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This paper presents a flexible sensor based on photonics for measuring strain, curvatures and vibrations.
This flexible sensor is composed by a Fiber Bragg Grating (FBG) embedded into polydimethylsiloxane
(PDMS). The selected FBG resonates at the wavelength of 1552.37 nm and is embedded before the curing
for enabling a strong adhesion between both components. Few prototypes were fabricated and charac-
terized. The measurements showed a maximum strain sensitivity of ~400 pm per 1% elongation,
revealing to be sensitive to strain/bending forces and vibration. The measurements allowed to establish a
predictable response for both static and dynamic behavior, corresponding to a resolution of ~ 88 pm per
curvature degree. This flexible sensor also allowed high strain cycles and presented the linear behavior of

~ 14 pm °C! over the temperature range 20-110 °C. The high-simplicity of the fabrication process results
on low-cost with high-degree of reproducibility of their characteristics.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Flexible sensors are a very interesting solution for many
applications [1]. Since sensors are what translate physical quan-
tities into signals that can be measured, read, characterized and
used for actuating purposes, they play a crucial role in everyday
life, in a direct and indirect way. Traditionally, the optics has been
used trough the history on sensors [2], light sources [3], actuators
[4], displays [5] and so on. Therefore, it is not strange the extension
of their use within flexible/bendable systems. Biomedical [6],
robotics [7,8], textile applications [9] and temperature measure-
ment [10], vibrations [11,12] and accelerations [13] are few of the
potential uses for flexible sensors. In this context, the use of Fiber
Bragg Gratings (FBGs) is an interesting proposal for implementing
flexible sensors [14-16] especially for strain measurement. The
ability to accurately measure this physical property is more and
more important in the most aspects of daily life [17,18]. However,
the task to provide highly-reliable methods is a challenging task.
In this context, the optic methods are especially suitable for
achieving such a purpose. In this sequence of ideas, this paper
presents a flexible sensor based on optics for measuring strain and
bend. The PDMS was selected to be the FBG's carrier due to its
inherent high flexibility, inert properties, simple mix/cure pro-
cesses and tolerance to high temperatures. The PDMS also pro-
vides excellent sensor adaptation to both wide ranging structure
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geometries and environment conditions, and at same time, it also
works as a protective layer for the FBG. Moreover, the PDMS is not
easily tearable and has a nontoxic nature, which means that it is
compatible with biomedical applications; therefore, structures
made of this material can be directly attached or strapped onto a
person [19].

2. FBG embedment in PDMS
2.1. Mold design

Preliminary considerations about the proposed embedment
method must be made in order to explain and justify the design
of the proposed flexible sensor. The diameters of the optic fiber and
FBG measure, respectively, 250 and 125 pm; whereas the length of
the FBG is 8 mm. In order to completely embed the FBG within the
PDMS, a volumetric cavity, from now on considered as “mold”
measuring 65 x 10 x 0.9 mm> (I x w x h) was designed with the
CAD model illustrated in Fig. 1(a). A guide channel, where the optic
fiber is placed and hold in place by two holders (also seen in the
CAD model), is cut into the mold. The two holders keep the
stretched in order to maintain the tension along the entire process,
hence guaranteeing that the fiber is centered in the PDMS from one
end to the other. This is also certified by the aforementioned guide
channel which also guarantees that the center of the optic fiber is
kept at the determined depth of 450 um, more specifically, the
center of the cavity.
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Fig. 1. (a) CAD model of the volume which is the “mold” for embedding the FBG
within the PDMS. The two fiber holders are also illustrated. (b) Finished mold with
the two fiber holders already screwed to it. (For interpretation of the references to
color in this figure, the reader is referred to the web version of this article.)

2.2. Mold fabrication

The polymethyl methacrylate (also known as PMMA) was
selected as the material for the mold because the PDMS can be
easily peeled off from after the cure step. Moreover, the PMMA is a
material easy to work with a CNC machine. Therefore, the mold,
whose photograph is presented in Fig. 1(b), was milled using a
200 pm diameter mill in a Roland Modela MDX-20 CNC machine.
The CAD model file is uploaded into the software that controls the
milling and the process parameters. Then a three-axis cutting
speed is set. Fig. 1(b) also shows a blue optic fiber with the
correspondent FBG already embedded in the mold cavity. A single
person can easily insert the optic fiber with the FBG, center it in
the cavity, and hold it straight and in place when the two holders
are clamped.

In conclusion, this mold allows the fabrication of virtually
endless patches in a very simple and low resourceful way, both
in materials used and process operator. Moreover, to fabricate new
ones with different dimensions is very easy just having to change
the parameters in the file to upload into the CNC machine. All of
these features provide a simple, easy, expedite and low-cost
process.

2.3. FBG embedment process in PDMS

The density of the selected PDMS is 965 kg m~>, whereas the
volume of the mold cavity is 585 mm?>. This means that in accordance
with the fact the density [kg m™] to be given by the ratio between the
mass [kg] with relation to the volume [m®] (e.g., density=mass/
volume), the mass of the PDMS and the curing agent needed to
completely fill the mold and embed the FBG is 0.565 g. It must be
noted that 10% of this value is constituted by the curing agent supplied

with the PDMS. Once the cavity is filled, it is placed inside an oven for
1 h at the temperature of 85 °C for the curing step of the fabrication
process. The thermal treatment was required because the transition
from the liquid into the solid phase could take at least 48 h, when
performed at the environmental temperature [20].

3. Measurement

The proposed flexible sensor is based on a single optical Fiber
Bragg Grating (FBG) with a resonance on a specific wavelength.
Essentially, the FBG is a periodic variation of the refraction index
along the fiber axis, which was obtained by adequately exposing
the fiber to intense ultra violet (UV) light [21]. Further details
about the technology used for writing periodic grating into the
core of optical fibers can be found on excellent papers and review
articles [22-27]. However and to keep the key-idea of FBGs, the
length of the gratings is in the order of a few millimeters and is
characterized by a narrowband resonance spectral reflection [22].
This makes the structure to work as a reject-band filter, reflecting
back the spectral component, Az [nm], which satisfies the Bragg
condition (given by Eq. (2)) and transmitting the remaining
components. The Bragg wavelength is given by [28-31]

g = 2neffA @)

where A [nm] is the grating pitch and ne is the effective refraction
index of the fiber core. The wavelength shift, Alz [nm], of a FBG
sensor subject to a physical disturbance is given by [32]

A (1-pose +(a+OAT @
where pe, Ag, a, & and AT are the effective photoelastic constant, the
axial strain, the thermal expansion, the thermal optic coefficient and
the temperature shifts, respectively. The ratio in the first term of Eq.
(2) expresses the strain effect on an optical fiber. This quantity
corresponds to a change in the grating spacing and the strain-optic
induced change in the refractive index. The temperature sensing is
related with the second term of the expression. For the specific case
of a 1550 nm FBG inscribed into a silica fiber, the wavelength
sensitivities with respect to changes in the axial strain and in the
temperature are typically ~1pmpe! and ~ 13 pm °C!, respec-
tively [32]. Therefore, it is mandatory to proceed with the tempera-
ture offset compensation for only measuring strains. An additional
FBG is used and not embedded into the carrier and simultaneously is
kept floating with respect to the places where strains take place for
avoiding the occurrence of cross couples between the strain and the
temperature components. Moreover, it is of major importance to
provide a rigid support to fix this additional FBG to avoid couplings
from undesirable strains. This simple solution is effective because
makes possible to measure the temperature in an independent way,
when both the magnitudes of the strain and temperature vary
simultaneously.

A measurement setup was assembled to evaluate the FBG
versus a commercial simple flex sensor (Sparkfun SEN-08606)
with a flat resistance of 10 kQ as a reference to compare values and
for benchmarking purposes. Two flex sensors (which change
linearly its resistance value when deflected) were connected into
a Wheatstone bridge in opposite sides for doubling the measured
range value and correspondent precision. Both sensors were used
to measure bends and flexes physically actuated with a motion
device. For the characterization, the embedded FBG was applied to
a flexible polymer substrate with an adhesion compound. Adjacent
to the FBG, two flex sensors for determining the actual curvature
of the substrate were applied, seen in Fig. 2. The wavelength
versus the curvature (and then, versus the elongation) variation
was obtained during the measurements.
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Fig. 2. A functional prototype of the flexible sensor with two flex sensors fixed on a
flexible polymer substrate.

The optical interrogation system was mounted in order to
provide a set of requirements for this kind of acquiring systems:
multiplexing, scalability, integration, mobility, data transfer and
cost effective. The optical interrogation system is composed by an
optical source, an optical circulator, by one or more FBGs (natu-
rally, all presenting different resonance wavelengths), and by the
optical detector. It is recommended an optical source with broad-
band, therefore, it was selected a series of Superluminiscent LEDs
to generate a light beam with a spectrum in the range between
1530 and 1570 nm and a maximal power of 8 mW.

The FBGs were produced in such a way that the gratings were
written in hydrogen loaded standard telecommunication fiber
corning SMF28e+ using the phase mask technique and a pulsed
Excimer Laser. The gratings were written in order to resonate at
the 1552.37 nm wavelength.

The optical circulator was used for separating a “single”
reflected component from the injected spectrum, and presented
a pass-band characteristic between 1525 and 1565 nm. Addition-
ally, the optical circulator presents a typical insertion loss of 0.7 dB
(meaning that the loss does not exceed 15% of the totality of the
power), a maximum polarization loss of 0.2 dB (e.g., a maximum of
5%) and an isolation between the reverse and the direct inputs of
at least 50 dB (the leaking between the reverse and direct inputs is
smaller than 0.01%).

The optical detector can resolve the spectrum of optical signals
between 1529 and 1561 nm with a precision of 1 pm for optical
powers larger than -20 dB m. The optical detector also presents a
dynamic range of 30dB and a maximum wavelength drift of
2pm°C~1.

3.1. Static behavior

Fig. 3 illustrates the assembled setup, which is composed by the
dynamometer model H100KS from the manufacturer Hounsfield,
available in the textile engineering department, by the optical
components (e.g., the flexible sensor and optical interrogation
system) and by a personal computer. The dynamometer was used
for applying vertical forces from the top toward the bottom direc-
tion, in order to bend the polymeric substrate at the constant
displacement rate (the vertical motion was programmed to shift
10 mm at the speed of 1 mm for each 12 s).

In order to plot the FBG wavelength versus curvature, several
tests were performed. The test started with the Bragg wavelength
of 13=1552.37 nm, which corresponds to a linear/horizontally
stetched FBG position, with 0° of curvature. The graph on top of
Fig. 4 shows the wavelength shift A1 [nm] from the Bragg wave
length Jp [nm] (e.g., AA=1-1g) that was measured in terms of the
axial displacement e, [%]. The elongation e, is the percentual
strain Ad with relation to the rest length dy of the FBG, given by
ea=Ad[dg x 100%.

The graph on bottom of Fig. 4 shows the mean values Almneqn Of
the seven sets of measurements and the curve fitting A2* obtained
from the mean value. The error lines in the mean values plot were
calculated from repeated measurements. Rather than two error sets,
two error lines were obtained because the data was acquired at a
relatively high frequency f; [Hz] of 588 samples per second. The
seven acquisitions used this frequency f; and took 120 s. For a set of
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Fig. 4. Plot with the measured curvatures of the substrate, showing the wavelength
shifts with relation to the FBG displacement in the axial direction.

N measurements, Ay, k € {1,2,...,N}, the center and the half-length of
the respective line is equal to medium value and to standard
deviation. The standard deviations ¢, [nm] were calculated for all
individual values A% for a given axial displacement e, taking into
account the mean value y, for this same angle. The values for the
medium and the standard deviation are calculated as follows: p=
(A+Adg+ - - + AN, o=[(Ad-p)* + (Dol + - - - +(Adnp)]
NJ>. The measurements revealed standard deviations between
78.40 x 102 and 55.76 x 10 nm with a mean value of 6.17 x 10°
3 nm. The curve fitting A2* in terms of strain ey Whose shape is
showed on bottom of Fig. 4 was approximated by this polynomial
function of second order

AV* =Aep?+Bey+C 3)

with A=—-1322x103, B=362.76x 10> and (C=99.39 x 107>
At naked eye, it is possible to observe that these two last shapes
are very close to the measured ones on top. A more precise statistical
test has been done for validating these results, e.g., it was calculated
the individual correlation coefficients pj of the curve fitting A2* with
relation to each of the individual plots A4, whose values are {0.9999,
0.9996, 0.9999, 0.9998, 0.9994, 0.9997, and 0.9998}. The correlation
coefficients p of the curve fitting AA* with relation to the plot Alyean
with medium values was also calculated and resulted on p=0.9999.
These indicators confirm the use of Eq. (3) to fully characterize the
sensor's behavior. Moreover, the relation between A4* and ¢, can be
approximated by a linear function because the first order coefficient
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Fig. 5. (a) The block diagram of the measurement setup using in the characteriza-
tion of the dynamical behavior and (b) the respective photography.

B in Eq. (3) is more than one order of magnitude above the second
order coefficient A.

3.2. Dynamic behavior (single frequency excitation)

Several different tests were performed to evaluate the preci-
sion, consistency and the variation of the two different sensors,
considering the amplitude and frequency of the input signal.
In order to analyze the FBG sensor dynamic response under
fluctuating loads, the test setup in the Fig. 5 was assembled. This
setup is capable of producing sinusoidal signals with variable
frequency and amplitude, and translates them into movement. A
programmable vibration exciter (Briiel & Kjaer Vibration Exciter
Control Type 1050) is responsible for creating an output signal
waveform. The generated function is amplified by a power
amplifier (Briiel & Kjaer Power Amplifier Type 2706) which in
turn drives a vibrational shaker (PM Vibration Exciter Type 4809).
An accelerometer (Briiel & Kjaer Accelerometer Type 4371) is used
with the vibration exciter in a closed loop feedback circuit to
control the vibrational shaker displacement.

One end of the substrate was fixed in a vise while the opposite
one was attached to the shaker axle in a pivot point. This
configuration enabled bending forces to be applied evenly on the
flexible substrate containing the sensors.

Numerous tests were performed for different values of fre-
quency and amplitude. Fig. 6 presents the FBG's response to six
sinusoidal signals of 1.05 Hz, but each with different amplitudes
that induced peak-to-peak shaker displacements from 1 to 6 mm,
correspondingly. Again, it can be observed that the FBG presents a
linear dynamic response to the induced movement.

A significant number of tests were performed for sinusoidal signals
with different values of frequency and amplitude (the peak-to-peak
shaker displacements were varied from 1 to 6 mm on increments of
1 mm). The targeted frequencies were initially targeted to be near 1,
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Fig. 6. The response of the FBG to six waves oscillating at the targeted frequency of
1.05 Hz for different displacements. All the signals were superimposed for allowing
a better illustration of the amplitudes ranging from 1 mm to 6 mm.

5 and 50 Hz, however the signal generator used by the shaking system
presented a given uncertainty. This resulted in the existence of a
frequency error, given by the difference between the targeted fre-
quency furger and the main peak's position figin. The actual generated
frequencies were measured to be 1.05, 5.27 and 61 Hz, corresponding
to a relative error & of approximately 5%, 5.32% and 22%, respectively.
Additionally, the relative error of the frequency in the signal generator
is given by &=fnain-fiarget)frarget x 100 [%] and increases with the
frequency. The main peaks fq, and thus, the relative error depen-
dence with the targeted frequency fiuger Were estimated to be
&7~ 4.65+ 0.35farger. Fig. 7 shows the frequency spectral distribution
of the signals with the shaking system oscillating at 1.05, 5.27 and
61 Hz with amplitudes. These spectral distributions were obtained by
applying a FFT to the six time discrete samples. It can be observed, in
each of the three FFTs presented, the existence of the dominating peak
at the correspondent frequency (1.05, 5.27 and 61 Hz). Again and
when looking from the fundamental component point of view, the
FBG presents a linear dynamic response to the induced movement.
Therefore, this makes this sensor suitable for resolving strains with
high resolution.

3.3. Dynamic behavior (linear varying excitation)

With the objective of obtaining a more complete dynamic char-
acterization, a variation, in a continuous manner, of the oscillating
frequency was performed. In this sense, the spectrogram showed in
Fig. 8 was calculated. It is possible to clearly observe a variation of the
oscillating frequency along the time (marked as an oblique line with
amplitude around 20 dB and going from approximately 3 to about
11 Hz having its values calculated in the initial and final instants,
respectively). The spectrogram allows observing other frequency
peaks of lower amplitude at higher frequencies than the oscillating
one (the most intense of all is located at twice the fundamental one).
These frequencies are easily identified at naked eye, when considering
the time versus the frequency range of Fig. 8. It is also possible to
observe that these frequencies are located in the second, third and
fourth harmonics of the fundamental that was generated by the
shaker.

Fig. 9(a) shows few portions of the acquired signal with the
number of samples equal to the length of the window used in the
FFT. The chart is divided in three equal parts having also the size of
the length of the window used in the FFT. The first third of the
chart is made using the values of the acquired signal from 0 to
2.56s; the second third corresponds to the 51.16-53.72 s range
and the last third represents the signal from 102.32 to 104.88 s.

Fig. 9(b) shows the spectrums of each of the three parts that
compose Fig. 9(a). It is possible to confirm the equidistance between
the main peaks. This distance is due to the fact that the oscillating
frequency varies linearly along the time and the three parts are
temporally equidistant one from the other. As described before, the
first, second and third parts of the chart begin at 0, 51.16 and 102.32 s,
respectively (at an equal distance of 51.16 s between them). Although
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in each spectrum there are secondary peaks, their amplitudes are well
below the main peak therefore can be neglected.

The non-linearity inherent to the shaking systems and to the
supporting cantilever is transmitted into the FBG. However, the
high sensitivity of this sensor allows their detection and quanti-
fication. A figure-of-merit D [dB] can quantify the degree intro-
duced by the non-linear components of the system. This is a
numerical indicator and can be defined taking into account the
amplitudes A; [dB] of the main peak at the fundamental frequency
with relation to the higher secondary peak A, [dB]. This quantity

R.P. Rocha et al. / Optics & Laser Technology 56 (2014) 278-284

takes the form of a spectral distortion and is given by D=A;
—A; [dB].

Table 1 summarizes few values for D, where it is possible to
observe that the secondary with the higher amplitude is always
20 dB (one order of magnitude below or ten times smaller) below
the main peak at the fundamental frequency.

3.4. Behavior to temperature changes

The thermal behavior of this flexible sensor was also obtained.
As showed in Fig. 10(a), the flexible sensor prototypes were glued
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Table 1
Few values of D for the three portions of the acquired signal, for the both signals
(time and frequency domains) showed in Fig. 9.

Signal Time limits Main peak A, [dB]/f; Secondary D

portion [s] [Hz] peak [dB]
A, [dB]/f [Hz]

#1 0-2.56 22.08/3.51 2.18/7.02 19.90

#2 51.32-53.72  22.33/742 1.52/14.84 20.81

#3 102.32-104.88 21.90/11.32 —0.15/22.64  22.05

[ap] wnnoads spnydwy

0 10

20 30 40 50

Time [s]
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Fig. 8. Spectrogram of the acquired signal. The shaker's oscillating frequency was swept from 3 to 10 Hz during the measurement. The length of the sliding window for

calculating the FFT is equal to 256 samples.
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Fig. 10. (a) A zoomed photography of the flexible sensor glued into a metallic sheet
made of aluminum and positioned on top of the hot-plate that was used for
characterizing the thermal behavior of this flexible sensor. (b) Photography of the
whole setup that was used for acquiring the thermal behavior.

~ 1.25 T T T T T T T T
< -
£ T E
T =
» E -
w €
5 N
@ L e ]
5 < 05 medium set DA poan
o= M
2 | | linear regression A4

20 30 40 50 60 70 80 90 100 110
Temperature [°C]

Fig. 11. Thermal behavior of this flexible sensor. p(Admean,A4*)=99.95%.

into a metallic sheet made of aluminum, which was further placed
above a hot-plate. The temperature in the surface of the heat
source was swept between 20 °C and 110 °C on steps of 10 °C. The
complete setup to characterize the thermal behavior of this
flexible sensor is showed in the photography of Fig. 10(b).

The thermal behavior of this flexible sensor can be observed in
Fig. 11. Once again, a set of seven plots were acquired under the
same conditions for allowing the calculation of the standard
deviations around the medium values Alpeqn. It was followed
the same procedure that was previous described to obtain the
different values of x and ¢. The only difference between Figs. 4 and
11 can be explained as follows: the high number of points in Fig. 4
gives the false sensation of continuity in the x+¢ and p-o plots (as
well as, in the plot of y=Aldyeqn), Whereas the 19 points makes
easy to identify the means and the error bars.

The Fig. 11 also shows a second plot A2*, which was obtained
after calculating the linear regression. On both plots, the tempera-
ture rising is followed by a positive deviation of the sensor
reflected wavelength. However, the plot of A4* confirms that the
obtained data tend to follow a linear fit with a correlation
coefficient of p=0.9995. Additionally, the response to temperature

changes of this flexible sensor, within the 20-110 °C range, was
observed to follow a slope 14 pm °C"'. Contrary to what found on
other solutions (e.g., 100 pm °C™!) [33], this value is low and very
similar to which is found on raw FBGs (e.g., ~ 13 pm °C") [34],
making optional the use of a temperature compensation mechan-
ism. The temperature coefficient is required only in the presence
of high temperature gradients. In this case, a second sensor not
embedded into the PDMS and kept floating, must be used for
avoiding the occurrence of cross-couples between the desired
signals to acquire and the temperature component.

4. Conclusion

This paper presented a flexible sensor based on photonics for
measuring strains, curvatures and vibrations. This flexible sensor is
composed by a FBG embedded into PDMS. The functions of the
PDMS were to serve simultaneously as physical carrier, as mechan-
ical buffer between the surface subject to strains and as structural
adhesive. In conclusion, it must be noted that major features of
these flexible sensors is the high-simplicity employed on the
prototype's fabrication with high reproducibility of their charac-
teristics. Moreover, its inherent simplicity results on a lowcost
fabrication process.
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