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Dynamic micro-air-bubble drifted in a liquid core fiber Fabry-Pérot
interferometer for directional fiber-optic level meter

Cheng-Ling Lee,® Yang-Chen Zheng, Chia-Lien Ma, Han-Jung Chang, and Chung-Fen Lee
Department of Electro-Optical Engineering, National United University, Miaoli 360, Taiwan

(Received 11 April 2013; accepted 29 April 2013; published online 13 May 2013)

We propose a dynamic, directional, and miniature fiber-optic level meter based on a micro-air-bubble
drifted in a liquid-core fiber Fabry-Pérot interferometer. The proposed in-fiber level meter can detect
the non-horizontal/horizontal state of an object/structure and also be able to discriminate the test
structure inclining to the clockwise or counterclockwise directions by measuring the spectral responses
of the proposed optical fiber device. Dynamic drifting of the micro air bubble in the tilted condition
has been recorded which investigates the drifted directions correlated closely with the tilted directions
in the fiber level meter. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804992]

Level meter is utilized to monitor the accuracy level of
the structure which is an extremely important and practical
application especially useful in structure (architecture) engi-
neering and mechanical technology. In the architecture appli-
cation, the accuracy level of a construction and building is
mainly concerned to the detriment of life security. Moreover,
in mechanical industry, the degree of the level for mechanical
elements (components) directly affects the machining accu-
racy and the fabricated product quality. Thus, to develop an
appropriate device to monitor the level status is an urgent
work. Also, together with the advantages of the optical fibers,
i.e., low cost, small size, chemical stability, light weight,
corrosion-resistant, and anti-electromagnetic interference,
the fibers are especially suitable for effectively manufactur-
ing many kinds of fiber devices for the fiber-optic sensing
applications. Therefore, utilizing the optical fibers to develop
the miniature fiber-optic level sensors is a very attractive
work since such small fiber devices can be very easily embed-
ded/attached into/onto the constructions and machines for the
in-line monitoring level status immediately. However, such
the fiber-optic type level meter almost has not been proposed
so far even the technology of the level measurement is so
imperative. Thus, in this study, we proposed a dynamic, mini-
ature, and directional fiber-optic level meter based on a
micro-air-bubble drifted in a liquid core fiber Fabry-Pérot in-
terferometer (LC-FFPI). Many well known FFPIs have been
proposed and widely applied on many physical parametric
sensing,l_7 e.g., external refractive index (RI),I’7 strain,z_4
and ambient temperature (7)">® measurements to investigate
the sensitive and practical of the FFPIs. Among the above
studies, a new structure of air-gap FFPIs with ellipsoidal or
spherical cavity with air bubble (gap) types by special fusion
splicing techniques have been reported and also shows the
new characteristics and good performances on the optical
Fabry-Pérot (F-P) interference.'™ However, the above men-
tioned ellipsoidal or spherical air bubbles formed in the fiber
devices are fixed and immobile. The air bubbles are not able
to drift correlated with the fiber directions.

Therefore, this study devotes a dynamic FFPI sensor
which is based on a micro-air-bubble drifting in a liquid core
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fiber for the level sensing. The spherical air bubble in our
fiber sensor is movable and correlated with the level state
which enables sensing of the level conditions. From the
dynamic movement of the drifted air bubble, we can detect a
non-horizontal/ horizontal state of a structure/object and also
be able to discriminate the tested structure inclining to the
clockwise or counterclockwise directions when the related
spectral response to be measured.

In the experiment, a single mode fiber (SMF-28) was
firstly spliced a hollow core fiber (HCF) with diameter of
D =50 um and length L of about several hundreds of micro-
meters by using fusion splicing method. Then, endface of the
HCF was filled with Cargille” optical liquid of RI np=1.4
by duration of the capillary action. The front section of the
HCF near SMF remained of air was gradually formed an air
bubble during the capillary process. This is the intermolecular
cohesion force of the liquid forces the trapped air to form an
air bubble in the HCF. Promptly, the endface of the HCF was
sealed off twice separately by a waterproof epoxy to close the
fiber sensor end. Generally, due to the Marangoni effect, a
globule of air (gas) in a liquid may remain intact and form
into globular shape. Here the filled liquid with low viscosity
coefficient is a quite good candidate since it is dilute enough
to drift the air bubble for enhancing the response time. The
trapped air bubble with the size of around d,;~ 46 um
(approaches to the size of the hollow core) surrounded around
the filled liquid would wander around the middle of the liquid
HCF when the test structure is under the almost equilibrated
level (horizontal state), as shown in Fig. 1(b). On the other
hand, the air bubble would drift to either left side (clockwise
inclination: —# tilted) or right side (counterclockwise inclina-
tion: +0 tilted) when the tested sensor is tilted to —0 or +0,
respectively, shown in Figs. 1(a) and 1(c). Here, 0 is suitable
for any tilted angle. No matter what the angle is, the air bub-
ble eventually floats to the SMF side for the —0 tilted and to
the HCF end for the 40 tilted conditions. The only difference
is the drifting time in different tilted angle. In Fig. 1, the d,;,
denotes the length of the air-bubble cavity, and djiquiq is the
liquid cavities those distance is from the splicing junction of
SMEF/HCF to the edge of the air bubble. Here 1 and r, gener-
ally denote the Fresnel reflections of the first and the second
interfaces of the local F-P cavity, respectively. Thus, in the

© 2013 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4804992
http://dx.doi.org/10.1063/1.4804992
http://dx.doi.org/10.1063/1.4804992
http://dx.doi.org/10.1063/1.4804992
mailto:cherry@nuu.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4804992&domain=pdf&date_stamp=2013-05-13

193504-2 Lee et al.

(a) -0 tilted

(b) Equilibrated: 6 =0

Epoxy seal off

SMF

dliquid

(c) +0 tilted

FIG. 1. Structural schematic of eventual positions of air bubbles in the
proposed directional fiber-optic level meter when the conditions are
(a) clockwise inclination (—0 tilted), (b) equilibrated (0 =0), and (c) coun-
terclockwise inclination (40 tilted), respectively.

case of —0 tilted of the sensor shown in Fig. 1(a), the length
of djjquia can be regarded as 0. For another far situation of +0
tilted condition, the air bubble finally drifts to the endface of
the HCF where the djiquiq is the longest length and almost
equals to (L—d,;,). It can be imaged that the drifted air bubble
would float and remain at the HCF endface all the time until
the level direction changes. So, the position of the air-bubble
in the HCF strongly depends on the degrees of horizontal
level of the sensor. It is also not difficult to understand that if
the fiber level meter is under the perfectly equilibrant level
(horizontal state), the bubble would stay around in a midway
position of the liquid HCF, as shown in Fig. 1(b). Thus the
structure of the proposed LC-FFPI performs hybrid cavity
which is combines a liquid cavity with almost half-length
(~(L—d,;;)/2) and an air-bubble cavity with length of d;. It
is hard to generate the harmonic beating since the phase and
frequency from the two cavities are so different. Therefore,
we can simply analyze the spectral response of the LC-FFPI
with the multiple F-P cavities which are mainly superimposed
by the corresponding interference intensities of each F-P
cavity.

Figure 2 shows reflection spectra of the interference pat-
terns when the level status of sensor was respectively in
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FIG. 2. Spectral responses of the measurements with different inclinations
for the proposed level meters in the (a) equilibrant, (b) —6 inclination, and
(c) +0 inclination conditions. Insets respectively indicate micrographs of the
locations of the air-bubble in the HCFs (spectral resolution: 0.8 nm).

those cases of Fig. 1 when surrounding temperature is fixed
at T=25°C. In Fig. 2(a), a specific condition of —0 tilted,
one can see that the result performs a quasi-sinusoidal spec-
tral response of the low finesse Fabry-Pérot interference. The
loss of the optical spectrum is around 22 dB. However, it dis-
plays a relatively good interference contrast of about 5-6 dB
and an almost pure sinusoidal spectra with free spectral
range (FSR) of about 24 nm, named FSR;. Because the sen-
sor with certain tilted angle of —0, no matter what the angle
is, the air bubble finally approaches to the SMF side and thus
almost fixed in the interface of SMF/HCF which can achieve
a good interference pattern with a relatively smaller loss due
to neglecting the liquid cavity dj;quia-
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When the proposed level meter in the equilibrant state,
optical spectra are measured and shown in Fig. 2(b). A
denser interference pattern (FSR of 7 nm) with an additional
enveloped modulation (around 24 nm) estimates that the air
bubble drifted around the middle of the liquid HCF. The
spectrum is formed by overlapping the interference inten-
sities of the air bubble and half-path of liquid cavities. The
high density of the sinusoidal pattern is from the liquid F-P
interference (denoted as FSR,), and the enveloped modula-
tion with larger FSR; of around 24 nm comes from the air
bubble F-P interference. Moreover, in the condition of 46
angle inclination, the air bubble always moves to the direc-
tion of the HCF end and then remains at the end position
eventually at any tilted angle 0. Similarly, long liquid cavity
results in a very dense interference spectrum with an almost
the same amplitude modulation with period of about 23.2 nm
(~FSR|) as those in the case of =0 as displayed in
Fig. 2(c). Specially, in this condition of +6, the spectrum
suffers a higher loss, poor extinction ratio (ER), as well as
the interference possesses the narrowest FSR, and low con-
trast fringes. Therefore, it is clear to see that the optical spec-
tra of the three cases in Fig. 2 are very different in the
horizontal and non-horizontal states. Fig. 2 also further
investigates the stability of the air bubble in the sensor when
it was placed in the different tilted conditions (the three cases
in Fig. 1) for a longer time. Figs. 2(a)-2(c), respectively,
plots the interference patterns of the above three cases in
many times measurements for 15min. Insets, respectively,
show the corresponding positions of the air bubble in the dif-
ferent inclinations. The results demonstrate that types of the
spectral profiles are almost the same except a little phase
deviation due to the air bubble floating. Even so, the three
cases of the optical spectra can be clearly recognized and
also estimates the non-horizontal state of the sensor. It is
worth to mentioned, in Fig. 2(c), the optical spectra are
much more variation than that of the two cases in Fig. 2(a)
of —0 and Fig. 2(b) of 0 =0 during the 15 min. We deduce
that if liquid meets slightly non-smooth surface of the epoxy
seal off, it would generate the liquid flow eddied around the
epoxy wall. It would make the air bubble floating more but
the air bubble still stays at the HCF end. Moreover, the val-
ues of the FSR; and FSR; in the optical spectra are almost
not affected which still can determine the situation of the
sensor. However, we believe that there would be other suita-
ble material of the seal off for reducing the effect of fluidic
turbulence. The measurements of the spectral responses are
simply analyzed as below. In the case of Fig. 2(a), the air
bubble cavity dominates the interference mechanism since
the power in the latter liquid cavity is so weak that is
ignored. The free spectral range (FSR;) of the air bubble
cavity is expressed as below

My
2d»air -

FSR, = (1)

Here the A; and A, are the wavelength corresponding to the
two adjacent interference peaks or dips of the reflection.
Based on the FSR; of 24 nm measured in the spectra, the air
bubble cavity d;, can be readily determined as 46.8 um by
using Eq. (1). In addition, the other two cases have the liquid
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F-P cavities in front of the air-bubble display the high dense
of FSR, in the responses and is shown as the following
equation:

Il

FSR, = 2)

b
2ndiiquia

where 7 is the refractive index of liquid. By measuring the
FSR; in the spectra, one can estimate the locations of the air-
bubble with time varying to evaluate the dynamic vector of
the air bubble as well as variations of inclination of the level
meter.

In principle, in our proposed hybrid F-P structures, the
reflective signal are rigorously considering as the four beam
interferences which is schematically shown in Fig. 3 below.
Therefore, the effective reflection of the hybrid F-P cavities
can be numerically analyzed by using the ray-transfer-matrix
method presented in Ref. 7 and further developing the
following equation for our device:

I(2)=ri+r+r3+rs+2y/rir;-cos(¢;) —24/rars - cos(¢,)
—2\/r3r4 - cos(¢3) — 2:/r173 - cos(p, + )

+2\/rars - cos(py + p3) +2+/r1r4 - cos(¢p, + dy + d3).

3

Here, ry, 5, 3, and r,4 are, respectively, represent the Fresnel
reflection of each interface. In Fig. 3, the phase difference of
the corresponding F-P cavity is, respectively, denoted as ¢,
¢2, and ¢35 where each cavity length is expressed as d;, d,
and ds;. The d, equals d,;, and almost remains constant, but
d; and dj3 are variable if the air bubble moves. The optical
phase difference of the cavity can be generally expressed as
¢;=2nikd;, k=2m/L is the wavenumber with freespace
wavelength of 4. Due to the high absorption and propagation
losses in the liquid regions, the ry4 is very weak to be ignored.
Thus the interference signal from the third cavity (ds) is very
weak and ascribed as a negligible contribution. The FSR; is
dominated by the first liquid cavity (d; ~ djiquia) and roughly
equals to ~/1;4,/(2nd;). The detail optical spectra within the
whole measurement range can be easily numerically calcu-
lated by using Eq. (3) once the propagation and absorption
losses of the used liquid is known.

To evaluate the level sensing capability on the horizon-
tal state of the sensor, dynamic drifting of the micro air bub-
ble from originally equilibrant state 6 =0, respectively, to
—0 and +0 inclinations are recorded readily and shown in
Fig. 4. Fig. 4 shows the variations of FSR, respect to the
location of the air bubble, i.e., the djquqe. Insets display
micrographs of the air bubble in the liquid core HCF shifts
to the SMF side and HCF end, respectively. It also

SMF I" HCF - ” -
1 2 4
- < <
liquid Air
, ,bubble, ,
) d Lody d; !

0, s ¢

FIG. 3. Schematic diagram of the proposed sensor with hybrid F-P cavities.
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FIG. 4. Measured FSR, of the interference spectra with different situations
(diiquia)- Insets show the corresponding micrographs of the air bubble loca-
tions obtained by the sensor when in the equilibrant state, respectively, tilts
to SMF side (—0) and HCF end (+0) directions. Here the tilted angle 0 is
about 5°.

investigates the variations of the air bubble when tilted status
changes. The results demonstrate that the sensor is capable
of immediately monitoring the air bubble location by meas-
uring the spectral response, especially the FSR, is deter-
mined quantitatively. From the dynamic results of variations
in the spectral response, one can determine the inclination
situations and distinguish the inclination to the clockwise or
counterclockwise directions. Certainly, dynamic behaviors
and response time of the drifted air bubble in the HCF are
strongly affected by the tilted angles, HCF length and filling
liquids. In addition, we have to admit the proposed level me-
ter is temperature (T) sensitive since air surrounded by the
liquid are ease to expand by thermal effect. To examine how
the T affects spectral shifts of the optical response, the sensor
(in —6 condition) is tested under a range of near room T.
Figure 5 shows the T sensitivity of the sensor is high and
equal to —4.17nm/°C. Inset displays the wavelength shifts
of the interference dips with different T. The negative sensi-
tivity displays the spectra shift to the short wavelength
region which indicates a fact: the micro air bubble in this
case is compressed by the thermal effect. Generally, in a
constant pressure condition, thermal expansion coefficient
(TEC) of air is about 1/273°C~! (+3.66 x 1072°C~!) which
is higher than that of the used liquid of +1.0 x 1073°C~",
However, the air/liquid is full inside a closed cavity; the vol-
ume ratio of the liquid with additional hard epoxy is much
larger than that of the air. Thus, air bubble would be con-
stricted and reduced the cavity length by the thermal effect.
The T sensitive property is a drawback; however, we still
think the proposed sensor can be integrated as a practical
module with good temperature compensation and well
calibration.

Appl. Phys. Lett. 102, 193504 (2013)
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FIG. 5. Sensitivity of wavelength shift of the interference spectral dips with
different temperature. Inset shows the wavelength shifts of the interference
dips with different temperature.

In conclusion, we have demonstrated a dynamic, minia-
ture and directional fiber-optic level meter based on a
micro-air-bubble drifted in a liquid core fiber Fabry-Pérot
interferometer. The air bubble drifted in the liquid HCF
plays a sensitive and dynamic role to real-time monitor the
horizontal states of the fiber level meter. From the experi-
mental interference spectra, the proposed fiber sensor can
detect the horizontal state of an object and further from the
evolution of the FSR; in the optical spectra, the level meter
also is able to distinguish the inclinations of the level meter
tilted to the clockwise or counterclockwise directions.
Certainly, other liquids can be utilized to improve the sensi-
tivity and response time of the proposed sensor. It also can
be expected that the level degrees would be obtained by
measuring the drifted time of the micro air bubble that ena-
bles the proposed level meter to be further developed as a
sensitive fiber-based angle meter.
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