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Optical fiber sensors have been applied on detecting various physical parameters. In this work, inspired
by the mechanism of tendril coiling, we designed a spring-like sensor using optical fibers based on
macro bending loss. The proposed optical-fiber spring has good elasticity like a mechanical spring and
thus can be used to measure large displacement. As a contact-type sensor, the fabricated optical-fiber
spring can measure dynamic displacement, whose range is 4 orders of magnitude higher than that
of the point-wise fiber Bragg grating displacement sensor. In addition to the point-wise displacement
sensing, we further integrated the optical-fiber spring with a Kresling origami to form a force sensor.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

Not limited to animals, various plants in nature can be excel-
lent sources of inspiration for scientists and engineers to design
robots, actuators, or sensors. For plants, different growth of plant
tissues can lead to morphogenesis, by which various parts of
functional organs, such as roots, stems, or leaves, can be formed.
Inhomogeneous and nonuniform growth in various parts of plant
organs can lead to mismatched growth strain and from which
a wide variety of plant configuration such as tendril coiling can
be formed [1-4]. Take the formation of climbing plants such as
cucumber tendrils for example, by asymmetric contraction of the
plant tissues, the tendril coil is formed where the lignified fiber
on the ventral side contracts longitudinally with respect to that
on the dorsal side [5]. Since both ends of the tendril are clamped,
the asymmetrical contraction of the stiffer fiber with respect to
the surrounding soft tendril tissue as well as the prevention of
twisting at the two ends impose a topological constraint which
accounts for the local bending and the curvature of the overall
tendril coiling. Interestingly, since the total twist in the tendril is
conservative, two connected helices with opposite chirality, sep-
arated only by a small segment, will exist in the tendril coil [6].
Despite not being a perfect coil with only one chirality, the tendril
coil, with a spring-like configuration which store elastic energy
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while possessing large deformation, can inspire the sensor design
where long-range and tunable sensing range might be achieved.

To realize the double-chirality “spring”, a common approach
is to pre-stretch a straight elastic strip and then fix it to another
traction-free straight elastic strip. By releasing the prestress while
keeping the two ends not rotating, the elastic composite strip
will form a spring-like coil with two connected opposite-handed
helices. If the prestress exceeds a critical value, the initial linear
configuration will spontaneously form a spiral with the presence
of twists [7-10]. The spiral composite has been used in many
fields [11-17]. However, to the best of the authors’ knowledge,
the spiral composite has not been applied to design optical fiber
Sensors.

Due to their advantages such as small size, immunity to elec-
tromagnetic field, and no requirement of electrical power at the
sensing point, optical fibers provide a route for designing sen-
sors in various applications. Optical fiber-based sensors, such as
fiber Bragg gratings (FBGs), have been utilized for years to mea-
sure various physical quantities (e.g., strain [18-21], temperature
[22-24], force [25,26], pressure [27,28], or displacement [29-31]).
Despite possessing very high sensitivity, the sensing range of
the pointwise FBG displacement sensors is small. When a fiber
is bent, power loss of light occurs where light is lost from the
core by radiation [32]. The bending loss of light is sensitive to
the curvature of the fiber and thus change of the curvature can
be applied in sensing. If the formation mechanism of the tendril
coils can be borrowed for generating the spiral configuration on
the fiber, not only the bending loss can be amplified, the sensing
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Fig. 1. (a-b) Fabrication process of the optical-fiber spring. (c-e) Morphological changes in the optical-fiber spring during stretching.

range can be tuned and enlarged by controlling the degree of the
spiral.

2. Material and methods

In order to make the configuration of an optical fiber sensor
like that of a tendrils coil, which we will refer to as an optical-
fiber spring in this letter, we combined a thin round rubber rope
and an optical fiber to form a bilayer fiber-rope composite. The
optical fiber, whose Young’'s modulus is 72 GPa, behaves as a
stiff fiber band. The rubber rope, whose Young’s modulus is less
as 10 MPa, behaves as the surrounding soft tendril tissue of the
cucumber tendrils. Borrowing from the asymmetric contraction,
the method to generate the spiral configuration is to prestretch
the easily-deformed elastic rope and glue it to the undeformed
straight optical fiber. The prestress is then released while keeping
both ends of the composite not rotating, the intrinsic curvature
in the spiral bilayer fiber-rope composite will be generated. In
our work, a short rubber rope with an initial length of 10 cm
and a diameter of 0.5 mm was stretched to be 18 cm long and
then a 40 cm-long optical fiber was bonded to the stretched
rubber rope. Specifically, a primer (770, aliphatic amine) was
applied on both the surface of the tensioned rubber rope and
the optical fiber before bonding them together with an instant
adhesive glue (401, ethyl cyanoacrylate). The fabrication process
is illustrated in Fig. 1a and b. Then, the prestress was gradually
released without rotating the two holding ends and out-of-plane
bending and twists will occur in the optical-fiber spring. Fig. 1c-
e show the different morphology, where Fig. 1d shows the most
common single twist model when both ends are kept not rotating
during the shrinkage process. From Fig. 1c-e, where the stretch
of the optical-fiber spring is marked, the connected helices with
opposite chiralities can be observed, despite that the “perversion”
is not in the middle of the optical-fiber spring due to the fact that
a perfect bonding and releasing is not easily achieved. From the
perspective of mechanics, the presence of the connected opposite
chirality can be explained by the reduction of the total elastic
energy while satisfying the boundary conditions [33-38].

After shrinking, the optical-fiber spring can still be stretched
to a near-straight state, as shown in Fig. 1c-e. In the stretching
process, the bending loss of the optical power gradually decreases
and this can be utilized to measure the relative displacement
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Fig. 2. Changes in the electrical signal converted by the photodiode during the
stretching and contraction of the optical-fiber spring sensor. . (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

between the two ends of the optical-fiber spring. Through a
photodiode, the optical signal is converted into electrical sig-
nal, showing monotonically increasing as shown in Fig. 2 and
the response can be regarded as having two linear sensing re-
gions, marked as light blue (i.e., low displacement sensitivity
0.0471 V/mm but with a large sensing range of 20 mm, where the
value of the coefficient of determination (R?) is 0.9764) and light
yellow (i.e., higher displacement sensitivity 0.57 V/mm but with a
smaller sensing range of 10 mm, where R? is 0.9937), respectively.
The two sensing sensitivities might be caused due to several
factors, including a nonlinear relationship between the bending
curvature and the loss of light, a nonlinear variation of the cur-
vature with respect to the tension, and a slightly overwinding
behavior (see [5]). During the shrinkage process, due to different
boundary conditions, non-twist, single twist, and multiple twists
might also occur (see Supplement 1 for the discussions of their
performances as sensors).

If one end of the optical-fiber spring is fixed to a surface
point of a structure or a movable mechanical device, the relative
displacement between the two ends of the optical-fiber spring
can become a pointwise displacement. As a contact-type sensor,
from Fig. 2 we can see that the displacement measuring range
of the fabricated optical-fiber spring is about 20 mm, which is 4
orders of magnitude higher than that (i.e.,, 2000 nm) of the point-
wise fiber Bragg grating (FBG) displacement sensor, when the
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Fig. 3. (a) Cantilever beam vibration experiment arrangement. (b-c) When the excitation point is located at the beam center line, the vibration signal measured by
the optical-fiber spring and the LDV and the corresponding frequency responses. (d-e) When the excitation point is located at the eccentric position, the vibration
signal measured by the optical-fiber spring and the LDV and the corresponding frequency responses.

FBG sensor is demodulated by another FBG [39,40]. Respectively,
while the point-wise FBG has the displacement sensitivity of
5 mV/nm. It should be noted that, the FBG proposed in Ref. [39,40]
is very sensitive, accurate, and with a good linearity, compared
to the proposed optical-fiber spring due to the fact that the pro-
posed sensor is based on the large bending of the fiber. However,
the proposed sensor can be used for a quick detection of the large
deformations of flexible structures, although a pre-calibration is
suggested. We also note that, if the fabrication condition, includ-
ing the boundary condition and the gluing process, and the initial
length of the optical-fiber spring is altered, the measuring range

can be altered (and tuned) and thus a linearity calibration of
the optical-fiber spring before the measurement is required. On
the other hand, with the same fabrication conditions, the pro-
posed optical-fiber spring is reproducible with the same coiling
behavior.

3. Experiment and discussion
In order to demonstrate the ability for long-range displace-

ment sensing, we measure the dynamic out-of-plane deflection of
a cantilever beam with the proposed optical-fiber spring sensor.



Y.-H. Wang, Z.-L. Xu, Y. Wang et al.

spring sensor
—

el v e et

LU B Do

R |

== Oscilloscope =

C % ! Kresling

origami

Extreme Mechanics Letters 62 (2023) 102032

2000 T

1500

1000

Weight (g)

500

— fitted curve
* calibration parameter
» calculate result

measuring result

08.5 9

9.5 10 10.5

Voltage (V)

Fig. 4. (a) Force sensor measurement experiment arrangement. (b) Measured results and fitted curves. . (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

The experimental setup is shown in Fig. 3a. The dimensions of the
flexible cantilever beam, made of aluminum (6061), are 50 mm in
width, 500 mm in length, and 3 mm in thickness. The beam was
chosen long enough to have a large dynamic end displacement
but short enough to avoid a significant static deflection due to
its own weight. Also, the width of the beam is wider to allow a
symmetric arrangement of the sensing points for calibrations and
comparisons. One end of the cantilever beam was mounted on the
optical table. The optical-fiber spring sensor was arranged at the
right end, where one end of the optical-fiber spring was glued to a
high vertical translation stage, composed of four standardized op-
tical translation stages, and the other end was glued pointwisely
to the cantilever beam. The integrated high vertical translation
stage can be used to tune the initial length of the optical-fiber
spring, where the desired region of linearity can be tuned before
the measurement. The vibration of the beam was excited by
the impact of a steel ball. By controlling the drop of the steel
ball at a fixed height with an electromagnet, the repeatability
of the stimulating loadings can be ensured in each experiment.
A non-contact scanning laser Doppler vibrometer (LDV) system
(PSV-500, Polytec, Waldbronn, Baden-Wiirttemberg, Germany)
was used to validate the sensing performance of the proposed
optical-fiber spring sensor. The sensing locations for the two
sensors (i.e., the optical-fiber spring and the LDV) on the beam
are the same distance from the fixed end of the beam and are
symmetrical to the center line of the beam.

The normalized transient displacement responses measured
by the two sensors are shown in Fig. 3b, when the loading

is excited at the central line (marked as “A” in Fig. 3a), and
Fig. 3d, when the loading is excited off the central line (marked
as “B” in Fig. 3a), and good agreements can be observed. The
accuracy of the sensor, compared to the measurement result of
the laser Doppler vibrometer, is about 70 pwm. The correspond-
ing frequency response curves are shown in Fig. 3c and e. The
frequency responses also demonstrate good agreements between
the two sensors. By performing a finite element analysis, the
resonant frequencies in the frequency responses are obtained
and are consistent with those of each vibrational mode of the
cantilever beam. A comparison of the resonant modes of the
cantilever beam are provided in Supplement 1. We note that the
proposed optical-fiber spring, while being a contact-type sensor,
contributes negligible loading effect to the detected structure
to the spiral configuration. In addition, it should be noted that,
the proposed optical-fiber spring, with a horizontal arrangement,
has potential to be used to detect the in-plane vibrations of
the flexible structures (e.g., here the cantilever beam) while the
LDV cannot be used for comparison, unless a 3D LDV is used.
The discussion of the reliability, consistency of the long-term
operation, and the response time of the proposed optical-fiber
spring are provided in Supplement 1.

In addition to serve as a sensor to measure dynamic displace-
ment of structural vibrations or transient waves, the proposed
optical-fiber spring can also be used to detect force, when being
combined with appropriate mechanisms. In this letter, a Kresling
origami was used to transfer the light loss in the optical-fiber
spring to the force response. Kresling origami, as shown in Fig. 4a,
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is a three-dimensional origami that shrinks under compression in
the direction perpendicular to the two end panels and possesses
good resilience after the loadings are released.

We can attach the two ends of the optical-fiber spring with
the epoxy glue to the center of the upper and lower panels,
each made of acrylic and with a central hole for gluing the fiber,
of the Kresling origami, respectively. In this arrangement, the
displacement of the compressed Kresling origami can be obtained
by the optical-fiber spring and the applied force perpendicular to
the two panels of the Kresling origami can be indirectly measured.
The experimental setup on force sensing using the combination
of the optical-fiber spring and the Kresling origami is shown in
Fig. 4a. We first calibrated the force sensing ability by placing
weights on the top panel of the Kresling origami. The data points
used to calibrate are shown in the red rhombus in Fig. 4b. The
experimental data were then fitted using Matlab and the fitting
curve is the blue curve in Fig. 4b. Here, a cubic polynomial was
adopted for curve fitting and the fitting result is shown in Eq. (1).

W = —210V> + 5840V — 54700V + 174080, (1)

where V is electrical signal of the photodiode. After calibration,
different objects were placed on the surface of the top panel
of the Kresling origami and the electrical signals are used to
calculate their weights (blue triangle) and their true weights are
marked as black triangle for comparison. The comparison results
are shown in Fig. 4b. From the measurement results and the
comparisons, we can see that a high-accuracy force sensing can
be achieved based on the proposed optical-fiber spring.

4. Conclusions

In conclusion, inspired by tendril coiling, we introduce a
mechanically-induced optical-fiber spring which can serve as
sensors, based on the macro bending loss of optical fibers. The
optical-fiber spring has good elasticity like a mechanical spring,
which can be easily elongated or shortened to measure large
displacement response with a negligible loading effect. In this
letter, the vibration of the cantilever beam is measured and
the results are compared with those obtained by the LDV. Fur-
thermore, combined with the Kresling origami, the optical-fiber
spring can also serve as a force sensor. The proposed optical-fiber
spring inherits the advantages of strong anti-electromagnetic
interference of optical fiber sensors and solves the disadvantages
of small range and high loading effect of optical-fiber Bragg
grating displacement sensors. The proposed optical-fiber spring
sensor can be quickly fabricated to detect dynamic responses of
the flexible structures or used as a load cell, and we note that
it can be used as a tool to quickly determine the modes of the
structure in frequency domain.
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Appendix A. Supplementary data

Supplementary material related to this article can be found
online at https://doi.org/10.1016/j.eml.2023.102032. See Supple-
ment 1 for supporting content.
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