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A B S T R A C T   

In this article, we introduce a new concept for an in-line optical fiber force sensor probe, which is based on two 
cascaded Fabry-Perot (F-P) cavities to generate the Vernier effect and enhance sensitivity. Due to the significantly 
low Young’s modulus of UV-cured adhesive within the sensing cavity, extremely high force sensitivity is ob
tained. In our initial sample, we achieved an impressive force sensitivity of − 61,301 nm/N. To improve that, the 
optical path difference between the two cavities is further reduced, exhibiting a remarkable increased force 
sensitivity of − 140,813 nm/N. As an application, we conducted an experiment using this highly sensitive force 
sensor probe to measure the evaporation rate of ethanol, a common solvent, which is 7.79 × 10− 5 g/s at room 
temperature. The proposed sensor features advantages of high sensitivity, simple structure, ease of fabrication, 
compactness, which is an ideal fiber sensor probe for sensitive force measurement.   

1. Introduction 

For the past two decades, optical fiber sensors have been playing 
very important role in different fields, such as medical, pharmaceutical, 
environmental, biosensing and food industries. Plenty of applications 
have been carried out to detect a variety of parameters, like humidity 
[1,2] strain and force [3,4], refractive index [5,6], temperature [7,8], 
magnetic field intensity [9,10] and curvature [11,12]. For the mea
surement of force, different sensing mechanisms have been involved, 
such as Fiber-optic Sagnac sensors [13], Fabry-Perot (F-P) interfero
metric sensors [14], and grating-based sensors (both fiber Bragg gratings 
and long period fiber gratings [15]). Among these sensing configura
tions, the Fabry-Perot interferometric sensor plays an important role due 
to its simple structure, ease of fabrication, and relatively high sensitivity. 

For example, Wei et al. produced a flexible force sensor based on 
spheroidal F-P air cavity obtained by splicing two core-etched single- 
mode fibers (SMFs) with a sensitivity up to 106 pm/N in the range of 
0–20 N [16]. Arata et al. introduced an ultra-miniature F-P pressure/ 
force sensor at the end of an optical fiber. The length of the cavity be
tween the fiber end and a diaphragm was adjustable by pressure. Then, 
the element was encapsuled inside a carbide pin showing a force 

sensitivity of 2.52 nm/N with a range of ±25 N [17]. Liu et al. proposed 
a force sensor based on fiber F-P micro-cavity and plugged by cantilever 
taper. The force sensitivity was measured to 841.59 nm/N in the range 
from 0 to 0.4 N thanks to the ultra-long active-length of capillary and the 
ultra-short interference length of the air cavity [18]. 

Recently, two-photon-polymerization (TPP)-based 3D printing 
technique has been utilized to fabricate F-P fiber sensor probes for force 
measurements down to the scale of piconewtons. By printing a micro- 
spring on a fiber facet, a force sensitivity of 0.436 nm/nN and a and 
resolution of 40.0 pN were obtained [19]. Additionally, a microcanti
lever printed on a fiber facet shows an ultra-high force sensitivity of 154 
nm/µN and a force resolution of up to 130 pN [20]. Though significantly 
force sensitivity improvement has been achieved, the high precision 3D 
printing system typically utilize expensive femtosecond laser system, 
and the printing process is rather sophisticated and time-consuming. 

Although F-P fiber interferometers have shown relatively high 
sensitivity for force measurements, they could be further upgraded by 
combining other configurations, such as Vernier effect, which is more 
and more attractive for sensing applications [21,22]. This effect results 
from the spectral overlap of two cascaded interferometers with slightly 
detuned free spectral ranges (FSRs) or interference frequencies. 
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Generally, one of the interferometers works as a reference unit, while 
the other one acts as a sensing unit [23]. The output signal of the 
configuration with Vernier effect is the overlay of the two interfero
metric spectra with periodic envelops, called “beats” [24]. The force 
perturbation from the sensing cavity could induce dramatic shifts of the 
envelopes of the spectra, significantly amplifying the sensitivity of the 
sensors [25]. 

Zhao et al. proposed a sensor with two F-P interferometers to 
generate the Vernier effect. The reference interferometer was formed by 
a section of hollow tube sandwiched between two SMFs. The other 
sensing interferometer was modified by inserting a tapered FBG in the 
hollow tube, not only maintaining the similar cavity length, but also 
enhancing the strain sensitivity. The strain sensitivity of the proposed 
sensor reached 1.307 nm/με [26]. However, the fabrication process of 
the sensing cavity remains complex with the tapered fiber. Bao et al. 
proposed two fiber F-P interferometers with mirrors micromachined by 
the slit fs-laser beam. The reference interferometer was composed of the 
silica fiber, while the sensing interferometer relied on hyperelastic 
polydimethylsiloxane (PDMS) fiber. Due to Vernier effect, the proposed 
sensor had a force sensitivity of 45.721 nm/μN in the range from 0 to 
1400 μN [27]. Though very high force sensitivity was achieved, the 
fabrication of the PDMS fiber and fs-laser-induced mirrors were time- 
consuming. 

In fiber-optic sensing field, polymer materials, especially photo
polymerizable resins have been widely utilized as a bridge between two 
SMFs, as they present advantages as compared with silica material due 
to its lower Young’s modulus, higher elastic, etc. For example, Oliveira 
et al. demonstrated a hydrostatic pressure F-P sensor with polymerized 
resin between two SMFs acting as a cavity [28]. Lee et al. proposed a 
fiber sensor to measure tilt angles. The sensing structure was based on a 
tapered polymer between two SMFs [29]. 

Motivated by the properties of Vernier effect and polymer adhesives, 
we combine both advantages and propose two in-line fiber-optic sensor 
probes based on two cascaded F-P cavities for force measurement. The 
UV-curable adhesive in the sensing cavity plays an important role due to 
its small Young’s modulus. Two sensor probes with different cavity 
parameters present different performances. For Sample 1, a force 
sensitivity of − 61,301 nm/N was obtained. For Sample 2, an ultra-high 
sensitivity of − 140,813 nm/N was obtained due to the further reduction 
of the optical path difference between the two cavities. As a proof-of- 
principle application, we demonstrate to use of the sensor to measure 
the evaporation rate of ethanol. As compared to the regular F-P fiber 
sensor fabricated by sandwiching UV adhesive between two SMF pig
tails, the sensitivity of the proposed sensor is improved by ~62 folds. 
Additionally, although some fiber force probes fabricated by TPP-based 
3D printing of ultrafine structures on fiber feature sensitivities as high as 
108 nm/N. Note that fabrication of these probes is technically chal
lenging and expensive, as fs-lasers and high-precision motion manipu
lation systems are normally involved. Moreover, these ultra-fine 
structures have relatively low mechanical strength and tend to break 
down due to mis-operation. The sensor probes proposed in this paper 
have the advantages of simple structure, quite low cost, simple 
manufacturing process, commercial availability of required materials 
and high sensitivity. The proposed sensor could be used in the fields 
where precise force detection is relevant. 

2. Principle of F-P cavity and Vernier effect 

2.1. Principle of F-P cavity and effect 

The working principle of the proposed fiber sensor is first based on F- 
P interferometer fiber sensor with a single cavity, whose FSR is 
expressed by Refs. [30,31]: 

FSR =
λ2

2nL
(1)  

where λ, n and L represent the wavelength of light in vacuum, the 
refractive index inside the cavity and the cavity length, respectively. 
Then, a second cavity is cascaded to generate the Vernier effect, which 
significantly amplifies the sensitivity of the F-P interferometer fiber 
sensor. The FSR of the envelope can be written as [32,33]: 

FSRe =
FSR1 × FSR2

|FSR1 − FSR2|
(2) 

The sensitivity amplification factor is expressed as [34]: 

M =
FSRe

FSR1
=

FSR2

|FSR1 − FSR2|
=

n1L1

|n1L1 − n2L2|
(3)  

where FSR1, FSR2 represent the FSR for interference spectra of Cavity1 
and Cavity2, and FSRe represent the FSR of the spectral envelope in the 
reflection spectrum of the whole sensor probe. If the FSR of the envelope 
is large or the two cavities have similar optical length (OL), the sensi
tivity of the cascaded F-P fiber sensor can be dramatically improved. 

2.2. Sensor probe fabrication 

The structure of the proposed sensor is illustrated in Fig. 1. An SMF 
pigtail (SMF1) and a short segment of SMF (SMF2) are spliced by UV 
glue. For the ease of handling, SMF2 is also fusion-spliced with a segment 
of capillary fiber which acts as a mechanical support. The UV glue be
tween SMF1 and SMF2 forms the resonant Cavity1 with a length L1, SMF2 
forms the resonant Cavity2 with a length L2, and Cavity1 and Cavity2 
together form combined Cavity3. The interface between SMF1 and the 
UV glue constitutes Mirror1; the interface between the UV glue and SMF2 
constitutes Mirror2; and the interface between SMF2 and the air inside 
the capillary forms Mirror3. In this case, three F-P cavities are obtained. 
Cavity1 is composed of the UV glue of which the optical length is very 
sensitive to force. Cavity2 is composed of the SMF2. Thus, Cavity3 is a 
combination of Cavity1 and Cavity2 with a cavity length of L1 + L2. The 
schematic of the sensor probe is depicted in Fig. 1. 

The sensor probe used in this work was fabricated based on the 
following steps. Firstly, an SMF was spliced with a silica capillary fiber 
(Polymicro Technologies, TSP075150, inner diameter: 75 μm, outer 
diameter: 124 μm.) using a fusion splicer (Fujikura, FSM-100P). During 
the discharge process, the electric electrodes were not positioned at the 
interface between the capillary and the SMF, but mostly on the SMF side 
by using the manual mode of the fusion splicer to avoid the collapse or 
deformation of the capillary. Then, the SMF was cleaved into the 
designated length, L2 for Cavity2 using a fiber cleaver with the aid of a 
long working-distance microscope. The cleaved SMF-capillary segment 
and another SMF pigtail were then aligned with a gap using a three-axis 
micro-positioning stage (Thorlabs, MBT616D/M). Length of the gap 
could be approximately adjusted into the proper length, L1, for Cavity1 
with the aid of the optical microscope as well. After that, UV-curable 
adhesive (Norland, NOA 73) was filled in the gap between the two 

Fig. 1. Sketch of the cascaded Fabry-Perot cavity fiber sensor.  
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SMFs, and the gap was further finely adjusted to obtain an appropriate 
spectrum envelope by monitoring the reflected spectrum. Finally, the 
adhesive was cured for ~30 s using a UV lamp (SJMAEA, wavelength: 
365 nm) with an illumination intensity of 12 mW/cm2. The adhesive 
features a Young’s modulus of 0.011 Gpa, and a tensile strength of 
0.0014 GPa. More information about this adhesive could be found on the 
official website [35]. The Young’s modulus of the silica-based SMF is 
69.2 GPa [36]. The optical microscopic images of the two samples are 
shown in the insets of Fig. 2. 

Prior to the force measurement, the sensor probes were annealed at 
60 ◦C for 5 h to increase the strength and stability of the UV adhesive. 
For force measurements, the sensor probes were vertically placed. At the 
bottom of this sensor, the capillary fiber was connected to a carrier 
platform made of paper using four lightweight threads. During the 
measurement, the weight was gradually added to the carrier platform, 
and the force is subsequently calculated by F = mg, where m and g 
represent the weight and gravity acceleration (g ≈ 10 m/s2), respec
tively. The spectrum of the sensor was recorded after each addition of 
weight. The reflection spectrum demodulation system includes a 
broadband light source (BBS) (YSL Photonics, SC-5-FC), a fiber circu
lator and an optical spectrum analyzer (Anritsu, MS9740A). Since the 
bandwidth of the envelope is wide, fitting methods, such as Gaussian 
fitting and Lorentz fitting, are necessary to apply to improve the accu
racy of the peak wavelength reading. In this work, the position of the 
envelope is determined by the central wavelength of the peak calculated 
by Lorentz fitting. All the force measurements were conducted in a 
temperature-controlled environment. 

3. Experimental and numerical results 

3.1. The first sample 

For Sample 1, L1 and L2 are set to be ~120 μm and ~130 μm, 
respectively. The FSRe of the resulting spectrum is ~220 nm. Reflection 
spectra were measured in the range from 1300 nm to 1700 nm. With 
increasing external force ranging from 0 to 28.8 × 10− 4 N, the spectral 
envelope exhibits blue-shifts, as shown in Fig. 3. Using Lorentzian fitting 
on each spectrum, the peak wavelength of the envelope was precisely 
shifted from the initial position at 1534.8 nm–1365.8 nm. This experi
ment was conducted for three times, exhibiting good repeatability. Via 
linear fitting, the force sensitivity of − 61,301 nm/N was obtained, as 
shown in Fig. 4. 

Using the above structural parameters (L1 = 119.2 μm, L2 = 130.3 
μm), the reflection spectra under different forces can be calculated 
numerically using the theoretical equations presented in Ref. [31]. For 
Cavity1, the Young’s modulus is 0.011 GPa, while the counterpart for 

Cavity2 is adapted to 3.47 GPa according to upper and lower limit of the 
composite material [37]. 

As compared to Cavity1, Cavity2 made of silica features much higher 
Young’s modulus and thus little deformation in response to the applied 
force. Therefore, Cavity1 is regarded as a sensing cavity, and Cavity2 is 
regarded as a reference cavity. The refractive index of UV adhesive and 
SMF was set to 1.54 and 1.448, respectively, at room temperature and 
cross-sectional areas of Cavity1 and Cavity2 are set to be 87844.35 μm2 

(average radius ~167.26 μm) and 78486.22 μm2 (average radius 
~158.10 μm). The variation of the cavity length is obtained by: 

ΔL =
F × L
S × E

(4)  

where F, L, S and E represent force, initial cavity length, cross-sectional 
area and Young’s modulus, respectively. The simulation results are 
shown in Fig. 5, suggesting an FSR of ~230 nm and a sensitivity of 
− 57,688 nm/N (Figs. 5 and 6), respectively. These results agree well Fig. 2. Device setup diagram for force measurements. The insets are micro

scopic images of the sensor probes. 

Fig. 3. Partial experimental spectral evolution of Sample 1 as a function of 
force from 0 to 28.8 × 10− 4 N (with offset). 

Fig. 4. Linear regression analysis on the experimental results (Sample 1) for the 
force ranging from 0 to 28.8 × 10− 4 N. 
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with the experimental results. 

3.2. The second sample 

For Sample 2, L1 and L2 are set to be ~101 μm and ~109 μm, 
respectively, exhibiting a smaller initial optical path length difference 
between the sensing and the reference cavity compared to Sample 1. The 
FSRe of the resulting spectrum is ~500 nm, which is much larger than 
that for Sample 1, leading to a more pronounced envelope shift from 
1660.8 nm to 1295.3 nm in the force measurement in the range from 0 to 
26.2 × 10− 4 N, as shown in Fig. 7. This experiment was also conducted 
for three times, exhibiting good repeatability. The sensitivity of Sample 
2 was found to be − 140,813 nm/N via the linear fitting, as shown in 
Fig. 8. 

Using the above structural parameters (L1 = 100.96 μm, L2 = 109.10 
μm), the simulated spectra are shown in Fig. 9. The cross-sectional areas 
of UV glue and SMF are set to be 71,620 μm2 (average radius ~151.03 

μm) and 68438.5 μm2 (average radius ~147.63 μm), respectively. The 
linear fitting of the spectral shift of the envelopes is shown Fig. 10. The 
corresponding FSRe and sensitivity are ~500 nm and − 136453.8 nm/N, 
respectively, similar to the experimental results. 

We carried out Fast Fourier Transform (FFT) to the experimental 
spectra of the two samples (Fig. 11). The FFT spectra reflect information 
with respect to the FSRs of the interference spectra of the individual F-P 
cavities. For Sample 1 (Fig. 11a), the peak 1 centered at ~0.164 nm− 1 in 
the spatial frequency domain corresponds to the FSR of the interference 
spectra of Cavity1 and Cavity2, which is ~6.10 nm calculated from Eq. 
(1). The peak 2 centered at ~0.332 nm− 1 corresponds to the FSR of the 
spectrum of Cavity3, which is ~3.02 nm. For Sample 2 (Fig. 11b), the 
peak 1 and peak 2 centered at ~0.138 nm− 1 and ~0.279 nm− 1, which 
corresponds to the FSR of Cavity1 and Cavity2 (~7.24 nm) and the FSR 
of Cavity3 (~3.59 nm), respectively. 

The temperature cross-sensitivity measurement was performed using 
Sample 2 in the temperature range from 22 ◦C to 22.8 ◦C on a 
temperature-controlled breadboard (Thorlabs, PTC1/M) with a readout 
resolution of ±0.001 ◦C. The spectral response of Sample 2 to 

Fig. 5. Simulated spectral evolution of Sample 1 as a function of force 0 to 
28.8 × 10− 4 N (with offset). 

Fig. 6. Linear regression analysis on the simulated results for the force ranging 
from 0 to 28.8 × 10− 4 N. 

Fig. 7. Partial experimental spectral evolution of Sample 2 as a function of 
force from 0 to 26.2 × 10− 4 N (with offset). 

Fig. 8. Linear regression analysis on the experimental results (Sample 2) for the 
force ranging from 0 to 26.2 × 10− 4 N. 
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temperature is shown in the Fig. 12. and the linear fitting of the envelope 
is depicted in Fig. 13, showing a temperature sensitivity of 413.7 nm/ 
◦C. Thus, the application of this sensor probe requires temperature- 

controlled environment. Otherwise, one may need additional tempera
ture sensors to monitor the thermal variations during the force mea
surements to make compensations. For instance, by fabricating a fiber 
Bragg grating (FBG) in proposed sensor probe, one could deduce the 
thermal variations by measuring shifts of the Bragg wavelength, and 
then compensate the cross sensitivity. However, simultaneous mea
surement of temperature and force is not the main concern for this paper 
and will be studied as the future work. 

To investigate the sensitivity amplification factor of the Vernier ef
fect, a standard F-P sensor with UV adhesive in the cavity was prepared. 
The sensor consists of two segments of SMFs with UV adhesive in be
tween. The cavity length is ~140 μm. The sensor was annealed in the 
same condition as previous sensors before force measurement. The ob
tained spectra are shown in Fig. 14 with a red shift as a function of force 
in the range of 0–28.44 × 10− 4 N. Via linear fitting, a force sensitivity of 
1819 nm/N was obtained, as shown in Fig. 15. 

Therefore, the sensitivity magnification factor of Sample 2 is about 
77.5 (140,813/1819 = 77.5), which is on the same scale with the 

Fig. 9. Simulated spectral evolution of Sample 2 as a function of force from 0 to 
26.2 × 10− 4 N (with offset). 

Fig. 10. Linear regression analysis on the simulated results for the force 
ranging from 0 to 26.2 × 10− 4 N. 

Fig. 11. Spatial frequency spectra obtained by applying FFT to the reflection 
spectrum of Sample 1 (a) and Sample 2 (b) measured at 0 N. 

Fig. 12. Partial experimental spectral evolution of Sample 2 as a function of 
temperature from 22 ◦C to 22.8 ◦C (with offset). 

Fig. 13. Linear regression analysis on the experimental results for the tem
perature ranging from 22 ◦C to 22.8 ◦C. 
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theoretical calculation value ~62 according to the Eq. (3). This higher 
experimental sensitivity magnification factor could mainly arise from 
lower force sensitivity of the single F-P sensor due to its larger cavity 
length (~140 μm) compared to L1 (~101 μm) for Sample 2 [16]. 

Owing to the exceptional sensitivity of Sample 2, it is feasible to 
measure the evaporation rate of volatile liquids. In this work, the 
evaporation rate of ethanol was measured, and the spectral evolution of 
this process is depicted in Fig. 16. We narrowed down the measuring 
range of the spectrum, focusing only on the small spectral range where 
the characteristic peaks are located. In this way, we sampled a spectrum 
every 5 s, while the acquisition time of each spectrum is 1 s. Before 
carrying out this experiment, a thin glass slide was placed inside the 
basket. Subsequently, one drop of (~3 μL) ethanol were positioned onto 
the glass slide using a pipette, and an immediate envelope shift was 
observed from 1452.47 nm to 1444.24 nm. Afterwards, the envelope 
red-shifted during the ethanol evaporation process. In order to obtain 
the evaporation rate of ethanol at room temperature, spectra were saved 

every 5 s. This experiment was conducted for three times. According to 
the force sensitivity of − 140,813 nm/N and the evolution of the enve
lope wavelength as a function of time, the average weight variation of 
the ethanal is shown in Table 1, and the mass changes of ethanol in 90 s 
is shown in Fig. 17. In the first 15 s, a evaporation rate of 7.79 × 10− 5 g/s 
was obtained after linear fit, and then it decreased gradually until 75 s. 
This phenomenon could be attributed to the decrease of the surface area 
of the liquid proportional to the evaporation rate [38]. Note that 
evaporation rate of a volatile liquid is dependent on many factors such as 
temperature, pressure, surface area of the liquid. The experiment here 
aims to demonstrate that the proposed sensor could be used to measure 
dynamics of changing forces related to physical or biochemical process. 

4. Discussions 

By comparing the two samples, it is found that the force sensitivity of 
Sample 2 is much larger than that of Sample 1, which is mainly due to 
the small optical length difference (OLD) between Cavity1 and Cavity2 
(the OLD of Sample 1 and Sample 2 are ~5.1 μm and ~2.5 μm, 
respectively), according to Eqs. (1)–(3). In addition, the sensitivity can 
be further improved by reducing the OLD between the two cascaded 
cavities. Theoretically, this sensitivity could actually become much 
larger, when the OLD diminishes to the infinitesimal (but not 0). How
ever, this also comes with a much larger FSR of the envelope. Subse
quently, a single spectral envelope would extend out of the practical 
measuring range of the spectrum analyzer, leading to an unmeasurable 
envelope. Thus, a trade-off has to be made between the sensitivity and 
the practical FSRe. Furthermore, the force sensitivity can be improved by 
reducing the cross-sectional area of the sensing cavity and using a UV 
adhesive with a much lower Young’s modulus. As compared to existing 
fiber optic force sensors, the proposed sensor features the advantages of 

Fig. 14. Partial experimental spectral evolution of F-P as a function of force 
from 0 to 28.44 × 10− 4 N. 

Fig. 15. Linear regression analysis on the experimental results for the force 
ranging from 0 to 28.44 × 10− 4 N. 

Fig. 16. Partial experimental spectra of ethanol over time (with offset).  

Table 1 
The evolution of the envelope wavelength and the weight change of ethanal as 
function of time due to evaporation.  

Times (s) 0 30 60 75 80 

Envelope 
wavelength 
(nm) 

1444.24  1449.62  1451.15  1452.47  1452.47 

Ethanol change 
(10− 3 g) 

0  − 3.818  − 4.905  − 5.840  − 5.840  
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high sensitivity, simple structures and ease of fabrication, as shown in 
Table 2. For the sensor reported in Refs. [19,20], though the force 
sensitivity is higher, the fabrication requires fs-laser based high preci
sion 3D printing system, which considerably increases the fabrication 
cost and complexity of the sensor. In addition, 3D printing is also time- 
consuming. 

What makes our approach even more appealing is that in the fabri
cation process only standard SMF, capillary fiber and UV adhesive were 
used. These materials are all commercially available. Besides, there is 
basically no technical challenges in the sensor fabrication process. 
Through a simple curing process, a high quality and repeatable force 
sensor probe could be fabricated. 

5. Conclusions 

In summary, a high-sensitivity force sensor based on the two 
cascaded F-P cavities and the vernier effect was proposed. Due to the low 
Young’s modulus of the UV glue used to form a cavity, a high force 
sensitivity is obtained. In both experiment and simulation, we investi
gated the influence of different optical path lengths on the sensor’s 
sensitivity by using two samples with varying structural parameters. For 
Sample 1, a sensitivity of − 64,301 nm/N was obtained, while for Sample 
2, due to reduced OL difference between the two cavities, an even higher 
sensitivity of − 140,813 nm/N was achieved. Repeatability of the sample 
was also verified. Finally, we used the sensor probe to measure the 
evaporation rate of ethanol, which was 7.79 × 10− 5 g/s at room tem
perature. Compared to previous sensors, the proposed force sensor is 
easy to fabricate and cost-effective, and it is an ideal candidate for force 
measurement. 
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