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A B S T R A C T   

Nano-displacement sensing based on an extrinsic hybrid fiber Fabry-Perot interferometer is proposed and 
demonstrated. The lead-in fiber tip of such an interferometer consists of a strongly-coupled multicore fiber 
section fusion spliced to a single-mode fiber. The referred lead-in fiber tip is placed in front of a microscope slide, 
whose rear surface is coated with a high reflecting layer. The gap between the end-face of the fiber tip and the 
layer is composed of an air cavity in series with a glass one. Light exiting from the lead-in fiber tip is partially 
reflected at the fiber-air and air-glass interfaces and the reflecting layer generating three beams that are 
recoupled into the multicore fiber and combined with supermode interference. By making the optical path length 
of the air cavity slightly different from the glass one, it is possible to generate an envelope in the interference 
spectra with a larger period. Thus, by tracking the shift of such an envelope, displacements of 0.47 nm can be 
resolved. The nano-displacement sensing approach reported here is easy to implement; moreover, the sensitivity, 
resolution, and dynamic range can be reconfigured by an appropriate selection of the glass cavity.   

1. Introduction 

Nanotechnology is a multidisciplinary field of knowledge that deals 
with understanding, modeling, controlling, and manipulating the matter 
at a portion ranging from 1 to 100 nm [1]. The strong influence of 
nanotechnology in science and technology has modeled and defined 
almost every aspect of modern life. At the nanometer scale, the selection 
of an appropriate measurement method may be a complicated task. For 
example, displacement measurements with sub-nanometer accuracy can 
be challenging with most of electrical and mechanical sensors due to 
their low resolution. For such cases, the high sensitivity of optical phe-
nomenon associated with laser feedback interferometry [2], optical 
encoder [3], and grating interferometric cavity [4] have been revealed 
as the most suitable alternatives since they allow non-contact displace-
ment measurement with high resolution even at a sub-nanometer level. 
However, these schemes are not an option for measuring in hard-to- 
reach areas, as their performance requires several items, bulky optical 
components, and controlled environments that may complicate their 
implementation. 

Optical fiber interferometers are intrinsically compact and flexible 
devices with no moving parts, which make them ideal for distance 
measurements in reduced spaces. Additionally, they combine high 
sensitivity, resolution, and long dynamic range [5]. Among the different 
fiber interferometers proposed so far, the extrinsic fiber Fabry-Perot is 
appealing since it enables the development of no-contact displacement 
sensors with nanometer resolution [6]. Moreover, it can be configured to 
measure other physical magnitudes such as pressure [7,8], temperature 
[9], strain [10], vibration [11,12] magnetic field [13], or liquid level 
[14]. 

Displacement of a target can be measured with an extrinsic Fabry- 
Perot interferometer by analyzing the shift of the interference pattern 
generated by multiple reflected beams [15,16]. In this case, the applied 
demodulation method is influential given that it determines the per-
formance of the displacement sensor. The advantage of monitoring the 
shift of an interference pattern includes immunity to intensity fluctua-
tions of the light source. However, for nanometer-resolution displace-
ment measurements, intensity-modulated interrogation methods [17] 
are preferable since minute wavelength shifts of the interference pattern 
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may be complicated to detect with conventional spectrometers. Thus, it 
is desirable to have an interference pattern with large free spectral range 
(FSR), which means that the cavity length of the interferometer must be 
small. Albeit, the Fourier domain analysis is one of the most common 
and reliable methods to analyze the reflectance of a single or multiple 
cavities, it offers low resolution, and hence it is not suitable for nano-
metric displacements [18]. 

In recent years, it has been demonstrated that the sensitivity and 
resolution of fiber interferometers can be enhanced by taking advantage 
of the optical analog of the Vernier effect [19–23]. Such an effect is 
achieved when the period of the interference patterns of the sensing 
interferometer and the auxiliary or reference interferometer, arranged 
either in series [24,25] or in parallel [26–28], are very similar. In the 
Vernier effect, the multiplication or sum of two interference patterns 
produce a modulation envelope with large FSR. By monitoring such an 
envelope, higher sensitivities can be achieved. Recently, some 
displacement sensors based on the Vernier effect have been reported 
[29–31]. Fabry-Perot interferometric displacement sensors composed of 
two cavities in series that achieve nanometer resolution have been 
proposed and demonstrated as well [30,31]. Although the displacement 
sensors reported in [29–31] have good performance, their fabrication or 
implementation tend to be complex, which may be impractical in many 
applications. 

In this work, we propose and demonstrate a nanometer displacement 
sensor based on a hybrid supermode-Fabry-Perot interferometer. The 
lead-in fiber tip consists of a millimeter-long segment of coupled-core 
optical fiber fusion spliced to a conventional single mode fiber. The 
external element (target) of the sensor is a microscope slide, which was 
placed in front of the lead-in fiber tip. A glass cavity and an air cavity 
with millimeter size compose the hybrid interferometer. At each inter-
face of the cavities, the light is reflected, thus, the interference of three 
beams is combined with the supermode interference in the multicore 
fiber. Thus, the reflected spectrum exhibited a pattern produced by the 
interference of supermodes and the multiple-beam interference of the 
cavities. The lead-in fiber tip was moved until the optical path lengths of 
the air and glass cavity were almost equal. At this position, a charac-
teristic modulation envelope arose in the resulting interference pattern. 
A nanometric displacement of the lead-in fiber tip induced a change in 

the air cavity length and resulted in a wavelength shift of the envelope. 
Such a shift was quantified for various displacements, thus obtaining a 
resolution of 0.47 nm. The implementation of the hybrid interferometer 
is straightforward, it does not require a costly and complex fabrication 
process, and its scheme can be reconfigured enabling to adjust it for 
different applications. The sensitivity, resolution, and dynamic ranges 
can also be adjusted. 

2. Design, fabrication and operating principle of the extrinsic 
hybrid fiber Fabry-Perot interferometer 

2.1. Supermode interferometer: lead-in/out fiber tip 

In this work, we focus on a supermode interferometer based on 
single-mode fiber (SMF) and a section of strongly coupled multicore 
fiber (SCMCF), as shown in Fig. 1(a), for displacement measurement at a 
nanometer scale. The supermode interferometer as a lead-in/out 
element has not yet been addressed widely in the sensing field. So far, 
the use of the end-face of a supermode interferometer has been used 
mainly for refractive index measurements based on the Fresnel reflec-
tion [32,33]. 

In the design and fabrication of the lead-in/out fiber tip, the cross- 
section and the length of the SCMCF are parameters to be considered. 
Regarding the former, the SCMCF used in this work, comprises seven 
identical cores, each with a diameter of 9 µm. Such cores are distributed 
in a hexagonal shape around a central core, the separation between 
cores is 13 µm. A micrograph of the cross section of the SCMCF is shown 
in Fig. 1(b). In this structure, the interference takes place due to the 
beating between two supermodes [34–36], which can be viewed as a 
periodic energy transfer from the central core to neighbor cores (as 
displayed in Fig. 1(c)). The distance at which it occurs is known as 
coupling length (Lc), defined by 

Lc = π/(|β2 − β1| )(1)

where β1 and β2 are the propagation constants of the two interfering 
supermodes. Therefore, the performance of the lead-in/out fiber tip 
depends on the SCMCF length (LMCF) as demonstrated in Ref. [37]. In the 
supermode interferometer, a multiple of the coupling length gives either 

Fig. 1. (a) Sketch of a supermode interferometer in reflection scheme. (b) Micrograph of a strongly-coupled multicore fiber of seven cores. Simulation of the SMF- 
SCMCF structure with LMCF = 9.2 mm: (c) light propagation in the transverse section and (d) mode distribution on the end-face. 
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constructive or destructive interference in the central core of the 
SCMCF. Constructive interference is visualized when most of the energy 
is distributed in the central core of the SCMCF, and it is achieved when 

LMCF = mLc(2)

where m is an integer. Although the constructive interference is 
exploited in the interferometric sensors, here this condition will make 
that lead-in fiber tip works similar to a single-mode fiber; i.e., the exit 
beam will be more diffracted at a short distance. In this sense, the 
supermode interference must be exploited in a lead-in fiber tip when 
destructive interference occurs. It can be viewed as most of the energy is 
distributed in the cores around the central core of the SCMCF as dis-
played in Fig. 1(d). So, the output light will emerge from a larger area. 
This condition is accomplished when 

LMCF = (2m+ 1)Lc/2(3)

Thus, the length of the segment of the multicore fiber was calculated 
according to Eq. (3). The fabrication process of the SMF-SCMCF struc-
ture is simple and requires only a few steps. Firstly, the SMF was fusion 
spliced to the SCMCF utilizing the default fusion splicing program of a 
Fujikura FSM-100P splicer. Then, the multicore fiber was cleaved to 
length of 9.2 mm. In Ref. [37], the above-mentioned conditions of 
constructive and destructive interference were analyzed with more 

detail. The optimal length of the SCMCF was 9.2 mm to ensure a wider 
distribution of light in the seven cores at the fiber tip end-face. Thus, the 
light exiting the SCMCF tip is broader, so it can propagate longer dis-
tances and be recoupled by the same SCMCF. This supermode interfer-
ometer was used to demonstrate an EFFPI with enhanced visibility that 

allowed to measure displacements as long as 50 mm [37]. 

2.2. The extrinsic hybrid fiber Fabry-Perot interferometer 

The extrinsic fiber Fabry-Perot interferometer has been successfully 
proposed to measure the distance between the optical fiber tip end-face 
and a reflecting parallel surface placed in front. The gap between the 
surfaces is known as cavity, when the gap contains two or more mate-
rials (for example air and glass) the cavity is referred as hybrid. In this 
work, an extrinsic hybrid fiber Fabry-Perot interferometer (E-HFFPI) is 
proposed to measure displacement with nanometer resolution. The light 
beam exiting from the fiber tip is actually propagated through an air gap 
and a piece of glass as it can be seen in element 2 of Fig. 2. In the 
structure of the E-HFFPI shown in Fig. 2 the label (i) indicates the end- 
face of the lead-in SCMCF tip, (ii) the front surface of the microscope 
slide, and (iii) the highly reflective layer (mirror) deposited over the rear 
surface of the microscope slide, each one with a reflectivity of R1, R2, 
and R3 respectively. Light propagating in the lead-in fiber tip is partially 
reflected at the interface (i), the transmitted light is partially reflected at 
the interfaces (ii) and (iii), and then are recoupled at the multicore fiber 
where they interfere among them and with the beam reflected at the 
interface (i). The mathematical expression to describe the intensity re-
flected of an E-HFFPI, considering a single-mode fiber tip, can be 
described by the following relation:  

where λ is the wavelength of the light, η1 and η2 are the coupling coef-
ficient of the beam reflected at the surface (ii) and (iii), respectively. The 
optical path lengths (OPL) of the interference terms are described by 
OPLair = nair • Lair, OPLglass = nglass • Lglass, and 

Fig. 2. Experimental set-up: 1. FBG interrogator, 2. extrinsic hybrid fiber Fabry-Perot interferometer, 3. motorized translation stage (1-axis), 4. V-groove holder, 5. 
motorized translation stage (3-axis), 6. stepper motor controller, 7. Optical table. 
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OPLair+glass = nair • Lair +nglass • Lglass for glass, air, and total cavity; 
respectively. I0 is the intensity of the light incident in the fiber tip end- 
face. 

In this E-HFFPI, the displacement of the fiber tip modifies the OPLair 
since OPLglass is constant, however, due to the complex interference 
spectra produced by the superposition of three interference terms (Eq. 
(4)), tracking the wavelength displacement of a maximum or a mini-
mum of the interference pattern can be a difficult task. The spectra of the 
reflected intensity are simpler when OPLglass and OPLair are equal, when 
this condition is achieved the reflected intensity is now described by,   

By overlapping the interference pattern of an E-HFFPI, where the 
reference and sensing cavities are connected either in series or in parallel 
[25,38], it will give place to modulation of the interference pattern with 
an envelope function formed on it. Here, the glass cavity is considered as 
a reference cavity with a constant OPL. Meanwhile, the air cavity can be 
used for nano-displacement measurements. Small changes in OPLair =

OPLglass + ρ, where ρ≪OPLglass, could produce a small displacement of 
the modulated intensity that can be expressed as,   

In order to highlight the changes of the envelope produced in the 
reflected intensity of Eq. (5) by the increment ρ in the OPL of air cavity, it 
is necessary to compare the spectrum of IREF with ISMF. Subtraction of Eq. 
(5) from Eq. (6) results in the following expression 

Isensing = ISMF- IREF
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Fig. 3. Simulated spectra of Isensing, highlighting the lower envelope, when the fiber tip position was decreased by ̂Í = = 0.1 µm, the difference of the OPL s is (a) ρ1 
= 36.6 µm (b) ρ2 = 58.6 µm, and (c) ρ3 = 80.6 µm. 
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This expression was used to analyze the response of the E-HFFPI for 
three different initial values of ρ and at each position several nano dis-
placements (δ) of the optical fiber tip respect to the surface of the piece 
of glass were performed. Fig. 3(a) shows the simulated spectra when ρ1 
= 36.6 µm andOPLglass = 1668.82 µm, then OPLair = OPLglass + ρ1 =

1705.42 μm, and for displacements of δ = 0, 0.1, 0.2, 0.3, and 0.4 µm. 
The spectra unfold a dense fringe pattern modulated by two envelopes; 
denoted here as above and below. From Fig. 3(a), it can be appreciated 
that the envelope has a larger FSR than the interference fringes. The 
lower envelope is highlighted in each spectrum of Fig. 3(a), the pink 
arrows are used to indicate the initial and final position of a node. In the 
figure, it can be clearly seen that a decrement in the air cavity length 
from the initial position 1705.42 μm, when ρ1 = 36.6 µm, produces a 
blue-shift of the node. For the other two cases, when ρ2 = 58.6 µm and 
ρ3 = 80.6 µm, the simulated spectra and their lower envelopes are shown 
in Fig. 3(b) and (c), respectively. A similar blue-shift is appreciated in 
the three cases for ρ1, ρ2, and ρ3 when air cavity was decreased from 0 to 
400 nm in steps of 100 nm. The shift of the envelope is smaller for larger 
values of the initial position; ρ1. It is also important to note that the FSR 
of the envelopes decreases for larger values of ρ, given that the FSR of 
the sensing cavity interference pattern decreases, see Fig. 3(a)–(c). By 
assuming that the wavelength shift of one envelope node can be 

determined with a resolution of 0.1 nm, the expected displacement 
resolution of the scheme proposed here is around 1 nm. 

3. Experimental results 

3.1. Performance of the E-HFFPI build with an SMF 

In order to validate the above predictions, a series of experiments 
were carried out. Since the analysis of the extrinsic Fabry-Perot was 
done by considering an SMF (E-HFFPISMF) as a lead-in and- out fiber tip, 
we tested first an interferometer constructed with an SMF. A represen-
tation of the experimental set-up used is shown in Fig. 2. The SMF was 
attached to a V-groove holder that was placed on a motorized translation 
stage (NRT150/M, Thorlabs). The mirrored microscope slide from 
Sigma-Aldrich (thickness = Lglass ≈ 1100 μm, refractive index = nglass =

1.507 at 1550 nm) was placed on top of the XYZ motorized translation 
stage (NanoMax300, Thorlabs) with 50 nm resolution. The motorized 
translation stages were connected to a stepper motor controller 
(BSC203, Thorlabs). The SMF was connected to a fiber Bragg grating 
interrogator (sm125, MicronOptics) to collect the reflection spectra. 

Firstly, the SMF tip was approached to the surface of the glass slide; i. 
e., at a position far from meeting the Vernier effect, and the obtained 

Fig. 4. Reflection spectrum of the E-HFFPISMF when (a) OPLair was smaller than OPLglass, (b) when OPLair and OPLglass are equals, and (c) when OPLair was equal to 
1.70729 mm. (d) The corresponding Fourier spectra of the reflection spectra shown in (a)-(c). 

Fig. 5. (a) The calculated Isensing spectra and the lower envelope obtained for displacements of 0.1 µm with the initial Lair equal to 1.7072 mm. (b) Wavelength shift 
of the selected node to construct the characteristic curve of the Isensing, evaluated to displacement of 0.1 µm. 
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reflected spectrum, shown in Fig. 4(a), was recorded as the near signal 
IE-HFFPI. The fast Fourier transform (FFT) algorithm reported in [39] was 
used to calculate the Fourier transform of the optical spectrum shown in 
Fig. 4(a), such a Fourier spectrum is shown in the black line graph of 
Fig. 4(d). In this Fourier spectrum, three peaks sufficiently spaced are 
appreciated. The first peak indicates the OPL of air cavity, the second 
peak, that is shown within the dashed line rectangle, indicates the OPL 
of glass cavity, and the third one indicates the sum of the OPL of air and 
glass cavity. The amplitude of the OPLglass peak, as compared to the 
OPLair peak, is very small, which is due to the low visibility of the fringe 
pattern caused by the large intensity difference of the two interfering 

beams, one is reflected at the air-glass interface (R2 ≈ 4%) and the other 
one at the mirror deposited at the rear surface of the glass slide (R3 ≈

90%). Then, the fiber tip was carefully adjusted until the OPLair was 
equal to OPLglass. The obtained reflection spectrum was recorded as the 
reference signal IREF, as shown in Fig. 4(b). Its FFT spectrum was 
calculated and shown in the red graph of Fig. 4(d). Only two peaks were 
observed since the peaks produced by the air cavity and glass cavity are 
overlapped (see the dashed line rectangle in the figure). Later, the SMF 
tip was displaced 36.6 μm away from the glass surface, the reflection 
spectrum of the ISMF is depicted in Fig. 4(c). The reflection spectra shown 
in Fig. 4(a)–(c) exhibit a pattern with visibility smaller than 1 dB, but it 

Fig. 6. (a) Reference spectrum of the E-HFFPIMCF when OPLair and OPLglass are equal. (b)-(d) Reflection spectrum for the three E-HFFPIMCFs with different Lair. (c) 
FFT amplitude results corresponding to (a)–(d). 

Fig. 7. The Isensing spectra obtained when the reference spectrum is subtracted from the reflection spectrum, and its lower envelope to displacements of 0.1 µm for an 
E-HFFPIMCF with Lair equal to (a) 1.70546 mm, (b) 1.72744 mm and (c) 1.74942 mm. 
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is possible to distinguish slight differences among the spectra of Fig. 4(b) 
and (c). Accordingly, in the Fourier domain, instead of three, two peaks 
were observed, see the green graph of Fig. 4(c). For this case, it is 
impossible to observe the peak corresponding to the OPLglass mainly due 
to the low intensity of the beams recoupled to the core of the SMF at this 
distance. This is so because the light that exits from the SMF core 
broadens rapidly. The absence of the peak in Fourier domain, associated 
with the glass cavity, made impossible to determine in this case the exact 
position of the OPL of glass cavity; though, this one can be known from 
the spectrum obtained when fiber tip is close to the glass slide. But, in 
order to simplify the procedure, it is possible to assume that the refer-
ence position, when OPLair = OPLglass, is the one that produces the 
spectrum shown in Fig. 4(b). 

After the preliminary calibration process, to stablish the initial po-
sition of the SMF tip where Lair = OPLglass ± ρ that produces the spectrum 
shown in Fig. 4(c), the assessment of nano-displacement sensing was 
started by moving the mirrored glass slide towards the SMF tip in steps 
(δ) of 0.1 μm. At each position the reflected spectrum was recorded, and 
then it was subtracted by the reference spectrum in linear scale. The 
resulted spectra (Isensing) are displayed in Fig. 5(a) where the envelopes 
obtained by the interpolation of the dips are also included. It can be seen 
that the FSRs of the envelopes are much larger than the interference 
fringes. In this regard, to quantify the displacement sensitivity of Isensing, 
one of the nodes of the modulated interference patterns, i.e., a maximum 
of the lower envelope (λnode) was tracked and correlated with the glass 
slide displacement. The selected node is indicated by a pink arrow in the 
initial (black line) and final (orange line) spectra of Fig. 5(a). The node 
shifted toward shorter wavelengths at each glass slide displacement 
because the air cavity length decreased. The tracked node wavelength 
shift (Δλnode) and the adjusted linear fit are plotted in Fig. 5(b). From 
this curve, it was possible to estimate that Isensing has a displacement 
sensitivity of –33.07 nm/µm. While the Isensing’s resolution was calcu-
lated to be equal to 0.60 nm, assuming a FBG interrogator resolution of 
20 pm. 

3.2. Performance of the E-HFFPI build with SCMCF 

The procedure and the signal processing presented in Section 2.2 to 
decode the changes in the reflected intensity spectrum produced by the 
mirrored glass displacement can be achieved using an SMF. However, 
the impossibility to observe the peak in the Fourier spectrum (green plot 
of Fig. 4(d)) associated to the glass cavity seriously affected the per-
formance of this approach. To overcome such limitations, it is proposed 
to construct an extrinsic Fabry-Perot (E-HFFPIMCF) by splicing a section 
of SCMCF of 9.2 mm length to the SMF, the SCMCF acts as a lead-in/out 
fiber tip. The SCMCF tip was placed in the experimental set-up repre-
sented in Fig. 2. In order to analyze the effect of the initial OPLair con-
ditions, i.e., when OPLair = OPLglass ± ρ where ρ≪OPLglass, three 
experiments were made by using three different initial positions. The 
interferometers were labeled as E-HFFPIMCF1, E-HFFPIMCF2, and E- 
HFFPIMCF3 and for each case ρ was equal to 36.6, 58.6, and 80.6 µm, 
respectively. The response of these interferometers was evaluated to 
displacements of 0.1 µm, following the same procedure used to evaluate 
the E-HFFPISMF presented in Section 3.1. Firstly, the supermode inter-
ferometer was secured in a V-groove holder attached to a motorized 
translation stage. Then, the fiber tip position was adjusted to equal 
OPLair and OPLglass, the reflection spectrum obtained is shown in Fig. 6 
(a); it was recorded and used as reference spectrum. After that, the fiber 
tip was moved a distance ρ away from the surface of the glass slide; the 
spectra for a ρ of 36.6 (E-HFFPIMCF1), 58.6 (E-HFFPIMCF2), and 80.6 μm 
(E-HFFPIMCF3) are shown in Fig. 6(b)–(d), respectively. Importantly, the 
interference spectrum resulted in each case is the superposition of the 
supermode interference and the multiple beams interference of the 
extrinsic fiber Fabry-Perot interferometer [37]. The latter produces a 
large number of fringes in the E-HFFPIMCF’s interference pattern. It is 
important to notice that a modulation with lobes appears underneath 
the spectrum and its number augments as ρ increases. 

The FFTs of the reference spectrum and the reflected spectra of each 
E-HFFPIMCF shown in Fig. 6(a)–(d) were calculated and the resulted 
spectra are shown in Fig. 6(e). The position of the FFT peaks corresponds 
to the OPLs of the glass cavity and air cavity. For the reference spectrum 
(black), a single peak appears because the peaks are overlapped at 1.668 

Fig. 8. Wavelength shift of one of the nodes of the lower envelope as a function of the displacements of 0.1 µm for the (a) E-HFFPIMCF1, (b) E-HFFPIMCF2, and (c) 
E-HFFPIMCF3. 
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mm. Unlike E-HFFPISMF, two separate peaks are observed in the FFT 
spectra of the E-HFFPIMCF1 (red), E-HFFPIMCF2 (blue), and E-HFFPIMCF3 
(green). The higher visibility of the interference pattern is due to the 
broader (less divergent) beam that emerges from the SCMCF as well as 
the larger area of the multicore fiber that is available for coupling the 
beams reflected from the two cavities. 

As it was done with the E-HFFPISMF, the three E-HFFPIMCFs were 
assessed for nano displacements sensing. The nano displacements were 
carried out by moving the mirrored glass slide towards the end-face of 
the supermodal interferometer tip in steps of 0.1 µm with a translation 
stage. The reflected spectra were recorded, and the reference spectrum 
was subtracted later in the linear scale from these spectra. The outcomes 
are the Isensing spectra for the E-HFFPIMCF1, E-HFFPIMCF2 and E- 
HFFPIMCF3, shown in Fig. 7(a)–(c), respectively, where the lower enve-
lopes are included. 

In Fig. 7, it can appreciate that the FSRs of the lower envelopes are 
larger than the interference fringes. Also, the FSRs are different for each 
of the E-HFFPIMCFs as it was predicted by the simulations (see Fig. 3). It 
implies that the sensitivity and resolution of the E-HFFPIMCFs depend on 
the initial length, i.e., the optical length difference between the air and 
glass cavities. Accordingly, the wavelength of one of the nodes of the 
modulated interference patterns (λnode) was tracked and correlated with 
the glass displacement for quantifying the performance of the E- 
HFFPIMCFs. The shift of λnode to shorter wavelength is because the air 
cavity length decreased. The changes of the node wavelength (Δλnode) 
produced by displacement δ were tracked and then adjusted by a linear 
fit. The adjusted curves for the three E-HFFPIMCFs evaluated for 
displacement size of 0.1 µm are plotted in Fig. 8. The sensitivity of E- 
HFFPIMCF1,2,3 was estimated at − 42.3658, − 29.3145, and − 18.1204 
nm/µm, respectively. It can be appreciated that the E-HFFPIMCF1 with 
the large FSR, with ρ equal to 36.6 mm, exhibited the highest sensitivity. 
The E-HFFPIMCF1’s resolution was calculated to be equal to 0.47 nm, this 
by considering that the FBG interrogator resolution was 20 pm, while 
the resolution of the E-HFFPIMCF2 and E-HFFPIMCF3 was estimated at 
around 0.68 nm and 1.10 nm. Such resolutions are almost twofold 
higher than those obtained with the first harmonic of the Vernier effect 
in Ref. [31]. 

The interference patterns shown in Fig. 6(b)–(d), of each E-HFFPIMCF 
have a large number of fringes. If the wavelength span of the spectrum is 
reduced to a narrow region, in order to observe a single dip at a wave-
length denoted as λFPI. By tracking λFPI displacements, a demodulation 
method commonly used to assess the performance of the FPI sensors, it 
provides information about the sensibility of the E-HFFPI using the 

traditional analysis. Thus, the spectra obtained with the E-HFFPIMCF1 
were analyzed by tracking λFPI, where the peak is blue-shifted for each 
measured displacement of 0.1 µm, as shown in Fig. 9. The λFPI shift and 
the measured displacements are plotted and adjusted to a linear fit in the 
inset of Fig. 9. The estimated sensitivity and resolution of the E- 
HFFPIMCF1, by considering a 20 pm resolution of the FBG interrogator, 
were found to be − 0.54 nm/µm and 37 nm, respectively. The sensitivity 
of the E-HFFPIMCFs is almost 80 times higher when the envelope analysis 
is used. It is important mentioning that the discrepancy in the sensitiv-
ities of the E-HFFPISMF and the E-HFFPIMCF, when the Lair has an ρ equal 
to 36.6 µm, can be due to the reference spectra that were taken. 

4. Conclusions 

In conclusion, an extrinsic hybrid fiber Fabry-Perot interferometer 
for nano-displacement sensing was proposed and demonstrated. The 
proposed technique allows to set up various E-HFFPI by using either an 
SMF or a supermode interferometer as a lead-in/out fiber tip and a 
mirrored microscope glass slide. In the E-HFFPI, a supermode interfer-
ometer may be used to measure long-range and non-contact nano-
displacements. The hybrid structure is composed of two macro-cavities 
with different media. In our case, air and glass were used, but it is 
feasible to use liquids. The air and glass cavities are simple and easy to 
implement and do not require of micromachining processes that involve 
costly and tedious procedures. Various E-HFFPI with different charac-
teristics were evaluated, the displacement resolution was found to be 
between 0.47 and 1.1 nm. 

The concepts and approach reported here can be used for other ap-
plications. For example, it is feasible to monitor sub-nanometric 
dimension changes in materials caused by temperature, pressure, or 
by exposure to gases. Hence, the applications of our hybrid interfer-
ometer can be extended beyond displacements and can go up to chem-
ical sensing or characterization of properties of materials. 
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