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A Dual-Parameter Optical Fiber Sensor for
Concurrent Strain and Temperature Measurement:
Design, Fabrication, Packaging, and Calibration

Hamid R. Alemohammad, Ehsan Foroozmehr, Bradley S. Cotten, and Ehsan Toyserkani

Abstract—Coupled sensitivity of optical fiber sensors to struc-
tural strain and temperature has been a long lasting problem for
reliable measurements in environments where both parameters
are varying. This problem has been a driving force for the employ-
ment of methods to compensate the effect of one parameter. In
this paper, a packaged dual-parameter optical fiber Bragg grating
(FBG) sensor for the simultaneous measurement of structural
strain and temperature using a single FBG is presented. The
sensor consists of FBGs with on-fiber silver thin films synthesized
by a laser direct write method. The new sensor design, fabrication,
packaging, and calibration are addressed. A customized test rig
and a sensor calibration package are designed and built. The per-
formance of the sensor for the concurrent measurement of strain
and temperature is investigated by analyzing the experimental
data, and the characteristic curves for the calibration of the sensor
are presented.

Index Terms—Dual-parameter FBG sensor, fiber Bragg grat-
ings, optical fiber sensors.

I. INTRODUCTION

C ONCURRENT sensitivity of optical fiber sensors such as
fiber Bragg gratings (FBGs) to temperature and structural

strain has been a setback for optical sensing technology. The
problem stems from the linear dependence of the index of re-
fraction and the grating period to strain and temperature which
results in the linear coupling of their effects on the Bragg wave-
length. This impedes the differentiation of the two parameters
by analyzing only a single reflection spectrum. The concurrent
sensitivity of FBGs can be a limiting factor for their widespread
usage in structural health monitoring applications in spite of
their unique features: small size, light weight, long range lin-
earity, long term durability, corrosion resistance, and robustness
to electromagnetic disturbance and noise. In this regards, having
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FBG sensor packages with temperature compensation or the ca-
pability of dual-parameter monitoring will expand the applica-
tions of the sensors in various sectors including structural en-
gineering, automotive industry, aerospace, oil and gas, national
defense, and energy systems. Since the advent of FBG sensors,
the limitations associated with dual-parameter sensitivity have
been a driving force for research on temperature compensation,
or athermal sensors, and also dual-parameter sensing packages.
According to the literature, this problem can be circumvented
by implementing an additional reference sensor for the com-
pensation of strain and/or temperature, writing Bragg gratings
in non-cylindrical optical fibers, designing special packages for
FBGs, or using bi-materials to compensate the effect of one
parameter [1]–[5]. Using additional sensors (e.g., temperature
sensor) increases the size of packages and the volume of the
data being modulated that in turn may not be cost effective. In
addition, most of the implemented temperature compensation
packaging strategies result in bulky sensing devices which are
not practical for applications requiring miniaturized packages.
In this paper, we report the design, fabrication, packaging,

and calibration of a novel dual-parameter FBG sensor, based
on our patented technology [6] for the simultaneous measure-
ment of structural strain and temperature. The sensor is a su-
perstructure FBG (SFBG) made by the deposition of periodic
thin films on the periphery of uniform FBGs. The deposition of
the on-fiber periodic thin films on the grating portion of optical
fibers produces SFBG with equally spaced sidebands in the re-
flection spectrum. The intensity of the sidebands is tunable with
strain and temperature and in conjunction with the Bragg wave-
length can be used for the independent monitoring of strain and
temperature. The sensor not onlyworks for dual-parameter mea-
surements but also facilitates temperature and structural strain
compensation. Our sensor fabrication method involves the di-
rect deposition of on-fiber thin films using the direct write tech-
nique of Laser Assisted Maskless Microdeposition. The details
of the features of this technique are available in our previous
publication [7].
In continuation of our previous publication [8], in this paper,

we report on a new manufacturing setup for reliable and repeat-
able on-fiber thin-film fabrication, a new accurate sensor cali-
bration package, and a test rig for the sensor calibration. While
the previous paper was mainly focused on the proof of concept,
this paper elaborates on the calibration of dual parameter optical
sensor, where it is packaged and a new algorithm for calibration
is proposed. The calibration setup has the capability of applying
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Fig. 1. SFBG with periodic variation of the average index of refraction ( )
and SFBG with periodic on-fiber thin films exposed to axial load and tempera-
ture variations.

Fig. 2. Typical reflection spectrum of SFBG.

structural strain on the sensor at a temperature controlled envi-
ronment to record and analyze the reflection spectrum to gen-
erate the calibration data.
In the following sections, the theory of the proposed SFBGs

for dual parameter measurements is explained. It is followed by
the design and fabrication of the sensor and the discussion on
the results obtained from the calibration test.

II. THEORY AND DESIGN

The dual-parameter FBG sensor is based on superstructure
FBGs (SFBGs) manufactured by depositing periodic thin films
on a uniform FBG. Fig. 1(a) shows the structure of SFBG with
periodic thin films. In SFBGs, as shown in Fig. 1(b) and (c), the
modulations of the index of refraction vary periodically along
the fiber axis with a longer period ( ) than that of the grating.
The long period variations of the index of refraction cause the
formation of equally spaced sidebands in the reflection spectrum
of FBG as depicted in the reflection spectrum in Fig. 2. The
phase matching conditions for SFBG is written as [9]:

(1)

(2)

(3)

where is the propagation constant and is the grating period.

According to the phasematching conditions, in addition to the
Bragg wavelength ( ) obtained from (1), equally
spaced sidebands with intensity of and wavelength spacing
of occur at wavelengths and ( , 2, 3):

(4)

(5)

Accordingly, the wavelength spacing of the sidebands (
) is obtained from:

(6)

As shown in Fig. 1(a), SFBGs can be realized by the deposi-
tion of periodic on-fiber films with a period of along the axis of
regular FBGs. Referring to Fig. 1, due to the periodic pattern of
the coatings and the difference between the geometrical and me-
chanical properties (i.e., diameter, modulus of elasticity) of the
coatings and the optical fiber, applying tensile force ( ) at the
end points of the optical fiber results in the formation of periodic
strain components along the optical fiber. The axial force on the
optical fiber can be expressed in terms of axial strain ( ) by using
the mechanical properties of the fiber and the coatings and the
geometrical dimensions. In addition, due to the difference be-
tween the coefficients of thermal expansion and the diameter
of the thin films and the optical fiber, the temperature variation
( ) also results in the formation of periodic strain components
along the optical fiber longitudinal axis. The periodic distribu-
tion of the strain components causes the periodic variations of
the average index of refraction ( ) due to photo-elastic effect.
In addition to the index of refraction, the grating pitch ( ) varies
periodically along the fiber. This generates equally spaced side-
bands in the reflection spectrum with spacing of .
In SFBGs, according to (6), while the sideband wavelength

spacing is only a function of thin film pattern period ( ) and the
properties of the Bragg gratings, the intensity (or reflectivity) of
the sidebands ( ) is tunable by the applied strain and tempera-
ture. Temperature and strain not only cause the shift in the Bragg
wavelength but also change the intensity of the sidebands. As a
result, by measuring the Bragg wavelength and the intensity of
the sidebands in the reflection spectrum of a single FBG with
periodic thin films, the values of temperature and strain can be
independently distinguished. In practice, to avoid the side effect
of optical power fluctuations during measurements, the reflec-
tivity of the Bragg peak ( ) is set as a reference and the relative
reflectivity of the sidebands ( ) or the intensity dif-
ference ( in dBm) is considered. The tem-
perature and strain correlations for the SFBG can be written as:

(7)

(8)

where and are constants showing the linearity of the
Bragg wavelength change with respect to temperature and struc-
tural strain. Generally, the function is one-to-one
with a non-linear behavior. As a result, the correlations in (7)
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Fig. 3. Reflection spectra of SFBG at different thicknesses and different axial
forces.

Fig. 4. Reflection spectra of SFBG at different thicknesses and different tem-
peratures.

and (8) can be inversed to obtain the strain and temperature, as
follows:

(9)

(10)

where and are constants. Despite the non-linearity, these
functions result in unique solutions for the measured tempera-
ture and strain. The value of the constants and the functions in
(9) and (10) depend on the geometry of the coatings and the
mechanical properties of fiber and coating materials. It should
be noted that in (9) and (10) can be replaced by or
since the wavelength spacing ( ) does not change with ap-
plied strain and temperature and is only of a function the thin
film geometry and the initial Bragg wavelength (6). As a re-
sult of that, the wavelength and intensity difference of any side-
band are sufficient to extract the values of temperature and strain
simultaneously.
The reflection of spectrum of a typical FBG with periodic

silver thin films has been simulated using the coupled mode
theory [9]. Figs. 3 and 4 show the reflection spectrums as a func-
tion of axial force and temperature, respectively, and the thin

TABLE I
OPTICAL AND MECHANICAL CHARACTERISTICS OF FBG AND THE COATING

MATERIAL AT ROOM TEMPERATURE.

film thickness. The force is proportional to strain by using the
compliance of optical fibers. It is assumed that the length of each
thin film coated segment is 1.5 mm where the period along the
fiber ( ) is 2 mm. As seen in the figures, the sidebands inten-
sity ( ) increases monotonically with applied axial force and
temperature. This is attributed to the periodic strain along the
fiber due to the differences in the geometrical features and the
mechanical properties (elasticity and thermal expansion coeffi-
cient) of the optical fiber and the thin film material. As shown,
increasing the thickness of the films results in larger amplitudes
of the periodic strain distribution which amplifies the sideband
intensities.

III. METHODS

A. Sensor Manufacturing Seup

We have employed Laser AssistedMaskless Microdeposition
(LAMM) for the deposition of on-fiber silver thin films as pre-
sented in our previous publications [7], [8], [10]. A customized
uniform FBG sensor written in SMF28 glass fibers with UV
laser were used for the experiments. The properties of the optical
fiber and the coating material at room temperature are provided
in Table I. Five coating segments with the length of 1.5 mm and
period of 2 mm (duty cycle of 3/4) were deposited on the 10
mm FBG. For making the periodic patterns, 22 layers were de-
posited in a layer-by-layer fashion and after the deposition of
every 1 or 2 layers the laser beam was passed over the as-de-
posited layers for sintering.
In this work, the sensor manufacturing system has been

improved for the continuous deposition of sub-micron to
10 thick on-fiber silver thin films. The updated system has
a rotational stage with two synchronized motors on which the
two ends of optical fiber are clamped using V-groove grippers
(Fig. 5). This allows the continuous rotation of the optical fiber
under the deposition head. The parameters that are involved
in on-fiber thin film fabrication process are the aerosol flow
parameters, rotational and translational speeds, and the laser
sintering parameters [7]. The aerosol flow parameters and the
translational speeds mostly determine the geometrical features
of the thin films and the laser sintering parameters which are
laser power and laser scanning speed affect the microstructure
and the mechanical properties of the thin films. Based on our
thorough knowledge of the system in previous research work
[7], the aerosol flow control parameters and the rotational and
translational speeds were characterized to deposit films on
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Fig. 5. Setup of thin film direct writing on optical fiber, (a) closeup view of the deposition nozzle, (b) setup of fiber optic and deposition nozzle, (c) schematic
diagram of thin film deposition.

TABLE II
SENSOR FABRICATION PROCESS PARAMETERS.

the optical fibers with desired geometrical features. The laser
processing parameters were also optimized using the Taguchi
method to obtain thin films with minimal cracks and porosity
and decent adhesion to the fiber ([7], [9]). The optimized
process parameters are listed in Table II.

B. Sensor Packaging and Calibration Setup

Our research group has developed a calibration setup to ob-
tain the calibration curves of the manufactured sensors under
axial loading and temperature changes. The calibration setup
consists of a linear micro-stage with a positional resolution of
0.005 , and a minimum incremental motion of 0.1 , and a
load/displacement sensor with the resolution of 0.03 N. They are
placed in a transparent temperature controlled enclosure made
of Lexan, as shown in Fig. 6. The temperature of the enclosure
can be controlled up to 120 with a resolution of 0.5 .
For the sensor calibration, after the thin film deposition, the

optical fibers are mounted on a specially designed package. The
package consists of two parts made of Invar-36 (FeNi36) on
which the ends of the optical fiber are glued to each part using
an optical fiber compatible epoxy. Invar-36 is chosen as the ma-
terial for the base part due to its low coefficient of thermal ex-
pansion (1.2 ) and relatively high thermal conduc-
tivity. Fig. 7 shows the calibration package of the dual-param-
eter sensor.

Fig. 6. Sensor calibration test rig.

For sensor calibration, one part of the package is mounted on
the linear stage and the other part is mounted on the load sensor
in such a way that the load is completely applied on the optical
fiber and the measured strain is the strain on the optical fiber.
The calibration setup is controlled by a control panel developed
in LabVIEW. The linear micro-stage is used to apply strain on
the optical fiber while the temperature of the enclosure is con-
trolled by forced convection using high temperature air flow.
The strain on the optical fiber is measured by reading the dis-
placement of the load sensor and the linear stage.
To measure the sideband intensities and wavelengths, the re-

flection spectrum of the SFBG is captured by the sm125 FBG
interrogation system (Micron Optics, GA). The interrogation
system has awavelength range of 1520–1570 nm,wavelength of
accuracy of 10 pm at 2 Hz scanning frequency. An algorithm has
been developed in LabVIEW to analyze the reflection spectrum
data in order to obtain the wavelength shift and the sideband in-
tensity changes. The sm125 interrogation system has a power
level control unit to provide consistent optical power over its
wavelength range of 1520–1570 nm. This enables the accurate
measurement of the intensity of the Bragg peak and sidebands.

IV. RESULTS AND DISCUSSION

Fig. 8 shows the reflection spectrum of the dual-parameter
sensor at room temperature. As shown in the figure, the reflec-
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Fig. 7. Packaged optical fiber sensor in Invar-36 parts.

Fig. 8. Reflection spectrum of SFBG at room temperature.

tion spectrum has equally spaced sidebands. The fabrication
of on-fiber thin films involves shrinkage causing compressive
residual stress in the films. As a result, the sensor at no load

Fig. 9. Calibration data for dual parameter measurement, (a) sideband wave-
length as a function of sideband intensity difference, (b) sideband wavelength
as a function of displacement.

conditions is exposed to a periodic residual stress which leads
to the residual sidebands.
Fig. 9 shows the data obtained from the calibration test. The

sensor was exposed to an elongation range of 0 to 50 with
increments of 10 . This is equivalent to a strain range of 0
to 1667 . Each plot in Fig. 9(a) and (b) represents a constant
temeprature. The tests were performed in a temperature range of
26 to 50 . The displacement was converted to strain using
the geometrical features of the sensor and test setup. Two sets
of graphs are plotted: the correlation between the first upper
sideband wavelength ( ) and intensity difference ( ) in
Fig. 9(a), and the relationship between the first upper sideband
wavelength ( ) and strain in Fig. 9(b), at different tempera-
tures. The first upper sideband was chosen for data analysis due
to its higher intensity relative to other sidebands.
The experimental results are also plotted in a 3D format in

Fig. 10. Fig. 10(a) presents the relation between temperature
( ) and wavelength ( ) and sideband intensity difference
( ). Fig. 10(b) presents the relation between the strain on the
sensor in microstrain and the wavelength ( ) and the sideband
intensity difference ( ). Each plot in this figure represents a
function enabling the dual parameter sensing. According to the
graphs, having the values of the wavelength and the sideband
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Fig. 10. Calibration data for dual parameter measurement, (a) temperature as a
function of first upper side band wavelength and intensity difference, (b) strain
as a function of first upper side band wavelength and intensity difference.

intensity difference, the temperature and strain can be extracted
separately. Although the correlation of temperature and strain
to wavelength are linear due to the inherent linearity of FBGs,
their correlations to the intensity difference are non-linear, as ex-
pressed in (9) and (10). According to the graphs, the coefficients
of (9) and (10) for the first upper sideband wavelength ( ) are:

(11)

(12)

The functions and for the first upper side-
band ( ) can be approximated as quadratic polynomials:

(13)

(14)

where , ,
, , ,

.
These correlation graphs can be digitized for real-time mea-

surements.
One of the key features of the developed sensor is the mea-

surement of two parameters using a single reflection spectrum of

FBG. As a result, the new sensor does not increase the volume of
the captured data. Additionally, when it comes to packaging, the
size of the sensor is not increased significantly from the original
FBG; only a few micron thin-film coating is added to the optical
fiber. This facilitates the miniaturization of the sensing pack-
ages. As a result, there is no need for the development of new
packaging technologies to accommodate this type of sensor.
Since the dual-parameter FBG sensor is made by synthe-

sizing on-fiber silver films, the performance of the sensor de-
pends on the mechanical and thermo-mechanical properties of
the thin films. The mechanical properties (i.e., Young’s mod-
ulus) are affected by the microstructure of the thin films, and
the characteristics such as the grain sizes, porosity, and microc-
racks existing in the thin films can affect the mechanical prop-
erties. As a result, the performance of the sensor is a function
of these microstructural properties which are mostly affected
by the laser sintering process. The sintering process involves
the absorption of laser energy resulting in temperature increase
and the agglomeration of particles generated by atomic diffu-
sion. The sintering of nano-sized particles is a complex process
described by various atomic diffusion mechanisms [11]. In the
case of thin film deposition on optical fibers, the irradiance of
laser beam on the non-planar surface of the optical fiber adds
to the complexities of the process. Some of the discrepancies
observed in the calibration graphs can be attributed to the mi-
crosctructural properties of the thin films. A thorough investi-
gation of the microstructure and the correlation of its properties
to the laser sintering parameters will result in thin films with
desired microstructural characteristics which can enhance the
performance of the sensor. For the future work, the authors will
study these effects.

V. CONCLUSION

In conclusion, we have demonstrated the applicability of a
FBG sensor for dual-parameter measurements to resolve the
problem of linear coupling of the structural strain and tempera-
ture effects in the spectral response of FBGs. The sensor which
is a superstructure FBG sensor made by direct printing of peri-
odic on-fiber thin films, decouples the effects of the parameters
by showing sideband intensity sensitivity to strain and tempera-
ture in addition to its inherent Bragg wavelength sensitivity. The
incorporation of the LAMM system for the fabrication of the
on-fiber thin films enables the periodic patterning of fiber with
metal thin films having controllable thickness ranging from 1
to 10 . The dual-parameter FBG sensors have the potential
for deployment in real applications by developing customized
packages. The sensors have the capability to operate at different
temperature and strain ranges depending on the applications.
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