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Recently, lab-in-fiber (LIF) sensors have offered a new
paradigm in many different scenarios, such as optoflu-
idics, thanks to its ability to integrate different multi-
physics sensor elements in a small space. In this Letter,
the design and manufacture of a multiparameter sens-
ing device is proposed, through the combination of an
in-fiber air microcavity and a plane-by-plane (Pl-b-Pl)
fiber Bragg grating (FBG). The reflection-based sensor,
with a length less than 300 µm, is located at the end of
a single-mode fiber (SMF), and integrated into a surgi-
cal needle for exploitation in biomedical applications.
Here we present, to our knowledge, the first ultra-short
LIF sensor reported under the “touch and measure” ap-
proach. In this first prototype, the detection of axial ten-
sile strain (6.69 pm/µε in air cavity) and surrounding
refractive index (11.5 nm/RIU in FBG) can be achieved
simultaneously. © 2020 Optical Society of America

http://dx.doi.org/10.1364/ao.XX.XXXXXX

In recent times there has been a remarkable growth in the de-
velopment of lab-on-chip (LOC) platforms, which have a high
impact in multiple fields, such as biology, chemistry, or clini-
cal procedures, among others [1, 2]. These types of platforms
are characterized by the wide functionality given by the ability
to integrate numerous sensor elements in a small space. As a
result, lab-in-fiber (LIF) systems arise, which integrate the advan-
tages of optical fibers in the manufacture of elements that enable
multifunctional sensing [3]. The presence of the fiber core as a
waveguide allows the different optofluidic sensor components
to be interconnected optimally [4].

A widely used approach to the creation of three-dimensional
structures in optical fibers is the femtosecond (fs) laser. It offers
great simplicity and flexibility when inscribing patterns directly
inside the bulk volume of transparent materials [5]. The induced
refractive index changes (RIC) can create gratings or waveguides,
which can lead to optofluidic microchannels (selective chemical
etching), all with great potential in biomedical applications. An
important fact in sensors used for these applications is that they
should exhibit a reflection detection mode. In this way, those
sensors could be used in a minimally invasive process.

There are several works in the literature that allow multi-
parameter sensing as a consequence of the integration of in-fiber
air cavities and FBGs. Two sensors stand out, both manufac-
tured by Liao et al. in 2010 [6], and 2013 [7]. The first sensor
corresponds to an FBG that has an integrated Mach-Zehnder
interferometer formed by a half-core trough-hole (transmission
detection mode) [6]. The second one is a tunable phase-shifted
FBG based on a in-grating through-hole bubble (reflection detec-
tion mode) [7]. However, the length of these sensors is 4 mm and
5 mm, respectively, more than 13 times greater than the manu-
factured sensor, and the strain sensitivity is lower (0.48 pm/µε).

In this Letter, the design and manufacture of an ultra-short
reflection-based LIF sensor integrated in a surgical needle for
multiparameter sensing is detailed. The device, located in a
single mode fiber (SMF), contains an in-fiber air bubble that acts
as a Fabry-Perot microcavity, as well as a plane-by-plane (Pl-b-
Pl) fiber Bragg grating (FBG) in the tapered fiber end (Fig. 1).
Thus, in a clinical procedure, it is possible to determine the touch
of the fiber with a tissue, and the measurement of the surrounding
refractive index (SRI) (“touch and measure” approach). To the best
of our knowledge, it is the first ultra-short reflected-based LIF
sensor (< 500 µm) that enables simultaneous sensing of axial
tensile strain and SRI. A numerical study of the light propagation
in the sensor elements is carried out in order to optimize the
final structure and validate the experimental results.

Fig. 1. Schematic view of the manufactured LIF sensor. It con-
tains an in-fiber air bubble (Fabry-Perot cavity) and a Pl-b-Pl
FBG in the tapered final section of the fiber. The sensor is inte-
grated into a �400 µm surgical needle.
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The air bubble can be understood as an in-fiber Fabry-Perot
interferometer (FPI). There are many more configurations apart
from the air cavity used in the present work, such as hollow
tubes, hollow-core photonic crystal fibers or tapered optical
fibers. All of them stand out for their high sensitivity in a struc-
ture of small dimensions, as well as for a linear response and a
possible reflection mode of detection [8].

In the manufactured LIF, the air microcavity allows the axial
strain to be detected in the fiber end (“touch”). This parameter
is protected from cross-sensivity error with radial strain, since
the fiber is embedded in the needle. The incident light that is
transmitted by the fiber core is reflected in each of the two fiber-
air interfaces (|RIC| ' 0.45). Both optical paths recombine in
reflection, resulting in an interference pattern whose free spectral
range (FSR) is defined by the well-known equation:

FSR ' λ2

n · 2L
, with

{
n = 1 (cavity refractive index)

L = � cavity (diameter)
, (1)

where 2L is the difference of optical paths.
The second structure corresponds to the FBG located in the

tapered fiber section (between air bubble and fiber end-face).
The fiber tapering process makes it possible to increase the SRI
sensitivity (“measure”). Its length is small enough that the Bragg
wavelength (λB) reflection is greater than the interference pat-
tern of the in-fiber air cavity (' 1% of the incident light power).

The elements of the LIF sensor are depicted in Fig. 1. How-
ever, the physical dimensions and the relative situation of each
sensor element has been optimized from the electromagnetic
point of view in order to maximize reflection, limiting losses as
much as possible. To this end, simulations using Finite Element
Beam Propagation Method (FE-BPM) have been carried out in
the COMSOL Multiphysics software. The maximum element
size in the mesh is 0.19 µm (≤ λ/8).

The most restrictive element in terms of losses is the in-fiber
air bubble. Consequently, a study of the electric field is per-
formed by varying the cavity diameter and the wavelength (op-
erating in C-Band). Specifically, it is performed a study for
circular air-cavities of 50, 70 and 90 µm in diameter, as well as
a square bubble (unreal) with 90 µm side. The electromagnetic
study, shown in Fig. 2, has been carried out in the wavelength
range between 1520 and 1570 nm. According to the results, it is
observed that the best behavior in terms of reflection and losses
is that corresponding to the square bubble (proof-of-concept
of an ideal performance) (Fig. 2(d)). This is because the RIC
interface of the two reflective surfaces is perfectly perpendicular
to the longitudinal axis of the fiber. In this way, reflections to-
wards the cladding, which lead to losses, are minimized. These
unwanted reflections towards cladding increase as the cavity di-
ameter decreases, as observed in the simulations corresponding
to circular cavities. The power confinement in the central part of
the bubble (and therefore in the posterior section of the fiber core)
improves as the bubble diameter increases, up to the ideal case.
Likewise, cavity lengths of 45.26, 70.69 and 90.35 µm have been
determined by post-processing the FSR of the reflection patterns
of the circular air cavities (Fig. 2(e)). It corresponds to relative er-
rors (εr) of 9.4%, 0.9% and 0.4%, respectively, with respect to the
real values, verifying the validity of the simulations carried out.
From a trade-off between performance (reflection and losses)
and robustness of the sensor against breakage, the manufactured
LIF will present an air micro-cavity with a diameter ∼ 70 µm.

Based on the detailed results, the initial point of the FBG must
be placed at the optimum point to limit the total length of the

Fig. 2. Simulation of the electric field in circular air cavities of
diameter 50 µm (a), 70 µm (b) and 90 µm (c) within an SMF, to-
gether with the ideal case of a square bubble with 90 µm side
(d). Loss and reflection spectrum for each case is presented (e).

LIF sensor, while maximizing its reflection performance. Con-
sequently, the following function E?(x) is defined, which refers
to the average electric field (in wavelength) in the longitudinal
axis of the fiber (y = z = 0) (COMSOL cutline core is required):

E?(x) =
1

50 nm

∫ 1570 nm

1520 nm
|E(λ, x, y = 0, z = 0)|dλ,

∀ x, λ ∈ R : 1520 nm ≤ λ ≤ 1570 nm.
(2)

where E(λ, x, y, z) refers to the electric field. The reference point
on the X axis (x = 0) is located at the end of the air micro-cavity.

Fig. 3. Simulated E?(x) value (Eq. 2) in circular air cavity of 70
µm diameter (a), with the section after the bubble emphasized
(0− 40 µm) (b).
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In Fig. 3, it is depicted the value of E?(x) for the simulated
�70 µm circular air cavity (bubble later manufactured). Focusing
on the section after the bubble (Fig. 3(b)), the electric field is seen
to be more confined to the core center (y = z = 0) in the first
∼ 20 µm (the final interference is due to the simulation fiber end,
located at 40 µm). This aspect is also slightly appreciated in Fig.
2(b). In order to maximize reflection efficiency, it is important to
take advantage of this area by locating the beginning of the FBG.

A commercial fs fiber laser from CALMAR has been used
for the inscriptions made in the experimental work detailed in
this Letter. The operating wavelength is 1030 nm, with a pulse
duration of 370 fs, and a maximum pulse energy (Ep) of 5 µJ. The
beam is tightly focused with a long working distance objective
lens from Mitutoyo (NA = 0.42). The fiber samples are mounted
on a high-precision air-bearing XYZ translation stage (Aerotech)
that allows controlled movement during the inscription proce-
dure. In order to avoid the cylindrical aberrations inherent to
the fiber, it is surrounded by an index-matching oil [9].

The manufacturing process of the sensor device can be di-
vided into three differentiated stages: in-fiber air microcavity
generation, fiber end tapering, and inscription of the Pl-b-Pl FBG.
The stages are depicted schematically in Fig. 4.

Since the subsequent FBG inscription will be done with the fs
laser, it is also used to generate the bubble inside the fiber. In this
way, the use of special optical fibers (hollow core fibers, photonic
crystal fibers) is avoided, as well as the dangerous acid corrosion
in case of using chemical etching. Initially, there are two cleaved
Corning SMF-28 sections. In the core of one end-face section a
micro-hole is made with the fs laser. Both the hole properties
and the splice characteristics (time and current of the electric arc
discharge) determine the air-cavity size [7]. In order to obtain the
optimum diameter given by the numerical model, the necessary
laser inscription parameters are determined empirically. A 3 µm
diameter micro-hole is generated from 120 pulses with Ep =
2.7 µJ (Fig. 4(a)). Then, based on a commercial fusion splicer
(Fujikura FSM-100P), a splice is performed using an arc of 1500
ms and 25% of the maximum current (Fig. 4(b)). The result of
the splice is a 72 µm diameter in-fiber air cavity (Fig. 4(c)). After
manufacturing a set of 10 bubble samples, the repeatability is
characterized by a standard deviation of 3.76 µm.

The second stage in the manufacturing process refers to the
non-adiabatic tapering of the fiber end. The splice electrodes
are placed 300 µm apart from the location of the in-fiber bubble.

Fig. 4. Schematic of the LIF sensor manufacturing process: in-
fiber air microcavity generation (a, b, c), fiber end tapering (d),
and Pl-b-Pl FBG inscription (e).

Subsequently, an electric arc discharge of 3000 ms and 15% of the
maximum current is applied. While performing the arc, the right
and left fiber holders move backward to each other a distance d
in order to apply an axial tensile stress (Fig. 4(d)). Parameter d
defines the subsequent waist of the tapered fiber generated. In
this Letter, after a series of tests performed, d = 30 µm is applied,
causing a diameter of the fiber end of ∼ 75 µm.

Finally, the fiber is cleaved and an FBG is inscribed between
the point determined by simulation and the fiber end. The plane-
by-plane inscription method is used, which is achieved by means
of the slit beam shaping technique [10]. With this, a 200 µm FBG
is inscribed 18 µm after the bubble. The period is Λ = 1.61 µm,
which generates the 3rd order in the C-Band (around 1545 nm).
The pulse energy of the laser is 5 µJ. However, only 25.1% crosses
the slit and is absorbed non-linearly by the fiber. This is because
the slit width is 400 µm, while the diameter of the Gaussian laser
beam is 2.5 mm (1/e2). According to the measurements made
with the quantitative phase microscopy (QPM) technique, the
Type I RIC estimated for the modifications generated with the fs
laser is ∆n ' 5 · 10−3 (∆n ∝ ∆φ, with φ being the induced phase
change) [10]. A slightly greater ∆n is undertaken to maximize
the grating reflection, at the cost of slightly increasing the losses.

Once the optical fiber sensor is manufactured, it is inserted
into a�400 µm surgical needle, and is fixed using epoxy resin. It
is important to note that the sensor, being located near the fiber
end, is susceptible to breakage when contacting solid surfaces.
Consequently, the fiber end-face is placed ∼ 200 µm before the
needle end. In this way, the needle itself acts as a fiber protection.
Another option would be to place the FBG before the bubble, so
that changes of the end-face do not vary the sensor response.

During the inscription, the reflection spectra of the differ-
ent manufacturing stages are obtained using a broadband light
source (HP 83437A) and an optical spectrum analyzer (Anritsu
MS9740A, 30 pm resolution). The spectra measured after fin-
ishing the manufacturing stages (c) and (e) are depicted in Fig.
5(b). Likewise, the simulation result of the complete lab-in-fiber
sensor (after (e) stage) is shown, verifying the experimental re-
sult. Detection of the FBG peak position is performed by first
decoupling the contribution of the interference pattern, and then
applying a threshold-based center of gravity (COG) algorithm
[11].

Fig. 5. Microscope images of LIF sensing elements: in-fiber
air micro-cavity and Pl-b-Pl FBG, and its integration into the
�400 µm surgical needle (a). Reflection spectra of the com-
plete LIF sensor, both manufactured and simulated, as well as
that corresponding only to the manufactured air cavity (b).
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The measurement procedure is detailed below. The lab-in-
fiber sensor essentially consists of two sensor elements: the
in-fiber air microcavity and the Pl-b-Pl FBG. The air bubble is
only sensitive to axial strain (insensitive to SRI and temperature,
and protected from radial strain by the needle), and has an FSR
that takes a value of 16.58 nm (Fig. 5(b)). This FSR value offers a
cavity length of 71.98 µm according to Equation 1 (εr = 0.03%),
which is consistent with the measurement obtained from the
picture of Fig. 5(a). On the other hand, FBG is sensitive to both
axial strain and SRI (due to fiber end tapering). As it is also
sensitive to temperature, in its application the temperature must
remain stable compared to that taken as a reference.

However, it should be noted that a second cavity between
the bubble and fiber end is also strictly manifested in the spec-
trum. It has a cavity length of ∼ 218 µm (FSR = 3.75 nm), being
slightly sensitive to axial strain and SRI. Despite this, such a low
FSR value induces high measurement errors, and it is addition-
ally dispensable for this two-parameter detection, so it will not
be taken into account. Therefore, the detection problem can be
expressed mathematically as follows: ∆λB

∆ FSR

 =

(κε)FBG (κSRI)FBG

(κε)FP ��
�* 0

(κSRI)FP

 ∆ε

∆ SRI

 , (3)

where κε and κSRI are the axial strain and SRI sensitivities, respec-
tively, both being specified for the FBG and the in-fiber bubble
(Fabry-Perot cavity, FP). ∆λB refers to the Bragg wavelength
shift, and ∆FSR corresponds to the FSR variation of air cavity.

Fig. 6. Measured axial strain sensitivity of air cavity ((κε)FP =
6.69 pm/µε) and FBG ((κε)FBG = 8.38 pm/µε) (a). Simu-
lated (1.3 − 1.4) and measured (1.33 − 1.35) SRI sensitivity
((κSRI)FBG = 11.5 nm/RIU) of the FBG (b). COMSOL simu-
lation of the sensor’s SRI sensitivity for different taper waist
diameter (c).

To obtain the different sensitivities (κ_), measurement sets
have been carried out both in axial strain and in the surround-
ing refractive index (with different concentrations of sugar in
water). The results obtained are depicted in Fig. 6. The strain
measurement setup is as follows: the fiber end is fixed, and a
fiber point located 13 cm from the end is fixed to a translation
stage. A tensile strain is applied to the LIF sensor by moving the
translation stage away from the fixed one in steps of 0.01 mm (at
room temperature). The axial strain suffered by the sensor when
touching an object/tissue has been determined to vary between
200 and 400 µε. On the other hand, λB shift due to SRI has been
experimentally measured in the range 1.33− 1.35, and simulated
using COMSOL (Finite-Element Frequency-Domain, FEFD) in
the range 1.3− 1.4. Likewise, the response of the sensor to the
SRI for different waist diameter of the non-adiabatic tapered
fiber has also been evaluated using COMSOL FEFD simulations
6(c). The trade-off that exists between robustness and SRI sensi-
tivity is observed. A more abrupt tapered fiber end (lower waist)
causes more interaction of the modal field with the area around
the fiber, increasing sensitivity.

In conclusion, this Letter presents the design, simulation,
and manufacture of a lab-in-fiber sensor located at the end
of an SMF, and integrated into a surgical needle. The sensor
is less than 300 µm in length and consists of an in-fiber air
micro-cavity and a plane-by-plane FBG inscribed using an fs
laser. The reflection detection mode allows its application in
biomedical environments, being minimally invasive in the
measurement process. The operation principle of this first
prototype follows the “touch and measure” approach, allowing
the surrounding refractive index of a fluid to be detected when
the sensor contacts an object/tissue. The axial strain (touch) and
SRI (measure) sensitivities are 6.69 pm/µε and 11.5 nm/RIU
(SRI = 1.33− 1.35), respectively.
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