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A High-Temperature Humidity Sensor Based on a
Singlemode-Side Polished Multimode-Singlemode

Fiber Structure
Xianfan Wang , Ke Tian , Libo Yuan , Elfed Lewis , Gerald Farrell, and Pengfei Wang

Abstract—A relative humidity (RH) sensor based on a simple
singlemode-side polished multimode-singlemode (SSPMS) fiber
hybrid structure is investigated, which is capable of working over
a relatively high-temperature range, at which many RH sensors
based on moisture sensitive material coatings cannot operate. The
beam propagation method is used to analyze the light transmission
characteristics within the side polished multimode fiber (SPMMF)
structure. Experimental results show that the SPMMF surface
roughness has a significant influence on the sensor’s humidity
sensing performance, as a result of the adsorption and desorption
of water molecules along the side polished surface. A higher
surface roughness results in an increased RH sensitivity. It is
concluded that the SSPMS fiber structure based RH sensor
can achieve around 0.069 dB/%RH within the humidity range
of 30%RH–90%RH for a temperature range of 70 °C to 90
°C. In addition, the temperature cross-sensitivity has been
investigated experimentally. The developed fiber optic sensor in
this investigation provides a simple and effective approach for RH
measurement in a variety of production applications.
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I. INTRODUCTION

ACCURATE RH measurement plays an important role in a
wide variety of areas including weather forecasting, food

processing, air conditioning adjustment and industrial produc-
tion. Compared with conventional humidity sensors such as
electronic humidity sensors [1], optical fiber humidity sensors
can offer some unique advantages, such as compact size, im-
munity to electromagnetic interference, and resistance to harsh
environments. In the past few decades, optical fiber humidity
sensors have attracted significant research interest, for exam-
ple those based on a fiber Bragg grating (FBG) [2], long period
grating (LPG) [3], plastic optical fiber (POF) [4], tapered optical
fiber (TOF) [5], photonic crystal fiber (PCF) [6] and side pol-
ished fiber (SPF) [7]. Taking into consideration factors such as
cost, fabrication process complexity, mechanical strength and
stability, SPF based sensors have the potential to be a good
choice for humidity sensing.

Side polished silica singlemode fiber (SPF) structures have
been successfully developed into a wide variety of sensors, in-
cluding those for refractive index (RI) [8], temperature [9], RH
[7] and gas concentration [10]. However, in order to achieve
good sensing performance, a sensor based only on singlemode
fiber (SMF) must be side polished with enough depth to expose
the fiber core to the external environment, which can greatly
increase the risk of breakage, which in turn limits the practical
application of the SPF structures as sensors. It is worth not-
ing that side polished plastic optical fiber (SP-POF) structures
have been investigated widely due to their inherent flexibility,
tensile strength and relatively easy micro-fabrication [11]. How-
ever, their intrinsic material properties hinder their application
in physical parameter sensing and furthermore temperature in-
duced variations for SP-POF structures cannot be neglected.
Therefore, some additional polymer coating or other processing
means have to be employed to implement physical parameter
sensing and mitigate the effect of temperature, which in turn
increases fabrication cost and difficulty.

To date, there has been little research published on
singlemode-side polished multimode-singlemode (SSPMS)
fiber structure based humidity sensors [12]. It is widely recog-
nised that a singlemode-multimode-singlemode (SMS) fiber
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structure is a relatively simple structure, comprising a short
length of multimode fiber (MMF) sandwiched between two
standard singlemode fibers (SMFs) [13]. Multimode interfer-
ence (MMI) phenomena within the MMF section provides a
useful basis for developing a variety of fiber optic devices and
sensors, e.g., bandpass filters [14], edge filters [15], RI sensors
[16], temperature sensors [17], RH sensors [18] and curvature
sensors [19]. However, for most of the existing sensors based
on an SMS fiber structure, it is necessary to remove the MMF
cladding completely to expose its core to the surrounding en-
vironment. Common fabrication methods include hydrofluoric
acid etching [16], tapering the MMF to micrometer scale [20],
misalignment between the input SMF and MMF [21] and side
polishing the MMF [22]. Since other methods either require ex-
pensive fabrication steps or employ potentially toxic/unhealthy
experimental materials, side polishing the MMF has the poten-
tial to be an appropriate candidate for fabricating SSPMS fiber
structure based sensors, with the advantage that a sensor based
on SPMMF in an SMS structure necessitates the removal of
far less silica glass, compared to sensors based on SPF only,
reducing fragility and the risk of breakage.

In addition, for many optical fiber based humidity sensors,
several humidity sensitive materials must be used, mainly as
coatings to improve the RH sensing performance of fiber op-
tic sensors. For example in previously reported work a vari-
ety of polymer coatings were utilized, e.g., polyvinyl alcohol
(PVA) [23], agarose [24], gelatin [25], polymethyl methacry-
late (PMMA) [26], polyethylene oxide (PEO) [27] as well as
other nanocoatings [28], [29]. However, these additional coat-
ings including organic and inorganic materials, also result in
some disadvantages such as a limited temperature range for op-
eration, high price and additional fabrication complexity. The
humidity sensor of this investigation is based on adsorption and
desorption of moisture only on the silica fiber surface. In ad-
dition, this sensor provides the potential for operation even at
superheated temperatures (above 100 °C) due to the exclusive
use of silica as the only sensor material. The influence of differ-
ent surface roughness on the humidity sensitivity of the SSPMS
fiber structure based on adsorption and desorption of moisture
has also been investigated.

In this paper an SSPMS fiber structure with a deliberate sur-
face roughness for the side polished area is investigated as an
RH sensor. Firstly, the beam propagation method (BPM) was
employed to model and analyze the influence of side polish-
ing on light transmission within the fiber structure. The sensing
mechanism for the SSPMS fiber structure is also introduced.
The fabrication process of such an SSPMS fiber structure is
described in detail, involving a method of producing different
side polished surface roughness levels. The SPMMF surfaces of
three fabricated SSPMS fiber structure samples were character-
ized employing a scanning electron microscope (SEM). From a
comparison of the RH sensitivities and temperature dependence
of these fiber samples within an RH range of 30%RH−90%RH,
it is established that the sensitivity of the SSPMS fiber structure
based RH sensors is related to their side polished fiber surface
roughness, and a coarser side polish surface results in a higher
RH sensitivity in the operating temperature range 70 °C–90 °C.

Furthermore, a relationship between RH sensitivity and side pol-
ished surface roughness level is presented. Finally, these fiber
optic RH sensors are also demonstrated to have a low tempera-
ture dependence.

II. DESIGN AND PRINCIPLE

It is well established that a conventional SMS fiber struc-
ture comprises a short length of MMF sandwiched between two
SMFs, within which the MMF is circularly symmetrical. The
light propagation characteristics within the MMF structure has
been widely investigated in previous papers [30]. However, the
MMF employed in this investigation within the SSPMS fiber
structure does not possess the characteristic of circular symme-
try, because its entire cladding and part of the core are removed
by polishing on one side. According to our previous work [12],
the SPMMF comprises two lead-in/lead-out transitional regions
and a side polished flat region. The fabricated SPMMF section
can be seen as multimode waveguide surrounded with air. When
the light is launched from the lead-in SMF to the MMF, many
higher modes are excited. Here, the input light is assumed to
have a field distribution of E(x, y, 0), and the excited eigenmodes
within the SPMMF can be denoted as Fm (x, y). If the radiation
loss within the SPMMF is not considered, we have

E(x, y, 0) =
M∑

m=1

am Fm (x, y) (1)

where M is total number of the excited modes, and am is exci-
tation coefficient, and it can be calculated as

am =

∫ ∞
0

∫ ∞
0 E(x, y, 0)Fm (x, y)dxdy∫ ∞

0

∫ ∞
0 Fm (x, y)Fm (x, y)dxdy

(2)

Thus, we can obtain the field distribution at the propagation
distance z, which is expressed as

E(x, y, z) =
M∑

m=1

am Fm (x, y) exp (iβm z) (3)

where βm is propagation constant. It is significant that the field
distribution evolves along the axial propagation distance as a
result of MMI occurred within the SPMMF. When the light
reaches the lead-out SMF, the eigenmodes of the SPMMF are
coupled into the fundamental mode of the output SMF. This
SPMMF model and the beam propagation method are employed
to simulate the light transmission characteristics within the SP-
MMF. Fig. 1 illustrates the simulated amplitude distribution
of the propagating light within an SMS fiber structure and an
SPMMF structure. From a comparison between Fig. 1(a) and
Fig. 1(b), it can be determined that the side polishing process has
a great influence on the light transmission within the SPMMF.
The interaction between the evanescent field and the surround-
ing environment occurs due to the absence of the part of the
cladding and coupling of the light between this and the core.

However, the SSPMS fiber structure is fabricated using a stan-
dard fiber optic side polishing system, which means that the side
polished fiber surface of the fabricated SSPMS fiber structure is
not completely smooth. As a result there are many micropores
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Fig. 1. The optical amplitude (intensity) distribution along the propagation
direction of (a) an MMF structure; (b) an SPMMF structure.

on the fiber surface, where the morphology of the micropores
is related to the grade of the abrasive paper used. When the RH
of the surrounding environment increases, water molecules are
adsorbed in the micropores or on the side polished fiber surface.
Based on water adsorption isotherms theory, the amount of water
molecules adsorbed depends on the surrounding environmental
RH values. The water adsorption isotherms are also related to
the size and shape of the micropores. For relatively coarse side
polished fiber surface, a larger number and larger micropores
diameters are created, compared with the relatively smooth side
polished fiber surface. Therefore, it is clear that more water
molecules are adsorbed on the relatively coarse side polished
fiber surface when the RH increases. In a manner similar to the
humidity sensing mechanisms demonstrated in [31], the effec-
tive refractive index of the guided modes within the SPMMF
is altered by adsorption and desorption of water molecules on
the side polished fiber surface or in the micropores of the fiber
structure. As the adsorption water molecules increases in the
micropores of the fiber structure, the effective refractive index
of guided mode within SPMMF increases, which results in an
interference dip or peak wavelength shift. Additionally, when
the RH increases, water molecules adsorbed start condensing
within the micropores and on the side polished fiber surface,
and as the RH increases further to a high value the SPMMF sec-
tion is effectively completely surrounded by a water cladding.
Compared with air cladding, the water cladding formed around
the SPMMF results in a stronger evanescent field. Therefore,
the transmitted power decreases with respect to the RH, as the
RH increases. The next section describes an experimental inves-
tigation of the sensing performance of the SSPMS fiber struc-
ture based RH sensors with different side polished fiber surface
roughness values.

III. EXPERIMENT

In the experiments of this investigation, the SMF and MMF
used are SMF 28 and FG105LCA respectively. Firstly, an SMS
fiber structure was constructed by sandwiching a 4 cm length

Fig. 2. Experimental setup for a fiber optic side polish system.

of MMF between two SMFs utilizing a standard precision fiber
cleaver (Fujikura CT-32) and fusion splicer (Fujikura 62S). A
length of 4 cm for the MMF section was chosen based on the
lengths previously utilized for similar SMS structures [16]. A
fiber optic side polishing system was then used to side polish the
SMS fibe structure to form an SSPMS fiber structure, as depicted
in Fig. 2. This system comprises a control system, a CCD camera
observation system and an operation (actuation) portion. The
aforementioned SMS fiber structure was rigidly fixed between
two holders and tied to two standing pulleys to keep it straight.
In addition, a 20-g weight was hung over this fiber structure
to produce tension in the fibre structure in case of accidental
breakage during the polishing process. An abrasive paper coated
grinding wheel was attached to three displacement stages, whose
position relative to the fibre was accurately controlled using a
LABVIEW program to predetermine the side polished length
and depth. The real-time condition of the side polished section
of the SMS was actively monitored using the CCD camera.

Note that for the side polished fiber a desired surface rough-
ness can be achieved by utilizing different grades of abrasive
papers. In this experiment, three SSPMS fiber samples were fab-
ricated using 800-mesh, 1600-mesh, and 12000-mesh abrasive
papers, and were identified as SSPMS 1, SSPMS 2, and SSPMS
3 respectively. The side polished depth and length of these three
SSPMS samples were respectively 40 μm and 4 cm, which is
the same as in a previous paper by some of the authors of this
article. Subsequently, a scanning electron microscope (SEM)
was used to characterize the side polished surface of the three
SSPMS samples. Fig. 3(a)–(c) shows the surface SEM images
of the SSPMS 1, SSPMS 2 and SSPMS 3 fiber samples re-
spectively. It is clear from comparison among Fig. 3(a)–(c) that
the SSPMS 1 sample possesses the roughest side polished fiber
surface while SSPMS 3 possesses the smoothest side surface,
which corresponds to the grade of the abrasive papers used.

In this case, a reasonable level of repeatability of the fabrica-
tion process was also achieved. Three SSPMS fiber structures,
of which the length and side polished depth of the side polished
multimode fiber were predetermined as 4 cm and 40 μm respec-
tively, were fabricated using 800-mesh abrasive papers, and
identified as SSPMS a, SSPMS b and SSPMS c. By connect-
ing the SSPMS fiber structures with a supercontiuum source
(YSL SC-series) and an optical spectrum analyzer (YOKO-
GAWA AQ6370D), the measured transmission spectrums were
obtained, as shown in Fig. 4. From this, it was determined that
the three transmission spectrums have a common overall shape
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Fig. 3. SEM images of side polished surface of (a) SSPMS 1; (b) SSPMS 2;
and (c) SSPMS 3 fiber sample, and the red lines illuminate the shapes of the
fiber samples.

Fig. 4. Measured transmission spectrums of three SSPMS fiber structures
fabricated with 800-mesh abrasive papers.

over the wavelength range of 1450 nm to 1650 nm, which is rec-
ognized as an indicator of good repeatability of the fabrication
process. However, it is acknowledged that a difference exists
between the interference dips (dip a, dip b and dip c) which
can be attributed to current limitations of reproducibility of the
devices of this investigation.

To investigate the influence of surface roughness on humid-
ity sensing at a relatively high temperature, the three fabricated
SSPMS fiber samples were tested in a climate chamber (ESPEC
SH-222), in which the RH and temperature were accurately
controlled within a temperature range of −20 °C to 150 °C and
a relative humidity range of 30–95%RH. The climate cham-
ber used in this investigation includes an automatic feedback
control system, in which the temperature and relative humidity
values can be monitored on the front display panel. Because
this chamber needs several minutes to reach the input values
and then stabilise, the experimental results were not recorded
until the displayed values reached their correct steady state val-
ues. Fig. 5 illustrates the experimental setup for RH sensing of
the fabricated SSPMS fiber samples. A supercontinuum source
and an optical spectrum analyzer were used for launching the
700 nm–1700 nm light signal and for collecting and recording

Fig. 5. Experimental setup for humidity measurement on an SSPMS fiber
structure.

the output light spectrum, respectively. In order to minimize
unwanted motion or vibration induced signal fluctuations, the
SSPMS fiber samples were glued directly on a silicon substrate
using UV curing adhesive. In addition, the climate chamber in
this experiment could not be effectively used to control the RH
value when the temperature was greater than 100 °C. There-
fore, RH sensitivity of three SSPMS fiber samples could only
be investigated within the temperature range of 70 °C–90 °C.

IV. RESULTS AND DISCUSSION

For the three SSPMS fiber samples, the RH induced transmis-
sion spectral variations were experimentally investigated, with
the temperature set to 70 °C, 80 °C and 90 °C. In order to obtain
more accurate experimental results, the relative transmission
power (RTP) was adopted to characterize the response of our
proposed humidity sensor to the ambient humidity variation,
which is calculated by removing the inherent fluctuations of the
supercontinuum source from the OSA measured transmission
spectrum. Fig. 6(a)–(c) represent the RTP of the SSPMS 1 sam-
ple at the wavelength centered about 1595 nm when the RH
value was changed from 30%RH to 90%RH with an increment
of 10%RH. From these figures, it can be seen that there exists
a clear trend that the RTP at the interference dip wavelength
decreases with RH. Furthermore, Fig. 6(d) shows an excellent
linear relationship between measured RTPs and RH values for
the three temperatures with an R2 value in the range 0.974 to
0.996. When the temperatures are respectively 70 °C, 80 °C
and 90 °C, the corresponding sensitivities are measured to be
−0.069 dB/%RH, −0.071 dB/%RH and −0.067 dB/%RH. The
results of a linear regression performed on the data of Fig. 6(d)
shows that the linear regression coefficients (R2) are in the range
0.974 to 0.996, which is indicative of very good linearity.

Similarly, the fabricated SSPMS 2 sample and SSPMS 3 sam-
ple were investigated under identical experimental conditions as
the SSPMS 1 sample. The obtained experimental results are pre-
sented in Figs. 7 and 8. Fig. 7(a)–(c) illustrate the RTP within the
RH range of 30%RH −90%RH, when the temperatures were
fixed at 70 °C, 80 °C and 90 °C respectively. In Fig. 7(d), it
is clear that there exists a linear relationship between RTPs at
the interference wavelength (circa 1550 nm) and RH values.
The calculated sensitivities are respectively −0.038 dB/%RH,
−0.038 dB/%RH and −0.038 dB/%RH at the fixed
temperature values of 70 °C, 80 °C and 90 °C, and the
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Fig. 6. Measured transmission spectral response of the SSPMS 1 within the
humidity range of 30%RH-9%RH under temperature of (a) 70 °C; (b) 80 °C
and (c) 90 °C; (d) humidity sensitivity.

corresponding linear regression coefficients (R2) are respec-
tively 0.999, 0.996 and 0.996, which is again indicative of ex-
cellent linearity. In addition, it is significant from Fig. 8(a)–(c)
that the RTPs at the interference wavelength (circa 1627 nm)
decrease with respect to the increasing RH values. Fig. 8(d)
indicates the measured RH sensitivities of −0.029 dB/%RH,
−0.028 dB/%RH and −0.031 dB/%RH at different tempera-
tures of 70 °C, 80 °C and 90 °C, accompanied with a good
linearity (R2 values) of 0.997, 0.998 and 0.998, respectively.

The RH sensing performance of the three SSPMS samples
are included and compared in Table I. From this, it is clear
that the measured RH sensitivities for each of the sensing
samples exhibit small variations for different temperatures of
70 °C, 80 °C and 90 °C. On the other hand, the RH sensitivi-
ties of SSPMS samples show a much stronger dependence on
the surface roughness as expected. The experimental results are
in good agreement with the theoretical analysis of this inves-
tigation, which illustrates that the rougher side polished fiber
surface can result in more water molecules being adsorbed on

Fig. 7. Measured transmission spectral response of the SSPMS 2 within the
humidity range of 30%RH-90%RH under temperature of (a) 70 °C; (b) 80 °C
and (c) 90 °C; (d) humidity sensitivity.

TABLE I
RH SENSITIVITY OF THE INVESTIGATED SSPMS 1, SSPMS 2 AND SSPMS 3

UNDER DIFFERENT TEMPERATURES OF 70 °C, 80 °C, 90 °C

the side polished fiber surface or within the micropores of the
fiber structure. A more accurate relationship between RH sens-
ing performance and side polished fiber surface roughness can
be investigated further based on an analysis of the micropores
size on the side polished fiber surface.

Temperature dependence is a significant factor when design-
ing an RH sensor for practical applications. The same experi-
mental setup was used to investigate the temperature induced
optical spectrum variation. In this case, the RH value of the
climate chamber was fixed at 30%RH, and the influence of
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Fig. 8. Measured transmission spectral response of the SSPMS 3 within the
humidity range of 30%RH-90%RH under temperature of (a) 70 °C; (b) 80 °C
and (c) 90 °C; (d) humidity sensitivity.

temperature on the transmission spectra is shown in Fig. 9.
Fig. 9(a)–(c) respectively present the transmission spectrum
evolution within temperature range from 30 °C to 90 °C for
SSPMS 1, SSPMS 2 and SSPMS 3. Furthermore, the relation-
ship between RTP of interference dip wavelength and tempera-
ture is presented as Fig. 9(d). The black scatter dots represent the
RPT values under different temperatures for SSPMS 1, while the
black line represents the average RTP value for SSPMS 1. Simi-
larly, the red scatter dots and red line represent the corresponding
values for SSPMS 2, while the blue scatter dots and blue line
represent the corresponding values for SSPMS 3. From this, it
was determined that within temperature range of 30 °C to 90 °C,
the maximum difference between the RTP values and average
value is less than 0.15 dB, This represents an RH uncertainty
in the range 2% to 10% RH, which can be mainly attributes to
the temperature-optic effect and temperature expansion effect
of the intrinsic fiber structure.

Fig. 9. Temperature response of SSPMS fiber samples. (a), (b) and (c) rep-
resent transmission spectrum with temperature increasing from 30 °C to 90 °C
for SSPMS 1, SSPMS 2 and SSPMS 3 fiber sample respectively; (d) rep-
resent relationship between transmission loss and temperature for SSPMS 1,
SSPMS 2 and SSPMS 3 fiber sample.

V. CONCLUSION

A low cost optical fiber RH sensor which does not require a
polymer coating has been reported in this paper. A novel but sim-
ple fabrication method for the SSPMS fiber structure with dif-
ferent surface roughness was introduced, and three SSPMS sen-
sor structures based on using 800-mesh, 1600-meh and 12000-
mesh abrasive papers were characterized using SEM images.
Experimental results have shown that the different SSPMS
samples fabricated in this investigation have RH sensitivities
of −0.069 dB/%RH, −0.038 dB/%RH and −0.029 dB/%RH,
which is related to the observed surface roughness. This demon-
strates that deliberately abrading to achieve a rougher surface
can improve the sensitivity of SSPMS fiber structure based RH
sensors. Without the polymer coating limitation, the developed
humidity sensors can operate well in a relatively high tempera-
ture environment (70 °C, 80 °C and 90 °C), under which some
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previously reported humidity sensors have exhibited rapid and
catastrophic deterioration. In addition, the sensors developed
in this investigation were highly linear in their response in the
temperature range of 30 °C–90 °C both in terms of the shape of
the output spectrum and the depth of the absorption peak. This
optical fiber structure based on side polished surface roughness
may provide a means to develop excellent and robust sensors
for a variety of applications.
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