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Side-polished SMS based RI sensor employing
macro-bending perfluorinated POF
Xuezhi Zhang1,2,3, Boyue Yang1,2,3, Junfeng Jiang1,2,3*, Kun Liu1,2,3,
Xiaojun Fan1,2,3, Zhaozhu Liu1,2,3, Min Peng1,2,3, Guanlong Chen1,2,3 and
Tiegen Liu1,2,3*

A refractive index (RI) sensor based on perfluorinated plastic optical fiber (PF-POF) is introduced in this paper. The PF-
POF as  multi-mode  fiber  was  side-polished  (SP)  to  form a  macro-bending  single-mode-multimode-single-mode (SMS)
structure. Both ends of the sensor were closely connected to single-mode quartz optical fiber (SMF). The spectral char-
acteristics of the sensor are measured, analyzed and discussed. The results show that when the length of PF-POF is 8
cm, the macro-bending radius is 3 cm, and the SP-depth is 20 μm. The intensity sensitivity reaches −219.504 dBm/RIU
in the range of RI = 1.330 ~ 1.356. A reference is provided for the application of PF-POF in RI sensor in the future. The
sensor is featured with low-cost, good flexibility and high efficiency.
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Introduction
Fluoropolymer  is  a  straight  chain  alkane  polymer  that
some  or  all  hydrogen  atoms  of  molecular  structure  are
replaced  by  fluorine.  Fluoropolymer  is  believed  to  be  a
preferred material for the high chemical resistance, barri-
er property, non-moisture absorption and weather resist-
ance to prepare optical fiber cable, chemical resistant lin-
ing, electronic components, coating material and weath-
er  resistant  film1.  Compared  with  quartz  optical  fiber,
PF-POF has many advantages, including good flexibility,
low-cost  and  easy  to  operate.  Compared  with  PMMA-
POF,  the  lower  water  absorption of  PF-POF makes  it  is
more  suitable  for  working  in  water  or  water  solution2.
The  advantages  of  PF-POF  are  suitable  for  developing

sensors with better performance. It has great potential in
the  field  of  developing  optical  fiber  sensing,  which  is
worthy of further research.

RI,  an  inherent  optical  property,  can  directly  reflect
concentration, purity, viscosity and other information of
the  solution.  Therefore,  it  has  been  applied  in  various
fields such as medical diagnosis and chemical analysis3,4.
The mode interference fiber optic sensor has the advant-
ages  of  anti-electromagnetic  interference  and  real-time
on-line  measurement  compared  with  the  traditional  RI
sensing  method,  including  critical  angle  method,  Abbe
refractometer  and spectrometer.  It  is  an effective  means
to measure the RI  of  the  solution,  and has  been studied
with  growing interests  in  recent  years.  At  present,  there 
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are many types of fiber RI sensors reported, such as sur-
face  plasmon  resonance  (SPR)5,6,  corrosion  SMS7,8,  and
fiber  grating9−11.  However,  SPR  needs  to  be  coated,  and
the process is rather complicated; the depth of corrosion
cannot  be  accurately  controlled.  In  addition,  hydrogen
fluoride corrosion agent  is  toxic;  the  price  of  fiber  grat-
ing is high, and the quartz fiber is fragile. As a result, ex-
tra care is required during the production of the sensor.

The  maximum  core  RI  of  Graded-index  PF-POF
(Giga-POF50SR)  of  1.356  and  the  cladding  RI  of  1.342.
PF-POF can be well connected with quartz fiber for low
loss, high bandwidth and flexibility. In addition, fluorine
molecule has  low  volatility,  which  makes  the  fiber  re-
main stable at high temperature12. In terms of practicab-
ility,  compared  with  taper13,14 and  etched  SMS15,  the
sensor can work stably in water for a long time due to the
development and  utilization  of  new  material  perfluoro-
polymer, which  is  obviously  practical  in  the  field  of  li-
quid detection. In terms of performance, compared with
thin core fiber16 and no-core fiber17,  the sensor has high
sensitivity.  With the development of  perfluoropolymers,
the sensitivity of the sensor will be further improved, and
the  measurement  range  will  also  increase  with  the  core
refractive index.

In this paper, SMF and new material PF-POF are used
to  make  SMS  structure.  On  the  basis  of  SMS  structure,
PF-POF is polished by grindstone. Different from the V-
groove  polishing  technology18,  grindstone  polishing  is  a
simple  and  effective  method,  which  can  flexibly  control
the  SP-length  and  SP-depth.  The  main  parameters  that
affect  the  sensitivity  of  the  sensor  are  studied.  The  RI
sensor with optimal parameters has the characteristics of
high  flexibility,  simple  processing,  high  sensitivity  and
low cost. 

Principle
The light in the untreated PF-POF cannot penetrate the
cladding  and  interact  with  the  external  environment.
Therefore,  it  is  necessary  to  improve  the  sensitivity  of
optical fiber by SP. In order to improve the performance
of  the  sensor,  the  model  is  established  as  shown  in Fig.
1(a) to study  the  influence  of  fiber  structure  modifica-
tion on the sensitivity. From left to right, SP-area can be
divided into two parts: the area where the core diameter
gradually decreases and increases. Because the SP-area is
symmetric,  only  the  light  guiding  properties  of  the  area
with decreased diameter are analyzed.  The radius of  the
clamping  wheel  is  about  15  cm,  which  is  much  larger
than that of PF-POF. Therefore, the SP-radian drop and

rise  can be  equivalent  to  drop or  rise  linearly,  as  shown
in the red dotted line in the Fig. 1(a).  The measurement
principle  of  the  sensor  and the key parameters  affecting
sensitivity are analyzed from following two aspects.
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Fig. 1 | Schematic diagram of SP-area. (a)  Structural  equivalence.

(b) Optical transmission.

Evanescent-wave
When  total  internal  reflection  occurs  in  the  fiber,  the
light wave is not absolutely reflected back to the core, but
penetrates  into  the  surface  of  the  cladding  layer  (about
one  wavelength),  propagates  along  the  interface  for  a
short distance, and finally returns to the core. The wave
passing through  the  cladding  interface  is  called  evanes-
cent  wave19. The  evanescent  depth  is  expressed  as  fol-
lows: 

d0 =
λ
2π

1√
n2
1 sin2θ− n2

2

, (1)

where λ is the wavelength, n1 is the core RI, and n2 is the
cladding RI.  The incident  angle  at  the core-cladding in-
terface is called θ and the SP-depth is D. In this SP-mod-
el, the cladding is removed and the external solution acts
as  a  new  cladding. Figure 1(b) describes  the  light
propagation  path  in  the  SP-area. α is  the  slope  angle  of
the SP-surface, θ0 is  the angle between the light and the
core center line, and L is the SP-length of the falling area.
The incident angle of light at the SP-interface for the first
time (hereinafter referred to as the incident angle) is θ1,
and  the  incident  angle  for  the ith time  is  recorded  as θi.
Then, θi can be expressed as: 

θi =
π
2
− θ0 − iP . (2)

It  can  be  seen  from Eq.  (1) that  when n1 > n2,  the
evanescent depth is increasing with the increased external
environment  RI,  and  the  spectral  intensity  decreases
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continuously with the increase of the penetration depth.
This  means  that  the  change  of  external  solution  RI  can
be  detected  from  the  change  of  transmission  spectrum
intensity.

With the  decrease  of  the  incident  angle  and  the  in-
crease of the SP-length, the evanescent wave effect is en-
hanced.  According  to Eq.  (2), the  incident  angle  is  de-
termined  by  SP-depth  and  SP-radian.  Therefore,  the
sensitivity of the sensor can be improved by properly in-
creasing  the  SP-depth,  SP-radian  and  SP-length.  It
should  be  noted  that  the  enhancement  of  evanescent
wave effect caused by the increase of SP-length, SP-depth
and SP-radian will lead to the decrease of the overall in-
tensity of the output spectrum. 

Refraction effect
In  the  SP-model,  the  external  environment  becomes  a
new cladding,  and  the  transmitted  light  will  refract  un-
der  certain  conditions.  According  to  Fresnel  equation
and  electromagnetic  theory20,  it  can  be  concluded  that
the  reflected  light  intensity I' and the  refracted  light  in-
tensity I'' are: 

I′ =

(
cosθ−

√
n2
01−sin2θ

cosθ+
√

n2
01−sin2θ

)2

IS

+

(
n2
01cosθ−

√
n2
01−sin2θ

n2
01cosθ+

√
n2
01−sin2θ

)2

IP , (3)
 

I′′ =
√

n2
01 − sin2θ
cosθ

(
2cosθ

cosθ+
√

n2
01 − sin2θ

)2

IS

+

√
n2
01 − sin2θ
cosθ

(
2n01cosθ√

n2
01 − sin2θ+ n2

01cosθ

)2

IP , (4)

where n01 is  the  relative  RI  of  the  external  environment
and  the  core,  and θ is  the  incident  angle.  The  incident
light is decomposed into light with S-polarization and P-
polarization whose electric vector is perpendicular to and
parallel to the incident plane. The light intensity of them
is expressed by IS and IP, respectively.  If  the intensity of
incident light is  1 mW, IS=IP=0.5 mW. The relationship
between the intensity of reflected light and refracted light
and the relative RI is shown in Fig. 2.

It  can be seen from Fig. 2 that when sin θ ≥ n01,  total
internal reflection occurs,  and the reflected light  intens-
ity  is  1  mW.  When  sinθ < n01 ≤  1,  with  the  increase  of
n01,  the  intensity  of  reflected  light  begins  to  decrease;
when n01=1, the intensity becomes zero. In this process,
the change rate gradually decreases; when n01 > 1, the re-
flected light  intensity increases from zero,  and the slope

of  increasing  is  small.  Therefore,  the  change  of  external
environment  RI  can  be  detected  from  the  intensity
change  of  transmission  spectrum.  Different  incident
angle  will  induce  different  reflected  light  intensity,  but
no matter what the incident angle is (θ < 90°), when the
relative RI decreases from 1,  the reflected light  intensity
always increases with the decrease of relative RI.

The relationship  between reflected light  intensity  and
incident  angle  is  shown in Fig. 3.  Either n1 < n0 or n1 >
n0, with the increase of incident angle, the reflected light
intensity  will  increase,  and  the  refracted  light  intensity
will decrease.  In  addition,  the  refraction  effect  area  in-
creases  with  the  increase  of  the  SP-length L.  Therefore,
the sensor sensitivity can be improved by increasing the
SP-depth, SP-radian and SP-length.
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Fig. 3 | The  variation  of  reflected  light  intensity  with  incident
angle; the dotted line indicates n01 = 0.9, and the solid line indic-
ates n01 = 1.1.
  

Experimental and preparation
As shown in Fig. 4, the experimental setup contains ASE
broadband light source, spectrometer, RI sensor and gly-
cerin aqueous solution with different RI. The cross section
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of  PF-POF  is  shown  in Fig. 5(a).  Regarding  connecting
PF-POF  to  SMF  or  instruments  effectively  and  reliably,
the  traditional  method,  UV  curing  bonding,  is  reliable.
But this method is time-consuming, and highly depend-
ent  on  the  operator  experience.  Here,  the  butt  joint
method  of  ceramic  sleeve21 is applied,  and  the  connec-
tion diagram is shown in Fig. 5(b). This method ensures
the accurate connection of optical fiber with low connec-
tion  loss.  Besides,  this  method  is  easy  to  operate  and
time-saving. Finally,  the joint gap of the sleeve is coated
with epoxy resin AB glue to avoid solution penetration.
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RI liquid
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Fig. 4 | Schematic diagram of the experimental setup.
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Fig. 5 | (a)  Cross section of  the POF. (b)  Connection between POF

and SMF using ceramic ferrule and ceramic mating sleeve.
 

At  present,  the  main  methods  to  make  optical  fiber
sensitive  to  external  RI  are  as  follows:  taper13,14,  no-core
fiber22,  D-shaped23,  Microbend24 and  hydrogen  fluoride
corrosion18.  However,  all  of  the  above  methods  have
some  defects.  The  taper  of  optical  fiber  is  difficulted  to
control  and  the  optical  fiber  gets  thinned  and  is  fragile
after being  tapered.  For  no-core  fiber,  in  order  to  im-

prove the sensitivity of sensor, a thin film is needed to be
coated on  the  surface  of  the  fiber.  D-shaped  and  mi-
crobend are  complex in  operation.  The corrosion depth
is difficult to control for hydrogen fluoride corrosion.

The precision polishing device is shown in Fig. 6, PF-
POF  is  fixed  on  the  semicircular  clamping  wheel.  The
ends  of  POF  is  connected  by  optical  power  meter  and
light source.  Whether  the  fiber  core  is  polished  is  de-
termined  by  optical  power  measured  by  a  power  meter
when  the  move  of  clampling  wheel  is  controlled  by  the
guide. At this time, the descending distance at the other
end  of  the  guide  is  recorded,  which  is  the  SP-depth  by
microscope after polishing.
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Fig. 6 | Schematic of experimental setup for polishing fibers.
  

Experimental analysis
The transmission spectrum of multimode interference in
SMS  is  related  to  the  length  of  multimode  fiber21.  SP-
treatment can only slightly reduce the overall intensity of
transmission spectrum, and will not affect the waveform.
Whether  the  characteristic  wavelength  can  be  quickly
found is one of the factors to evaluate the performance of
sensor.  The  length  of  PF-POF  can  change  the  shape  of
spectrum  by  affecting  the  mode  interference  of  light
field,  thus  affecting  the  difficulty  of  peak  finding  and
sensing performance, so the length characteristics of PF-
POF are explored. The relationship between the length of
PF-POF  and  transmission  spectrum  is  studied. Fig. 7
shows the transmission spectra of PF-POF with length of
5 cm, 6 cm, 7 cm, 8 cm and 9 cm respectively. Due to the
obvious multimode interference effect, complex interfer-
ence  spectrum  appears.  With  the  change  of  PF-POF
length, the interference fringes also change. As shown in
the red dotted box in Fig. 7, when the length of PF-POF
is 8 cm, the spectral notch depth is more obvious, which
is suitable for the measurement of RI.

Since the radius of the side wheel is determined in this
experiment,  the  SP-length  is  positively  correlated  with
the  SP-depth,  so  only  the  SP-depth  is  explored.  The
sensor  is  explored under  the  conditions  of  different  SP-
depth. Figure 8 shows the transmission spectra in air and
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glycerin  aqueous  solution  (RI=1.356)  when  the  PF-POF
length is 8 cm and the SP-depth D is 0 μm, 10 μm, 20 μm
and 30 μm respectively. The difference of RI between air
and glycerin aqueous solution is 0.356. In this situation,
the characteristic wavelength intensity drift is 3.873 dBm
when D=0  μm,  5.267  dBm  when D=10  μm,  and  6.985
dBm when D=20 μm. Therefore, it can be concluded that
the sensor  sensitivity  can  be  improved  by  properly  in-
creasing  the  SP-depth. Figure 8(d) shows  that  the  SP-
depth is not good to be too large. When D =30 μm, due
to the large SP-depth, the fiber core is so thin that the op-
tical energy loss is too high and the signal-to-noise ratio

is reduced. As a result, it is not suitable for measurement
and observation.

The effect of macro-bending on the sensor is explored.
Macro-bending  can  change  the  incident  angle  and  the
SP-radian. The bending of the sensor with the same dir-
ection  and  SP-radian  is  defined  as  the  same  direction
bending (SDB), as shown in Fig. 9(a); the bending of the
sensor  and  with  the  opposite  direction  and  SP-radian
direction  is  defined  as  the  opposite  direction  bending
(ODB), as shown in Fig. 9(b).

Figure 10 shows  the  transmission  spectra  in  air  and
glycerin  aqueous  solution  (RI =  1.356)  under  different
bending  directions  and  radius  conditions  when  the  PF-
POF length is 8 cm and the SP-depth is 20 μm. In the en-
vironment with same RI  difference,  the  intensity  sensit-
ivity  increases  with  the  decrease  of  bending  radius.  The
intensity  change  of Fig. 10(a) is  7.688  dBm,  which  is
higher than 7.012 dBm in Fig. 10(b); the intensity drift of
Fig. 10(c) is 12.750 dBm, which is higher than 9.068 dBm
in Fig. 10(d). The  sensitivity  of  the  sensor  can  be  im-
proved  by  bending  with  proper  radius.  Besides,  it  can
also  be  seen that  the  performance  of  SDB is  better  than
that  of  ODB.  With  the  decrease  of  bending  radius,  the
mode  of  light  gradually  changes  from  higher  order  to
lower  order,  and  the  higher-order  modes  gradually  leak
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out  from  the  core.  As  a  result,  the  loss  increases,  the
overall  intensity  of  the  output  spectrum  decreases  and
the wavelength sensitivity increases25. In addition, bend-
ing changes  the  RI  distribution  of  PF-POF,  thus  chan-
ging the mode field distribution of the light, resulting in
spectral shifts.

The transmission spectrum intensity of Fig. 10(e) and
Fig. 10(f) is weak and the signal-to-noise ratio is reduced,
which indicates that the ultra-small bending radius is not
good for  the  sensing.  As  nearly  half  of  fiber  is  polished,
the bending stress on the SP-area and the normal area is
not uniform. This phenomenon becomes obvious gradu-
ally  with  the  decrease  of  bending  radius.  If  the  bending
radius is too small, the PF-POF will change from the ori-

ginal arc shape to the triangular shape,  as shown in Fig.
11. This phenomenon leads to the decrease of transmis-
sion intensity and signal-to-noise ratio, which is not suit-
able for measurement and observation. The results show
that the SDB structure with R=3 cm is a better choice.

A RI sensor with 8 cm of PF-POF length, 20 μm of SP-
depth  and  3  cm  of  SDB  radius  were  fabricated.  The  RI
sensing performance of sensor is studied in the range of
1.330–1.356 with 0.005RIU as the interval.  As shown in
Fig. 12,  the  black  dotted  line  depicts  the  nonlinear
change  trend  of  the  intensity  value  of  the  characteristic
wavelength in  different  RI  solutions.  It  can be  seen that
when  the  external  RI  becomes  smaller  from  1.356  (the
relative RI of the measured solution and the fiber core is
1), the  intensity  of  the  characteristic  wavelength  in-
creases with the decrease of the RI, and the increase rate
is becoming  larger.  This  phenomenon  verifies  the  con-
clusion of the section: Principle.  When the relative RI is
1, all the energy passing through the SP-interface will be
refracted out. However, a small amount of light waves in
the  fiber  will  not  pass  through  the  SP-interface,  but  is
directly coupled to the SMF and detected by the spectro-
meter, so the intensity of the characteristic wavelength is
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Fig. 9 | Macro-bending diagram. (a) SDB. (b) ODB.
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not zero. The red solid line is the linear fitting of strength
response.  In  the  range  of RI=1.330 –1.356,  the  intensity
sensitivity of the sensor is –219.504 dBm/RIU, R2=0.977.

It can be  concluded from theoretical  analysis  and ex-
perimental  results  that  the  sensitivity  of  the  sensor  has
high sensitivity and linearity when the RI of the external
solution is less than that of the fiber core. The sensitivity
can be improved by properly modifying the structure of
the sensor, such as SP and macro-bending.

The  temperature  characteristics  of  the  RI  sensor  are
researched from 10 °C to 40 °C. The PF-POF length is 8
cm, the  SP-depth is  20  μm.  The sensor  is  of  SDB struc-
ture with R=3 cm. The intensity variation shown in Fig.
13(a) presents  a  linear  sensitivity  of  0.127  dBm/°C.  The
measured wavelength shift presents a linear sensitivity of
0.803  nm/°C  with  the  temperature  rising,  as  shown  in
Fig. 13(b).  PF-POF  has  large  thermo-optic  coefficient
and thermal expansion coefficient12. The length and nu-
merical aperture of PF-POF will change when temperat-
ure changes,  which  will  lead  to  the  change  of  propaga-
tion constant of intrinsic mode and the drift of interfer-
ence fringes.  The  results  show  that  the  temperature  af-
fects the performance of the sensor. In the RI sensing ex-
periment  mentioned  above,  the  ambient  temperature  is
stable to reduce the influence of temperature fluctuation
and  realize  high-precision  RI  measurement.  The  RI
sensor needs temperature compensation before practical

application. 

Conclusion
In this  work,  RI  sensor based on PF-POF with different
characteristic  parameters  was  successfully  fabricated.
The  sensor  with  the  intensity  sensitivity  of  −219.504
dBm/RIU in  the  range  of RI=1.330−1.356  was  prepared
(PF-POF  length=8  cm,  SDB  R=3  cm  and  SP-depth=20
μm). The results indicate that the accomplishment of ac-
curate  measurement  of  RI  sensor  requires  appropriate
correction  and  temperature  compensation  impeded  by
the large  thermo-optic  coefficient  and  the  thermal  ex-
pansion  coefficient  of  PF-POF.  Since  the  perfluorinated
plastic optical fiber refractive index sensor has good flex-
ibility,  high  mechanical  strength,  simple  manufacture
and low price,  it  has  wide  application prospect  in  water
conservancy, food detection and other fields.
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