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Abstract— A novel highly sensitive fiber sensor for transverse
load and temperature measurement has been fabricated by polydimethylsiloxane (PDMS) packaging an S fiber taper (SFT). The
PDMS coating is an effective transverse load and temperature
transducer due to its material characteristics, such as low Young’s
modulus, high Poisson’s ratio, and large thermooptic coefficient,
which can efficiently transfer the lateral force into axial tension
on the SFT or convert temperature into refractive index (RI)
change around SFT. Because the SFT is highly sensitive to axial
strain and surrounding RI, the PDMS-coated SFT will have high
sensitivities of transverse load and temperature, which have been
experimentally obtained up to −29.03 nm/N and −2.17 nm/°C,
respectively. In addition, to solve the problem of cross sensitivity,
two-wavelength demodulation method has been proposed for
simultaneous measurement of transverse load and temperature.
Index Terms— Fiber optic sensors, polydimethylsiloxane
(PDMS), fiber taper, transverse load sensors, temperature
sensors.

I. I NTRODUCTION

F

OR decades, optical fiber sensors have found increasing
applications in physical and chemical sensing fields due
to their salient merits of high sensitivity, small size, fast
response, corrosion resistance and so on. Up to now, various
types of fiber sensors have been proposed and demonstrated,
such as fiber Bragg gratings (FBGs) [1], [2], long period fiber
gratings (LPFGs) [3], [4], fiber Mach-Zehnder interferometers (FMZIs) [5]–[7], fiber loop mirrors (FLMs) [8], [9], and
other structures [10]–[12]. They have been extensively used
for measurements of temperature [13]–[15], strain [5], [6],
refractive index [3], [4], [7], transverse load [16]–[29], etc.
In terms of transverse load sensing, different FBGs inscribed
in single-mode fiber (SMF) [16], highly-birefringent fiber [17],
and microstructured fiber [18], [19] have been reported. These
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FBGs exhibited a pronounced polarization mode split effect
resulting from the birefringence induced by the transverse
load. The splitting and shifting of the Bragg reflection peaks of
two orthogonal polarization modes can be used to measure the
magnitude and orientation of the transverse load. To further
improve the transverse load sensitivity, FBGs have been packaged by polymer coating, which has low stiffness and will
efficiently transfer the force applied in the radial direction
to the perpendicular plane, enhancing the transverse load
sensitivity to 0.3 nm/(N/mm) [20]. Besides, the LPFG, as a
promising fiber sensor, also has been demonstrated to measure
the transverse load by using the load induced birefringence
in the fiber [21]. Its transverse load sensitivity reaches as
high as 50 nm/(N/mm). However, these kinds of fiber gratingbased (FBGs and LPFGs) transverse load sensors usually need
high cost and complicated fabrication technology, including
laser source and precise optical path. In addition, complex
detection systems are required to monitor the polarization
mode splitting effect. In order to simplify the fabrication
and detection process, some new fiber sensor structures for
transverse load measurement have been proposed in recent
years. A simple structured FMZI based on two fiber tapers
has been reported as a transverse load sensor, which can also
detect the loading position information along the fiber interferometer [22]. Another fiber transverse load sensor is formed
by using a short section of photonic crystal fiber (PCF) which
is inserted inside a Sagnac fiber loop [8]. An initial transverse
force is required to apply on the PCF to introduce necessary
birefringence for measurement. Moreover, a low cost fibertip micro-cavity, worked as a Fabry-Perot interferometer, is
fabricated for measurement of transverse load and achieves a
high sensitivity of 1.37 nm/N [23]. This sensor will be used for
temperature sensing as well. Its temperature sensitivity is about
2.1 pm/°C. In order to develop more sensitive fiber sensors,
new structures should be further explored.
In this paper, we demonstrate a new fiber sensor based
on polydimethylsiloxane (PDMS)-coated S fiber taper (SFT)
for highly sensitive measurements of transverse load and
temperature. The SFT is fabricated by tapering the SMF with a
certain axial offset in a fusion splicer [7]. Then, it is packaged
in a cuboid PDMS coating with a length of 10 mm. Because
the PDMS material has low elastic modulus and high Poisson’s
ratio coefficient, external transverse force on the PDMS
coating will be efficiently converted into the axial tension on
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Fig. 1. Schematic diagram of PDMS-coated SFT and the experimental setup
for transverse load sensing. The S-bending planes 1 and 2 are parallel to
x-axis and 45° angle to the x-axis, respectively.

the SFT. According to our previous work [30], the SFT is
highly sensitive to axial strain, so this sensor will realize a high
sensitivity for transverse load measurement. In addition, the
PDMS also has large thermo-optic coefficient (TOC) and thermal expansion coefficient (TEC). With temperature increase,
the refractive index (RI) of PDMS will decrease and the size of
the PDMS coating along the fiber will expand. Both the change
will make the transmission spectrum of the SFT moving
to short wavelength. These thermo-optic effect and thermal
expansion effect overlap each other and make the sensor
highly sensitive to temperature. We theoretically analyze the
transverse load and temperature sensing mechanisms for the
sensor, and carry out the corresponding experiments. When
the SFT is positioned with S-bending plane parallel to x-axis,
as shown in Fig. 1 (S-bending plane 1), the maximum load
sensitivity reaches −29.03 nm/N, which is 21 times higher
than that of the fiber-tip micro-cavity sensor [23]. When the
S-bending plane 2 is chosen, the results show that the maximum load sensitivity is −8.05 nm/N, and the temperature
sensitivity achieves −2.17 nm/°C.
II. FABRICATION
The schematic diagrams of the PDMS-coated SFT and the
transverse load sensing experimental setup are shown in Fig. 1.
The SFT is positioned at the center of the PDMS block.
In the end view, the S-bending plane can be positioned parallel
to the x-axis or 45° angle to the side face of the cuboid
PDMS coating, corresponding to the S-bending planes 1 and 2,
respectively. If the S-bending plane 1 is chosen, the sensor
will have different load sensitivities when the transverse force
direction is along with the x-axis or y-axis due to the asymmetric structure of the SFT. In the case of S-bending plane 2,
the sensor will have the same load response regardless of the
transverse force direction.
The SFT was fabricated on the standard telecom SMF
(SMF-28e, Corning, Inc.) by a fusion splicer (Ericsson
FSU-975). It operated as a fiber Mach-Zehnder interferometer
and the detailed fabrication process was reported
in ref. [30]. During the fabrication process, a supercontinuum
broadband source (Superk Compact, NKT Photonics, Inc.)
provided the input light and an optical spectrum
analyzer (OSA) (Yokogawa AQ6370B) was used to monitor

Fig. 2. (a) Optical microscope image of the SFT. (b) Image of the PDMScoated SFT with the size of 3 mm × 3 mm × 10 mm. (c) Transmission
spectrum of the SFT before and after PDMS coating.

and record the transmission spectrum of the SFT. In the
experiment, we set the discharge current, tapering time and
fiber holders’ axial offset to 10 mA, 10 s and 160 μm,
respectively. The obtained SFT is shown in Fig. 2(a),
which has the structure parameters of about 820 μm in
length, 64 μm in waist diameter, and 125 μm in axial offset,
respectively. Then the SFT was put into a Teflon mold with
a cuboid groove (3 mm × 3 mm × 10 mm). The position of
the SFT was carefully adjusted under an optical microscope.
Here, we fabricated the sensor with S-bending plane 2,
namely the S-bending plane has 45° angle to the side face
of the cuboid groove. Furthermore, according to our previous
work [30], the SFT has a two-fold linear response to axial
strain. When an initial axial tension adds to the SFT, the
S-shape may have a rapid change, resulting in larger axial
strain sensitivity. In order to get one-fold linear behavior,
we applied a prestress of about 0.2 N on the SFT when it
was packaged. The black curve in Fig. 2(c) (uncoated) is the
transmission spectrum of the SFT under axial tension. Later,
the PDMS solution with a 10:1 mixing ratio of precursor of
elastic material and hardener was decanted into the Teflon
mold. The mold was then put in a thermostat at 100 °C. The
prepolymer of the mixture was polymerized by baking it in the
thermostat for 2 hours. Finally, the PDMS-coated SFT sensor
was obtained after removing the mold. As shown in Fig. 2(b),
the sensor has the structure size of 3 mm × 3 mm × 10 mm.
In Fig. 2(c), the transmission spectra between uncoated
(RI = 1.00) SFT and PDMS-coated (RI = 1.40) sensor
are different due to the phase matching conditions of the
interference are changed by surrounding RI. According to the
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reported work [30], the transmission spectrum of the SFT
has a red shift with the increase of surrounding RI. So the
PDMS-coated sensor has a transmission spectrum moving to
longer wavelength compared with the uncoated SFT.
Since the SFT is just hundreds of microns in length, the
PDMS-coated sensor size could be further shortened to about
1 mm. With such a small size, the sensor will be used in small
areas such as blood vessels.

The fabricated sensor integrates the characteristics of the
SFT and PDMS material, making it highly sensitive to transverse load and temperature. As reported in [30], the SFT
has high sensitivities for RI and axial strain measurement
but insensitive to temperature. The PDMS material has low
Young’s modulus (E P = 750 k Pa) and high Poisson’s ratio
coefficient (η = 0.45). When the SFT is packaged by the
PDMS block, which can be a transducer and efficiently convert
the transverse stress on the PDMS coating into the axial
tension on the SFT, a highly sensitive transverse load sensor
will be realized. Moreover, the PDMS also has high TEC
(α TP = 300 με/°C) and TOC (γ PTO = −1.5 × 10−4 ∼
−5.0×10−4 /°C) [31]. With temperature augment, the thermal
expansion effect of the PDMS will increase the axial strain
on the SFT and the thermo-optic effect of the PDMS will
decrease the RI around the SFT. Both the changes results
in the transmission spectrum of the SFT moving to short
wavelength. So the PDMS coating is also a temperature
transducer and makes the sensor highly sensitive to temperature. The sensing mechanisms of the sensor for transverse
load and temperature measurement will be simply analyzed
below.
A. Transverse Load Sensing Mechanism
In Fig. 1, when transverse load (Fx ) is added on the PDMS
block along the x-axis direction, the PDMS will expand in
y- and z-axis directions. If the SFT is not in the PDMS,
according to the Hooke’s law, strain in the PDMS along
z-axis is
Fx
,
(1)
ε P = η yz
AP EP
yz

where A P is the compression area on the PDMS. When the
SFT is embedded in the PDMS coating, reciprocal force (Fr )
between them will occur under transverse load and decrease
the PDMS strain ε P . Considering the SFT and PDMS having
the same total axial strain (ε), which can be written as
(2)

where εrf is the axial strain of SFT under Fr and εrP is the axial
strain decrement of the PDMS under Fr . Here, the reciprocal
force is expressed as
xy

Fr = A f E f εrf = A P E P εrP ,

the equations (1) to (3), the relationship between axial strain
of the SFT (ε zf ) and transverse load on the sensor can be
deduced as
xy

ε zf = εrf = η

(3)

where A f and E f (72 GPa) are the sectional area and Young’s
xy
modulus of the optical fiber, respectively, A P is the crosssectional area of the PDMS coating along z-axis. Based on

yz

xy

AP

A P (A P E P + A f E f )

Fx .

(4)

So the axial strain on SFT per unit transverse load is
kF =

III. S ENSING M ECHANISMS

ε = εrf = ε P − εrP ,
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ε zf
Fx

xy

=η

yz

xy

AP

A P (A P E P + A f E f )

.

(5)

Substituting the values of each parameter into expression (5),
we get k F = 151.7 με/N. In our previous work [30], the
SFT has the average axial strain sensitivity ranging from
−80 pm/με to −180 pm/με. However, when the axial tension
on SFT is above 2.0 N, the strain sensitivity decreases to below
the average values. For the sensor in our experiment, because
the embedded SFT has a prestress of 2.0 N, its axial strain
sensitivity could be assumed to a small value of −50 pm/με.
So the transverse load sensitivity of the sensor is simply
estimated to −7.585 nm/N. It should be noted that the shape of
SFT will also change under transverse load, further increasing
the sensitivity.
B. Temperature Sensing Mechanism
Actually, there are three aspects to contribute to the temperature sensitivity, including the thermal expansion and thermooptic effects of the PDMS coating and shape change of the
SFT. So the total temperature sensitivity (ST ) of the sensor
can be written as
ST = STTE + STTO + STSC,

(6)

where STTE and STTO are the temperature sensitivity contributions (TSC) from thermal expansion and thermo-optic effects
of PDMS, respectively, STSC is the TSC from shape change of
SFT in PDMS when temperature changes.
Although the PDMS has a high TEC, its Young’s modulus
is too low, leading to a small STTE . Its value is computed as
follows.
With temperature increase (T ), optical fiber (ε Tf ) and
PDMS (ε TP ) will expand and axial strain in them can be
expressed as
ε Tf = α Tf T,

(7)

ε TP

(8)

=

α TP T,

where α Tf and α TP are the TECs of fiber and PDMS,
respectively. Because the two TECs are different, reciprocal
force (Fr ) between the SFT and PDMS will occur with
temperature augment, resulting in a strain increment (εrf ) on
SFT and strain decrement (εrP ) on PDMS along z-axis. The
total strain change (ε) on SFT and PDMS are the same and
written as
ε = ε Tf + εrf = ε TP − εrP .

(9)

The reciprocal force between SFT and PDMS coating has
the same form with equation (3). According to the equations
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above, the axial strain change on SFT with temperature can
be deduced as


xy
AP EP
z
T
r
T
T
T
T.
ε f = ε f + ε f = α f + (α P − α f ) x y
AP EP + A f E f
(10)
So the axial strain change on SFT per unit temperature is
kT =

ε zf
T

xy

= α Tf + (α TP − α Tf )

xy

AP EP

AP EP + A f E f

.

(11)

Substituting the values of each parameter into expression (11),
we obtain k T = 2.82 με/°C. Since the axial strain sensitivity
of the SFT is assumed to −50 pm/με, the TSC from thermal
expansion effect of PDMS is STTE = −141 pm/°C.
In addition, the TSC from thermo-optic effect of PDMS can
be expressed as
STTO = γ PTO S R I ,

(12)

where S R I is RI sensitivity of the SFT. In our experiment,
it has achieved 2000 nm/RI unit (RIU) when the ambient RI is
around 1.40 (RI of PDMS coating). The TOC (γ PTO ) of PDMS
has a high value up to −5.0 × 10−4 /°C. If we choose this
value, thermo-optic effect of the PDMS coating contributes a
temperature sensitivity (STTO ) of −1.0 nm/°C, which is much
larger than that of STTE.
When temperature change, the volume of PDMS coating
will expand or shrink, leading to shape change of the embedded SFT. Because of transmission spectrum of the SFT also
sensitive to its geometrical structure, this will contribute to the
temperature sensitivity as well.

Fig. 3. (a) Transmission spectrum of the sensor with S-bending plane 2
changes under different transverse load. (b) Relationships between transverse
load and wavelength of the resonant dips A, B and C. Load tests 1 and 2
represent the transverse load directions in x-axis and y-axis, respectively,
in Fig. 1.

IV. S ENSING C HARACTERISTICS
A. Transverse Load Sensing
The sensor was used for transverse load measurement by
using the experimental setup in Fig. (1). A piece of glass
slide was put on the top face y-z of the sensor to get uniform
transverse stress. Then a set of weights were added onto the
glass slide one by one. At each step, transmission spectrum of
the sensor was recorded by the OSA. The experimental results
are shown in Fig. 3(a). With transverse load increase, the
transmission spectrum of the sensor moves to short wavelength
and the attenuation dips are weakened. That’s because the
PDMS coating will convert the transverse load into axial strain
on the SFT. Its transmission spectrum has a blueshift with the
axial strain increase [30]. Meanwhile, the S bending shape is
straightened. Less light energy will be coupled from core mode
into cladding modes or reverse, leading to the light interference
weakened quickly. Later, the sensor was rotated 90° along
z-axis and the transverse load experiment was repeated on
side face x-z to examine the sensor’s consistency in different
transverse force direction. We marked three resonant dips in
the transmission spectrum and plotted their wavelength change
with different load, as shown in Fig. 3(b). Load tests 1 and 2
are the experimental results when transverse load direction on
two perpendicular side-face of the sensor. Their slopes have
some error due to the position of the S-bending plane not
exactly 45° to the side face of the PDMS coating. In load

test 1, the linear fitting results, namely the transverse load
sensitivities, for the resonant dips A, B and C are −7.23 nm/N,
−6.69 nm/N, and −6.04 nm/N, respectively. In load test 2, the
corresponding sensitivities are −8.05 nm/N, −8.01 nm/N, and
−7.15 nm/N, respectively. The errors in these two cases could
be further minished by more precise adjustment. Anyhow,
this sensor presents a high sensitivity for transverse load
measurement.
In addition, we fabricated another SFT with geometrical
parameters of 851 μm in length, 64 μm in waist diameter,
and 140 μm in axial offset, respectively, and packaged it with
the S-bending plane 1 position for comparison. There is no
prestress when the SFT was packaged, so the sensor will have
two-fold linear response to transverse load. We carried out
the transverse load experiment and the results are shown in
Fig. 4. Load tests 1 and 2 mean the transverse force direction
in x-axis and y-axis, respectively. They have very different
transverse load response owing to the asymmetric structure
of the SFT. When the transverse load direction is in x-axis,
the shape of the SFT will have much larger change than that
of y-axis case, resulting in a higher sensitivity. Moreover,
for each load test, the results have two-fold linear response
ranges. When the transverse load is below 2.18 N, the linear
fitting results, namely the transverse load sensitivities are
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Fig. 4. Transverse load experimental results for the sensor with S-bending
plane 1. The plots are relationships between transverse load and wavelength
of the resonant dips A, B and C, respectively.

higher than that of transverse load above 2.18 N. In load
test 1, when the transverse load ranges from 0 to 2.18 N,
the sensitivities for the three resonant dips are −29.03 nm/N,
−27.46 nm/N, and −26.18 nm/N, respectively. When the
load changes from 2.18 N to 5.50 N, the sensitivities are
−13.50 nm/N, −14.33 nm/N, and −12.32 nm/N. In load
test 2, when the transverse load is below 2.18 N, the sensitivities for the resonant dips are −10.80 nm/N, −10.33 nm/N,
and −9.96 nm/N, respectively. When the load continued
to increase from 2.18 N to 11.04 N, the sensitivities are
−4.46 nm/N, −4.26 nm/N, and −4.09 nm/N, respectively.
In this case of S-bending plane 1, the sensor can realize a high
sensitivity up to −29.03 nm/N, which is 21 times higher than
that of the fiber-tip micro-cavity sensor. Under this sensitivity,
the detection limit could reach 6.89 × 10−4 N with the OSA
resolution of 0.02 nm.
However, the nonlinear behavior of the sensor is not good
for demodulation in practical applications. So we still use the
sensor with S-bending plane 2 for temperature experiment.
B. Temperature Sensing
To test temperature response, the sensor was immersed into
an oil bath, which has a temperature resolution of 0.01 °C. The
oil bath was heated up from 20 °C to 65 °C in steps of 2.5 °C.
At each step, the temperature was kept for 10 minutes and
the transmission spectrum of the sensor was recorded after it
stabled. With temperature increase, the transmission spectrum
moves to short wavelength, as shown in Fig. 5(a). The extinction ratio (ER) of resonant dips A, B and C are increasing.
This phenomenon is different from that in transverse load
test, which has a decreased ER. Because in temperature
sensing, the axial strain change on SFT by thermal expansion
effect of PDMS has less impact on the transmission spectrum
compared with the RI change around SFT by thermo-optic
effect of PDMS. The wavelength changes with temperature
for the three resonant dips are plotted in Fig. 5(b). They
have good linear response and the fitting results, namely
temperature sensitivities, are −2.17 nm/°C, −1.99 nm/°C,
and −1.83 nm/°C, respectively. According to the analysis
of temperature sensing mechanism, the TSCs from thermal

Fig. 5.
(a) Transmission spectrum of the sensor changes at different
temperature. (b) Relationships between temperature and wavelength of the
resonant dips A, B and C, respectively.

expansion effect and thermo-optic effect are −0.14 nm/°C and
−1.00 nm/°C, respectively. Their sum (−1.14 nm/°C) is still
much less than the experimental results. This means the shape
change of the SFT also affords a large TSC to the sensor.
The temperature sensitivity of this sensor is much higher than
most liquid-sealed FMZI sensors [15], [32], [33] and more
robust. It will be a promising fiber temperature sensor for
highly sensitive biological sensing.
C. Simultaneous Measurement of Transverse
Load and Temperature
Because of the PDMS-coated S-tapered fiber simultaneous highly sensitive to transverse load and temperature, this
will lead to a problem of temperature cross-sensitivity while
measurement of transverse load. Fortunately, the transmission
spectrum has multi-resonant dips with different response to
transverse load and temperature. We can monitor the wavelength change of two dips and establish a sensitivity matrix
to solve the variations of transverse load and temperature
simultaneously. If we choose resonant dips A and B, the
wavelength change (λ A , λ B ) as functions of transverse
load and temperature (F, T ) can be expressed as

  F


K A K AT
F
λ A
=
,
(13)
λ B
T
K BF K BT
where K AF and K BF are the transverse load sensitivities of the
dips A and B, respectively, K AT and K BT are their temperature
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sensitivities. In the experiment, for the sensor with S-bending
plane 2, if the transverse load
 is in x-axis, we get the sensitivity
−7.23 − 2.17
matrix as
. This two-wavelength demodula−6.69 − 1.99
tion method will be an effective way to solve the problem of
cross-sensitivity in practical applications.
Moreover, if the sensor with S-bending plane 1 is used for
simultaneous measurements, the nonlinear spectral response
should be divided into two-fold linear responses and two
sensitivity matrix are required, which will complicate the
demodulating process.
In practical applications, it’s important to demodulate external changes with different directions. The transverse force
direction could be predicted by two sensors with S-bending
plane 1 in parallel. One of the sensors has an S-bending
plane perpendicular to the other sensor. With this combination
structure, the sensor with the S-bending plane parallel to
the transverse direction will has a larger wavelength change.
By the sensor, the highly sensitive transverse load measurements could also be realized. However, this direction predictable solution makes the sensor structure more complex.
In addition, for a broader use of the sensor in the fields
where environment moisture and solvent composition is important and the polymer swelling issue should be considered.
The polymer swelling can significantly change performance of
opto-fluidic devices [34]. For the PDMS-coated sensor, due to
the SFT very sensitive to the properties of PDMS, the sensing
characteristics of the device will change with the PDMS
swelling in high humidity atmosphere or other environment.
To solve the problem, the sensor should be further encapsulated to avoid influences of environment moisture and solvents.
V. C ONCLUSION
In conclusion, we have demonstrated a highly sensitive
fiber sensor for transverse load and temperature measurement. This sensor is fabricated by PDMS packaging an SFT,
which is formed through off-axis stretched SMF in a fusion
splicer. We have simply analyzed the working principle for
the sensor and deduced its sensing expressions. Thanks to
the PDMS features, including low Young’s modulus, high
Poisson’s ratio coefficient, and large thermo-optic coefficient,
the sensor has extremely high sensitivities of transverse load
and temperature, which are experimentally obtained up to
−29.03 nm/N and −2.17 nm/°C, respectively. Moreover, the
two-wavelength demodulation method has been proposed to
simultaneous measurement of transverse load and temperature.
This sensor is simple structured, cost effectiveness and easy of
fabrication. It will find applications in physical and biological
sensing fields.
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