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Abstract: Translating interferometric applications into practical field use with the required
flexible precision and measurement range, is a recognized challenge. We report an in-situ ad-
justable fiber-optic piezometer based on parallelly structured external Fabry-Perot interferometers
(EFPIs) with the Vernier effect and its harmonics. By accommodating the EFPI structure with an
adjustable and a fixed cavity length, the EFPIs are utilized as a referencing fiber piezometer (RFP),
and a sensing fiber piezometer (SFP), respectively. The Vernier effect with amplified sensitivity
is formed by connecting the RFP and SFP in parallel via a 3 dB optical coupler. By simply
tuning the cavity length of the RFP, the magnification factor M of the Vernier effect is in-situ
continuously adjustable. Using the two prototypes SFP1 and SFP2, water level measurement is
performed in the fundamental Vernier effect (FVE) mode and the harmonic Vernier effect (HVE)
mode. Experimental results demonstrate that in the FVE mode, the sensitivity can be predictably
tuned from −0.15 nm/cm to −7.02 nm/cm with M=1∼48 for SFP1, and −0.31 nm/cm to −7.22
nm/cm with M=1∼23 for SFP2. In the HVE mode, the sensitivity can be further enhanced as
high as −9.08 nm/cm, while the sensing performance fluctuates during the adjusting process.
Benefiting from the merits of in-situ adjustable sensitivity and measurement range, simplicity of
composition, robustness, and remote sensing capability, the proposed scheme can be applied to
various practical applications.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Piezometers are geotechnical sensors that are used to measure pore water pressure (PWP) in the
soil, earth/rock fills, foundations, and concrete structures [1]. In the last decades, piezometers
have been widely used in construction control, stability investigation, shallow underground works
[2], groundwater pressure study [3] and monitoring of slope failure [4], landslides [5], earth
dams [6], embankments [7], etc. As compared with traditional electrical piezometers [8,9],
the unique advantages of optical fiber-based piezometers such as immune to electromagnetic
interference (EMI) and their multiplexing potential bring them widespread attention [10,11].
Among them, the FBG and interference-based piezometers [12,13] are two typical representatives,
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showing stable and reliable characteristics. However, their performance in terms of sensitivity or
resolution can be further improved.

The Vernier effect, firstly used in a Vernier caliper, can significantly enhance detection
accuracy and is widely used in many measurement fields by utilizing the overlapping effect
of two scales [14]. In recent years, the Vernier effect has been employed in optical fiber
sensing technology, in which two interferometers are connected in cascade or parallel structures
[15]. These two interferometers can be the same such as the Mach-Zehnder interferometers
(MZIs) [16], Michelson interferometers (MIs) [17], Sagnac interferometer (SIs) [18], Fabry-Perot
interferometers (FPIs) [19], microfiber knot resonators (MKRs) [20], fiber couplers [21], or
combinations of any two of them [22–25]. Due to its magnification mechanism, the Vernier
effect appears to be a promising solution for sensing applications with real-time controllable
performance. Xu et al. [26] proposed a sensitivity-controllable refractive index sensor based
on a reflective θ-shaped microfiber resonator that cooperated with the Vernier effect. However,
the sensing structure is difficult to manufacture, and its adjustment is not conducive to practical
applications. Wang et al. [27] proposed an ultra-sensitive gas pressure sensor based on the
Vernier effect with a controllable amplification factor, but it is difficult to achieve continuous
adjustment on-site based on their femtosecond processing and splicing manufacturing process.
For practical applications, an in-situ continuously adjustable fiber-optic sensor based on the
Vernier effect is desired, which has yet been reported in literature.

The harmonic Vernier effect (HVE) [28–30], different from the slight optical path difference
between two interferometers in the fundamental Vernier effect (FVE), has multiple relationships
between the optical path differences of interferometers. Based on the HVE method, Gomes et al.
[31] achieved a giant refractometric sensitivity (a magnification factor over 850) by combining
the extreme optical Vernier effect and modal interference, further amplifying the detectable range
compared with the FVE method.

In this article, an in-situ adjustable fiber-optic piezometer based on a parallelly structured
EFPI with both the FVE and HVE is theoretically and experimentally demonstrated. The EFPI
is simply formed by a fiber ferrule connector/flat contact (FC/FC) connector and an aluminum
foil pasted on a thin metal plate. When accommodating the EFPI structure, a referencing fiber
piezometer (RFP) and a sensing fiber piezometer (SFP) are formed by using an adjustable and
a fixed cavity length, respectively. By connecting the RFP and SFP in parallel, the Vernier
effect with amplified sensitivity is formed. By simply tuning the cavity length of the RFP, the
magnification factor M of the Vernier effect is in-situ continuously adjustable. Since the RFP
is not used for measurement (e.g. installed in a borehole or pressure chamber), tuning of its
cavity length can be done on spot thus achieving an in-situ adjustment of sensor sensitivity. A
water level measurement is carried out in both the FVE and HVE modes on two prototypes
SFP1 and SFP2. In the FVE mode, the sensitivity can be predictably tuned from −0.15 nm/cm
to −7.02 nm/cm with M=1∼48 for SFP1, and −0.31 nm/cm to −7.22 nm/cm with M=1∼23 for
SFP2. In the HVE mode, the sensitivity can be further enhanced up to −9.08 nm/cm but with a
fluctuated performance during the adjusting process. In addition, the advantages of the proposed
scheme such as in-situ adjustable sensitivity, tunable working range, simplicity of composition,
robustness, and remote sensing capability, further facilitate its potential for practical applications.

2. Experimental setup and principle

2.1. Single EFPI

The schematic of the EFPI structure with air cavity is shown in Fig. 1, which is simply formed
by an FC/FC connector and a piece of aluminum foil (99.99% purity, 20 µm thickness, 3 mm
diameter) pasted on a circular metal plate (0.75 mm thickness, 15 mm radius). The entire optical
structure is well protected and accommodated by a cylindrical component made of aluminum
alloy. One physical piezometer prototype as a reference interferometer is also shown in Fig. 1,
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indicating its compact and robust characteristics. It is worth noting that the components of the air
cavity are connected by fine threads, enabling its adjustment function of the RFP. In other words,
the cavity length and the free spectrum range (FSR) of the RFP can be adjusted in real-time
by rotating the threaded part as needed. In addition, it would be good for miniaturization and
adaptation of fiber piezometer by integrating the sensing head into a single fiber structure, the
easily available components in our case make the sensing structure simple, low-cost, robust,
durable and benefit its practical applications.

Fig. 1. Schematic diagram of EFPI structure and one prototype of the EFPI piezometer as
reference interferometer.

In Fig. 1, the incident beam and the reflected beams are represented by a black arrow and
red arrows, respectively. The reflected beams will recombine in the fiber, resulting in a typical
interference fringe pattern as output. For a typical EFPI of either the RFP or the SFP, the output
intensity can be expressed as [32]:

I = I1 + I2 + 2
√︁

I1I2 cos(ϕFP + ϕ0), (1)

where I1 and I2 are the light intensities of the reflected beams by the interfaces of the FC/FC
connector and the aluminum foil, respectively, ϕ0 is the initial phase of the EFPI; and ϕFP is
the phase difference of the two reflected light beams. Assuming ϕ0=0, the resonant wavelength
would satisfy the phase condition as [22]:

ϕFP =
2π ∗ 2L
λm

= 2mπ, (2)

λm =
2L
m

, (3)

where for a peak wavelength, the interference order m = k; for a dip wavelength, m = (2k + 1)/2;
and k is a positive integer. L is the cavity length of the EFPI. The FSR of the interference fringe
of the EFPI can be given by [33,34]

FSRFP = λm − λm+1 =
λm · λm+1

2L
≈
λ2

2L
. (4)

The observed wavelength variation relative to the cavity length variation induced by external
pressure can be expressed as

∆λm =
λm
L0

dL
dP
∆P, (5)

where L0 is the initial cavity length of the EFPI.
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2.2. Parallel structured EFPI

Based on the principle and physical prototypes of the single EFPI, the parallel structured EFPI is
constructed as shown in Fig. 2, in which the RFP prototype and the SFP prototype are connected
in parallel through a 3 dB optical coupler. An interrogator (Miron Optics Si255 1460∼1620 nm,
1 pm resolution) is used to illuminate the optical path and collect spectral data. The collected
data are processed and displayed on a computer.

Fig. 2. Schematic diagram of parallel structured EFPI.

As described above, the RFP has an adjustment function on the cavity length, i.e., the FSR of
the interference fringe of the RFP is adjustable by tuning the fine threads. Thus, the spectra of
the RFP and the SFP with similar but slightly different FSRs can be easily acquired as shown in
the dashed red box in Fig. 2. The total transmission spectrum from the superimposition of the
two individual fiber piezometers is displayed on the computer. The light intensity of the total
transmission can be expressed as [35]

I = IR + IS ≈ A + B cos
ϕRFP + ϕSFP

2
cos
ϕRFP − ϕSFP

2
, (6)

where IR and IS are the reflected light intensities of the RFP and SFP, respectively, ϕRFP = 4πLR/λ
and ϕSFP = 4πLS/λ represent the phase difference of the RFP and the SFP, respectively; LR and
LS are the cavity lengths of the RFP and the SFP; and A and B are the constants determined by
the reflectivity of multiple reflective interfaces of the two EFPIs.

2.3. Fundamental Vernier effect

The concept of the Vernier effect comes from the caliper which has two rulers with a slight scale
difference. Similarly, by adjusting the cavity length of the RFP to be slightly different from that
of the SFP, the optical Vernier effect can be readily achieved. The transmission dips will overlap
again after several orders, which leads to a periodic envelope in the Vernier-effect spectrum.
As observed in Fig. 2, the Vernier-effect spectrum consists of a series of fringes with different
amplitudes in a periodic envelope trend. The FSR of the Vernier-effect envelope can be described
as [36,37]:

FSRe =
FSRSFSRR

|FSRS − FSRR |
=
|︁|︁|︁|︁ λmλm+1
2(LS − LR)

|︁|︁|︁|︁ . (7)
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As compared to the single SFP, the envelope of the Vernier effect shows sensitivity magnification.
The magnification factor M is an important indicator of the Vernier effect, which can be given by
two definitions [28,29]. The first one is defined as the magnification ratio from the FSR of the
single sensing interferometer to that of the Vernier envelope, expressed as

M =
FSRe

FSRS
=

FSRR

|FSRS − FSRR |
=
|︁|︁|︁|︁ LS

LS − LR

|︁|︁|︁|︁ . (8)

As shown in Eq. (7) and (8), both the FSRs and the M-factor of the envelope are determined by
the cavity lengths of the EFPIs that form the Vernier effect. The other definition of M is related
to the sensing performance, which is the magnification ratio from the wavelength shift of the
single sensing interferometer to that of the Vernier envelope, expressed as

M =
Senvelope

SSFP
=
∆λe

∆λm
. (9)

It is worth noting that, by adjusting the cavity length of the RFP LR, the FSR of the Vernier
envelope and the M-factor can be well controlled and tuned, enabling its adjustable features
in-situ. This will be further verified in the experimental part.

2.4. Harmonic Vernier effect

In the above section of the fundamental Vernier effect (FVE), the two interferometers have a
slight difference in the optical path, i.e., cavity lengths. However, in the harmonic Vernier effect
(HVE), the cavity length of one EFPI is multiples of the other. Based on the HVE, the sensitivity
can be further amplified to a significant level as compared to the FVE [28].

Due to the in-situ adjustable function of our proposed RFP and SFP scheme, the HVE structure
can be easily obtained. Compared with increasing the cavity length of RFP, reducing the cavity
length of RFP is more conducive, as it renders greater spectral contrast and smaller optical loss.
Here in the case of spectral output, reducing the cavity length of RFP is equivalent to increasing
the cavity length of the SFP. Thus, the optical path length of the SFP is considered to be increased
by i-times the cavity length of the RFP (LS’= LS + iLR). i is a positive integer defined as the order
of the HVE; the HVE degrades to the FVE when i= 0. Then the FSR of the SFP can be given
follow:

FSRi
S =

|︁|︁|︁|︁ λmλm+1
2(LS + iLR)

|︁|︁|︁|︁ . (10)

To form a typical Vernier effect spectrum, the FSRs of the two interferometers will overlap at
resonant dips when this match condition is satisfied: FSRi

e = kFSRR = [(i + 1)k + 1]FSRi
S, with

k = FSRi
S/[FSRR − (i + 1)FSRi

S]. Therefore, the FSR of the lower envelope can be written in the
form of

FSRi
e =

|︁|︁|︁|︁|︁ FSRRFSRi
S

FSRR − (i + 1)FSRi
S

|︁|︁|︁|︁|︁ . (11)

The FSR of the HVE internal envelope and the corresponding M-factor can be given by [28]

FSRi
ie =

|︁|︁|︁|︁|︁ (i + 1)FSRRFSRi
S

FSRR − (i + 1)FSRi
S

|︁|︁|︁|︁|︁ = (i + 1)FSRi
e, (12)

Mi =
FSRi

ie

FSRi
S
=

|︁|︁|︁|︁|︁ (i + 1)FSRR

FSRR − (i + 1)FSRi
S

|︁|︁|︁|︁|︁ = (i + 1)M. (13)

It is clear that compared to the FVE, the FSR and sensitivity of the HVE are both increased by
a factor of i+1. Thus, the HVE appears to be a promising way to further improve the performance
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of the sensor. However, when i is increased, the slight cavity length difference i.e. LS − (i + 1)LR
between the two EFPIs becomes harder to maintain as compared to the FVE. This will complicate
the adjustment process of the magnification factor, which will be demonstrated in the following
experimental part.

3. Results and discussion

3.1. Single EFPI

To verify the above theory, two prototypes of the EFPI piezometer, SFP1 and SFP2 are
manufactured. Their corresponding output spectra are shown in Fig. 3(a), where the black and
red curves represent the spectra of SFP1 and SFP2 with fringe contrasts of 7.5 dB and 25 dB,
respectively. It is noted that their FSRs are 3.04 nm and 6.76 nm, which means that according to
Eq. (4), the initial cavity lengths are approximately 398 µm and 178 µm, respectively.

Fig. 3. (a) Initial spectra of sensing fiber piezometers SFP1 and SFP2, (b) Wavelength
variation of SFP1 and SFP2 along with water level.

The performance of SFP1 and SFP2 is tested by performing a water level measurement. Their
spectrum variations under distinct water levels are shown in Fig. 3(b), in which the spectra are
recorded and displayed in vertical offset. As the water level increases from 0 cm to 20 cm in steps
of 5 cm, the blue shift process shown by the blue dashed arrows can be observed clearly. The blue
shift phenomenon can be explained by Eq. (3) that increasing water pressure reduces the resonant
wavelength. The relationships between the wavelength and the water level of SFP1 and SFP2 are
also depicted in Fig. 3(b), where the linear fittings reveal their sensitivities of −0.15 nm/cm, and
−0.31 nm/cm, respectively.

3.2. Fundamental Vernier effect

The Vernier effect based on two piezometer prototypes SFP1 and SFP2 is demonstrated in a water
level measurement with an experimental setup illustrated in Fig. 4. The SFP with fixed cavity
length and The RFP with adjustable cavity length as indicated by the blue arrows are connected
in parallel configuration through a 3 dB optical coupler. The SFP is immersed in water, and the
water level varies from 0 to 20 cm at a step of 5 cm. The corresponding spectra data are collected
and recorded by the interrogator. By tuning the cavity length of the RFP, both SFP1 and SFP2 in
the FVE and HVE modes are tested in this water level measurement for comparison.

In the FVE mode, a slight cavity length difference between the RFP and the SFP will cause
a periodical envelope in the Vernier fringes as shown on the computer screen in Fig. 4. The
envelope shifts along with the water level are recorded as shown in Fig. 5(a). The dip of the
lower envelope for observation experiences an obvious blue shift as indicated by the dashed blue
arrow. The M-factor from FSR can be roughly counted from the envelope fringes, that is, the
number of FSR fringes of a single sensing SFP contained in one period of the envelope. Here
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Fig. 4. Experimental setup for water level test.

about 10 fringes are contained as shown by the red lines, implying an M-factor of about 10. The
corresponding relationship between the wavelength and the water level is depicted in Fig. 5(b),
where the sensing curve of the single SFP1 is also depicted as a comparison. An actual M-factor
of 9.56 from measurement sensitivity is acquired, amplifying a sensitivity of −0.15 nm/cm of the
single SFP1 to a sensitivity of −1.41 nm/cm of SFP1 in an FVE mode.

Fig. 5. (a) Spectra under water level test with one vernier structure M=10; (b) Relationship
between wavelength and water level compared with that of single SFP1.

By continuously tuning the cavity length of the RFP and counting the FSR fringes in one
period of the envelope, the M-factor or measurement sensitivity of the SFP1 in the FVE mode
can be well controlled and adjusted. The output spectra are shown in Fig. 6(a), in which the
number of the fringe in one period of the envelope or the M-factor is adjusted to be 6, 10, 14,
and 48. The corresponding wavelength shifts under these tuned states as a function of the water
level are recorded and depicted in Fig. 6(b), where the sensing curve of the single SFP1 is also
included for comparison. It reveals that the sensitivity of the single SFP1 (−0.15 nm/cm) is
continuously magnified to be −0.82 nm/cm, −1.41 nm/cm, −2.08 nm/cm, and −7.02 nm/cm with
corresponding sensing M-factors of 5.59, 9.56, 14.09, and 47.57, respectively. These results
indicate that the function of in-situ adjustable sensitivity is realized based on the SFP1 in the
FVE mode. However, when the sensitivity is amplified to a large multiple (the green line),
the measurement range is narrowed, which is limited by the 160 nm wavelength range of the
interrogator.
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Fig. 6. (a) Vernier spectra of SFP1 with a magnification factor of 6, 10, 14, and 48; (b)
Corresponded relationships between the wavelength shifts and the water level.

To further verify the in-situ adjustable function, effectiveness, and repeatability of the proposed
scheme in the FVE mode, the same measurement process is repeated on the piezometer prototype
SFP2 which has a shorter cavity length. The Vernier spectra with M-factors from FSR continuously
adjusted from 4, 9, 13, to 23, are shown in Fig. 7(a). The corresponding sensing curves under
these tuning states are depicted in Fig. 7(b), showing the actual sensing M-factors from 3.81, 9.17,
13.07, to 23.48. Similar to the SFP1 in FVE mode, when the sensitivity is amplified to a large
multiple, the measurement range becomes narrower as shown by the green line. It should be noted
that the sign of sensitivity changes, that is, the negative sensitivity of the single SFP2 becomes
positive in the FVE mode. This can be explained by the relationship LSFP2<LRFP<LSFP1, so the
wavelength shift will undergo a sign change as compared with the SFP1 in the FVE mode.

Fig. 7. (a) Vernier spectra of SFP2 with magnification factors of 4, 9, 13, and 23; (b)
Corresponding relationships between the wavelength shifts and the water level.

3.3. Harmonic Vernier effect

Based on the HVE, as mentioned before, the sensitivity can be further amplified to a significantly
higher level. To verify it, the prototypes SFP1 and SFP2 are also tested in the HVE mode. As
shown in Fig. 8(a), the harmonic Vernier spectrum of SFP1 with harmonic order i=1 shows two
internal envelopes in red and pink. And the cross point of the two internal envelopes can be the
observation point during the measurement as shown in Fig. 8(b), which indicates an obvious blue
shift.

By tuning the cavity length of the RFP, the spectra under different harmonic orders i=1, 2, 3 are
obtained as shown in Fig. 9(a), including the spectrum in FVE mode (i=0, M=6) for comparison.
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Fig. 8. (a) Harmonic Vernier spectrum of SFP1 with i=1 and (b) corresponding spectra
shifts with the water level.

The number of the internal envelopes is equal to i+1. By observing the shift of the cross point,
the corresponding sensing curves under i=1, 2, 3 are shown in Fig. 9(b), where the sensitivity is
magnified to be −4.38 nm/cm, −9.08 nm/cm, and −2.52 nm/cm. The corresponding M-factors
are 29.70, 61.57 and 17.07 as compared to the single SFP1.

Fig. 9. (a) Harmonic Vernier spectra of SFP1 with i=1, 2, 3, and (b) corresponding sensing
curves.

Similarly, SFP2 in the HVE mode is also tested. The spectra under different harmonic
orders i=1, 2, 3 are shown in Fig. 10(a), including the spectrum in FVE mode (i=0, M=4) as a
comparison. By observing the shift of the cross point, the corresponding sensing curves under
i=1, 2, 3 are shown in Fig. 10(b). The sensitivity is magnified to be −7.45 nm/cm, −4.20 nm/cm,
and −1.38 nm/cm, with corresponding M-factors of 24.22, 13.65 and 4.48 as compared to the
single SFP2, respectively.

Both SFP1 and SFP2 in the HVE mode do not show a continuous increase in sensitivity as
expected when the harmonic order changes in integers. This may be attributed to the manual
adjustment of the reference states (tuning the fine threads) in the FVE mode. It can be improved
by using a more sophisticated adjustment apparatus but sacrificing the cost-effectiveness and
simplicity of the system at the same time. Nevertheless, SFP1 and SFP2 in the HVE modes
still show further magnified sensitivities up to −9.08 nm/cm and −7.45 nm/cm, respectively, as
compared to the FVE mode.

3.4. Performance comparison

The performance comparison of the above-mentioned demodulation schemes (single SFP, SFP in
FVE mode, SFP in HVE mode) is listed in Table 1, in terms of the sensitivity, resolution, M-factor
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Fig. 10. (a) Harmonic Vernier spectra of SFP2 with i=1, 2, 3, and (b) corresponding sensing
curves.

by FSR, M-factor by sensitivities and measurement range. Compared with the single SFP with
fixed sensitivity, both the FVE mode and HVE mode show obvious magnification on sensitivity,
showing ∼µm level water level sensing resolution. Sensing structure in the HVE mode further
enhances the performance as compared to the FVE mode. For in-situ continuous adjustment, the
FVE mode shows better controllability on the sensing M-factor, and the HVE mode does not
show a consistent increase on the sensing M-factor. It is worth noting that the sensor resolution
values listed in the table are derived from the ratio of instrument’s demodulation resolution to
sensor sensitivity, which is only used as an index for comparison. In practical applications, the
sensing error would increase along with the enhancement of sensitivity. The actual measurement
resolution would be affected by the noise floor induced by the external environment and reading
error from data processing.

Table 1. Performance Comparison of Demodulation Schemes

Method Item Test Sensitivity
(nm/cm)

Resolution
(mm)

M by
FSR (or
fringes)

M by Sen-
sitivities

Range
(cm)

Sensitivity
predictable

Single FP
SFP1 #1 −0.1475 0.068 1 1 1085

Fixed
SFP2 #1 −0.3075 0.033 1 1 520

Fundamental
Vernier effect

SFP1

#1 −0.8238 0.012 6 5.86 194

Predictable
and

adjustable
on M-factor

#2 −1.41 0.007 10 9.56 113

#3 −2.0782 0.005 14 14.09 77

#4 −7.0162 0.001 48 47.57 23

SFP2

#1 1.1726 0.009 4 3.81 136

#2 2.8192 0.004 9 9.17 57

#3 4.0202 0.002 13 13.07 40

#4 7.2208 0.001 23 23.48 22

Harmonic
Vernier effect

SFP1
i=1 −4.381 0.002 − 29.70 37

Amplified
but

fluctuated
on M-factor

i=2 −9.0817 0.001 − 61.57 18

i=3 −2.5172 0.004 − 17.07 64

SFP2
i=1 −7.4466 0.001 − 24.22 21

i=2 −4.1962 0.002 − 13.65 38

i=3 −1.3774 0.007 − 4.48 116
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Besides, limited by the wavelength range of the interrogator, the measurement range of the
proposed schemes is inversely proportional to measurement sensitivity. In fact, the measurement
range can be expanded by adopting a widened wavelength range of the interrogator or OSA, but
this will also increase the system cost. To clarify the variation trends of these two important
performance indicators, their numerical changes are represented by the histogram shown in Fig. 11.
The results of SFP1 in the single sensing mode, FVE mode and HVE mode are shown in Fig. 11(a),
and those of SFP2 are shown in Fig. 11(b). Their sensitivities are indicated in the black color
while measurement range in red, and the corresponding arrows show their adjustment process.
As demonstrated, compared with the single SFP, the measurement sensitivity can be significantly
magnified in both the FVE and HVE modes. The FVE mode shows continuously adjustable
performance, while the HVE mode shows fluctuation in performance with the tuning process
despite that it can achieve higher sensitivity. Besides, the variation trend of the measurement
range shows the completely opposite trend as compared with that of the sensitivity.

Fig. 11. Performance comparison between FVE and HVE of proposed piezometer.

4. Conclusion

In summary, we theoretically and experimentally demonstrated an in-situ adjustable fiber-optic
piezometer based on a parallelly structured EFPIs by utilizing the Vernier effect. By simply
adjusting the cavity length of the RFP, a water level measurement is performed in both the FVE
and HVE modes using prototypes SFP1 and SFP2. In the FVE mode, the sensitivity can be
predictably tuned from −0.15 nm/cm to −7.02 nm/cm with magnification factor M from 1 to 48
for SFP1, and −0.31 nm/cm to −7.22 nm/cm with M from 1 to 23 for SFP2. In the HVE mode,
the sensitivity can be further enhanced up to −9.08 nm/cm but with an inconsistent performance
with the adjustment process as compared to the FVE mode. Moreover, the device is featured with
in-situ adjustable sensitivity, tunable measurement range, simplicity of composition, robustness,
and remote sensing capability, which make it attractive in various practical applications.
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