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Abstract

A packaging polymer (PP-1) that can enhance the sensitivity of fiber Bragg grating (FBG) pressure sensor was designed and synthe-
sized from hydroxyl terminated polypropylene oxide oligomers, toluene diisocyanate (TDI), 1,4-butandiol as chain extender, catalyzer,
foam agent and foam stabilizer. The testing results show that the Young’s modulus, Poisson’s ratio of the packaging polymer are
9.0 · 106 N m�2 and 0.49, respectively. The static pressure sensitivity of fiber optical Bragg gratings packaged by PP-1 was discussed.
The theoretical pressure sensitivity of FBG packaged with the polymer cylinder is �1.73 · 10�3 MPa�1, which is 896 times of that of
the bare FBG (�1.93 · 10�6 MPa�1). And its measured pressure sensitivity is �1.10 · 10�3 MPa�1, which is 558 times of that of the bare
FBG.
� 2007 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

Fiber Bragg gratings (FBG) have been used in an increas-
ingly large number of sensing applications and a number of
configurations for FBG pressure sensors have been demon-
strated [1–3]. The FBG can be easily adapted to materials
structural monitoring. As is well known, when cracks initiate
and develop in a structure due to fatigue and loading, these
are always associated with bursts of acoustic energy in the
form of ultrasonic waves emanating from the cracks and
propagating through the structure. Thus, detection of acous-
tic emission signals can give early indication and warning of
structural failure. To date, most acoustic emission detection
apparatus are based on application of ultrasonic transduc-
ers, which are not easily integrated into the structure itself
for in situ detection and monitoring. On the other hand,

FBG are easily embedded in the structure without affecting
the structural integrity of the structure itself, or surface-
mounted non-intrusively. Furthermore, FBG are ideal for
multiple sensor applications as many of these gratings can
be employed either in series or in parallel. Thus, it is possible
to embed hundreds of FBG in an airplane wing to continu-
ously monitor the structural integrity of the wing in flight.
And FBG with their small size and potential of wavelength
division multiplexed (WDM) also make them a strong candi-
date in the application of underwater acoustic pressure mea-
surement. To be sure, there is a multitude of technical
challenges that must be overcome to make these a reality.
First, the detection sensitivity must be very high. This is espe-
cially important since acoustic signal is very weak and usu-
ally buried in a noisy environment. Secondly, detection
speed must be high enough to capture instantaneously most
of the frequency contents of an acoustic signal. However Xu
et al. have shown that a bare FBG has a very low sensitivity
to pressure [4]. In their experiments, a static pressure of
70 MPa was applied to a bare FBG and the Bragg wave-
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length of the grating was found to shift by only 0.22 nm [4],
which corresponds to a pressure sensitivity of the fractional
change in the Bragg wavelength of �2.02 · 10�6 MPa�1. In
their subsequent experiments [5], the pressure sensitivity was
increased by an order of magnitude to�2.12 · 10�5 MPa�1

by using a glass-bubble housing for the FBG. More recently,
Liu et al. further enhanced the static pressure sensitivity to
�6.28 · 10�5 MPa�1 by coating the FBG with a polymer
(E is 1 · 108 N/m2 and mis 0.23) [6]. In this paper, we design
and synthesize a packaging polymer that can enhance the
sensitivity of FBG pressure sensor.

2. Experimental

2.1. Materials and pretreatment

The chemicals used are given in Table 1. The toluene
diisocyanate (TDI) was used without further purification.
1,4-Butandiol and polypropylene glycol (PPG2000) were
purified by vacuum distillation at 100 �C. Other reagents
were purified thoroughly by the conventional methods.

2.2. Synthesis

The prepolymer was synthesized in a four-necked reac-
tion kettle fitted with a mechanical stirrer, nitrogen inlet
and a dropping funnel. At 75 �C, 100 g TDI was mixed with
a calculated quantity of the glycol, which was added drop-
wise over a period of 15 min. The mixture was stirred con-
tinuously for about 3 h at 80 �C followed by the addition of
the chain extender 1,4-butandiol, foaming agent, catalyzer
and foam stabilizer. Stirring was continued further for
about 5 min. The air bubbles were taken out. The mixture
was poured into the moulds to cure at room temperature
for 24 h. The novel packaging polymer (PP-1) was obtained.

2.3. Measurement of the mechanical properties

The measurement of the mechanical properties was car-
ried out using INSTRON4505 tester at 5 mm/min and at
room temperature.

2.4. Measurement of the Bragg wavelength of FBG packaged

by PP-1

The Bragg wavelength of the FBG was monitored with
an optical spectrum analyzer (OSA) shown in Fig. 1.

3. Results and discussion

3.1. Analysis of the mechanical performance of packaging

polymer

It is known that the relative shift of the Bragg wave-
length of a bare FBG, DkB/ kB is related to the axial strain
e applied to the grating by [7,8]

DkB=kB ¼ ð1� P eÞe ð1Þ

where P e ¼ n2
‘ ½P 12 � tðP 11 � P 12Þ�=2, Pe is the effective

photoelastic coefficient of the fiber glass. t is the Poisson
ratio, P11 and P12 are the photoelastic coefficients, and ne

is the effective refractive index of the guide mode. For a
typical silica fiber, we have Pe = 0.22.

For a FBG applied thick polymer, as shown in Fig. 2,
under hydrostatic boundary conditions, the longitudinal
strain is given by [6]

ez ¼
ð2t� 1ÞP

E
ð2Þ

where t and E are the Poisson ratio and Young’s modulus
of the polymer, respectively. The shift of the Bragg wave-
length is given by [9,10]:

DkB ¼ 2neKez � 2neK
n2

e

2
½ðP 11 þ P 12Þer þ P 12ez�

� �
: ð3Þ

Under hydrostatic boundary conditions, we have

ez ¼ er: ð4Þ

A Bragg wavelength kB of 1550 nm and an effective
index ne of 1.46 were used to determine the grating pitch
K (K = kB/2ne). Values of 0.12 and 0.27 were used for the
photoelastic coefficients P11 and P12 for the silica fiber
[6]. The relative shift of the Bragg wavelength of the
FBG coated with a thick polymer, DkB/kB, is related to
the applied pressure by:

DkB=kB ¼ �0:78ð1� 2tÞP=E: ð5Þ

The pressure sensitivity of the FBG is therefore expected by

KP ¼ �0:78ð1� 2tÞ=E: ð6Þ
Table 1
Main chemicals used for the preparation of packaging polymer

Material Description Source

Polypropylene glycol
(PPG2000)

Molecular weight:2000 Sanxi Chemical
Research Institute

Toluene diisocyanate
(TDI)

80%2,4 + 20%2,6
isomer mixture

Taiyuan Chemical
Factory

1,4-Butandiol AR Shanghai Reagent
Factory

Fig. 1. Schematic diagram of experimental setup for static pressure effect
measurement.

Fig. 2. The FBG packaged by PP-1.
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3.2. The influence of polymeric mechanical property on

pressure sensitivity of FBG

The pressure sensitivity of the FBG coated thick poly-
mer decreases with the increase of the Poisson’s ratio of
polymers, the calculated results are shown in Fig. 3. The
influence of the Young’s modulus of package polymers
on pressure sensitivity is related to the Poisson’s ratio.
When the Poisson’s ratio of the polymers is low, the pres-
sure sensitivity decreases rapidly with the decrease of the
Young’s modulus. And when the Poisson’s ratio is high,
the Young’s modulus shows small influence on the pressure
sensitivity, the calculated results are shown in Fig. 4.

From the above analysis in theory, to enhance the pres-
sure sensitivity of the FBG, it is necessary to design and
synthesize the packaging polymer with low Poisson’s ratio
and low Young’s modulus.

3.3. The design of the packaging polymer

The basic requirements of the packaging polymer are
that it can be cured at room temperature and the raw mate-
rial is liquid before curing. Polyurethane can meet the basic
requirements.

The structure relationships of polyurethanes have been
widely investigated [11,12]. Results of an extensive study
[13] show that the regularity of hard segment and soft seg-
ment, the interaction between hard segments themselves,
the interactions between soft and hard segments or the like
are closely related to Young’s modulus and low Poisson’s
ratio of polyurethanes. To get polyurethane with low
Young’s modulus and low Poisson’s ratio, the packaging
polymer is designed by the following means:

(1) Design the soft segment of polyurethane made from
polyethers with higher average molecular weight.
The aim is to obtain the products with low Young’s
modulus, since polyurethanes composed of other soft
segments such as polyesters, polyacetals and polyure-
thanes with low average molecular weight show high
Young’s modulus.

(2) Design the hard segment of polyurethane made from
diisocyanates with unsymmertrical molecular structure
such as 2,4-toluene diisocyanate (2,4-TDI). Because
polyurethanes containing the symmetrical structure of
the diisocyanate such as 4,4-diphenylmethane diisocya-
nate (MDI) lead to a large extent of crystallization in
the hard phase to show high Young’s modulus.

(3) Select the aliphatic diol as chain extender. Compared
withdiamineaschainextender, thenumberofhydrogen
bondings and intramolecular interactions are low in
polyurethane when using aliphatic diol as chain exten-
der, and polyurethane exhibits low Young’s modulus.

(4) Introduce microcellular into the polyurethane struc-
ture in order to decrease Poisson’s ratio.

The synthesis reactions of polyurethane are described as
follows:

HOROHþ2OCN-R0-NCO

!OCN-R0-NHCOOROOCNH-R0-NCO

nOCN-R0-NHCOOROOCNH-R0-NCOþnHOðCH2Þ4OH

!½OCNH-R0-NHCOOROOCNH-R0-NHCOOðCH2Þ4O�n

3.4. Mechanical properties of the packaging polymer (PP-1)

The stress-strain curve of PP-1 is shown in Fig. 5. From
the data in Fig. 5, we can calculate the Young’s modulus of
PP-1, which is 9.0 · 106 N/m2.

The Poisson’s ratio of PP-1 decreases with the increase
of the strain, as shown in Fig. 6. Poisson’s ratio is 0.49
when the strain of the polymer (PP-1) is close to 0.

3.5. The pressure sensitivity of the FBG packaged by PP-1

Substituting E (9.0 · 106 N/m2) and t ( 0.49) to Eq. (6),
we can obtain the theoretical pressure sensitivity coefficient
of fiber Bragg grating packaged with the polymer cylinder,
which is �1.73 · 10�3 MPa�1 and which is 896 times of
that of the bare fiber Bragg grating ( �1.93 · 10�6 MPa�1).

Fig. 3. The influence of Poisson’s ratio of polymers on pressure sensitivity
of the FBG. The values of E (N m�2) are (1) 108, (2) 8 · 107, (3) 6 · 107, (4)
5 · 107, (5) 4 · 107, (6) 3 · 107, (7) 2 · 107, (8) 107.

Fig. 4. The influence of the Young’s modulus of polymers on pressure
sensitivity of the FBG. (1) t = 0.49, (2) t = 0.47, (3) t = 0.45, (4) t = 0.40,
(5) t = 0.35, (6) t = 0.3, (7) t = 0.25, (8) t = 0.20, (9) t = 0.15, (10)
t = 0.10, (11) t = 0.05, (12) t = 0.03.
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The Bragg wavelength of the FBG packaged by PP-1
(shown in Fig. 2) was monitored with an optical spectrum
analyzer. Fig. 7 shows the measured Bragg wavelength as a
function of the applied pressure. The shift in the Bragg wave-
length per unit applied pressure was found to be �1.71 nm/
MPa, which corresponds to a pressure sensitivity of
�1.10 · 10�3 MPa�1, which is 558 times of that measured
with a bare fiber Bragg grating (�1.93 · 10�6 MPa�1) [4].
A very good linearity between the Bragg wavelength and
the pressure levels is also shown in Fig. 7.

The measured pressure sensitivity is smaller than the
theoretical value calculated from Eq. (6).

It should be noted that E and t of PP-1 were experimen-
tal values, which do not approach their real values because

of the influence of measurement precision and the asymme-
try in material structure.

4. Conclusions

The polymer synthesized from hydroxyl terminated
polypropylene oxide oligomers, toluene diisocyanate
(TDI), 1,4-butandiol as chain extender, catalyzer, foaming
agent and foam stabilizer is microcellular and compress-
ible. Its Young’s modulus, Poisson’s ratio of the packaging
polymer are 9.0 · 106 N/m2 and 0.49, respectively.

The theoretical pressure sensitivity coefficient of fiber
Bragg grating packaged with the polymer jacket is
�1.73 · 10�3 MPa�1, which is 896 times of that of the bare
fiber Bragg grating (�1.93 · 10�6 MPa�1). The shift in the
Bragg wavelength per unit applied pressure was found to
be �1.71 nm MPa�1, which corresponds to a pressure sen-
sitivity of �1.10 · 10�3 MPa�1, which is 558 times of that
measured with a bare fiber Bragg grating (�1.93 ·
10�6 MPa�1). A very good linearity between the Bragg
wavelength and the pressure levels is also shown.
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Fig. 7. Measurement of Bragg wavelength of FBG packaged by PP-1 as a
function of the applied pressure.

Fig. 6. Poisson’s ratio (t)-strain curve of PP-1.

Fig. 5. The stress-strain curve of PP-1.

200 Q. Wen et al. / Progress in Natural Science 18 (2008) 197–200


