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Abstract. Fiber Bragg Grating (FBG) is the most dis-
tributed type of fiber-optic sensors. FBGs are primarily
sensitive to the effects of temperature and deformation.
By employing different transformation techniques, it
s possible to use FBG to monitor any physical quan-
tity. To use them as parts of sensor applications, it
is essential to encapsulate FBGs to achieve their max-
imum protection against external effects and damage.
Another reason to encapsulate is increasing of sensi-
tivity to the measured quantity. Polydimethylsilozane
(PDMS) encapsulation appears to be an interesting al-
ternative due to convenient temperature and flexibil-
ity of the elastomer. This article describes an experi-
mental proposal of FBG PDMS encapsulation process,
also providing an analysis of the FBG spectral char-
acteristics and temperature sensitivity, both influenced
by high temperature and the process of polydimethyl-
silozane curing itself. As for the PDMS type, Sylgard
184 was employed. Encapsulation consisted of several
steps: allocation of FBG to PDMS in its liquid state,
curing PDMS at the temperature of 80 °C + 5 %, and
a 50-minute relazation necessary to stabilize a Bragg
wavelength. A broadband light source and an optical
spectrum analyzer were both used to monitor the pa-
rameters during the processes of curing and relazation.
Presented results imply that such a method of encapsu-
lation does not have any influence on the structure or
functionality of the FBG. At the same time, a fourfold
increase of temperature sensitivity was monitored when
compared to a bare FBG.
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1. Introduction

Fiber-optic Bragg gratings are elements whose function
is based on periodic changes of refractive index in the
core of the optical fiber. Their usage is now widespread
within fiber-optic sensor applications. The key areas
of concern are physical quantities such as temperature,
deformation, pressure, vibration, etc. Optical fibers,
which are made of germanium silicate glass, are very
strong in tensile, but these fibers have very low resis-
tance to mechanical damage. Currently, we use some
types of encapsulation which are designed according
to the requirements for the measurements of different
physical quantities. The tasks of encapsulation are an
additional protection of the fiber with FBG, empower-
ment of sensitivity on the measured quantity, and mini-
malized sensitivity to other physical quantities. PDMS
elastomer, which exhibits suitable thermal and elastic
properties, is a suitable alternative to material for en-
capsulation of FBG. This elastomer is harmless, non-
toxic, non-flammable and electrically nonconductive.

Polyimide, acrylate and ormocer are the basic pro-
tections. In addition to these primary protections, we
use a number of other encapsulations. For example,
the team of authors [I] describes the encapsulation
of FBG into a variety of metallic coatings which are
used for increasing sensitivity for the measurement of
tensile stress. An interesting alternative is the use of
nickel. The authors [2] describe achieving an increase
of the temperature sensitivity of FBG. The article [3]
describes encapsulation of FBG into steel, and the in-
fluence of encapsulation on the deformation sensitivity
of FBG. Paper [4] describes a 4.2 times increase in the
temperature sensitivity of FBG due to the insertion
of FBG into PDMS. We have not found the team of
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authors focused on the issue of encapsulation of FBG
into PDMS, and the impact of encapsulation on the
parameters of FBG. So the aim of the authors was
to analyse the impact of high temperature and to cure
PDMS on spectral characteristics and temperature sen-
sitivity of FBG. Sylgard 184 was chosen as a product
that exhibits excellent heat resistance, excellent elastic
properties, harmlessness, nontoxicity, and electric non-
conductivity. The actual encapsulation Bragg grat-
ing, within PDMS, extends the application potential
of FBG sensors, e.g. in the field of medicine.

2.  Operating Principles

PDMS belongs among polymeric organosilicon com-
pounds, and it is often referred to as silicone rub-
bers. These compounds contain a bond of Si-O in one
molecule. The toughness of silicone rubbers is low, but
their advantage is that they remain almost unchanged
in a broad range of temperature. Conventional tem-
perature applicability is —60 °C to +200 °C. PDMS
can withstand temperature up to 350 °C for short-
term temperature straining. Silicone rubbers can be
divided into three groups. These groups are PDMS for
general use, the PDMS having phenyl substituents (for
improved low-temperature flexibility), and PDMS with
1,1,1- trifluoro propyl substituents (resistant against
oils and fuels).

As for its chemical composition, PDMS belongs
among optically pure materials. PDMS only contain
a small degree of impurities. Therefore, PDMS is not
a suitable environment for bacteria. PDMS is a clear
liquid which is odorless and tasteless, resistant to chem-
icals, radiation, UV radiation and high temperatures
in hundreds of degrees Celsius (°C). The main disad-
vantage is the expensive and complicated production.
PDMS is used in a broad range of fields such as elec-
tronics, medicine, astronautics or automotive industry.

PDMS is produced using technical silicon and a com-
bination of hydrochloric acid and methanol. This com-
bination creates the so-called chloromethane. The pro-
duction goes through four chemical phases (by synthe-
sis, by rectification, by hydrolysis, by polycondensa-
tion). The final chemical composition of polydimethyl-
siloxane can be seen in Fig. [T} The organic substituent
is almost always represented by methyl (CHj).

T T, G
—Si *IEO—Si %O —Si—
| R |
CH3 CH3 CH;

Fig. 1: Chemical composition of PDMS.
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Sylgard 184 is a designation for a two-component
potting and encapsulating elastomer, on the basis
PDMS, which is supplemented by a curing agent.
PDMS can be cured at the elevated temperature af-
ter addition of the curing agent. Sylgard 184 belongs
among moderately viscous liquid elastomers. Tem-
perature range of usability is —55 °C to + 200 °C.
Highlights include an excellent physical resistance to
mechanical damage, radiation, and electrical non-
conductivity. Sylgard 184 is already cured at room
temperature of 25 °C. However, it needs a long period
in tens of hours. At the temperature of around 100 °C
it is possible to achieve the curing in matter of hours
or earlier [5], [6] and [7].

Bragg gratings are the most common type of single-
point sensors. They consist of a periodic change of core
index in the optical fiber (Fig. [2)).
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Fig. 2: Structure of fiber Bragg Gratings.

The spectral reflection of the specific wavelength,
which is called the Bragg wavelength, occurs at these
interfaces. Other wavelengths pass through the struc-
ture without attenuation. The important parameter
which defines the size of the Bragg wavelength is the
period of the changes in the refractive index. Bragg
wavelength is given by:

(1)

where n.sy is the effective refractive index, and A is
the period of changes in the refractive index. The used
FBG sensor is based on the temperature and defor-
mation sensitivity. The size of the Bragg wavelength,
which is dependent on the operating temperature and
mechanical strain, can be expressed as:

AN

— =ke+ (ap + an) AT,
Ao

)\B = 2neffA,

(2)

where ayp is the coefficient of thermal expansion, a,, is
temperature-optical coefficient and k is the deforma-
tion coefficient defined as:

3)

In Eq. , Pe is the photo-elastic coefficient. This coef-
ficient takes the value of 0.21 for standard silica optical
fiber G.652.D. Coefficient ap is 0.55-1076 °C~! and a,
is in the range 6.4-8.6:1076 °C~! [§] for optical fiber
G.652.D. Temperature and deformation dependence is
caused both by the values of parameters and the cen-
tral Bragg wavelength. Therefore, we state normalized

k=1—pe.
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temperature coeflicient for determining of these sensi-
tivities:

1 Alp 6 o1
——— =6.678-107" °C 4

and normalized deformation coefficient:

LA)‘B
>\B Ae

=0.78-107° pstrain~'. (5)
Uniform Bragg grating (used in this article) on the
wavelength 1554.1203 nm shows temperature sensitiv-
ity of 10.378 pm/°C and a strain sensitivity of 1.212

pm/ pstrain.

3. Experimental Setup

Uniform FBG was used to implement the sensor. This
uniform FBG has polyimide protection with the Bragg
wavelength of 1554.1203 nm, the width of the reflect-
ing spectrum of 2.3247 nm, and a reflectivity of 95.6 %.
This type of FBG is the most used one within the sen-
sorial applications. Encapsulated FBG is used in med-
ical applications (such as pulse, respiration) because
this FBG has both tighter polyimide protection for the
optical fiber and better transfer of deformation effect
on FBG. The experiment is an innovative type of en-
capsulation. In the experiment, we investigated the
effect of temperature, the curing, and the mechanical
stress on spectral characteristics of FBG and tempera-
ture sensitivity of FBG. A follow-up research will focus
on comparing different types of FBG for verifying and
extending the application of such encapsulated FBG.

For the experiment we used a two-component
(PDMS and curing agent) elastomer Sylgard 184. The
chosen ratio of the mixture was 10:1 where the two-
component Sylgard 184 comprises 10 parts and the
curing agent forms 1 part. The actual implementa-
tion of encapsulation consists of three phases. In all
the phases of the encapsulation, we monitored the in-
fluence of temperature, the curing and the mechanical
stress on the spectral characteristics of FBG. Broad-
spectrum LED (Light-Emitting Diode) which has a
central wavelength of 1550 nm, and an output power
of 1 mW, was used as the radiation source. LED was
stabilized by temperature and the current controller
labeled LDC 202C and TED 202C made by Thorlabs.
Therefore, we obtained a stable optical power. The
spectral characteristics were monitored using the opti-
cal spectrum analyzer OSA203 by Thorlabs with the
Wavelength Meter Resolution about 0.1 pm. Values in
Tab. [I] have been rounded to two decimal places. Tem-
perature box has the designation of Concept ET 5050.
The optical circulator directed the reflected signal from
the FBG to the optical spectrum analyzer within the
experiment. The used type is "Polarization Insensitive
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Circulator" with the value of insertion loss port 1 to
port 2 0.54 dB and port 2 to port 3 0.68 dB. Figure [3]
shows a diagram of the experimental measurement.

circulator FBG
w0 —0) i
Heating box
OSA

Fig. 3: Scheme of measurement with heating box.

Prepared Sylgard 184 with the volume of 25 ml and
in the above-mentioned ratio of 10:1, was placed in
an ultrasonic bath Ultrasonic Cleaner for 60 minutes.
Therefore, we achieved both maximum homogeneity of
the mixture and eliminated air bubbles (Fig. [4).

Fig. 4: Used ultrasonic bath for preparing Sylgard 184 mixture
in the ratio 10:1.

In the first phase, we performed the encapsulation
of FBG into PDMS in the liquid state. Figure [f]shows
a prepared form, in which the FBG was placed and
subsequently encapsulated by liquid PDMS.

Fig. 5: Realization of encapsulation of FBG.

The course of Bragg wavelength change is shown in
Fig. during potting FBG into liquid PDMS. The
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next step moved forms with FBG into a preheated ther-
mal cabinet with the temperature of 80 °C. The course
of the Bragg wavelength is shown in Fig. In the
second phase, curing PDMS with the FBG in the tem-
perature box was carried out (Fig. ‘ Based on
the datasheet, the temperature in the box was set to
80 °C. The temperature was monitored by the thermal
cell during curing, and the temperature deviation was
80 °C + 5 % within the measurement. Figure
represents the evolution of Bragg wavelength within a
50-minute relaxation.

The changes of Bragg wavelength, which are evident
in the attached graphs (Fig. @ can be explained by
the influence of temperature, the curing and mechan-
ical stress in handling. The most significant change
of Bragg wavelength can be seen in Fig. and it
represents the time interval 10-15 minutes from inser-
tion FBG in the liquid PDMS into a thermal box with
temperature 80 °C. Figure represents a relaxation
time (50 minutes) at room temperature of 25 °C until
stabilization of Bragg wavelength.

During the potting into PDMS and curing we ob-
served rapid increase of Bragg wavelength that was af-
fected by higher temperature (from 25 °C to 80 °C).
Initial Bragg wavelength corresponds to the value of
1554.09 nm that was measured after the process of pot-
ting had been finished, see Fig. Maximal Bragg
wavelength (Fig. that we obtained is 1554.66 nm
(difference of 570 nm). In this phase only temperature
sensitivity for bare FBG is presented with the value
of 10.38 pm/°C. This value corresponds to the tem-
perature change of 54.91 °C. Linear growth of Bragg
wavelength from 18 min in Fig. is caused by low
value of thermal conductivity of PDMS material and
slow expansion influenced by thermal expansion. In the
relaxation phase we indicated sharp reduction of Bragg
wavelength because of PDMS material cooling. We ob-
served the high thermal sensitivity of PDMS, which is
4 times bigger in comparison to bare FBG. After the
cooling process of PDMS from 80 °C to 25 °C, ther-
mal sensitivity reached 39.44 pm/°C, and the Bragg
wavelength reduced to 1552.26 nm. This decline corre-
sponds to the temperature decrease by 57.55 °C.

Figure [7] shows the reflective spectral characteristic
of the Bragg grating before and after the curing, in-
cluding the relaxation time of 50 min. The presented
results indicate that this type of encapsulation does not
affect the structure of the FBG. However, the encapsu-
lation causes a shift of the reflected spectrum of FBG
to lower wavelengths due to the shrinkage of PDMS
during curing. A shift of the Bragg wavelength was
1.8652 nm. The spectral width of Bragg grating (Full
Width Half Max) increased from the value 2.324 nm
to 2.386 nm. However, this shift does not affect the
functionality of the FBG sensor.
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Fig. 6: Spectral characteristics of Bragg grating during encap-

sulation.
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Fig. 7: The spectral characteristic of FBG before and after cur-
ing.

Table [1| shows the spectral characteristics of FBG in
various stages of encapsulation. There are given values
of the parameters before and after each phase.

Tab. 1: Spectral characteristics of FBG during encapsulation of
FBG (all 4 phases).

Phases of Wavelength [nm]
encapsulation Before After
Encapsulating 1554.12 1554.12
Inserting info | 5o 19 | 155418
heating box
Curing 1554.40 | 1554.53
Relaxation 1554.52 1552.26

Figure [8] shows implemented encapsulation of FBG
into PDMS. Dimensions of the sensor are 60x25x4 mm.
The priority of the research was not achieving mini-
mization regarding design.

Fig. 8: The spectral characteristic of FBG before and after cur-
ing.

Figure [9] shows Bragg wavelength dependence of en-
capsulated and non-encapsulated FBG on tempera-
ture.

Non-encapsulated Bragg grating at wavelength
1554.1203 achieves temperature sensitivity of 10.378
pm/°C. After encapsulation, the Bragg wavelength was
changed to the value 1552.2551 nm and temperature
sensitivity was increased to 39.44 pm/°C. Our results
correspond to the results of the paper [4].
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Fig. 9: Bragg wavelength dependence of non-encapsulated
(blue line) and encapsulated (black line) FBG on tem-
perature.

4. Conclusion

The aims of authors were both an analysis of the im-
pact of high temperature and itself curing of PDMS on
spectral characteristics of FBG and temperature sen-
sitivity of FBG within performed experiment. A sec-
ondary motivation is to use this encapsulation of FBG
sensor in medical applications. The selected product
was Sylgard 184 due to suitable properties. PDMS
has very good heat resistance, excellent elastic proper-
ties, harmlessness, non-toxicity, non-flammability, and
electric non-conductivity. Realization of encapsulation
of FBG was split into consecutive phases. At the be-
ginning, we made a reference measurement of spectral
characteristics of FBG. The obtained data were com-
pared with the encapsulated FBG, including a 50-min
relaxation period, until the stabilization of Bragg wave-
length (Tab. [I] and Fig.[7). At all stages of the encap-
sulation, we monitored the influence of temperature,
the curing, and the mechanical stress on spectral char-
acteristics of FBG and temperature sensitivity of FBG
(Fig.[6land Fig.[9). The presented results indicate that
this type of encapsulation does not affect the structure
of the FBG, it does not affect the functionality, and
it represents an alternative method of encapsulation
of FBG. The advantage is the fact that we can use
the potential properties of PDMS, and we can expand
potential application utilization of FBG in the sensor
applications including medical ones.

A follow-up research will focus on both the analysis
of the influence of different temperatures and duration
of curing on the spectral characteristic of the FBG, the
reflectivity of FBG, temperature sensitivity, and defor-
mation sensitivity. The reproducibility experiment is
also a future goal. This research was not the subject
of this article.
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