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Weight Measurement and Vibration Detection Sensor
Based on a Thermoplastic Polyurethane Optical Fiber

Daniel G. Maldonado-Hurtado ", Miguel Llera

Abstract—An elastomeric optical fiber core was fabricated by
drawing a 1160-D thermoplastic polyurethane preform. The cut-
back technique was used to measure fiber attenuation for a light
spectrum ranging from 550 nm to 875 nm, resulting in an average
value of less than 0.25 dB/cm, which is suitable for use in short-
distance applications. The potential of the fiber was evaluated in
two applications where the advantages of this type of optical fiber,
its elasticity and flexibility, are important. In the first application,
for weight measurement, the sensor response showed asymptotic
behavior at high weights that can be divided into two linear sections
of 2.9 dB/N for weights ranging from 0 N up to 1 N, and 2.1 dB/N
for 1 N to 1.7 N. In the second application, as a vibration sensor,
signals were detected between 1 kHz and 20 kHz with an amplitude
of approximately 35 dB above the background noise.

Index Terms—Optical fiber sensor, thermoplastic polyurethane,
vibration detection, weight measurement.

I. INTRODUCTION

IBER optic-based sensors now play an essential role in an
F increasing number of applications, including biochemical
sensing [1], power system monitoring [2], structural health
monitoring [3] and acoustic and vibration sensing devices [4].

The Internet of Things and wearable technologies offer new
solutions, such as new textiles, shoe-based sensors, and smart
shirts, a technology that was formerly carried out by electronic
sensors [5], [6], [7], [8], [9]. However, the possibility of acci-
dental electrical discharges, bulky connections, erroneous data
monitoring by electromagnetic interference or the impossibility
of using them in specific environments are some of the problems
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frequently encountered with this type of sensor. Fiber optic
sensors have several advantages over their electrical counter-
parts: they are small, lightweight, nonconductive, immune to
electromagnetic interference, capable of remote sensing and
have relatively high sensitivity. These characteristics allow them
to be innovative, lightweight, and safely embedded solutions in
fiber-reinforced polymers [10], [11], [12]. Additionally, these
sensors can be implemented in patient monitoring devices in
harsh diagnostic environments, such as magnetic resonance
imaging [13], and many other health care applications [14].

Although glass optical fiber is the most popular for telecom-
munications and sensors, it is not suitable for high levels of
mechanical strain on the sensor, as the Young’s modulus of
silica reaches 72 GPa, and it exhibits less than 1% to 2% elastic
deformation. Plastic or polymer optical fiber (POF) applica-
tions are becoming popular in the wearable sensor field due to
their biocompatibility and mechanical properties, which allow
them to be embedded in textiles. POFs can be processed in
high-volume production lines, and they can be manufactured
and integrated as either the weft or the warp in woven fabrics
[15]. However, POFs should be avoided in complex handling
applications, as they may suffer permanent deformation.

Many scholars have proposed POF sensors embedded in wear-
able textiles and mattresses based on light intensity variations or
light field distributions for breathing and heart rate monitoring
[16], [17], [18], [19], gait and plantar pressure analysis [20],
[21], [22], bending direction and rotation [23] and distributed
intensity-based sensors for temperature, force, and angle mea-
surements [24]. Highly complex systems, such as color-based
[25], macrobending loss [26], Fabry—Perot structures [27], and
fiber Bragg gratings (FBGs) [28], can be implemented in POFs.

The material most frequently used to fabricate POFs is poly-
methyl methacrylate (PMMA) thermoplastic polymer, com-
monly known as Plexiglas”. PMMA has a typical refractive
index of 1.492 (Plexiglas™ 6 N at 589 nm at 23 °C), Young’s mod-
ulus of 3.2 GPa, and elastic deformation limit of 10%. PMMA is
impact- and vibration-resistant and has a density of 1195 kg/m?
[28], [29]. These mechanical characteristics are better than those
of silica glass optical fiber for wearable and medical applications
where high levels of strain must be withstood and when glass
safety issues, such as fragility, high rigidity or biocompatibility,
are a disadvantage. However, to enable the use of PMMA POF
as a sensor in all the previously cited publications, it is necessary
to apply processes to the fiber to increase its sensitivity. Some
possible solutions include lateral polishing, removing the fiber
cladding and part of its core, cutting away part of the jacket,
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cladding or core, and fabricating a special non-circular shaped
POF.

To use POF directly without modifications as a strain or
force sensor, we ideally need highly flexible materials, and
thermoplastic polyurethane (TPU) is an excellent candidate for
meeting these requirements. TPU is a transparent elastomer with
a Young’s modulus ranging between ~10 MPa and 1 GPa, and
it is easily found with elongations at breaks reaching 600%.
An elongation capability of 128% on a TPU optical fiber was
demonstrated in [30] while maintaining its optical transmission
capability.

TPU optical fibers are incredibly soft and stretchable and thus
are optically susceptible to any physical contact or elongation.
This material does not require additional fabrication steps to
increase the sensitivity of a POF to a mechanical force. Further-
more, connecting TPU to any type of fiber, glass or POF is easily
achieved by alignment and gluing. By combining different fiber
types and limiting the TPU fiber span to the sensing area, it is
possible to use these fibers in remote locations. In this study, we
have fabricated a polyether-based TPU core and characterized
the optical transmission attenuation of the TPU fiber, obtaining
less than 0.25 dB/cm on average, which is sufficient for use
in short-distance applications. We used this fiber to implement
two sensors: the first for weight measurement and the second
for vibration measurement. TPU as a material has potentially
several sensor applications, especially in wearable applications.
According to the authors” knowledge, TPU optical fibers that
efficiently transmit light have not been used before for sensing.

In the manuscript, the optical fibers’ fabrication and charac-
terization of their optical losses are described first. Then, the use
of the TPU fiber as a sensor is presented. Finally, our conclusions
are presented based on the studied applications.

II. TPU OPTICAL FIBERS
A. Fabrication Process

TPU is a widely known thermoplastic elastomer resulting
from alternating rigid segments composed of glassy or crys-
talline butanediol and diisocyanate units and of flexible segments
of long-chain polyether or polyester polyols [31]. This alter-
nating structure provides TPU with elastomeric properties. The
BASF Elastollan” 1160-D TPU chosen to fabricate the optical
fiber core has a Young’s modulus of 200 MPa, a stretchability
greater than 400% before the break [32], arefractive index of 1.5,
and the ability to use the surrounding air to obtain total internal
reflection. While the Young’s modulus of PMMA is on the order
of a few GPa [33], our fiber is 10 times softer than conventional
POFs that are mainly based on PMMA. Additionally, the 1160-D
Young modulus is much closer to that of natural tissues that are
of the order of 1 MPa [34]. The fiber preform was made on an
Arburg Allrounder 170S injection machine. A single injection
of Elastollan” 1160-D TPU into a cylindrical cavity 15 mm in
diameter by 100 mm in length was performed. Fig. 1 shows one
of the produced preforms.

The process followed for fabricating the optical fiber core is
described in [30] using a homemade drawing tower. The preform
was melted and drawn by an inductive heating system with an
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BASF elastollan” 1160-D preform produced.

(©)

Fig. 2. Fabricated fiber: (a) sample fiber 1, (b) sample fiber 2, and (c) sample
fiber 3. Left-hand side: illuminated end face of the core; right-hand side: dark
end face transmitting light.

open graphite crucible. The fiber core diameter fluctuated as the
heating temperature sways 15 °C around an average temperature
of 310 °C in the crucible.

B. Fiber Losses

To fully characterize the fabricated TPU POF, we used several
40-cm-long samples. The diameter fluctuation over the samples
was approximately 20 pum, or 10% of the fiber diameter. Fig. 2
shows the end faces of three sample fibers: SF1, SF2, and SF3.
These fibers were visually evaluated under a microscope with
and without light transmitting through them (illuminated end
face on the left and the fiber transmitting light on the right).
The diameters of the different samples ranged from 195 yum to
277 pm.

We then characterized the fiber attenuation using the cut-back
technique from 40 cm to 20 cm with a sampling step of 2 cm.
The fiber was cut with a razor blade because the TPU material
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Fig.4. Optical attenuation of sample fibers SF1, SF2, and SF3. The error bars

include the standard deviation (10) found when measuring attenuation.

is too soft to cleave or polish in a conventional manner. The best
method for producing accurate and mostly perpendicular cuts is
laser machining. However, this solution was not feasible in our
experiment due to practical reasons. As TPU fibers are excep-
tionally soft, any physical contact, strain, or bend on the fibers
can induce additional attenuation. We kept the light injection
stable during the cut-back process to minimize these effects, as
the fiber was aligned with the light source by a three-dimensional
translation stage.

Fig. 3 depicts the fiber attenuation measurement layout.
The light source was a DH-2000 Deuterium-Tungsten Halogen
Source with a spectrum ranging from 400 nm to 1000 nm. The
sample fiber was placed straight, and the end face of the fiber
was brought close to the light detector of a USB2000+XPR-ES
spectrometer with a scanning wavelength range from 200 nm to
1025 nm.

After each cut, the transmitted light power for each wave-
length was measured by the spectrometer. The attenuation losses
at each wavelength were determined by linear regression of the
transmitted power in each cut-back step, as shown in Fig. 4.
In [30], an analysis of the far-field patterns was presented.
Those patterns allowed us to determine a loss of ~0.04 dB/%
stretch, which is why we did not include a characterization under
different strains in this study.

Two low attenuation zones can be seen, from 650 nm to
730 nm and from 780 nm to 870 nm, with a mean value of
0.123 dB/cm. As the diameter differed in each fiber sample and
there were some inherited fabrication characteristics, such as
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variations in the fiber taper or wrinkles on the fiber surface, a de-
viation from the optical attenuation measurements was induced
(see error bars in Fig. 4 to consider the attenuation coefficient
deviation). A detailed explanation of these attenuation zones
is beyond the scope of the present manuscript, but we can
still add some assumptions about their origin. In any optical
material, losses originate from intrinsic and extrinsic influences.
For intrinsic losses, it is quite common to observe light-induced
electronic transitions in polymers, and they are responsible for
the absorption in the UV region. We believe this phenomenon
is the cause of the observed increase in attenuation as the
wavelength decreases, as shown in Fig. 4. Rayleigh scattering
could account for the losses in this “blue” region, but it could
account less for the near-infrared attenuation increase observed
from 900 nm. The slight peak observed at 750 nm probably
occurred due to overtone absorption of a particular molecular
bond [35] or by an extrinsic reason. The loss increase observed
from 900 nm probably originated from the same reason, but we
cannot rely on this hypothesis.

In summary, the TPU fibers showed relatively uniform optical
transmission attenuation between 0.06 dB/cm and 0.23 dB/cm,
considering a standard deviation of 1o, in the wavelength range
from 550 nm to 875 nm. The maximum standard deviation was
0.067, at approximately 625 nm. In the figure, each blue bar is
equivalent to the average value of the attenuation in 13 nm steps.

POFs have historically suffered from high attenuation losses
(~1000 dB/km) [36]. Significant research has been performed
to reduce attenuation on materials such as PMMA or fluoropoly-
mers (commercially known as CYTOP"), where attenuations as
low as 10 dB/km in the near-infrared band can be found today.
However, when dealing with elastomeric POFs, much larger
losses were seen; with our fiber, we have losses comparable to
those observed with a polydimethylsiloxane (PDMS) core and
crosslinked Pluronic F127-diacrylate (Pluronic-DA) cladding
[37], showing a typical loss ranging from 0.13-0.34 dB/cm.
Additionally, in [38], they proposed a method for producing
hydrogel fibers with optical transmission losses <0.15 dB/cm.
We can estimate that our fiber transmission loss was compa-
rable to the best actual elastomeric fibers produced with other
elastomeric materials.

We can thus conclude that these losses were sufficiently
small to make Elastollan” 1160-D TPU fibers suitable for short-
distance applications, typically less than 100 cm in length.

III. SENSORS

In this section, we describe the operation of weight measure-
ment and vibration detection applications. We used a simple
and compact measurement setup based on a TPU fiber as a light-
intensity modulator sensor to overcome some of the conventional
POF application limitations without additional fiber processing
[16], [17], [18], [19], [20], [21], [22], [23], [24].

A. Measurement Layout

Fig. 5 depicts the measurement layout, for which we used
a pigtailed laser-diode LPS-785-FC Fabry—Perot laser with a
central wavelength located at 785 nm as the light source for the
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Fig. 5.

TPU fiber connection and interrogation layout.

experimental setup, which was within the second low attenuation
zone of the TPU fibers. The laser used a TCLDM?9 temperature-
controller mount and an ITC8052 module to control its current
and temperature. A constant 9 dBm @20 °C laser power centered
at 785 nm was obtained based on a stable temperature-power
configuration.

An IF-D92 high-sensitivity phototransistor was used as the
optical detector, with an operating range from 400 nm to
1100 nm. An emitter-controlled configuration was implemented
to acquire collector current measurements, which varied in
response to the detected light’s intensity.

As TPU fibers are remarkably soft and elastic, to avoid any
fiber deformation, we fixed the fiber in V-grooves and maximized
the fiber input and output optical power by a 3-axis microblock
stage and a vertical travel translation stage. In [30], it is shown
that cladded optical fibers can have bending losses as low as
~ 0.5 dB for a 1-cm length bent fiber at a radius of 1 cm. In
our case, the fibers were uncladded, and the surrounding air
played the role of cladding. This setup generated much stronger
confinement of light, allowing the fiber to be more tolerant to
bending losses than in [30].

B. Weight Measurement Sensor

Many POF studies have been based on intensity modulation
or light field distribution to implement various applications, e.g.,
pressure detection. However, increasing conventional POF sen-
sitivity requires additional processes, such as lateral polishing,
removing the fiber cladding and part of its core, and cutting
away part of the jacket, cladding, and core [16], [17], [18], [19],
[20], [21], [22], [23], [24]. The implemented TPU fiber sensor
is an intensity-based weight sensor that does not need additional
sensitization.
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Fig. 6.  Weight measurement system. Top: schematic. Bottom: layout.

Most weight measurements using optical fibers are realized
using polarimetric [39] or microbending techniques [40]. In our
case, we work on the mode field perturbation induced by the
elastic deformation of the fiber core. This deformation induces
modal propagation property changes characterized by a loss of
high-order modes and, thus, a decrease in light transmission.

The weight measurement setup is shown in Fig. 6. We mea-
sured the relationship between the fiber pressure and the trans-
mitted light intensity. We installed a TPU fiber with a length
of 40 cm according to the connection and interrogation layout
in Fig. 5. The center of the fiber was sandwiched between two
parallel plates, and an external force was applied to the upper
plate. An additional section of TPU fiber was placed parallel to
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Fig. 7. TPU fiber weight sensor measurement. Weight-increasing steps are
shown in blue, and weight-decreasing steps are shown in yellow. The red line is
the fitted nonlinear regression of the average increment part of the cycles.

the section being interrogated to guarantee perpendicular weight
application on the fiber.

The collector current was converted to optical power based on
the minimum responsivity of the IF-D92 phototransistor, which
was 100 pA/pW @ 880 nm. The light source power was 9 dBm;
therefore, attenuation of the optical path was obtained. Then, the
attenuation of the zero-weight value, 16.757 dB, was used to fix
the attenuation value of the 0 N load, i.e., without the upper plate
and water container.

Static load and unload cycle tests were performed on the
sandwiched section of the TPU fiber. The first two steps were to
place the upper plate on the fiber and then the water container on
the upper plate. These two steps are represented by the weights
of 0.09 N and 0.23 N as shown in Fig. 7. Then, the force was
incrementally increased by filling water into the water container
with approximately 0.3 N steps, up to 3.4 N (350 g). We reduced
the weight by incrementally extracting water from the container
with the same steps and generated a table relating the weight
change and the detector collector current between every step.
Three minutes were allowed to obtain the data at one specific
force as the reading tended to stabilize at this time. Because
the weight was equally distributed between the transmitting and
supporting fibers, the weight measurement range seen by the
interrogated TPU fiber was from 0-1.7 N (0-175 g). We repeated
the cycle six times, corresponding to the six measurement points
at each step of increasing and decreasing weight, in Fig. 7.

Fig. 7 shows the results obtained. The weight-increasing part
of the cycle fits a nonlinear regression, projecting asymptotic
behavior at high weights. We estimated the response of our
sensor in two linear sections: the first, reaching 1 N, had a
response of 2.9 dB/N, and the second, from 1 N to the maximum
value, had a response of 2.1 dB/N.

The contact area between the plates and the fiber could perturb
the light transmission as it could act as a cladding section. How-
ever, we neglected its influence because, as described before, we
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Fig. 8.  Vibration detection system. Top: schematic. Bottom: layout.

considered the weights of the upper plate and water container
for the static load and unload cycle tests. The response exhibited
a consistent pattern with the incremental weight steps. This
consistency suggests that the response primarily stemmed from
the losses of the propagating modes, induced by the alteration
in the transverse shape of the fiber from circular to elliptical due
to weight increment.

The weight reduction cycle showed a significant hysteresis
of the TPU fiber sensor. Regardless of this behavior, the trans-
mitted light of the sensor returned to its corresponding zero
weight value when the weight was entirely removed. Hystere-
sis is an incomplete recovery of strain during the unloading
cycle due to energy consumption. In TPU materials, the soft
and hard domains play different roles regarding hysteresis. At
room temperature, the soft domains are above their glass tran-
sition temperature, while hard domains are below their glass
transition temperature. Therefore, it is believed that the hard
domains play the main role in the hysteresis behavior of TPU
[41]. The behavior usually depends on its material composition,
loading rate, and chain extender [41], [42], [43]. However, this
hysteresis behavior can be reduced if the material is subjected to
prolonged cyclic loading [41], [43], allowing the dissociation of
polyurethane hard segments and a better degree of deformation
compatibility between the hard and soft segments.

C. Vibration Detection Sensor

Some of the TPU fabrication characteristics, such as taper,
diameter and surface roughness, are changed when stretched,
which affects the transmitted modes. The light intensity trans-
mitted is therefore modulated according to the elongation am-
plitude and frequency of the TPU fiber sensor.

Optical fiber vibration/acoustic sensors have been extensively
studied, and different approaches have been researched; some
techniques involve taking advantage of the Young’s modulus
of PMMA POF being smaller than that of classic silica optical
fibers [44], [45], [46], [47] or implementing special coatings
to increase the sensitivity [4], ranging from simple schemes
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frequencies of the PZT (blue): a) 1 kHz, b) 5 kHz, ¢) 10 kHz, and d) 20 kHz. The spectrum with the same configuration when the TPU fiber is not glued to the PZT

cage is shown in red.

based on intensity modulation of the light reflected on a surface
to complex schemes based on interferometers or FBGs. Low-
frequency-range or complex fabrication processes are some of
the downsides in the above investigation projects.

Usually, POFs are mainly multimode fibers. When the TPU
fiber is stretched, its far-field patterns change [30]. For example,
this behavior is applied as a vibration detection system in [45].

To study the frequency response of the TPU fiber sensor,
we used the high-efficiency piezo fiber stretcher OPTIPHASE
model PZ2-SMF2-APC-E, serial number B2210, with a cali-
brated fiber stretch of 4.63 pm/V on 40.845 m of fiber [48]. The
PZT modulation port is connected to a Teledyne T3AFG120
function waveform generator to modulate the piezo vibration
frequency and amplitude. The connection of the vibration de-
tection system is shown in Fig. 8. We installed a 40-cm TPU fiber
section according to the connection and interrogation layout in
Fig. 5. We glued 1 cm of TPU fiber in the center of the aluminum
retainer above the PZT.

The glue stiffness is sufficiently low to allow proper strain
transmission from the aluminum retainer of the piezo to the TPU
fiber. With a 20 Vpp amplitude modulation signal and uniform
PZT top plate diameter strain variation, the strain applied to the
TPU fiber sensor is 1.13 pe. To characterize only the elongation

response of the glued part of the fiber, we left the TPU fiber
hanging from the ends of the connection layout. The light source
power was 9 dBm and detected at a power of —7.74 dBm (3.4
V) by the IF-D92 phototransistor after the transmission.

The photodetector emitter voltage was analyzed by an R&S
FSP3 Spectrum Analyzer; its configuration includes a 10-Hz
detection bandwidth, 20-log-dB power scale, and a 1-kHz SPAN
window.

We characterized the vibration detection from 1 kHz to 20 kHz
in steps of 1 kHz. The maximum vibration frequency was limited
to the natural resonances of the piezoelectric equipment. No
significant harmonics are identified during experimentation.

Fig. 9 shows a plot of the sensor frequency domain spec-
trum obtained from the emitter of the phototransistor detec-
tor. We selected the frequencies of 1 kHz, 5 kHz, 10 kHz,
and 20 kHz to represent the full spectrum and to show
the sensor response at similar strain variations, according
to the optical path displacement frequency response of the
PZT [48].

To identify the noise source in the system, we analyzed the
photodetector emitter voltage without vibration, and the average
power of the noise was —115 dBm. As seen in Fig. 9, the noise
level is close to —105 dBm, which is 10 dBs higher than before;
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therefore, the vibration modulation of the PZT generates the
limiting dominant noise of the system.

To address the possibility of a vibration communication path
to our light detector other than the TPU fiber path, we monitored
the sensor signal with the PZT vibrating and our fiber transmit-
ting but not glued to the PZT aluminum retainer. In this case,
the spectrum of the detector plotted in red is the noise floor of
the spectrum analyzer.

The excitation frequencies of 1 kHz, 5 kHz, 10 kHz, and
20 kHz detected by the TPU fiber sensor are shown in blue.
In all cases, the amplitude of the vibration detection signal is
approximately 35 dB greater than the noise floor.

IV. CONCLUSION

Thermoplastic polyurethane 1160-D TPU fibers are excellent
candidates for applications where highly flexible optical fibers
are needed, with a Young’s modulus of 200 MPa and the ability
to be stretched to 400% of the original length; therefore, they
are susceptible to physical contact and extension. We fabricated
an Ellastollan” 1160-D TPU optical fiber core following the
process described in [30]. The TPU POF produced has a low
optical transmission attenuation for a light spectrum ranging
from 550 nm to 875 nm, being less than 0.25 dB/cm on average;
this value is sufficient to allow use in short-distance applications.

We implemented two sensors with these fibers: one for weight
measurement and one for vibration measurement. Both are
intensity-based sensors that do not need any additional sensi-
tization of the optical fiber.

For the weight sensor, the response with increasing weight fits
a nonlinear regression, projecting asymptotic behavior at high
weights. The response of the TPU weight sensor from 0 N to
1 Nis 2.9 dB/N, while a response of 2.1 dB/N was obtained for
weights ranging from 1 N to the maximum value studied. When
the weight is reduced, the sensor shows significant hysteresis.
The transmitted light of the sensor returns to its corresponding
zero weight value when the weight is fully removed.

For the vibration sensor, we detected signals from 1 kHz
to 20 kHz, discarding any detection path except TPU fiber
stretching. The amplitude of the vibration detection signal is
approximately 35 dB greater than the noise floor. The vibration
modulation of the PZT generates the dominant limiting noise of
the system. The PZT frequency response limits the maximum
frequency for sensor characterization.

Considering the simple configuration of the TPU fiber, first,
as a weight sensor, its minimum detectable weight is much
smaller than that of similar POF sensors. However, the sensor
cannot detect relatively high loads due to its asymptotic behavior.
Second, as a vibration sensor, the detectable frequency range is
much higher than that reported in other works reviewed by the
authors; even if the strain detected is not impressive (less than
2 pe). The overall range of the frequency studied from 1 kHz to
20 kHz is within the human auditory spectrum; therefore, there
are possibilities of application in this field.

Finally, we experimented with less than 2% of the available
elastomeric TPU materials. Nevertheless, in this publication, we
show its versatility to be applied in the optical sensor field and
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to overcome some of the problems of conventional POFs. The
next step would be to use a TPU optical fiber with full core and
cladding to reduce its interaction with the refractive index of the
surrounding medium.
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