whole macromolecular structure of the sensor. Therefore this relax-
tion can only be measured after a few hours. After a pause of 50 h the
easurement at 360 ◦ is repeated. The shift changed from −56 ± 35 𝑝𝑚
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Fig. 10. Shift of the Bragg wavelength peak intensity under torsional stress. 
After the torsion measurement the sample is rotated back and measured at 0 ◦

(red marks). Shifts are calculated from the first 0 ◦-measurement. A decrease 
of signal intensity is observed for measurements with and without torsion ap- 
plied. Corresponding regressions show the linear dependence of the intensity to 
(formerly) applied torsion. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 11. Changes of the FWHM under torsional stress. Red marks show the 
FWHM when torsion is turned back again and changes are calculated from the 
first 0 ◦ measurement. (For interpretation of the references to color in this fig- 
ure legend, the reader is referred to the web version of this article.) 
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o −216 ± 205 𝑝𝑚 . This indicates, that the sensor over-compensates the
amage by torsion deformation, when relaxation effects and torque are
resent. Also, the increase of the standard deviation in this measurement
s significant, indicating a loss in the structural stability of the sample. 

After a first small and negligible rise the light intensity at the peak
osition decreases continuously ( Fig. 10 ) for both measurements with
nd without applied torsion. The torsion sensitivity of the intensity is
1 . 248 ± 0 . 074 pW ∕ ° with applied torsion and −1 . 091 ± 0 . 081 pW ∕ ° after

elease of the torsional stress, indicating with a constant and not recover-
ble loss in signal intensity above a certain torsion. This effect indicates
hat the fiber is facing irreversible damage under torsional stress. This
ffers the possibility to verify a torsion greater than 30 ◦ within the sen-
or, when the measured Bragg peak intensity is permanently reduced. 

In Fig. 11 the change of the FWHM with applied torsion is shown.
t can be observed, that the FHWM increases immediately after a small
6 
orsion is applied and that, even when the torsion is turned back, the
WHM still develops a further increase for a short time. After a torsion
f 60 ◦ the FWHM change goes into saturation and remains more or less
table. After a pause of 15 h without applied torsion and after a pause of
0 h with applied torsion the FWHM recovers. This recovery is partially
inked to the observation regarding the wavelength shift. 

. Conclusion 

In this research, we evaluated a polymer-based fiber optic sensor
ith inscribed eccentric FBGs under various temperature and humidity

onditions in different states of bending and under strain and torsional
oad. Destructive measurements with torsion and strain can be distin-
uishably measured by evaluating the Bragg wavelength and the peak
ntensity. The Bragg wavelength shifts to the red wavelength range un-
er the load of tensile stress resulting in a strain, whereas under torsion,
long with a steady decrease of the light intensity, the wavelength shifts
nto the blue. This offers usage of the sensor in a one-time critical de-
ect detection in structural health monitoring of buildings [50] but also
n the observation of more sensitive structural elements for example in
roduction plants, systems and vehicles or even single screws to observe
orque overload. The sensor shows no distinctive reaction to a change
f the relative humidity opening a wide field of applications such as
n maritime and tropical ambients, where high relative humidities or
ven liquids are preventing, complicating or interfering the usage of
ther technologies. A temperature change causes a proportional change
n the Bragg wavelength and in the FWHM of the Bragg peak and can
e determined by the combination of both. In smart configuration of
ultiple sensors the temperature can be separated by referencing and
atrix calculations from the bending state of the sensor. These results

nable the sensor to measure multiple different influences and build a
ood basis for vector bending sensing applications. In the future, we will
tilize the sensor in a data glove system to capture motion and read out
estures to support working fields like intralogistics [51] . Also, other ap-
lications for the sensor are possible such as in augmented and virtual
eality applications, in medical applications [52] such as endoscopes
53] , in continuum robots [54] or wearable devices [29,33] . 
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