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Arterial pulse wave monitoring has been recognized as an effective medical diagnostic tool for various cardio-
vascular diseases. To overcome the barriers in traditional, complex, and expensive detection configurations, new
electronic and optical sensors have been developed with their unique advantages. Particularly, various config-
urations of fiber-optic sensors have been proposed. This paper demonstrates the use of a tapered optical fiber

structure to create a sensitive sensor that can detect carotid arterial pulse waves on the skin surface. The
demonstrated fiber sensor probe utilizes an in-line Mach-Zehnder interferometer configuration and liquid-gold
film coating on the sensor tip to enhance its sensitivity and demonstrate its use by encapsulating the sensor
with a flexible elastomer material for detecting arterial pulse waves with a simple testing configuration.
Considering the simple fabrication and high sensitivity without a complex demodulation scheme, the proposed
sensor has broad implementation in biomedical health monitoring systems.

1. Introduction

Arterial pulse waves (APWs) result from the abrupt rise in blood
pressure from the cardiac ejection and its interaction with the disten-
sible artery walls [1]. The rhythmic APWs propagate through the blood
vessels and are measurable on various skin surfaces. The physical heart
condition and arterial elastic properties certainly affect the pulse
waveforms and rates, which are important vital signatures of human
health conditions. Many studies have shown a close correlation between
health status and the properties of arterial pulse waves [2-4]. For
example, the measurements of APW velocities were used to diagnose
peripheral vascular diseases and cardiovascular health [2]. The arterial
elasticity indicated some links in hypertension and arteriosclerosis
[5-7]. Variations in arterial pulse waveforms implicated clinical signs of
vascular diseases [2,8,9]. The clinical importance of noninvasive APW
measurements has drawn a lot of interest in the various sensors for
monitoring APWs. As personalized healthcare is getting more and more
popular at home, low-cost sensors are introduced to detect APWs and
other vital signals from traditional, complex, expensive system config-
urations [10-12]. Flexible APW sensors based on emerging nano-
materials have been studied by examining the relationship between
their electrical properties and the applied strain [13-16]. Novel pie-
zoresistive and piezoelectric materials are introduced to electronic
sensors. Compared with electronic sensors, optical sensors are generally
bulky and expensive but provide alternative merits of utilizing
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approaches to achieve high sensitivity and can be used in certain severe
environments due to their chemical stability and immunity to electro-
magnetic interference. In particular, optical fiber-based sensors are
widely researched [17,18]. Generally, mechanical signals resulting from
APWs on skin surfaces are investigated through intensity, wavelength,
or phase modulation in fiber-based sensors. Intensity modulation-based
sensors use relatively simple instrumental configurations with limited
sensitivities. For example, a reflective diaphragm-based sensor has been
demonstrated to measure deflection caused by arterial distension [19].
Wavelength modulation schemes are most commonly utilized with
sensors based on Fiber-Bragg grating [20-23]. However, to improve
their sensitivities, they require additional amplification schemes and
relatively expensive interrogation systems to track the Bragg wave-
length shifts. Finally, the phase modulation scheme has been imple-
mented in an interferometer configuration, which provides high
sensitivity but requires additional demodulation techniques to accu-
rately retrieve displacement signals [24,25].

In this paper, we present a tapered-fiber optical sensor that uses an
interferometric-assisted intensity modulation scheme to detect APWs.
While various tapered fiber optic sensors are traditionally used on strain
monitoring [26-28] or bio-chemical sensing applications [29-31], there
are few reports of tapered fiber optical sensors to detect arterial pulses
for human health monitoring. Furthermore, the typical configuration of
using the optical transmission in tapered fiber sensors is not convenient
for routine, portable APW monitoring applications. We designed a
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Fig. 1. (a) Schematic design of a tapered-fiber sensor encapsulating with PDMS elastomer. (b) An example image of a tapered fiber region (0.25 mm scale bar). (c) An
image of a fabricated sensor probe (50 mm scale bar). (d) Implementation of a sensor to measure arterial pulse waves.

reflection-type fiber sensor probe utilizing an in-line Mach-Zehnder
interferometer configuration to enhance its sensitivity and demonstrate
its stable use by encapsulating the sensor with a flexible elastomer
material for detecting APWs with a simple testing configuration.
Considering the simple fabrication and high sensitivity without a com-
plex demodulation scheme, the proposed sensor has a broad imple-
mentation on real-time health monitoring systems.

2. Design and fabrication

Fig. 1(a) shows the schematic design of our fiber sensor probe to
detect APWs on a target skin surface. The sensor probe is formed with a
tapered fiber structure encapsulated by flexible Polydimethylsiloxane
(PDMS) elastomer. The sensor has a reflection-type construction with a
gold reflection mirror at the tip to enable remote handheld usage of the
sensor. Fig. 1(b) shows an example of the tapered region of a fiber
sensor. Fig. 1(c) shows an example image of a fabricated fiber sensor
probe. The red circle area indicates the PDMS-encapsulated tapered
fiber sensor. It can be applied to detect APWs on the skin surface at the
neck (Fig. 1(d)) or wrist using simple adhesive tapes. The detection
mechanism is based on optical power modulation due to the fiber
bending near the tapered region, which is caused by skin-surface
displacement through the rhythmic expansion of an artery. Particu-
larly, the presented structure utilizes an in-line Mach-Zehnder interfer-
ence structure to enhance its displacement sensitivity. A portion of the
optical mode in the core is excited to higher-order clad modes as a result
of the fiber core diameter being reduced by employing the tapered fiber
structure. The interference pattern with the core mode is the result of the
clad modes being linked back to the core after being reflected off the tip
gold reflector. Small pressure or displacement applied on the tapered
region and the remaining fiber structure disrupts the power coupling
and phase difference, resulting in optical signal modulation. The theo-
retical expression for the interference signal can be formulated as given
below [32]:

I=(Lore+ > Taa+ D21/ Leore X Iigq X cOs®F) x R
m m

where I, Icore and I7}; represent the intensity of the interference signal,
the intensity guided through the core, and the intensity guided through
m-th clad mode, respectively. R presents the reflection coefficient at the
fiber tip. Phase difference at an m-th clad mode is denoted as @ = 4z

(ngge —n;’flj:d“d) oL Here, L represents the length of the in-line MZI
structure from the tip to the tapered region. negre and Ny cad are the

effective refractive indices of the core and m-th cladding mode,
respectively. A represents the signal wavelength in vacuum. When
multiple clad modes exist, the spectral characteristics of the interference
signal reflect the overlap of multiple mode interferences. The large in-
tensity contrast is expected to be observed when I and Ijj ; have
similar intensities with a single dominant cladding mode. In the
reflection-type configuration with PDMS coating, R will be less than 1 %
without any additional reflection coating, given that the refractive index
of PDMS at 1550 nm is around 1.4 [33]. Therefore, an effective reflec-
tion coating should be applied to increase the overall intensity of the
interference signal, which is interfaced with an optical receiver. When a
tapered fiber sensor is attached to the skin surface close to a blood
vessel, the displacement caused by the arterial pulses puts a strain on the
fiber to be bent. This will affect the optical power coupling of I.o;. and
I ;> and the phase difference, @7 resulting in the intensity modulation
at the interference signal. By calibrating the sensor at a particular
wavelength with significant intensity changes, a low-cost APW moni-
toring sensor can be realized.

To fabricate the sensors, standard single-mode fibers with a core
diameter of 9 pm, and a cladding diameter of 125 pm, were employed.
After removing the plastic coating layer, the fiber was cleaned with
isopropanol alcohol. One end of the fiber was cleaved, and the fiber was
mounted onto a custom-built fiber splicer. The distance from the end of
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Fig. 2. (a) An image of the gold-coating process on tip of a fiber sensor in a tube
furnace. (b) Reflected optical power spectrum as a function of gold-coating on
the tip of a fabricated sensor.
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Fig. 3. Sensor embedding process in flexible PDMS elastomer material. (a) 3D-
printed mold preparation. (b) Fiber sensor alignment within the 3D-printed
mold. (c) PDMS pouring and curing. (d) Released sensor with PDMS elas-
tomer layer.
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Fig. 4. Schematic diagram of a generalized measurement configuration.

the fiber to the tapered region was kept to around 1.5 cm. Typical
tapering parameters include around 40 pm (minimum diameter) and
750 pum (length) of the tapered region, respectively. During the tapering
process, the output signal of the sensor was monitored via an optical
circulator with an optical spectrum analyzer and a broadband light
source for resonance optimization. Following the tapering procedure, a
thin layer of gold was formed on the tip of the fiber as an optical
reflector. Using a liquid-based gold solution (GOLDFILM, Emulsitone
Chemicals), we developed a simple coating method in place of the
conventional vacuum deposition of a metal layer. The fiber tip section of
the sensor was wetted using the gold solution and then placed inside a
tube furnace, where it was dried for 15 min at 500 °C. The basic method
to check the quality of the coating is to measure its reflected optical
power instead of controlling the thickness of each coated layer. Once a
tapered fiber structure is formed at a bare glass fiber, it is relatively
delicate at this stage. Therefore, the fiber tip was dip-coated with gold
solution without aggressive coating procedures. Fig. 2 shows an image
of the gold-coating process in a tube furnace (Fig. 2(a)) and an example
(Fig. 2(b)) of optical spectrum measurement of six repetitive coating and
drying processes from the bare fiber sensor without gold coating. The
measurement data shows that the reflected optical power is saturated
after 3—-4 layers of the sequential gold coating. This was fairly consistent
with separate coating experiments in more than ten different trials. This
reflection coating is important to ensure suitable optical reflection
power from the sensor tip when it is embedded in the PDMS elastomer.

The next step is to embed the sensor in flexible PDMS elastomer
material, which creates a protective layer of the delicate fiber structure
during its use. Fig. 3 shows the sensor embedding process in flexible
PDMS elastomer material. A 3D-printed mold structure was designed
and created using polylactic acid-based material (Fig. 3(a)). First, a
tapered fiber sensor was aligned with the 3D-printed mold structure
(Fig. 3(b)). The Dow Corning Sylgard 184 elastomer kit was used to
make a liquid PDMS mixture. A mixture of ten-parts base elastomer and
one-part curing agent was prepared by vacuum-degassing. Subse-
quently, the prepared PDMS liquid mixture was poured and cured at
60 °C for 5 hrs (Fig. 3(c)). Finally, after the complete PDMS curing, the
sensor with a protective PDMS layer was removed from the mold with a
drop of isopropyl alcohol as a releasing agent (Fig. 3(d)).

3. Results and discussion

To understand the sensor characteristics, we have performed various
sensor characterizations. Fig. 4 shows a generalized characterization
setup to investigate the sensor’s response as a function of dynamic and
static displacement applied to the sensor. Either a tunable laser (New-
focus 6428) or a broadband light source (Thorlabs SSFC1550S) was used
as a light source. The optical signal from a light source is coupled using
an optical circulator to a fabricated tapered fiber sensor, where its me-
chanical motion modulates the optical signal. The resulting sensor
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Fig. 5. Static characterization of a fabricated sensor. (a) A photo image of the
different displacements applied on the sensor.
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Fig. 6. Dynamic characterization of a fabricated sensor. (a) A photo image of the measurement setup. (b) Measured dynamic responses of a fabricated sensor and a
commercial displacement sensor at 5 Hz vibration. (c) Measured optical sensor amplitude as a function of applied displacement magnitude.

output signal was measured using an optical spectrum analyzer (HP
70952B) or an amplified optical receiver (Thorlabs PDA400).

First, static sensor characteristics were studied when a constant
displacement was applied to the sensor tapered region. Fig. 5(a) shows
an experimental setup with a mounted fiber sensor. A taped sensor was
mounted on a hole (8 mm diameter) of an aluminum platform. A 3D-
printed stick with a 4 mm x 4 mm square tip was placed on a linear
stage using a micrometer positioner to apply a relative displacement on

the sensor tapered region. As expected from the in-line MZI configura-
tion, the fiber sensor exhibits periodic interferometric resonances in its
spectral response, as shown in Fig. 5(b). It was observed that the sensor
was quite sensitive to how it was mounted on a test surface since the
optical coupling at the tapered region was changed, and a strain-induced
phase change was introduced in the response. Nevertheless, it was seen
that the optical loss at the particular wavelength ranges due to the
interferometric resonances was dominantly enhanced as the
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Fig. 7. Measured arterial pulse waves on the skin surface at the neck for 30 s
duration (a) and zoomed pulse waveforms (b).

displacement increased.

To investigate the sensor dynamic characteristics, the sensor was
mounted on a vibrator, as shown in Fig. 6(a). A center pin (7 mm in
diameter) of the vibrator was positioned at the tapered region of the
sensor. A constant vibration at a frequency of 5 Hz was applied to the
sensor. At the same time, the displacement of the sensor surface was
monitored using a commercial displacement sensor (Keyence LT-
9031M). To improve the optical reflection for the commercial sensor,
a small reflective tape (3 mm x 3 mm square) was attached to the top of
the sensor surface. To measure the dynamic response of the sensor, the
optical signal from the tunable laser was coupled to the sensor using an
optical circulator, and its resulting optical signal was measured by an
amplified photoreceiver. The signal from the photoreceiver was con-
nected to a data acquisition system (eDAQ e-corder 410), where the
measured signal was quantized and recorded with 0.312 mV resolution
and 1000 samples/sec. During the measurement, the signal from the
commercial displacement sensor was also acquired so that both signals
could be compared. The wavelength of the tunable laser was set to 1545
nm since the sensor had wide optical intensity responses at around 1545
nm wavelength when displacement was applied based on the static
measurement. Fig. 6(b) shows the measured responses from the com-
mercial displacement sensor and our fabricated tapered fiber sensor. As
expected from the static measurement, the more displacement intro-
duced the higher loss, resulting in the response from our fiber sensor
being revered from the response of the commercial displacement sensor.
Otherwise, the fiber sensor signal agreed well with the signal from the
commercial displacement sensor. This confirms that the fiber sensor can
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accurately measure the dynamic displacement applied on the sensor
surface. Fig. 6(c) shows the sensor amplitude as a function of the
measured displacement distance. Different displacements were applied
to the sensor by changing the driver signal applied to the vibrator. The
sensor response was quite linear within the displacement ranges that are
expected from artery pulse measurements [34]. Based on the linear fit of
the measured signal, 6.78 mV/um sensitivity was obtained at the current
setup with 0.312 mV acquisition resolution. Considering that the typical
human pulse rate varies from around 60 to 100 pulses/min, the
demonstrated sensor based on the calibration measurement at 5 Hz has
enough bandwidth to capture the human arterial pulse responses.

Finally, the sensor was implemented to monitor artery pulse waves
on the skin surface of the neck area. The fiber sensor was attached to the
carotid artery vessel area at the neck using adhesive tapes. APWs were
measured using a similar configuration to the dynamic response mea-
surements of the sensor. Fig. 7 shows the measured responses for 30 s of
duration (Fig. 7(a)) and its zoomed pulse shapes (Fig. 7(b)). The sensor
signal was reversed to correctly follow the artery volume change, as
discussed in the dynamic measurements. The measured individual sig-
nals represent similar artery pulse waves with early and late systolic
peaks with dicrotic notches observed in other published papers [35,36].
Additionally, the baseline modulation seen in Fig. 7(a) indicates inhale
and exhale of breathing patterns. It has been discussed that APWs are
affected by various physical parameters of a human when the blood
pressure waves travel from the heart to arterial vessels and indicate
potential symptoms of cardiovascular malfunctions. The simple tapered
fiber sensor is expected to be a low-cost, sensitive front-end device that
can be interfaced with a healthcare monitoring system to quantify the
vital signs of human health.

4. Conclusions

We presented a tapered optical fiber sensor that can be attached to
the arterial blood vessel area and monitor arterial pulse waves. Low-cost
fabrication of the sensor was presented using fiber tapering, gold
solution-based reflector coating, and elastic PDMS encapsulation. Based
on in-line MZI configuration, the fabricated sensor shows high sensi-
tivity, which can distinguish skin-surface displacements within the
ranges of arterial blood vessel volume changes. The comparison of the
measurements from a fabricated sensor and a commercial displacement
sensor confirmed that the proposed sensor could be used to detect dy-
namic displacements. The measurement from an adult human demon-
strated that the sensor could successfully measure the detailed arterial
pulse waveforms with breathing patterns. Due to its simple fabrication
and implementation without any complex demodulation scheme, the
presented sensor can be a real-time sensing element that can monitor
arterial pulse waves and interface to general health monitoring systems.
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