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Colossal enhancement of strain sensitivity
using the push-pull deformation method

Paulo Robalinho, André Gomes, and Orlando Frazéo

Abstract— In this work, a colossal
enhancement of strain sensitivities through the
push-pull deformation method in interferometry is
reported for the first time. For the demonstration
of the new method, two cascaded interferometers
in a fiber loop mirror are used. Usually, strain is
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whereas the fiber ends of the sensor are fixed.
Strain is then applied in the fusion region
between the two-cascaded interferometers in a
push-pull configuration, thus ensuring
simultaneously the extension of one
interferometer and the compression of the other.
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Although the carrier signal is maintained constant, the proposed technique induces a colossal enhancement of
sensitivity in the envelope signal. Strain sensitivities up to 10000 pm/ue are achieved.

Index Terms— fiber loop mirror, optical fiber sensor, strain optical sensor, Vernier effect

I. Introduction

HE technological development allowed the precise

quantification of physical, chemical, and biological
parameters. Despite  several technological advances
throughout history, the appearance of new optical technologies
[1,2] began to have a high impact in the society. The
emergence of optical fibers performed an important role in
optical communications, biomedical, and harsh environment
applications [3,4]. With the improvement of manufacturing
techniques and development of new materials, new orders of
sensitivity have been possible to achieve. The term giant,
present in scientific literature, is used to express an
improvement by a factor equal to or higher than 5 times.
However, there are also articles that apply the term giant with
factors less than 5 times, but the increment obtained is higher
than the average increment obtained in the scientific area.
Examples of giant sensitivities in optical sensor (considerably
improved over previous cases) are sensors that involve mode
loss [5], mode transfer near the turning point of a long period
grating (LPG) [6], and giant resonances in optical
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microstructures [7], as well as the appearance of giant optical
nonlinearities [8]. These recent advances represent new
solutions for medicine [9] and biology [10]. Interferometry has
an important role for sensing and, combined with novel
configurations [11,12], the properties of interferometers can be
easily controlled. The cascade design is the most popular, with
applications in lasers [13], sensors [14], and filters [15].

Recently, the first optical fiber interferometric sensors
based on beat measurements called Vernier effect [17] and
Harmonic Vernier effect [18] were published. This
phenomenon relies on the overlap between different signals
[19]. In interferometry, the overlap between the fringes of
different interferometers gives rise to two new waves: the
envelope and the carrier. From a sensing perspective the
envelope has typically a magnified sensitivity. A big issue in
interferometry is the balancing of the optical system. One
solution is the push-pull technique [20] where, to obtain a
balance, one of the optical paths is expanded or compressed in
order to optimize the system. This technique is present, not
only in communication systems with the purpose of frequency
synchronization [21] and optical signals modulation [22], but
also in accelerometer [23], hydrophones [24], acoustic and
vibration sensors [25] in optical fibers. Another denomination
for push-pull is the compression and expansion in hysteresis
cycles [26], or the conversion of compression into expansion
used in microdevices [27].

Recently, strain sensors in optical fiber reporting high
sensitivities using the optical Vernier effect were
demonstrated. Examples of such structures are a hollow
microsphere coupled to a capillary, originating two FPIs, with
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interferometers inside a fiber loop mirror: (a) scheme and (b) picture.
The deformation is applied using a translation stage placed between
the two interferometers.

a sensitivity of 146.3 pm/ue for a range of 600 we [28] and 2-
fiber loop mirrors in series with a sensitivity of 120 pm/ue for
a range of 1000 ue [29].

In this work, a push-pull deformation method applied to two
cascaded interferometers is presented. As demonstration, two
cascaded non-balanced Mach-Zehnder interferometers in a
fiber loop configuration are used. Currently, the deformation
is typically applied at the sensor ends. Our new proposal is
disruptive as the deformation is applied in the middle of the
sensing head. Thereby, a push-pull configuration is obtained
when the deformation is applied at the splice region between
the two cascaded interferometers. This configuration
guarantees simultaneously the expansion and compression of
the two interferometers. Under these conditions an enhanced
Vernier effect [30], that induces a colossal enhancement of
strain sensitivity of the generated envelope modulation, is
introduced leading to a 68-fold increase of sensitivity
compared to current sensors.

Il. SENSOR SETUP AND THEORETICAL MODEL

To validate this method that combines the Vernier effect
and the push-pull deformation method, we adopted a
configuration based on a fiber loop mirror. In Fig. 1, we show
the experimental setup configuration used for the
demonstration. A broadband erbium source is used to
illuminate the interferometers.

Two cascaded non-balanced Mach-Zehnder interferometers
in a fiber loop configuration are formed by a 3 dB fiber
coupler and two sections of high-birefringent (Hi-Bi) fibers.
Both Hi-Bi fibers that form the two interferometers are bow-
tie fiber sections with a length of (1.251 + 0.001) m with a
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Fig. 1. Experimental setup configuration with two cascaded

birefringence of B = 4.35x10* Since Hi-Bi fibers are
sensitive to the polarization state of the propagating light, two
polarization controllers were used in order to maximize the
visibility of the output beam. To ensure that we have two
independent interferometers, the two Hi-Bi fibers must be
spliced together with the polarization axes of one Hi-Bi fiber
rotated by 7/2 in relation to the polarization axes of the other
Hi-Bi fiber. The push-pull deformation method consists in
applying  deformation  between  the  two-cascaded
interferometers when both are initially pre-stretched. In Fig. 1,
we also indicate the position of the micrometric translation
stage, which is located between the two sections of Hi-Bi
fiber. The translation stage is used to apply strain to the
structure, through manual action. When a push-pull
deformation is applied, one of the interferometers is extended
and the other is simultaneously compressed. The push-pull
deformation method can be used in both ways and a large
deformation range up to around 2.5 me.

Considering the features of the system, the theoretical
model is described by:

@ aA(e_iﬂﬂLl + e_iﬁylLl)(e—iﬁszz + e_iByZLZ) —

Ein
—Be "2 (e_iﬁszZ - e_iﬁyZLZ)(e‘iﬁ"ll“1 - e_i‘gylLl)e—in/Z (1)

where .= 2zn./A and f,;= 2zn,/A. Thus,

Iout T T . (T T 2
I a {A [cos (IﬁLl) cos (IﬁLz)] -B [sm (ZﬁLl) sin (IﬁLZ)]} (2)

where i = ny; - ny. For this system, 4 =1 and B=0.15 and
result
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Fig. 4. (a) Output spectra for BL; = BL,. (b) Output spectra for BL; #
BL,; Index 1 and 2 refer to two consecutive steps, when a push-pull
deformation of 8 e is applied (corresponding to a translation stage
displacement of 10 um).
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Fig. 2 (a) presents the spectral results obtained by the equation
3 where the interferometer is balanced or (b) unbalanced.

The spectral shift of the envelope with a carrier signal
constant shift can be explained by the mathematical
expressions that influences these two components in equation
3. The carrier signal is proportional to cos[w/A-B(Li+L>)],
while the envelope modulation is decided by cos[w/A:f(Li-
Ly)]. The push-pull deformation method corresponds to the
compression of one interferometer, while the other is
extended, resulting in the enhanced Vernier effect
implementation [30]. On one hand, the sum of the variation of
both lengths is null (AL;+AL, = 0), resulting in a constant
carrier signal. On the other hand, the difference between the
variation of both lengths adds up (ALi-AL, # 0), considering
that the two interferometers have opposite deformation
response, resulting in a large envelope modulation shift.

Ill. EXPERIMENTAL RESULTS

Fig. 3 presents the experimental results of these two
situations. The spectral response of the balanced cascaded
interferometers, i.e. the optical path of both interferometers is
the same (L1 = fL»), is shown in Fig. 3(a). This balanced
condition, where the cascaded interferometers are pre-
stretched and their lengths are approximately the same, is
considered the “zero” strain. When deformation is applied to
the cascaded interferometers using the push-pull method, the
initial condition changes, and the optical path of the two
interferometers is then different (8L # SL>). In this case, the
spectral response of the cascaded interferometers is
unbalanced and generates an envelope modulation due to the
Vernier effect in the output spectrum, as shown in Fig. 3(b).
The response of the envelope modulation as a function of the
applied strain to both directions using the push-pull
deformation method was studied.

For a better explanation of this effect, two different spectra
of the non-balanced cascaded interferometers in distinct
sensitivity regions are presented in Fig. 4. Fig. 4(a;) is a
spectrum when the system is close to the balanced situation,
and applying a push-pull deformation of 8 pe, corresponding
to a 10 pm displacement of the translation stage (minimum
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Fig. 5. 2D plot of the envelope modulation as a function of the applied
strain. The envelope presents a colossal sensitivity (given by the
slope of the red lines) near the 0 pe region.
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Fig. 6. Strain response of the interferometry. a) Colossal sensitivity
and b) high sensitivity.

displacement allowed by the translation stage), the resultant
output spectra represent in Fig. 4(ay). The same for Fig. 4(b;
and by), but in this case the system is further away from the
balanced situation (i.e. unbalanced). Comparing all the spectra
in Fig. 4(a) and 4(b), we can observe that, the larger the
envelope modulation is, the closer we are to the colossal
sensitivity region, and therefore the longer is the wavelength
shift of the envelope.

In Fig. 5, a 2D plot exhibiting the position of the envelope
with the applied deformation is presented. The strain
sensitivity of the envelope can be obtained, for example, by
taking the slope of the minimum envelope intensity as a
function of the applied strain. A colossal strain sensitivity
region can be obtained when the optical paths of the cascaded
interferometers are very close, i.e. near the initial situation
where the two interferometers are balanced (around 0 pg). The
further we move away from this region, by applying
deformation, the smaller the sensitivity becomes (smaller
slope).

All the following linear adjustments have a r? higher than
0.99. The sensitivity values are very different for each case.
For the first case, represented in Fig. 6(a), we achieved a
colossal strain sensitivity of 9330 pm/ue, since the situation is
close to the case where the interferometers are balanced. As
for Fig. 6(b), we obtained strain sensitivities of 1270 pm/ue,
corresponding this last case to a situation further away from
the colossal sensitivity region. Important is to mention that, for
each situation the range of applied strain is different. In the
giant sensitivity region, the range of applied strain is limited a
10 ue, while for the other regions the range can be increase up
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Fig. 7. Wavelength shift of the carrier signal as a function of applied
deformation. A strain sensitivity of pm/ue along the whole range of
applied strain studied is obtained.

to 1000 we. During all the experiments we observe that the
carrier signal was approximately constant, as we report in Fig.
7. The strain sensitivity of the carrier is (-0.128 £+ 0.004)
pm/ue in all the applied strain range studied. This result is
expectable due to the carrier sensitivity being dependent on
the sum of sensitivity of each interferometer. Although the
fibers have the same sensitivity, as this new method allows to
have opposite mechanical actions, that is, while one fiber is
pulled the other is pushed, then allows to obtain symmetric
sensitivities. Thus, the carrier sensitivity is zero.

Comparing the strain sensitivity of the carrier signal with
the traditional configuration using a single Hi-Bi fiber in a
fiber loop mirror, with a linear strain sensitivity of
(29.31 £0.01) pm/ue, the sensitivity of the carrier signal can
be negligible. In Fig. 8, we represent the strain sensitivity
across the whole strain range studied. The strain sensitivity of
the envelope modulation changes with the push-pull
deformation method, from a low value of (1160 = 30) pm/ue
to a maximum value of (10100 £ 100) pm/ue. The red line
represents the theoretical behavior expected. Comparing with
conventional configuration Vernier effect [31] where the
envelope presents 59 pm/ue, this push-pull deformation
method increase is more than 170 times higher. This behavior
is similar for temperature response [32].

An important factor that allows to compare the sensitivity of
the envelope with the sensitivity of each sensor is the M-
factor, given by M = Sense,, / Sensi [18]. For this system, M-
factor is 341. However, if we are not in the traditional Vernier
effect, this factor alone does not allow a correct evaluation of
the Vernier effect implementation. So, two new factors arise
[29], namely: Mesg = Adeny | Adcarr and Mens = S€nSem/Senscarr.
Thus:

Myernier = Msens/Mrsr 4

The carrier FSR is 2.5 nm and the minimum envelope FSR is
90 nm, resulting in an Mgsg-factor of 36. Considering the
sensitivity presented in Fig. 7, the minimum Msens-factor is
9062 (worst case scenario presented, corresponding to an
envelope sensitivity of 1160 pm/ug), which implies that
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Fig. 8. Strain sensitivity of the envelope modulation along the whole
range of applied deformation studied. The sensitivity changes with the
applied deformation, being colossal in a short region close to the
initial balanced case of 0 pe. All sensitivities are obtained based on
linear adjustments with r? higher than 0.99.

Mverier IS 251 (>>1). Therefore, the proposed method achieves
a Vernier effect much more efficient than the traditional
Vernier effect methods used.

Another important factor is the stability of the results. It is
clear that, given their colossal sensitivity, parasitic nanometric
vibrations will influence the measurements accuracy. In
addition, another important factor is temperature. In this case,
the sensitivity to temperature is the same in both fibers (unlike
to the strain sensitivity which are symmetrical due to the push-
pull method). Based on the end of Section II, if the
sensitivities of the two fibers are equal, the impact on the
measurements will not be on the envelope but on the carrier.
Therefore, since this work focuses on the measurement of the
envelope wave, the impact of temperature is approximately
null. Through Fig. 7, the carrier wave variation was -0.36 nm
and linear during the experimental work. Considering that the
temperature sensitivity of Hi-Bi fiber is -1.23 nm/°C [32] and
recalling that the carrier has double the temperature sensitivity
compared with a single Hi-Bi fiber, then the fibers were
subjected to a temperature variation of only 0.15 °C.

IV. CONCLUSIONS

In sum, a push-pull deformation method allows high
performance to be achieved by means of enhanced Vernier
effect. As a result, sensitivities of 10000 pm/ue are obtained
corresponding to an M-factor of 341 and Myerie~factor of 251,
being this last valor a record. In addition, this sensor is 68-fold
more sensitive than current optical fiber strain sensors. This
new method is easily demonstrated using large Hi-Bi fiber
length in a Fiber Loop Mirror configuration. Since the
minimum resolution of OSA is 0.02 nm, then the minimum
resolution of this two-cascaded interferometer is 2 ne. This
new push-pull deformation method allows to study the limits
of the Vernier effect in order to obtain colossal sensitivities,
opening new opportunities for the development of new
architectures of strain sensors, accelerometers, gyroscopes,
microphones, hydrophones for applications from biology to

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

http://dx.doi.org/10.1109/JSEN.2020.3033581
IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX

engineering, in addition to gravity measurements. Finally, this
method can be use in any configuration in interferometry since
a beat signal can be create when the two interferometers are
non-balanced.
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