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In this work we study the particular case of an optical fiber subjected to compression-bending load, the most
common loading configuration for testing fiber optic bending sensors. Our analysis is based on the foundations of
column theory and reveals a progressive stress homogenization across the optical fiber with increasing bending.
This effect is general to any optical fiber subjected to this load configuration and it is of particular interest for
structures with multiple cores since the state of stress experienced by each core can significantly differ even for a
condition of constant load. The approach outlined here captures relevant features observed in experiments with
multicore fiber optic bending sensors. Also, this approach can be incorporated into coupled-mode theory for
assessing the performance of spectrally operated fiber sensors based on multicore coupled structures under real-
istic conditions commonly encountered in the experiments and without the need of performing computationally
expensive simulations. The progressive stress homogenization, as well as the regime of homogeneous stress do-
minated by the bending contribution, is experimentally demonstrated using a multicore optical fiber with three
coupled cores. Our observations are similar to those reported in recent experiments using other multicore fibers
with different number of cores. © 2017 Optical Society of America
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1. INTRODUCTION

A commonly followed approach in structural health monitoring
consists of measuring the deformation of the elements in the
structure indirectly through the stress induced to devices
attached to them, such as bending sensors. In this regard, fiber
optic sensors have been widely used to perform this task.

Stress-based fiber optic sensors including bending or curva-
ture sensors are typically tested by isolating the section of fiber
containing the sensing region from the rest of the fiber and
loading it in a controllable manner [1]. In the case of bending
sensors there are a number of different configurations com-
monly used. For instance, in order to induce pure bending
stress, the fiber can be point-like supported at the extremes
and loaded at the center [2–5]. In other configurations a con-
stant radius of curvature is induced by either coiling the fiber
[6–10] or bending it in a beam-like fashion, i.e., cantilever in
reflection [11–13]. The most common configuration, however,
consists of clamping both ends of the fiber to translation stages
and displacing controllably one of these stages, in a step-like
fashion, toward the other stage therefore bending the section
of fiber containing the sensing region, e.g., the section of

multicore fiber spliced between two single-mode fibers, into
a configuration of known curvature [14–32]. The experimental
setup for this situation is schematically shown in Fig. 1.

Regardless of the specific experimental configuration, in
general there exist several stress contributions, e.g., axial com-
pressive and bending. The net effect of these contributions de-
pends not only on the actual state of stress but also on the type
of support at the ends, e.g., point-like ends or fixed ends.

In this respect, it has been recognized, not only for numeri-
cal modeling and derivation of theoretical expressions but also
in experiments, that when using optical fibers with multiple
cores in bending applications the situation dramatically com-
plicates if the fiber is not limited to bend in a single plane
and/or twisting is not completely avoided. Experimentally,
when a multicore fiber with coupled cores is allowed to bend
in more than one plane, a plateau in the wavelength shift versus
curvature response curve appears at the initial stages of the ex-
periment, i.e., small curvatures, until the bending component
significantly dominates over the others [29,31]. This unusual
“delay” in the sensor response is rather a detrimental effect for
sensitive operation in the small-curvature regime [13,28,32].
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In this paper, we provide a comprehensive stress analysis that
describes the experimental situation depicted in Fig. 1.
Contrary to how it has been traditionally done in the vast lit-
erature available, in which a state of pure bending is assumed,
we study the case of the compression-bending load and explain
how this analysis can be extended to other experimental con-
ditions including other stress configurations and different types
of supports at the ends. We show that the state of stress across
the optical fiber progressively homogenizes with increasing
bending. This progressive stress homogenization is general to
any optical fiber subjected to compression bending and is of
particular interest in situations where optical fibers with multi-
ple cores are involved as the state of stress for each core can
significantly differ even for a condition of constant stress.
Experimentally, we demonstrate the transition from a stress-
inhomogeneous to stress-homogenized regime using a multi-
core optical fiber with three coupled cores. We show that in
the region of inhomogeneous stress not only a smaller wave-
length shift as a function of curvature is obtained, but we also
notice a significant reduction in the contrast of the sensor
spectral response. As the sensor progressively changes to the
stress-homogenized region, the spectral shift as a function of
curvature is significantly increased and the spectral contrast is
slowly increased, which is related with the fact that all the cores
exhibit similar propagation constants. The results demonstrate
the importance of identifying the sensing regimes, as well as
controlling that bending is allowed on a single plane. Finally,
the analysis outlined here can be incorporated into the coupled-
mode theory for the evaluation of the spectral response of mul-
ticore coupled structures under realistic conditions and without
the need of computationally expensive simulations.

2. COLUMN THEORY IN FIBER BENDING
SENSORS

From the mechanical standpoint, an optical fiber can be ana-
lyzed as a slender column, i.e., very large ratio of its length to its
cross section, subjected to certain loading configuration under
specific boundary conditions. Let us consider a slender column
with both ends rigidly fixed while subjected to an axial com-
pressive load P, as shown in Fig. 2(a). At early loading stages,
when the compressive load P is sufficiently small, the initially
straight column undergoes only uniaxial compression. As P is
gradually increased, buckling occurs at the central part of the
column and the bending stress component dominates.
Therefore, the failure of the column can be caused not only
by normal stress but also by the bending contribution. In

Fig. 2(a) l is the length of the column, P is the axial compressive
load, A is the cross-sectional area, and e is the maximum
deflection at the center of the column.

When local buckling occurs in the proportional limit of the
material, i.e., linear regime, the total stress at the central part of
the column can be expressed as the superposition of individual
stress components, i.e., the normal stress σ0 and the bending
stress σb, such that the total stress is σ � σ0 � σb, [33]. These
individual components are defined, respectively, as

σ0 � P∕A; (1)

σb � Pe∕Z; (2)

where Z is the section modulus (defined as Z � πd 3∕32 for a
circular cross section) and e is the maximum deflection
experienced by the column (at half-way its length).

Throughout this analysis, the column is assumed to have
constant circular cross section, i.e., uniform diameter along
its length, while the fiber material can be idealized as being
perfectly elastic-isotropic, i.e., obeys the Hooke’s law. In terms
of the stress configuration it is assumed that the column is ini-
tially straight and the load is applied axially such that the nor-
mal stress is small compared to the bending stress and buckling
is present only in the working plane, i.e., the column is limited
to deflect only in a single plane at all times during the experi-
ment, as shown in Fig. 2. Both ends of the column are fixed,
and the self-weight of the column is negligible. All these con-
siderations are typically met in the experimental conditions.

In order to derive an expression for the stress distribution in
terms of the material properties and geometrical parameters
under the above-listed conditions let us consider the column
AB of total length l and uniform cross-section area A shown
in Fig. 2(b). Let P be the crippling load, i.e., compressive load
at which the column has buckled to reach the certain state of
stress. When the lateral buckling occurs, the moments M 0 are
generated at the fixed points A and B, and the lateral deflection
at some point of the column is represented by y. In general, the
elastic curve can be expressed in differential form:

d 2y
dx2

�
�
P
EI

�
y � M 0; (3)

where E is the Young’s modulus of the material which defines
the stress-strain relationship in the proportional limit, and I is

Fig. 1. Schematic experimental setup for curvature sensing using a
fixed ends configuration for an evaluation of static curvature states.

Fig. 2. (a) General configuration of a column member. (b) Free-
body diagram of column subjected to compression-bending load in
a fixed-ended configuration.
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the moment of inertia (defined as I � πd4∕64 for a circular
cross section). In the particular case of interest of a fixed-ended
column neither lateral displacement nor change in the slope is
allowed at the ends. Thus, the boundary conditions at the end
points A and B are defined as

At A: x � 0;
d y
dx

� 0; (4)

At B: x � l ;
d y
dx

� 0: (5)

Other support conditions commonly encountered can be
easily evaluated by following this approach. For instance, for
the case of a column with hinged ends, which describes the case
where an axial compressive load is applied and the deflection is
considered zero at the ends, the boundary conditions can be
stated as (x � 0, y � 0) and (x � l , y � 0) at A and B, respec-
tively [34]. For this clamping condition the column’s slope at the
hinged ends increases with increasing bending. Also, the shape
of the buckled column is expected to change as the magnitude of
the load P increases, showing sometimes a double curvature.

In addition to the support conditions, the influence of the
so-called effective length l e , defined as the distance
between the inflection points in the bent column, must be con-
sidered based on the specific clamping conditions. For a two-
end fixed column the effective length is defined as l e � l∕2.
The general solution to Eq. (3) in terms of the material rigidity
E � I is expressed as

y � C1 � cos

�
x

ffiffiffiffiffiffiffiffiffiffiffi
P∕EI

p �

� C2 � sin

�
x

ffiffiffiffiffiffiffiffiffiffiffi
P∕EI

p �
�M 0∕P: (6)

Now, with the boundary conditions of Eqs. (4) and (5) the
constants C1 and C2 can be determined and the total stress,
which consists of the superposition of axial and bending com-
ponents, can be calculated in terms of the material properties
and the geometrical parameters, by replacing the load P found
from Eq. (6) in Eqs. (1) and (2), as follows:

σ � σ0 � σb �
π2Ed 2

l2
� 8π2Ed

l 2
�e � δ�; (7)

where δ indicates a position across the cross section of the col-
umn and therefore takes values only within the diameter of the
column, i.e., −d∕2 ≤ δ ≤ d∕2. It is worth noting that Eq. (6) is
conveniently expressed in terms of quantities that are known
and/or can be measured in the experiments. Similar approaches
for the derivation of expressions like Eq. (7) for different
support conditions can be found in [34–36].

Figure 3 shows the evaluation of Eq. (6) for a vertical de-
flection in the range from 0 to 10 mm and for different posi-
tions δ across the fiber. The mechanical and geometrical
parameters of the optical fiber subjected to stress are chosen
to be similar to those commonly encountered in experimental
situations: E � 70 GPa, l � 100 mm, and d � 125 μm.

From the results shown in Fig. 3, several conclusions can be
sketched. First, for the particular set of values used here, the
component of normal stress is much smaller than the bending
stress, except for the case when the deflection is very small,

i.e., e ≈ 0, which occurs at the initial stage of the experiment
[see Eq. (6) and Fig. 3 in the range e < 10−4 m]. The bending
component significantly dominates over the axial stress even for
deflections as small as 100 μm. This explains why in the case of
long columns it is commonly assumed that the buckling of the
column results only from bending stress, i.e., negligible direct
compressive stress (axial stress). From Eq. (6), it can also be
noted that the first term (axial stress component) is insensitive
to small changes in the length of the column length and
remains approximately constant, except at advanced stages of
the experiment, as shown in the inset of Fig. 3.

From Fig. 3, it can also be seen how dissimilar the state of
stress across the optical fiber can be even when only the bend-
ing contribution is considered, e.g., e ≈ 10−4 m. In the particu-
lar case of an optical fiber with multiple cores, this will result in
that each core in the structure experiences a significantly differ-
ent state of stress which, in turn, produces larger propagation
constants mismatch.

At advanced stages in the experiment it can be seen that the
bending stress homogenizes across the optical fiber. For a multi-
core structure, this indicates that all the cores experience the
same state of stress for larger curvatures. For a coupled system
of single-mode cores with similar core size and same optical
parameters, this implies having equal propagation constant
and therefore the maximum contrast in the spectral response.
In other words, for the case of coupled systems, it is expected
that throughout the experiment the contrast of the spectral re-
sponse progressively increases with increasing bending, as it has
been observed in recent experiments [29].

The progressive stress homogenization results from the dis-
placement of the neutral axis, which is well known to take place
in elements under bending loads. For columns with larger
dimensions, tension and compression states typically appear
in the outer and inner surfaces, respectively [35–37].

Fig. 3. Stress across an optical fiber subjected to compression bend-
ing as a function of vertical deflection. Different curves refer to differ-
ent position δ across the optical fiber. Blue and red curves indicate
locations below and above the center of the fiber, respectively. The
stress across the fiber, which can vary significantly at different position
δ even for a state of constant curvature, progressively homogenizes
with increasing bending. The inset shows the axial component (dashed
rectangle) in a zoomed-in scale.

Research Article Vol. 56, No. 8 / March 10 2017 / Applied Optics 2275



Nevertheless, for the case of a column with very small diameter
such as the optical fiber studied here, the fiber instead acts like a
“thick neutral axis” without distinction between the internal
and external parts of the fiber. Overall, the results for this glass
fiber show a uniform trend in the bending stress component
with the increasing of deflection e that is well represented with
δ � 0 (Fig. 3). The maximum elongation in the tension and
compression sides can be calculated at the last deflection value
of 10 mm as ϵ1 � r1∕ρ and ϵ2 � r2∕ρ, respectively, in terms
of the distances r1 and r2 from the neutral axis to the outer and
inner surfaces, respectively, and the radius of curvature ρ [35].
The difference between the elongation in the inner and outer
diameter is estimated to be Δ � ϵ1 − ϵ2 � 9.6 × 10−4. This
very small difference in the elongation between the inner
and outer surface allows concluding that for long columns with
extreme slenderness ratio it could be assumed that the stress
distribution across the cross section is uniform for large curva-
tures, without difference between the inner and outer surfaces.
Thus, given that this behavior is caused by the extreme slender-
ness of the fiber (l e∕r ≈ 800), which in turn results in a very
small elongation difference between the inner and outer surfa-
ces of the fiber, similar homogenization effects can be expected
for other support conditions and even for other load configu-
rations involving stresses of different nature, e.g., torsion stress.

3. EXPERIMENTAL RESULTS

The experiments were carried out using the setup shown sche-
matically in Fig. 4. This setup is similar to that shown in Fig. 1
in terms of the sensor interrogation, i.e., broadband light
source, polarization control, optical spectrum analyzer, and
the use of two translation stages for curvature control. The
main difference is the simultaneous control of curvature and
small misalignments. With the setup shown in Fig. 4, a twofold
experiment can be performed (1) to clearly identify the stress-
homogenized regime and (2) at the same time that the condi-
tion of optimum alignment is found in order to ensure bending
in a single plane.

In Fig. 4, the two translation stages have the same height
such that their top surface is in the same XZ plane. The trans-
lation stages move perpendicular to each other along the x- and
z-direction, respectively. For perfect alignment of the fiber
along the x-direction the fiber is expected to bend in the
XY plane and the vertical deflection to occur only along
the y-direction. When a small misalignment is induced (trans-
lation stage 2; misalignment along z) the fiber bends in a tilted

plane that projects as a straight line in the Y Z plane. This is
equivalent to induce bending in the XY and XZ planes simul-
taneously. The fiber does not twist throughout the experiment.
The introduction of small, controllable misalignments allows
operating in conditions close to the single-plane bending while
inducing additional stress components besides the main bend-
ing contribution. The presence of these stress components is
expected to have significant effects in early stages of the experi-
ment and progressively disappear as the bending contribution
dominates. The main goal of such an experimental approach is
the quantification of the influence of additional stress compo-
nents before a state of pure bending can be safely assumed.

The control parameters in the experiments are the displace-
ments of the translation stages. Using the (experimentally
measured) separation distance between the stages and the ver-
tical deflection of the optical fiber at the point of maximum
deflection, the curvature can be estimated as C � 1∕ρ �
2e∕�e2 � l 2) [38]. The experiments were performed using a
multicore fiber with three coupled cores provided by the
Microstructured Fibers and Devices Group at CREOL-
UCF. Detailed description of the fiber parameters can be found
elsewhere [13,31].

In our experiments, the cross section of the optical fiber is
parallel to the Y Z plane, according to the reference frame in
Fig. 4. The multiple cores therefore also lie in a plane parallel to
the Y Z plane at all times. Prior to the experiment the two off-
center cores were carefully aligned (by rotating the optical fiber)
such that the center-to-center line that joins these external cores
is parallel to the Z -axis, as shown in the inset of Fig. 5(b). Once
the cores were aligned, the polarization was adjusted to maxi-
mum transmission and kept fixed throughout the experiments.

Figure 5(a) shows sample curves of the sinusoidal spectral
response of the three-core fiber used in the experiments as cur-
vature increases, for a fixed lateral misalignment of ϵ ≈ 50 μm.
Each curve corresponds to different curvatures and it can be
seen that the sensor spectral response shifts toward smaller
wavelengths with increasing curvature, as indicated by Δλ.
The two regions labeled as I (curves in the range
C < 0.056 m−1) and II (curves in the range C > 0.060 m−1)
correspond to the inhomogeneous and homogeneous regimes
of stress, respectively. For this particular lateral misalignment
the stress-inhomogeneous region extends up to 0.06 m−1, ap-
proximately. The extent of this region is different depending on
the lateral misalignment, as it will be shown later. The curves at
the beginning of region II belong to a transition region toward
homogenization. Figure 5(b) shows the contrast (visibility) of
the sensor’s spectral response, defined as V � �Imax − Imin�∕
Imax, for each curve in Fig. 5(a). The calculations were per-
formed in the wavelength range from 1500 to 1560 nm by
taking the lowest minimum and the largest maximum in order
to define the visibility in terms of a single pair of extreme
points. The results show a dramatic decrease in the contrast
of the sensor’s spectral response at initial stages of the experi-
ment and then a progressive recovery as curvature increases [see
also Fig. 5(a)]. Note that by the end of the transition region
[dashed line in Fig. 5(b)], the increase rate of the visibility re-
duces, but it keeps increasing. In the limit where the state of
stress is the same for all cores and thus the propagation constant

Fig. 4. Schematic of the experiment that allows (1) identifying the
region of homogeneous stress, and (2) finding the condition of opti-
mum alignment, by inducing small misalignments controllably in a
plane perpendicular to the plane where the main deflection occurs.
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mismatch is minimized, the visibility should approach unity.
This same trend has been observed in similar experiments with
a polarization-insensitive multicore fiber (seven-core in that
case) for visibility values closer to unity [29]. Although the
asymmetric arrangement of the three-core fiber makes it polari-
zation dependent, with the spectral contrast being modified
with the polarization, this is not the reason for not achieving
maximum spectral contrast since the polarization was fixed. In
our case, since we have a small misalignment (ϵ ≈ 50 μm) of
the bending plane, additional stress components are introduced
that modify non-homogenously the optical properties of the
three-core fiber and effectively reduce the spectral contrast.
We expect that a larger lateral misalignment should further
reduce the maximum achievable visibility.

Figure 6 shows the absolute wavelength shift of the sensor
spectral response as a function of curvature for different fixed
misalignments. Note that the small misalignments are induced

only within the range of one fiber diameter, i.e., −d < ϵ < d ,
and still a profound effect can be appreciated at early stages of
the experiment. In Fig. 6 the same two regions previously iden-
tified (see Fig. 5) can be clearly distinguished—a stress-
inhomogeneous region (shadowed in red) where a clear trend
cannot be sketched, and a stress-homogeneous region (indi-
cated in the figure) where all the curves collapse into a single
one with similar slope. In the stress-homogeneous region bend-
ing stress dominates over other contributions, e.g., axial and
transverse. Thus, the effective state of stress is practically the
same for all cases despite the small misalignment purposely in-
duced. Conversely, in the stress-inhomogeneous region even a
small change in the curvature has large effect due to the rear-
rangement of the competing stress components involved. In
spite of this somewhat chaotic behavior, a clear tendency to-
ward homogenization is exhibited by all curves as the bending
contribution starts to dominate. Also, the condition of better
alignment, indicated as the zero-displacement curve (black
curve), can be found as the condition for which homogeniza-
tion occurs sooner in the experiment, i.e., shorter extent of the
stress-inhomogeneous region.

As mentioned before, when a multicore fiber with coupled
cores is allowed to bend in more than one plane, a plateau in the
wavelength shift versus curvature response curve appears in the
small-curvature range until the bending component signifi-
cantly dominates over the others. The presence of this plateau
corresponds to operation in the stress-inhomogeneous region
and its extent directly depends on the degree of misalignment
of the optical fiber (see Fig. 6). This can also be observed by
comparing the experimental results from [29] and [39]. In both
cases the same multicore fiber (seven-core fiber in that case) was
used and yet the extent of the plateau zone is quite different.

The generality of this progressive stress homogenization
phenomenon can be verified as it has been observed, to a
greater or lesser extent, in experiments with different multicore
fibers having different number of cores, i.e., two, three, and

Fig. 6. Absolute wavelength shift of the three-core bending sensor
spectral response as a function of curvature for different fixed misalign-
ments. The regime of stress homogenization where the bending con-
tribution dominates is indicated. The stress-inhomogeneous region
where the bending contribution still competes with other stress
components is shadowed in red.

Fig. 5. (a) Collection of sample curves measured in the experiments
of the spectral response of the three-core fiber bending sensor as cur-
vature increases for a fixed misalignment of ϵ ≈ 50 μm. The spectral
response shifts toward smaller wavelengths with increasing curvature,
as indicated by Δλ. (b) Visibility of the experimental spectra, shown in
(a), as curvature increases. The inset shows a digital, white-light micro-
scope photo of the cross section of the three-core fiber used in the
experiments. The alignment of the cores for the experiments is such
that the center-to-center line that joins the external cores is parallel to
the Z -axis, as indicated. Regions labeled as I and II in both (a) and
(b) correspond to the stress-inhomogeneous and stress-homogeneous
regimes, respectively.
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seven cores [28,29,31,39]. It is worth reminding the reader that
the stress analysis carried out in Section 2 was done for an
extremely slender column with isotropic mechanical properties.
Thus, the progressive stress homogenization occurs for any op-
tical fiber subjected to the particular compression-bending load
irrespective of the fiber’s structure. In the case of multicore
fibers, this effect is significantly appreciable due to the coupled
nature of these structures, which are inherently sensitive to
both propagation constant mismatch and small differences
in the coupling coefficients. This can be confirmed by the fact
that the existence of the inhomogeneous region can be detected
from the raw spectra [see Fig. 5(a)], from the spectral visibility
[see Fig. 5(b)], and also from the net wavelength shift (see
Fig. 6). As can be seen from Figs. 5 and 6, the extent of
the inhomogeneous region is consistent irrespective of the
parameter followed (spectrum, visibility, or wavelength shift).

As a side note, the total stress can be directly transformed
into a refractive index change via the photoelastic effect. In the
first-order approximation, both the core and cladding can be
assumed to have the same (and constant) stress-optic coefficient
of silica C str−opt � −3.3 × 10−6 mm2∕N, such that the refrac-
tive index change can be estimated based on the implicitly po-
sition-dependent total stress, as Δn � C str−opt σ [40–42]. In
these estimations one should take into account the sign of
the total stress, i.e., tensile or compressive, as well as the sign
of the stress-optic coefficient of the material, e.g., negative for
silica. The stress distribution can be then used to recalculate the
corresponding refractive index distribution, which in turn can
be used for the calculation of the propagation constants and
coupling coefficients [43–48]. The approach outlined here
can be then directly incorporated into the coupled-mode theory
through the direct evaluation of the elements of the coupling
matrix that is typically used to describe the linear interaction
between the modes of N arbitrary, single-mode dielectric
waveguides as they propagate [43,49].

4. CONCLUSIONS

In conclusion, we demonstrated that the state of stress across an
optical fiber subjected to compression-bending load progres-
sively homogenizes with increasing curvature This stress
homogenization is general to any optical fiber subjected to that
load configuration and it is of particular interest for fibers with
multiple cores as the state of stress experienced by each core in
the structure can be significantly different.

Our analysis is based on column theory and can be extended
to a number of different experimental situations commonly
encountered. Also, the approach outlined here can be directly
incorporated into coupled-mode theory for evaluating the per-
formance of spectrally operated fiber optic sensors consisting of
structures with multiple, single-mode coupled cores.

We experimentally observe the progressive stress homogeni-
zation using a multicore fiber with three coupled cores and
quantified the extent of the range where the different stress
components compete before reaching dominance of the bend-
ing contribution. The existence of the inhomogeneous regime
can be identified from the raw spectra, visibility, and the wave-
length shift, and its extent can be consistently measured irre-
spective of which of those parameters is followed. It was also

shown that even small misalignments of the optical fiber
(smaller than the fiber diameter) can have a profound effect,
especially in the small-curvature regime, due to the rearrange-
ment and competition of the various stress components. The
tools presented here can be used to evaluate the response of
spectrally operated sensors under realistic conditions com-
monly encountered in the experiments without the need of
computationally expensive simulations.
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