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To discuss the relative slipping at the interface between a flexibly embedded fiber Bragg grating sensor and a substrate,

the strain transfer was derived for an ideal case between the materials of an embedded fiber sensor. ANSYS software

was used to establish a simulation model and to analyze the effects of the axial tensile force and the semi-embedded

length and encapsulation substrate for the axial strain relative errors with and without relative slipping. The results of

the numerical simulations show that the relative strain errors are smaller at the ends of the fibers and larger in the mid-

dle for the same tensile force, indicating that the strain transfer effect is location dependent and that the choice of a

semi-embedded length of the fibers greater than 40 mm helps to reduce the relative errors. Meanwhile, five flexible

sensors with different half-embedding lengths were experimentally encapsulated and subjected to axial tension-strain

experiments, which showed the best strain transfer at a half-embedding length of 60 mm, and the experimental results

were consistent with the numerical simulation results. The experimental results provide some theoretical and experi-

mental basis for parameter optimization of flexible fiber grating sensors.
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Fiber Bragg grating (FBG) sensors have been widely
used in areas such as ships, geotechnical engineering,
aerospace, structural health monitoring, and offshore
platforms due to their advantages of small size, small
mass, anti-electromagnetic interference, high sensitivity,
and resistance to corrosion! . Embedding packaging
methods using flexible materials have attracted a great
deal of attention!*”).

Rocha et al® proposed a flexible sensor which is
composed of an FBG embedded into PDMS. The ex-
periments showed a maximum strain sensitivity of
~400 pm per 1% elongation and a resolution of ~88 pm
per curvature degree. This flexible sensor also allowed
high strain cycles and presented the linear behavior of
~14 pm/°C over the temperature range 20—110 °C. Niu
et al®! proposed a bent FBG embedded in PDMS to
measure vertical compression load. Experiments show
that the sensitivity is as high as 16.9 pm/N in the range of
0—350 N. Wang et al'” observed that the temperature
sensitivity of a silicone-based flexible sensor was 1.3
times that of a bare FBG sensor and the static pressure
sensitivity was three times that of a bare FBG sensor
with good repeatability. Yan et al''"! explored potential to
discriminate pressure and temperature using FBGs in-
scribed in highly-birefringent photonic crystal fibers, the

prototypes were cured in PDMS at room temperature.
The FBGs embedded in the middle layer of a 2-mm-thick
PDMS sheet exhibited a linear pressure sensitivity of
about 2.6 pm/kPa over the range of 0—250 kPa. Park et
al'"”! proposed a PDMS-coated FBG temperature sensor
for enhancing temperature sensitivity. By embedding the
bare FBG in a temperature-sensitive elastomeric polymer,
the temperature sensitivity of the proposed structure
could be effectively improved by 4.2 times higher than
those of the conventional bare-type FBG sensors due to
the high thermal expansion coefficient of the PDMS.

When analyzing an FBG pressure sensor with the
flexible embedding mentioned above, it has often been
assumed that the interfaces between the substrates and
intermediate layers were perfectly bonded, with no
debonding and with no relative slipping or ignored
asynchronous deformation between the optical fiber and
the embedding material created by relative slipping un-
der tension. However, in experiments, the bonding be-
tween a substrate and an intermediate layer is often im-
perfect. Considering the impacts of experimental materi-
als, dimensions, and manufacturing process, the possible
asynchronous deformation, and contact slipping that oc-
cur between a substrate and an intermediate layer should
not be ignored.
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Because PDMS has good biodegradability, chemical
adhesion, softness, and corrosion resistance, as well as a
low elastic modulus, high resilience, and good resistance
to deformation', PDMS was used to embed the FBG. A
theoretical analysis of the strain transfer relationship
between the intermediate layer and the PDMS has been
performed, and an FBG substrate model with an ANSYS
simulation has been built. Axial tensile testing based on
the model was performed. The testing data for the case of
the PDMS-FBG interface being perfectly bonded togeth-
er and the testing data for the case of frictional sliding
occurring between the PDMS and the FBG were com-
pared. Ge Ziyang et al'! analyzed the relative error of
the axial strain at each point of the core caused by slip in
relation to the forward pressure, but did not consider the
effect of parameters such as the magnitude of the axial
tension and the half-embedding length on the mean error
of the axial strain calculation of the core with and with-
out slip. The error generated when the relative slipping
was ignored (the sliding friction was ignored similarly to
a perfect bonding case) was calculated, namely the rela-
tive errors calculated from the fiber core axial strains
obtained when relative slipping was ignored and from
the fiber core axial strains obtained when relative slip-
ping was taken into account. Then, whether the relative
slipping between the substrate and FBG could be ignored
has been discussed. The parameter sensitivity and factors
that may have affected the relative errors were analyzed,
which provide a theoretical reference for whether or not
the relative slipping could be ignored, as well as the ma-
terial selection for an FBG flexible pressure sensor.

The existing studies on strain transfer at the interface
of embedded FBGs have assumed that the interfaces be-
tween layers in a sensor assembly are perfect (delete
extra words). That is, it is assumed that the interface be-
tween the fiber and the coating layer (adhesive layer) and
the interface between the coating layer (adhesive layer)
and the substrate is perfectly bonded, with no relative
slipping. This paper presents a PDMS-embedded FBG
sensor consisting of a core, a cladding layer, a coating
layer, and a PDMS. The contact slipping between the
coating and the PDMS was considered. Because the
grating was formed after laser writing on the optical fiber,
the grating characteristics did not change much. Thus,
the grating could be directly used as the fiber core for
simulation calculations. The analysis model of the FBG
sensor embedded in PDMS is shown in Fig.1. The opti-
cal fiber included a core and a cladding layer. In the fig-
ure, the left picture is a longitudinal view of the model,
on the right is a plot of the strain transfer analysis of the
substrate modulus of elasticity. Where L is the 1/2 gauge
length of fiber grating, m, a, f respectively represent the
variables related to the matrix, middle layer, and fiber
core, r represents the radius of each layer.

Our theoretical derivation was based on the following
assumptions:

(1) The mechanical properties of both the core and the
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cladding of the FBG were the same, and the core had
only a small amount of additional Ge element compared
with the cladding (the core and the cladding are herein-
after referred to as the optical fiber).

(2) The optical fiber, the coating layer, and the PDMS
were isotropic linear elastic materials, and only the de-
formation in the axial direction of the FBG sensor was
considered.

(3) The bare optical fiber and the coating layer were
perfectly bonded together without relative slipping.

The focus of this study was the friction at the interface
of the contacting objects. A contact could be smooth,
perfectly bonded, or frictional. This study mainly exam-
ined the situation of the interface between the PDMS and
the FBG under the circumstances of perfect bonding and
limited friction.

For objects in contact, the contact pressure not only
caused normal compression but also caused the tangen-
tial displacement of the interface. If the materials of the
two objects differed, then tangential displacement was
not the same, thus leading to slipping. Slipping would be
resisted by friction and might be prevented to a certain
extent. If the ultimate coefficient of friction was high
enough, the slipping might be completely prevented.
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Fig.1 Analytical model of the FBG sensor in the PDMS
package

Without considering the relative slip between the op-
tical fiber and the intermediate layer, and between the
intermediate layer and the substrate, Quan'' rederived
the strain transfer formula of the embedded fiber grating
sensor, taking the elastic modulus of the substrate into
account. The outer side of the base structure is subjected
to uniform axial stress, and the micro-segment of the
core is subjected to force analysis, the X-direction bal-
ance equation is:

1
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The core and the middle layer are not directly stressed,
so the ends are free end surfaces, there is no stress
transmission, and the boundary conditions are:

e(L, re)= e(—L, rp)=0. %)

The axial strain distribution in the fiber is:

where m, a, f respectively represent the matrix, middle
layer, and fiber core, ¢ indicates normal stress, 7 indi-
cates shear stress, y represents the shear strain of each
layer, r represents the radius of each layer (r<r<r,), the
X direction is the axis direction of the fiber grating sen-
sor, Er and E, are the elastic modulus of the core and the
middle layer respectively, &, &, and &, are the axial
strains of the core, middle layer, and matrix respectively,
G is the shear elastic modulus of the material, and L is
the 1/2 gauge length of fiber grating.

Eq.(6) shows that the axial strain of the core was af-
fected by many factors. Assuming that the core and the
cladding, the cladding and the coating layer, and the
coating layer and the substrate were perfectly bonded,
the axial direction of each point of the core strain was
related not only to the coordinates but also to the elastic
modulus of the core, the thickness and elastic modulus of
the coating, the bonding length, the elastic modulus of
the substrate. Unlike the ideal case, factors such as the
manufacturing process in-field testing, materials, and
curing time would also affect the bonding between the
optical fiber coating and the substrate. When a force was
applied to the substrate, the optical fiber and the sub-
strate might slip relative to each other. When the coordi-
nates of a point on the core changed, the axial strain at
this point would also change. This study focused on
whether or not relative slipping could be ignored and
what factors affected it. In this study, the axial strain of
the core without relative slipping was used as a baseline
for comparison with the cases where relative slipping
took place, and the specific effect of relative slipping on
the axial strain of the core was analyzed. Because the
optical fibers were embedded inside PDMS in the
field-testing environment, it was difficult to observe the
changes of the optical fibers and the substrate when a
force was applied. Thus, the finite element simulation
software ANSYS was used to simulate the strain transfer
between the substrate and the optical fiber in the FBG
sensor with a flexible substrate embedded under axial
tension. The relative errors of the axial strain with and
without relative slipping were analyzed, and the effects
of the following factors on the relative errors were dis-
cussed: the embedding length, and the coefficient of fric-
tion between the coating and the substrate.

To study the relative errors of the axial strain of the
optical fiber sensor embedded in a flexible substrate

(6)
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without slipping and with slipping after a force was ap-
plied, a finite element analysis was performed on the
fiber optical sensor embedded within the PDMS. Be-
cause the model was an axisymmetric structure, only a
half model was set up for the simulation analysis in this
experiment. In this simulation, the optical fiber, the
coating layer part, and the PDMS substrate are all se-
lected by the sweep division method to mesh. The ele-
ment size of fiber and PDMS substrate is set to 0.5 mm.
The contact surface and the target surface, the edges on
both ends of the fiber, and the edge where the fiber in-
tersects with the PDMS substrate are refined. The aver-
age mesh quality is 0.870 45, with 329 415 nodes and
74 422 elements. The finite element model is shown in
Fig.2.

(a) PDMS meshing

(b) Fiber meshing

(c) Cross-section of PDMS matrix packaged fiber grating sensor

(d) Longitudinal section of PDMS matrix packaged fiber grating sensor

Fig.2 FBG fiber sensor meshing in the PDMS package

The model consisted of an optical fiber, a coating lay-
er, and a PDMS substrate. The axial lengths of the opti-
cal fiber and the coating layer were 50 mm. The axial
length of the PDMS substrate was 40 mm, which was the
half-length of the optical fiber embedding. The outer
diameter of the core and the cladding layer was
0.125 mm. The outer diameter of the coating layer was
0.25 mm. The length, width, and height of the cured
PDMS were 40 mm, 20 mm, and 3.6 mm, respectively.
The parameters of the respective layers of the materials
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are shown in Tab.1.

Tab.1 Material parameters of the fiber coating and
PDMS

Parameter Value Unit
E¢ 7.2x10" Pa
E, 2.4x10" Pa
Enm 1.2x10° Pa
e 0.17 -
Ia 0.35 -
U 0.48 -
e 0.062 5 mm
Ya 0.125 mm
L 40 mm

An axial tensile force of 10 N was applied to the right
end region of the PDMS. The optical fiber coating was
free from force. The left end surface of the PDMS was
fixed in the model set, as shown in Fig.3(a). The axial
strains of the core with and without slipping were solved,
as shown in Fig.3(b) and Fig.3(c). As shown in the fig-
ures, a coefficient of friction of 0.7 for the PDMS was
used between 0.25 and 0.75 in this experiment.

(a) Axial force
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Fig.3 The axial tension of the FBG sensor in the PDMS
package and the axial strain distribution of the core
with or without slipping

Fig.4 shows that when the PDMS was strained under a
load, the axial strain distributions of the core with and
without relative slipping were essentially the same, but
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the axial strains corresponding to the same point were
different. This showed that compared with the ideal case,
in actual conditions, the changes in the shear force be-
tween the optical fiber and the PDMS may have caused
relative slipping and affected the axial strain of the core.
The axial strains of each point on the core central axis
that were simulated with and without slipping have been
compared. The relative error is the ratio of the difference
between the strain and the no-skip strain. The relative
errors at each point on the core central axis that resulted
from ignoring the relative slipping are shown in Fig.5. It
can be seen that the relative errors at the two ends of the
core were relatively large, while the relative error at the
middle was relatively small. This was consistent with the
findings of the higher strain transfer rate in the middle
region and lower strain transfer rate at both ends of the
polymer-embedded optical fiber sensor.
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Fig.4 The axial strain corresponding to each point of

the core with slipping and no slipping when the axial

tensile force was 10 N
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Fig.5 Relative error calculated by the core points with
slipping and no slipping when the axial tensile force
was 10N

To further analyze the effect of the axial tensile force
on the relative errors, an axial tensile force was incre-
mentally applied to the PDMS from 0—10 N. The rela-
tive errors as a function of the tensile force are shown in
Fig.6. It can be seen that when the tensile force was less
than 1 N, the relative error increased noticeably with the
increasing tensile force. When the tensile force was
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between 1 N and 10 N, the relative error increased slow-
ly. This indicated that in the range of 1—10 N, the mag-
nitude of the tensile force had minimal effect on the rela-
tive error. The relative error reached the maximum of
24.07% for the tensile force of 10 N. The axial strain of
the core was not large, the axial strains with or without
slipping had the same order of magnitude, and the
amount of maximum slipping was 0.000 91 mm (as
shown in Fig.7). Therefore, it could be considered that
for a tensile force that was less than or equal to 10 N, the
relative errors could be ignored, and thus the relative
slipping could be ignored.

25
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Fig.6 Relative error as a function of the tension

Fig.7 Relative slip distribution of each point in the
core for 10 N of axial tension

In practical applications, the fiber embedded length is
selected according to an actual situation. Based on Eq.(6),
it could be anticipated that the above factors might have
a certain effect on the axial strain of the optical fiber core,
and they might affect the relative error that resulted from
ignoring the relative slipping. Fig.8 shows the relation-
ship between the relative error and the axial tensile force
at different half embedding lengths. Refer to Tab.l for
other parameters. Fig.8 shows that the relative errors of
different half embedding lengths varied with the axial
tensile force in the same manner. From O N to 1 N, the
relative errors increased significantly with the increasing
axial tensile force. From 1 N to 10 N, the trend of in-
crease was small. This indicated that the effect of the
axial tensile force on the relative errors weakened be-
tween 1 N and 10 N. For the same axial tensile force, the
relative errors gradually decreased with the increasing
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embedding length. Therefore, the embedding length had
to be selected to be as long as possible (the half embed-
ding length was greater than 40 mm) in an actual exper-
iment so that the scenario could be considered as an ideal
case in which the coating layer and the PDMS were
bonded perfectly and there was no relative slipping as a
result. For example, for an axial tensile force of 10 N, the
relative error was 15.33% for the half embedding length
of 60 mm.
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Fig.8 Relationship between the axial tensile force and

the relative error for different semi-buried lengths

In practical applications, the embedded length of the
optical fiber affects the strain transmission rate of the
sensor, five FBG flexible sensors of different sizes are
packaged to explore the strain sensitivity during axial
tension. Fig.9 is the axial tensile test platform, axial ten-
sion strain tests on sensors with half-embedded lengths
of 20 mm, 30 mm, 40 mm, 50 mm and 60 mm. Fig.10
shows the strain transfer rate curve of the sensor, the
experimental results demonstrate that the longer the
half-embedment length the higher the strain transfer effi-
ciency, where the half-embedding length of 60 mm sen-
sor strain transfer rate of 54.79 nm/e, consistent with the
trend of numerical simulation analysis results.

Fig.9 Axial tension test platform

The types of PDMS materials and the ratio of the
mixture may have resulted in different elastic moduli
for the cured substrate and different coefficients of
friction for the substrate-optical fiber contact. These
differences may have affected the relative errors. The
coefficient of friction on human skin was mostly 0.2 to
0.5. PDMS material with coefficients of friction of 0.25
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to 0.75 can be used as bionic skin, which feels like
human skin and which can be very similar to human
skin in structure.
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Fig.10 Transfer rate curves for sensors

Fig.11 shows the relative errors as functions of the
tensile force with the elastic modulus increasing from
300 MPa to 1.5 GPa, at the coefficients of friction of
0.25, 0.5, and 0.75 in the optical fiber-subtract contact.
Refer to Tab.1 for the other parameters. It can be seen
that at different coefficients of friction and different elas-
tic moduli for the PDMS, the relative errors increased

with the increasing axial tensile force in the same manner.

For the high elastic moduli of the PDMS, the relative
errors increased rapidly from ON to 1 N and then in-
creased slowly from 1 N to 10 N. For the low elastic
moduli of the PDMS, the relative errors increased rapidly
from ON to 1 N. However, between 1 N and 10 N, the
relative errors were greater than those of the substrates
with greater elastic moduli were. It can be seen that the
relative errors were small for the substrates with greater
elastic moduli.
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Fig.11 The relationship between the axial tensile force

and the relative error of different PDMS elastic moduli
when the friction coefficients were 0.25, 0.5, and 0.75

To study the effect of the coefficient of friction on the
relative errors more accurately, the relationship between
the elastic modulus of the PDMS and the relative error
was studied for the same axial tensile force and different
friction coefficients, as shown in Fig.12. Fig.12 shows
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that for different coefficients of friction, the relative er-
rors decreased consistently and noticeably with the in-
creasing elastic modulus of the PDMS. The relative er-
rors were large for smaller coefficients of friction and
smaller for larger coefficients of friction. This indicated
that the larger the coefficient of friction was, the closer
the actual situation was to the ideal situation and the
smaller the effect of the relative slipping was. Thus, the
relative slipping could be ignored. Therefore, before an
experiment, the actual situation should be considered for
PDMS selection. For example, in our experiment, PDMS
with a coefficient of friction of 0.7 and an elastic modu-
lus of 1.2 GPa was selected, and the relative error at an
axial tensile force of 10 N was 24.07%.
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Fig.12 Relationship between the elastic modulus of
the PDMS and the relative error for different friction
coefficients with 10 N of axial tension

Based on the theoretical derivation of the strain trans-
fer of the embedded polymer optical fiber sensor under
ideal conditions and the established simulation model of
the optical fiber FBG sensor with PDMS embedding, the
effect of the axial tensile force on the relative errors that
resulted from ignoring the relative slipping were ana-
lyzed. Empirical guidance was also provided for deter-
mining whether the relative slipping at the interface be-
tween the fiber and the substrate can be ignored. Fur-
thermore, the parameters that could affect the relative
errors were analyzed, which guided the material selec-
tion for an experiment. Since there have been few studies
on relative slipping, this experiment may provide a ref-
erence. For optical fiber FBG sensors embedded with
PDMS, the relative errors varied at various positions on
the fiber under a load, and the relative errors were the
smallest in the middle-section of the fiber. At a tensile
force within 10 N, the maximum relative error was
24.07%. Since the relative slipping was a relatively small
quantity, it could be ignored in certain cases and the ac-
tual situation could be considered an ideal situation. The
parameter sensitivity analysis indicated that to ensure
that relative errors were small and the relative slipping
was negligible, a half embedding length of more than
40 mm needed to be adopted. In practical applications,
five flexible sensors with different half-embedding lengths
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were packaged for strain testing in axial tension, where
the longer the embedding length, the higher the sensitiv-
ity of the sensor, The sensitivity of 54.79 nm/e¢ for a
half-embedding length of 60 mm confirms the effect of
the half-embedding length on the relative error from the
side, consistent with the trend of numerical simulation
analysis results. Furthermore, the substrate material had
to be selected according to an actual situation.
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