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Abstract—This paper describes a novel approach for opti-
cal strain sensing based on a hetero-core fiber optic macro-
bending sensor. A gauge substrate for the proposed sensor
was designed to transduce the tensile and compression strain
by changing to a gentle bending curvature on the fiber; thus,
the hetero-core fiber detects the strain on the substrate as
the transmitted light lost. Because optical fibers perform as
a flexible structure in a buckling scheme owing to their slen-
derness, the mechanical properties of the proposed sensor
can be widely tuned by the shape and mechanical properties
of the gauge substrate. Experiments demonstrated that the
proposed strain gauge with a spring-structured substrate
made of SUS304 showed a strain applied within 3100 e with
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a sensitivity of up to —9.14 x 10~ dB/ e, and responded to temperature changes from 0 °C to 60 °C with —1.10 x 10~2
dB/°C owing to the thermal expansion of the substrate. Furthermore, both the strain and temperature sensitivities are
tunable by changing the geometrical parameters of the gauge substrate.

Index Terms— Fiber optic sensor, strain gauge, structural health monitoring, hetero-core.

|. INTRODUCTION

TRUCTURAL Health Monitoring (SHM) is an emerging,
attractive diagnostic tool to assess the safety of civil
infrastructures and machines by quantifying the health of
structures from the eigenfrequency, the magnitude of defor-
mation, physical damage, and corrosion [1], [2]. The most
attractive feature of SHM systems is that the structural status
can be quantitatively evaluated by sensor data without empir-
ical judgment by inspection workers. SHM systems include
data acquisition and transmission modules, signal processing,
data storage, and system identification based on the measured
data [3], [4]. In particular, because sensors are utilized to mon-
itor primary information of target structures, they are crucial
components whose accuracy has a considerable influence on
the total performance of SHM systems.
Most SHM systems have employed strain sensors, force
sensors, accelerometers, and displacement sensors based on
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piezoelectric transducers, strain gauges, and capacitive sen-
sors. Although these electronic sensor components have been
a mainstream of sensing technologies for decades in fault
diagnosis of structures, they are susceptible to electromagnetic
wave interference (EMI), temperature changes from day and
night, electrical shorts due to water invasion, and metal corro-
sion when the system is operated for a long term in an outdoor
environment.

However, optical fiber sensors are promising techniques
with outstanding features over these electronic sensors,
because they are lightweight, robust against corrosion, immune
to EMI, have a low transmission loss, have multiplex capa-
bilities, and have a sensing element implanted during con-
struction [5], [6]. For instance, fiber Bragg gratings (FBG)
are the most frequently used fiber sensors for strain and
temperature measurements of structures [7]—[10]. FBG sensors
consist of Bragg gratings in a fiber core which transduce the
variation of grating periods due to strain and temperature into
the wavelength of reflected light called Bragg wavelength.
Other fiber optic sensors have been also developed for strain
measurements based on, for example, Mach-Zehnder inter-
ferometry [11]-[13], Fabry-Perot interferometry [14], modal
interferometry [15]-[18], and long-period fiber grating [19].
However, despite their high sensitivities to strain, and dis-
tributed or multi-point sensing availability, these fiber sensors
require a complicated optical interrogator to measure a highly
precise peak shift. Moreover, they are restricted in terms of
measurement range by the elastic limit of silica fibers, and
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need to correct the difference between strain measured by
a sensing fiber and that on host materials due to the exis-
tences of fiber coating and adhesive layers [5]. To tackle this
issue, polymer optical fibers [20]-[23] have several mechanical
advantages over silica fibers including a lower Young’s mod-
ulus and a higher elastic limit, whereas their higher thermo-
optic coefficients, humidity cross-sensitivity due to moisture
absorption, and the viscosity of composing polymers can
harm their strain sensing performances during use in harsh
environments [22], [24].

Compared to conventional fiber optic sensors, a hetero-core
fiber optic sensor has been reported as an intensity-modulated
macro-bending sensor composed of two single-mode fibers
with different cores [25]. This sensor has been experimen-
tally confirmed to have a bending loss that is sensitive to a
gentle curvature radius of several tens of millimeters and thus
could result in a cost-effective and power-saving measurement
scheme by means of a light-emitting diode (LED) and a
photodiode (PD) [26], [27]. It has thus far been demonstrated
that this sensor can measure displacement on the order of
several millimeters with a displacement-to-bending converter
mechanism [28]. In this configuration, a hetero-core fiber is
mounted on a pair of fiber clampers by which the hetero-core
portion is placed at the center, and the fiber is bent based on
Euler’s buckling by changing the distance between the clam-
pers. According to Euler’s buckling theory [29], the slender
column structure of the fiber is regarded as a flexible structure
in the case of contraction because the buckling stress is much
lower than the tensile stress. Additionally, the change in the
curvature of fiber can be enlarged by shortening the initial
distance between the clampers, which possibly will result in
the enhancement of the displacement sensitivity. Therefore,
the hetero-core fiber optic sensor is capable of a minute
displacement measurement over a short distance between fiber
clampers with less restriction on the mechanical properties
of the fiber materials; additionally, it does not require a
pre-tension like FBG or other fibers for installation on host
structures.

In this study, we proposed a novel optical strain gauge that
uses a hetero-core fiber macro-bending sensor. The hetero-
core fiber optic strain gauge (HCF-SG) consists of a hetero-
core fiber mounted on a spring-structured substrate. In this
structure, the spring part mainly deforms when the substrate
is stressed, and the change in fiber curvature is subjected to
the deformation of the spring; thus, the HCF-SG transduces
the applied strain into an optical loss change in the hetero-
core fiber. The sensitivity and the measurement range of the
sensor were determined by the rate of curvature change to the
applied strain and the limitation of the allowable curvature of
the fiber; this can be modified by the initial distance between
two fixed points on the hetero-core fiber on the substrate. In a
series of experiments, the HCF-SG was confirmed to have a
sensitivity to the applied strain of approximately 10~* dB/ue
with sufficient linearity and precision, and it could detect strain
changes on an aluminum plate, which was in good agreement
with a commercial electrical resistance strain gauge. Addition-
ally, it was demonstrated that the HCF-SG had a temperature
dependency that was mainly caused by the thermal expansion
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Fig. 1. Structure of a hetero-core fiber optic strain gauge
(HCF-SG): (a) Appearance of the sensor and (b) a diagram of the gauge
substrate.

of the substrate, which could be tuned by the geometry of the
substrate.

Il. SENSOR PRINCIPLE
A. HCF-SG Structure

Figure 1 shows a schematic drawing of the proposed
HCF-SG. This sensor is composed of a substrate made of
SUS304 austenite stainless steel and an optical fiber cen-
tered at the hetero-core portion mounted by epoxy adhesive.
SUS304 is a representative steel that is superior in formability
and has the ability to deform without fracturing; thus, it can be
stretched without brittle fracture when forming a spring struc-
ture. The hetero-core optical fiber was fabricated by inserting
and fusion splicing a single-mode fiber (SMF) segment with a
small core diameter of 5 ym in a SMF transmission line with
a 9-um core diameter. The spliced SMF segment is called the
hetero-core portion, at which the transmitted light on the
9-um-core SMF line is partially propagated to a cladding layer
owing to the mismatch with the transmission mode of the
5-um-core SMF. Previously, it was verified that the optical
loss on the hetero-core portion increased monotonically with
an increase in curvature of the hetero-core portion, and it
had a high linearity for displacement with a displacement-
to-bending converter mechanism. Considering the trade-off
relation between the linearity and the sensitivity of the hetero-
core fiber discussed in the literature [28], the hetero-core
portion was set to be 1.5 mm in length.

As shown in Fig. 1(b), the gauge substrate contains a spring
part between the two mounting points of the hetero-core fiber
to convert the strain on the host material to a macro-bending
change on the hetero-core fiber. The top surface of the spring
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part is scraped by 1 mm for the fiber line attached on the
substrate to cross above it with no contact. At fiber mounting
positions on the left and right sides of the substrate, linear
channels are machined on the upper surface to guide the fiber
line, making an angle of 10 degrees from the longitudinal
direction of the substrate to predetermine the bending direction
of a hetero-core fiber between the channels. Furthermore,
the hetero-core fiber gets an initial curve by stretching the
substrate while the fiber is being attached for preventing the
fiber from stretching taut for a tensile strain. Additionally,
the protective layer on the hetero-core fiber is first removed
from the region crossing over the spring part in order not to
disturb the rapid deformation of the bare fiber due to the very
low plasticity of glass fiber.

On the bottom of the substrate, two short legs with 1-mm
heights are on the left and right sides for attaching to a host
structure by fastening with screws or adhering. When the host
structure is stressed, the substrate transfers the total displace-
ment on the host material between two attachment points to
the deformation of the spring part. Therefore, the change in
the length of the spring part, which is represented by A Dy,
is expressed as

ADs = €,Dy, (1)

where €, and Dy, represent the given strain and the initial inter-
val between the attachment points, respectively. Considering
the linear response of the hetero-core fiber to the displacement
reported in the literature [28], the optical loss of the hetero-
core fiber can be expressed as

[ = BADs;, (2)

where [ represents the optical loss of the hetero-core fiber,
and S is the sensitivity to the displacement, depending on the
initial length of the fiber beam, which is almost equivalent to
Dg. From Egs. (1) and (2), it was found that the optical loss
of the hetero-core fiber on the substrate linearly depends on
the average strain applied between the attachment points on
the host material.

B. Strain Sensitivity of the HCF-SG

To evaluate the strain sensitivity of the HCF-SG, a static
strain measurement test was performed as shown in Fig. 2.
In this experiment, the sensor was fastened by screws with
a distance of Dy = 32 mm on a fixed stage and a linear
motorized stage to obtain the tensile and compression strain by
the motorized stage. When the motorized stage was displaced
by ADj, the effective strain for the tested sensors can be
represented as A Dy, /Dy, which is hereafter described as posi-
tive in the tensile direction. An LED/PD measuring instrument
with a center wavelength of 1.31 um was connected to the
fiber transmission line to monitor the change in the transmitted
light intensity. Moreover, because the bending behavior of the
hetero-core fiber to the strain is affected by Dy and the length
of the spring part is almost equivalent to the fiber beam length,
three sensor samples with Dy = 8, 10, and 12 mm were tested
to investigate how Dy depends on the strain sensitivity.

Figure 3(a) shows the optical loss changes when applying
strain to the HCF-SGs over ten trials within 3100 e with a

13389
Dy, =32 [mm]
Stage controller 1-ch LED/PD
— (A=1.31pm)

Linear motorized stage

Fixed stage

AD, [mm]

D, =8,10,12 [mm]

Fig. 2. Experimental setup for the static strain measurement using the
proposed HCF-SGs.
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Fig. 3. Optical loss variations of the proposed HCF-SGs as a function of
tensile and compression strain under the following conditions: (a) range
of —3100 to 3100 we with a step of 310 ue, and (b) the narrow range of
—310to 310 we with a step of 31 ne, where the plots indicate the average
values for ten trials and the error bars indicate the standard deviations.

step of 310 ue. The optical loss linearly varied with the strain
in both directions of tensile and compression in which the
linear regression of the measured data and linear fitting lines
yielded a correlation coefficient (R?) of over 0.996. The linear
responses of the HCF-SGs are reasonable because the hetero-
core fiber has a linear sensitivity to displacement according to
the displacement-to-bending converter mechanism [28]. More-
over, upon comparing the strain coefficients approximated by
the linear regression for the three sensors, it was found that
the shorter the D becomes, the more the strain sensitivity
increases. Apparently, the curvature of the fiber beam buckling
for a certain displacement increases with a decrease in beam
length, which is because of the increment of sensitivity with
the shortened D;. Considering Eqgs. (1) and (2), the strain



13390

IEEE SENSORS JOURNAL, VOL. 20, NO. 22, NOVEMBER 15, 2020

sensitivity of the HCF-SG can be described as
I = BDn(ADy/Dp) = osir€n, 3)

where oy, represents the strain coefficient of the HCF-SG.
Because A Dg/Dj in this experiment can be regarded as &,
Eq. (3) can be rearranged as

asir = P Dp. (4)

Moreover, the hetero-core fiber functions unless the fiber is
fractured by excess bending, and the SUS304 gauge substrate
has enough toughness not to be fractured within the strain
range. Hence, the full range of bending loss on the hetero-core
fiber predominately determines the limit of the measurement
range. In a preliminary test, we confirmed that the hetero-
core fiber can endure (with a linear response) at least the
curvature corresponding to the bending loss of 6 dB, which is
obvious from Fig. 3(a) for the case of Dy = 8 mm. Therefore,
there is a trade-off between the strain sensitivity and the
measurement range, which can cover the range of £+ 3280,
45380, and +£7140 we for the cases of Dy = 8, 10, and
12 mm, respectively.

Furthermore, when applying a strain with a minimal step
of 31 we for the motorized stage to the HCF-SGs within
4310 pe for ten times, the sensors maintained the linearity
of the optical loss responses to the applied strain, as shown
in Fig. 3(b). The values of the standard deviation for each
step, which are drawn as error bars, are negligibly small in
Fig. 3(b) and were less than 2.42 x 1073, 3.83 x 1073,
1.12 x 1073 dB for Dy = 8, 10, and 12 mm, respectively,
which is equivalent to 2.72, 4.19, and 1.23 pe upon consid-
ering each strain coefficient. Thus, these results indicate that
the developed HCF-SG measures both tensile and compression
strain with a high linearity and high precision with ue-order
strains, in addition to not requiring a pre-tension like FBG or
other conventional fiber optic strain sensors. Moreover, they
are tunable for the sensitivity and measurement range simply
by modifying the combination of Dy and Dy,.

[1l. STRAIN MONITORING ON A HOST MATERIAL

To discuss the strain detectability for stressed structures,
the performance of the HCF-SG was investigated when mount-
ing on an aluminum (Al) base plate to which tensile stress
was given. Figure. 4(a) shows the schematics of an HCF-SG
mounted on an Al base plate with the dimensions of 2mm*® x
20 mm¥ x 120 mm!, which was screwed to a fixed stage and
a motorized stage with a distance of 100 mm. The HCF-SG
was attached using a cyanoacrylate adhesive at the center
position spaced by 50 mm from the fixed end combined with
an electric resistance strain gauge (ER-SG) as a reference at
a point spaced by 20 mm from the fixed end. To confirm
how the sensor response varies on a host structure from the
characteristics shown in Fig. 3, we employed the HCF-SG
sample with Dy = 8 mm tested in Section II B. Figure 4(b)
shows the configuration of the stage control and data acqui-
sition system, with which tension was given to the base plate
by the motor-driven stage using the two following trapezoidal
stress patterns: (a) 10 pulses with rise and fall times of 1.0 s
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Fig. 4. Experimental setup for the strain measurement on an aluminum
base plate using the developed HCF-SG and electric resistive strain
gauges (ER-SG1 and ER-SG2) as references: (a) schematics of the
sensors on the plate and (b) diagram of the control and measurement
system.
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Fig. 5. Temporal profiles of the HCF-SG (black line), ER-SG1 (blue line),
and ER-SG2 (red lines) on an Al base plate for two trapezoidal stress
patterns under the following conditions: (a) 10 pulses with rise and fall
times of 1.0 s and a time period of 3 s and (b) 10 pulses with rise and fall
times of 0.5 s and a time period of 5 s.

and a time period of 3 s and (b) 10 pulses with rise and fall
times of 0.5 s and a time period of 5 s. The responses of the
HCF-SG and the ER-SG were simultaneously monitored at a
sampling rate of 50 Hz.

Figure 5 shows the temporal changes in strain data mea-
sured by the HCF-SG and the ER-SGs when applying two
trapezoidal stress patterns. The plotted data for the HCF-SG
were calculated from the obtained loss changes by the
strain coefficient (ag) in Section II B. As shown in both
Figs. 5(a) and (b), the periodic waveforms for the HCF-SG
were in good agreement with the waveforms of the ER-SG1
and ER-SG2, except for the amplitudes. The differences in
the amplitudes among the three sensors may have occurred
because the strain distribution in the entire system, including
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TABLE |
PHYSICAL PARAMETERS OF THE COMPONENTS FOR FE ANALYSIS
Structure Material Young’s modulus [GPa] | Poisson ratio | Vol. mass density [kg/m’]
Gauge substrate SUS304 192 0.29 8930
Base plate Aluminum 70 0.30 2700
Fixed point (displaced by 2 pm) 0 I ~ = 50 .
L, . 2 : zn : ?~ €y~ =0.85¢, w”‘ ; 2 /y=2377x
X61°-5 30 | |---Fittedline /'f S 30
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Fig. 6. FE analysis results of the HCF-SG substrate mounted on an Al
plate under the condition of a tension applied between two fixed points of
the Al plate in the x-axis direction with a 2-um displacement; (a) external
view and (b) side view from the y-direction. The surface plot shows the
maximum principal strain. In this case the default Ds was set to 8 mm.

in the Al plate and the gauge substrate, was biased due to
the strain transfer mechanism at the interfaces between the Al
plate, the substrate, and the hetero-core fiber.

For further analysis of the strain transfer mechanism
between the host structure and the HCF-SG, the strain dis-
tribution was simulated by finite element (FE) analysis using
COMSOL Multiphysics. The model simply consists of an Al
plate and a SUS304 gauge substrate with the same forms
as shown in Fig. 4(a) except for the fiber beam line, this is
because the flexibility of the fiber beam is much higher than
those of other components so that the mechanical effect on the
total system would be negligible. Young’s modulus, Poisson’s
ratio, and the volumetric mass density of each component are
listed in Table I. The two interfaces between the Al plate and
the gauge substrate were assumed to be perfectly fixed.

Fig. 6 shows the shape and strain distribution map when the
Al plate was stretched by 2 ym at two screw fixed points in the
x-axis direction, where the deformation scale was enhanced by
3000 times. The color map indicates the amount of maximum
principal strain on each mesh element. The principal strain
almost uniformly distributed over the Al plate except for in
the vicinities of the fixed points and two interfaces between
the Al plate and the gauge substrate. This was because the
substrate deforms at the spring part with such a low strain on
each mesh element that the stress negligibly transmits on the
substrate between the interfaces. Nevertheless, the Al plate and
the gauge substrate are locally curved in the vicinities of the
interfaces; this occurs because the strain on the upper surface
of the Al plate is restricted by the stiffness of the substrate
material.

To compare the FE analysis with the experimental results,
we calculated three specific values from the FE simulation

Strain measured by ER-SGs [ue]

&1, &2 (1]
(a) (b)

Fig. 7. Comparison between the FE analysis and experimental results
for the ER-SGs and HCF-SG; (a) €y, €p1, and epp represent the strain
observed by the HCF-SG and the principal strains at py po where
ER-SGs were mounted, respectively, and (b) the strain data measured
by the HCF-SG and the ER-SGs, as shown in Fig. 5(a).

results, including the €,1 and ¢),7, the principal strains at
locations p; and p, where ER-SG1 and ER-SG2 were
mounted, respectively, and the distance between p3 and pa,
representing the length of the spring part, Dy + A Dy, when
a tension was applied to the Al plate by 5 x4 m in displace-
ment. From Eq. 1, a strain detected by the HCF-SG can be
estimated as €, = ADy/Dy. Figures 7(a) and (b) show the
FE simulation result for €3, €,1, and & and the experimental
result from Fig. 5(a), respectively. As shown from Fig. 7(a),
€p, increases linearly to &, and &, with almost equivalent
values. As shown in Fig. 7(b), the output of HCF-SG also is
linear to those of ER-SG1 and ER-SG2 with a same order of
ratios as in the FE simulation, whereas there was a difference
between the ratios possibly because of the adhesion and sensor
arrangements in ER-SG1 and ER-SG2.

Considering that the different outputs of HCF-SG from
prior studies are not inferior compared with the reduction
found in ur FE simulation, this implied that the hetero-
core fiber on the gauge substrate could precisely respond
to AD;. Hence, as mentioned in the discussion of the FE
analysis, the difference between the HCF-SG output and actual
strain on the Al plate may be because the Al plate and the
substrate curve locally at the vicinities of the two interfaces.
Accordingly, for further precise strain measurement on a host
structure, it is better to defuse the shear stress in the interface
between the host structure and the substrate by inserting an
adhesive sheet with a significantly lower Young’s modulus
than the host structure or by reducing the contact interface
area.

IV. TEMPERATURE DEPENDENCE
Another experiment was conducted to evaluate the temper-
ature dependency on the HCF-SG. As illustrated in Fig. 8,
the HCF-SG and an electrical K-type thermocouple for ref-
erence were placed in a room at constant temperature. The
HCF-SG was screwed on at one attachment point on a
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Fig. 8. Experimental setup for temperature dependency on the HCF-SG.
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Fig. 9. Temperature dependency of the proposed HCF-SGs.

TABLE Il
SENSITIVITY OF STRAIN AND TEMPERATURE FOR THE HCF-SGs
Ds [mm] 8 10 12
Strain coefficient 4 4 4
(atstr) [dB/pe] 9.14 x 10 5.58 x 10 4.20 x 10
Temp. coefficient 2 3 3
(@tmp) [dB/°C] -1.10 x 10 -6.69 x 10 -5.40 x 10
atmp/astr [HE/°C] 12.0 11.9 12.9

fixture so that the gauge substrate would thermally expand
with increase in room temperature. In this experiment, three
HCF-SGs (Dgy = 8, 10, 12 mm) were tested, and each
HCF-SG and thermocouple were simultaneously monitored
while the room temperature continuously changed from 0 °C
to 60 °C from 60 °C to 0 °C.

Figure 9 shows the optical loss changes for the developed
HCF-SGs in reaction to the room temperature monitored by
the thermocouple. The optical loss changed owing to temper-
ature variation from 0 °C to 60 °C, in which the temperature
coefficient (aymp), which was approximated by linear fitting,
decreased as Dy shortened. When comparing o,p t0 o in
all cases of Dy, as shown in Table II, the ratio of a;pp to
o indicated 11.9-12.9 ue/°C with the same order of linear
expansion coefficient for SUS304 (17.3 ue/°C). Actually,
the temperature dependency of the sensors could be derived
from multiple factors, such as the expansion and deflection
of the gauge substrate mainly on the spring part, in addition
to other thermal changes in the physical properties of the
protective layer and epoxy adhesives covering the fiber line on
the substrate. For instance, as shown in Fig. 9, the hysteresis

observed in each sensor tends to increase with a smaller Dy.
This is because the stress relaxation of the fiber beam shape
becomes susceptible to the plasticity of the epoxy adhesive
when the buckling stress of the fiber beam increases with a
decreasing D value. However, the hysteresis also depends on
the amount of adhesive; thus, it is actually difficult to control.
To improve the sensor performance in terms of sensitivity
and hysteresis, it is recommended that the hetero-core fiber
is mechanically clamped on the gauge substrate at both sides
of the spring part. Nevertheless, it was confirmed that the
proposed HCF-SGs could measure temperature changes with
a sensitivity that could be modulated by Dj, depending on the
thermal expansion coefficient of the substrate.

V. CONCLUSION

This report described a novel optical strain gauge based
on hetero-core fiber optics with a cost-effective measurement
scheme and adjustable sensor performance. The hetero-core
fiber optic sensor on the proposed strain gauge modulates
the tensile and compression strain on the gauge substrate
for the transmitted light loss. Because the slender structure
of a fiber requires a considerably smaller stress to curve in
Euler’s buckling scheme compared to that of tensile stress,
the mechanical properties of the strain gauge are less limited to
those of the material that composes the fiber and can be tuned
by the shape and material of the gauge substrate. We experi-
mentally confirmed that the fiber sensor is capable of detecting
ue-order strain by changing the dimensions of the
displacement-to-bending converter mechanism with a strain
sensitivity of up to —9.14 x 10™* dB/ue in the range
of —3100 to 3100 ue. Additionally, the hetero-core fiber
can linearly detect the displacement until fracture by excess
bending so that the measurement range has a trade-off between
strain sensitivity and can be expanded to +=7140 e or more
by increasing Dy above 12 mm. Moreover, through a series
of anyalysis of the strain measurements on the Al base plate,
the strain transfer mechanism from the host material to the
gauge substrate reduced the measured strain by the HCF-SG
to 0.81 times because of the stiffness of the substrate; thus,
the mounting method and the substrate design can be further
improved. The fabricated strain gauge was also confirmed to
have temperature dependency mainly from the thermal expan-
sion of the gauge substrate and D;. Consequently, these results
imply that the proposed hetero-core fiber optic strain gauge
is applicable for strain measurements with tunable sensing
performance, and it will be employed in future studies of
multiple sensors to monitor stress, vibration, and temperature
on SHM systems.
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