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(57) ABSTRACT

An intensity-based, micro-bending optical fiber sensor is dis-
closed herein, which is configured to acquire clean, stable,
and reliable vital sign signals. Related systems and methods
for vital sign monitoring are also provided herein. The sensor
of various embodiments includes a multi-mode optical fiber,
an LED light source, an LED driver, a receiver, and a single
layer deformer structure. In various embodiments, the optical
fiber and single layer deformer structure of the sensor are
selected to meet specific parameters necessary to achieve a
level of reliability and sensitivity needed to successfully
monitor vital signs. In some embodiments, a specific sizing
relationship exists between the optical fiber and the single
layer deformer structure. In sonic embodiments, the sensor is
configured to acquire ballistocardiograph waveforms.
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VITAL SIGNS FIBER OPTIC SENSOR
SYSTEMS AND METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit under 35 U.S.C.
§119(e) of Provisional Application 62/057,237 filed Sep. 30,
2014, which is herein incorporated by reference in its entirety.

TECHNICAL FIELD

[0002] This application generally relates to the field of fiber
optics, and particularly, to optical fiber sensors and methods
for monitoring physiological parameters of a patient.

BACKGROUND

[0003] With the advent of internet-connected devices and
the digital health industry, health and wellness monitoring has
become an area of growing focus. Monitoring vital signs such
as heart rate, ballistocardiogram signals, and breathing rate is
desirable both inside and outside healthcare facilities. Within
healthcare settings, vital sign tracking can be essential for:
ensuring patient safety when a healthcare provider is not
present at a bedside, diagnosing medical conditions, moni-
toring a patient’s progress, and planning a patient’s care.
Outside of healthcare settings, tracking vital signs and pos-
ture enables individuals to quantify and conceptualize their
health status, thereby helping individuals remain mindful of
their health and wellness needs, visualize progress, and main-
tain the motivation needed to achieve health and fitness goals.
[0004] Current vital sign trackers in the consumer market
are fairly intrusive, for example, current heart rate monitors
often require an individual to strap the monitor around the
individual’s chest. Many vital sign trackers include just one
type of sensor configured to detect one type of vital sign, such
as for example, heart rate. Additionally, many vital sign moni-
tors in the consumer market are not very accurate. In the
healthcare setting, much more accurate devices are available,
but they are often very large devices positionable at a patient’s
bedside, requiring a connection to an electrical outlet and
leads attached to the patient. Attachment to these bedside
devices can cause anxiety in patients, and the devices are
expensive, not portable and prone to electromagnetic inter-
ference (EMI).

[0005] Optical fiber sensors have gained increased atten-
tion in the research setting, as an alternative to existing vital
sign monitors. Optical fiber sensors are chemically inert and
resistant to EMI. Moreover, they can be portable and inte-
grated into fixtures, such as mattress pads and cushions. Fix-
ture-integrated devices have numerous advantages over bed-
side appliances and wearable instruments. For example,
fixture-integrated devices allow for a reduction in loose con-
necting wires or wireless data transmitters between sensors,
electronics, and power supplies. This reduction may lead to
increased reliability, data quality, and security.

[0006] However, optical fiber sensors developed to date
have not proven to be suitable alternatives to conventional
monitoring systems. For example, in “Optical Fibre Sensors
Embedded into Medical Textiles for Healthcare Monitoring,”
IEEE Sensor J. 8 (7),1215-1222, 2008, Grillet el at proposed
integrating a single mode macro-bending fiber sensor into a
belt to measure respiratory rate. A macro-bending sensor
typically experiences significant light loss due to macro-
scopic deviations in the fiber’s axis from a straight line, result-
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ing in low sensitivity. Such a sensor would be unlikely to
detect the subtle movements of the chest wall needed to
accurately measure heart rate or ballistocardiogram signals.

[0007] 1In an effort to improve sensitivity, others have pro-
posed alternative approaches for fiber optic sensors. For
example, U.S. Pat. No. 6,498,652, Varshneya et al. disclosed
a fiber optic monitor that utilizes optical phase interferometry
to monitor a patient’s vital signs. Optical phase interferom-
etry has several limitations. For example, while Fabry-Perot
interferometric sensors and Mach-Zehnder interferometric
sensors are sensitive to mechanical vibrations of the body,
they are also highly sensitive to mechanical vibrations exter-
nal to the body, as well as temperature, acoustic waves, mag-
netic fields, and other environmental, noise. Thus, without
proper equipment, interferometer sensors are not suitable for
monitoring vital signs due to unreliable performance caused
by signal fading and inaccuracies resulting from environmen-
tal noise-induced phase change. The equipment needed to
filter out the environmental noise includes an expensive phase
modulator and coherent optical sources, which add signifi-
cant cost and complexity and make such sensors impractical
for widespread commercial adoption. Other proposed
designs have also struggled to balance sensitivity, accuracy,
and cost.

[0008] Moreover, most fiber optic vital sign sensors being
developed are limited to detecting heart rate, breathing rate,
and/or macro-movements indicative of changes in body posi-
tion. A major limitation of many of these sensors is the inabil-
ity to obtain the highly sensitive ballistocardiography (BCG)
waveforms. BCG is a technique used to record vibrations of
the body resulting from mechanical activity of the heart. In
particular, BCG measures mass movements of the heart and
circulating blood generated by forces associated with heart
contractions during the cardiac cycle. Historically, BCG
waveforms were acquired using an extremely large, sus-
pended table configured to support a patient lying thereon;
suich a suspended table was heavy, non-portable, and required
substantial mechanical maintenance. Due to the cumbersome
system required, BCG did not get much attention or use
during much of the twentieth century; however, reliable BCG
waveforms can provide significant insights into a patient’s
cardiac health. In addition to revealing a patient’s heartbeat
unobtrusively, in real-time, BCG waveforms are useful in
determining heart rate variability, which is an indicator of
stress on a body. Moreover, comparison of BCG and EEG
waveforms, in particular, detection of the timing between the
R peak of the EEG waveform and the J peak of the BCG
waveform reveals beat-to-beat blood pressure changes. Addi-
tionally, as described, for example, in E. Pinheiro et al.,
“Theory and Developments in an Unobtrusive Cardiovascu-
lar System Representation; Ballistocardiography,” The Open
Biomedical Engineering Journal, 2010, 4, pp. 201-216, the
contents of which is herein incorporated by reference in its
entirety, features of BCG waveforms have been found to
correlate to, and suggest the presence of, a number of mala-
dies. For example, abnormal BCG waveforms are obtained in
individuals having angina pectoris, asymptomatic coronary
artery disease, acute myocardial infarction, hypertension,
coarctation of the aorta, and mitral stenosis, to name a few.

[0009] Despite the clinical value of monitoring BCG, it is
not conventionally monitored in a healthcare setting, due to a
lack of a suitable detection system. Detecting BCG wave-
forms requires a level of sensitivity and precision that current
sensor designs are lacking. Therefore, a need exists for a
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physiological parameter monitoring device capable of reli-
ably detecting BCG waveforms. A need also exists for a
method of detecting vital signs, including BCG waveforms,
which overcomes the limitations of existing methods. Thus,
there is a need for new and useful optical fiber vital sign
sensors and related methods of use.

SUMMARY

[0010] The present disclosure provides new and useful
optical fiber sensors and related systems and methods for
monitoring BCG waveforms and other vital signs. Various
embodiments provided herein overcome one or more of the
shortcomings of previously designed fiber optic vital sign
monitoring systems.

[0011] Various aspects of the disclosure are directed to an
optical fiber vital signs sensor and related methods of vital
signs detection. The vital signs sensor of various embodi-
ments includes a single layer grid (e.g., mesh) structure and a
multimode optical fiber connected to an LED light source.
The sensor of various embodiments is configured to achieve
high sensitivity and low cost for the monitoring of heartbeat
dynamics, breathing patterns, and body movements. The
heartbeat dynamics, breathing patterns, and body movement
of a patient’s body cause micro- or macro-movements that
exert forces onto the grid structure. In response, the single
layer grid structure applies a continuous force or pressure on
the multimode optical fiber. The heartbeat dynamics, breath-
ing patterns, and body movement each thereby exerts a force
onto the sensor, which causes micro-bending in the optical
fiber of the sensor and thereby modulates the intensity of light
transmitted in the multimode optical fiber. By monitoring the
optical intensity changes directly coming out of the multi-
mode optical fiber, the system derives the heartbeat dynamics,
breathing pattern, and/or other body movement signals.
[0012] Because the main sensor structure is composed of a
multimode optical fiber, one layer of a grid structure, one
LED light source, and one optical signal receiver, the sensor
of various embodiments achieves high sensitivity with very
low cost. In particular, with these components unchanging
across various embodiments, the sensor size and shape can be
changed to any size and shape with almost the same cost. In
various embodiments of the disclosure, an LED light source
and optical signal receiver are used to detect the optical inten-
sity change. No additional optical coupler or optical interfer-
ence structure is needed to demodulate the signal. Accord-
ingly, the system cost is reduced dramatically compared to
interferometry systems. In addition to cost savings, the use of
minimum structures achieves high sensitivity. The high sen-
sitivity allows the sensor of various embodiments to detect
and provide detailed ballistocardiography waveforms in addi-
tion to other vital signs.

[0013] One aspect of the disclosure is directed to a sensor
for detecting a physiological parameter. The sensor of various
embodiments includes a multi-mode optical fiber, an LED
light source, an LED driver, a receiver, and a deformer struc-
ture. In some embodiments, the multi-mode optical fiber
includes an inner core, a cladding layer, and an outer coating,
and in the optical fiber, a core diameter is greater than 50% of
acladding diameter. The LED light source is coupled to a first
end of the optical fiber and emits light into the first end of the
optical fiber. The LED driver is electrically coupled to the
LED light source and configured to regulate a power level of
the LED light source to regulate an initial intensity of light
emitted into the optical fiber. The receiver is coupled to a
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second end of the optical fiber and configured to sense
changes in an intensity of light traveling through the optical
fiber. The deformer structure consists of a single mesh layer
formed of mesh having openings disposed therein. In some
embodiments, a surface area of the openings is between 30%
and 60% of a total surface area of the mesh layer. The optical
fiber of various embodiments is arranged in a plane in contact
with a surface of the deformer structure such that an applica-
tion of force onto the sensor results in a first portion of the
optical fiber bending into an opening of the mesh layer and a
second portion of the optical fiber flexing against the mesh. In
various embodiments, such deformation of the optical fiber
results in light loss through the cladding and thereby modu-
lates the intensity of light reaching the receiver.

[0014] In some embodiments, this simplified optical fiber
sensor is configured to detect a ballistocardiogram of a
patient. The optical fiber sensor may also be used to detect a
heart rate, breathing rate, or macro-movements of a patient.
[0015] As used herein, in various embodiments, the total
diameter of the optical fiber consists of the diameter across
the inner core, the cladding layer, and the outer coating.
[0016] The mesh layer of some embodiments is formed of
interwoven fibers. In some embodiments, a diameter of each
interwoven fiber is within 25% of the total diameter of the
optical fiber. For example, in some embodiments, a diameter
of each interwoven fiber is 75% to 125% of the total diameter
of the optical fiber. In some embodiments, the interwoven
fibers comprise a polymeric fabric. The mesh layer of some
embodiments is configured to uniformly distribute an applied
force on the optical fiber. In some embodiments, the opening
of the mesh layer is 100% to 300% of the total diameter of the
optical fiber. In some embodiments, the opening of the mesh
layer is 130% to 170% of the total diameter of the optical
fiber.

[0017] The optical fiber of some embodiments is arranged
in the plane such that a bending diameter of the optical fiber
1s greater than 1.5 cm. In some embodiments, the optical fiber
is at least 10 meters long.

[0018] Insomeembodiments, the LED light source is alow
power LED with a 1310 nm or 850 nm central wavelength and
165 nm Full width at half maximum (FWHM). The optical
fiber of some embodiments is coupled to the LED light source
and the receiver via direct optical fiber connectors without the
need for a separate lead fiber. In some embodiments, the
optical fiber has a numerical aperture less than or equal to 0.29
pm.

[0019] In some embodiments, the sensor also includes a
flexible outer cover enclosing the optical fiber and deformer
structure. The outer cover of sonic embodiments is formed of
silicone.

[0020] Another aspect of the disclosure is directed to a
method of detecting a physiological parameter. The method
of various embodiments includes positioning a sensor under a
body, wherein the sensor includes: a multi-mode optical fiber
formed of an inner core, a cladding layer, and an outer coat-
ing, wherein a core diameter of the optical fiber is greater than
50% of a cladding diameter; an LED light source coupled to
a first end of the optical fiber; an LED driver electrically
coupled to the LED light source and configured to regulate a
power level of the LED light source; a receiver coupled to a
second end of the optical fiber; and a deformer structure. The
deformer structure consists of a single mesh layer having
openings disposed therein, the openings having a surface area
between 30% and 60% of a total surface area of the mesh
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layer. The optical fiber is arranged in a plane in contact with
a surface of the deformer structure. The method of various
embodiments further includes: detecting, by the receiver, a
change in an intensity of light traveling through the optical
fiber, wherein the change in light intensity corresponds to
fiber deformation caused by a movement of the body, and
determining a physiological parameter from the change in
light intensity.

[0021] The movement of the body may be a macro-move-
ment, such as a change in the body’s position, or the move-
ment may be a micro-movement, such as a movement caused
by a contraction of the heart, the acceleration of blood
through the blood vessels, or the inspiration or exhalation of
abreath by the body. In some embodiments, the physiological
parameter that is determined by the method is or includes a
ballistocardiography (BCG) waveform. In some such
embodiments, determining the physiological parameter com-
prises: determining a BCG waveform of the body, determin-
ing an electrocardiogram (EEG) waveform of the body, and
calculating a time between an R peak of the EEG waveform
and a ] peak of the BCG waveform to determine beat-to-beat
blood pressure changes.

[0022] Insomeembodiments, determining, the physiologi-
cal parameter includes: recording the signal detected at the
receiver; converting the signal to a digital waveform; filtering
out breathing and body movement waveforms from the digi-
tal waveform to extract a heartbeat waveform; identifying
heartbeat peak values from the heartbeat waveform by sepa-
rating the heartbeat waveform into a first channel for time
domain analysis and into a second domain for frequency
domain analysis; and applying a Fast Fourier transform (FFT)
in the frequency domain to obtain the heartbeat rate value.
[0023] The above-mentioned features, as well as other fea-
tures, aspects, and advantages of the present technology will
now be described in connection with various embodiments of
the invention, in reference to the accompanying drawings.
The illustrated embodiments, however, are merely examples
and are not intended to limit the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG. 1 illustrates a schematic diagram of an inten-
sity-based fiber optic sensor in the prior art.

[0025] FIGS. 2A and 2B illustrate schematic cross-sec-
tional views of an intensity-based fiber optic sensor in the
prior art.

[0026] FIG. 3 illustrates a schematic diagram of one
embodiment an intensity-based fiber optic sensor in accor-
dance with the teachings of the present disclosure.

[0027] FIG. 4A illustrates a schematic cross-sectional view
of one embodiment of an intensity-based fiber optic sensor in
accordance with the teachings of the present disclosure.
[0028] FIG. 4B illustrates a schematic top view of one
embodiment of a mesh deformer structure, such as the mesh
deformer structure found in the intensity-based fiber optic
embodiment of FIG. 4A.

[0029] FIG. 5 illustrates a schematic cross-sectional view
of one embodiment of a multi-mode optical fiber in accor-
dance with the teachings of the present disclosure.

[0030] FIG. 6 illustrates a block diagram of one embodi-
ment of an intensity-based fiber optic sensor system in accor-
dance with the teachings of the present disclosure.

[0031] FIGS. 7A-7D illustrate one example of as raw digi-
tal signal, a combined heartbeat and breathing waveform, a
heartbeat waveform, and a breathing waveform, respectively
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acquired from an embodiment of the intensity-based fiber
optic sensor system of the present disclosure.

[0032] FIG. 8isa flow chart illustrating of one embodiment
of a method for filtering and analyzing data acquired by an
intensity-based fiber optic sensor system, in accordance with
the teachings of the present disclosure.

[0033] FIGS. 9A and 9B are flow charts illustrating one
embodiment of a method of detecting a physiological param-
eter with an intensity-based fiber optic sensor system, in
accordance with the teachings of the present disclosure.
[0034] FIGS. 10A and 10B illustrate ballistocardiograph
waveforms acquired, respectively, by a prior art optical fiber
sensor system and an optical fiber sensor system of the
present disclosure.

DETAILED DESCRIPTION

[0035] The provided figures and the following description
of certain embodiments of the invention are not intended to
limit the invention to these embodiments, but rather, are pro-
vided to enable any person skilled in the art to make and use
this invention. New optical fiber sensors and related methods
of using the optical fiber sensors are disclosed herein. In
particular, embodiments utilizing the optical fiber sensors for
vital sign monitoring are disclosed.

[0036] Optical fibers can be used as sensors to measure
strain, temperature, pressure, and other quantities by modi-
fying a fiber so that the quantity to be measured modulates the
intensity, phase, polarization, wavelength, or transit time of
light in the fiber. There are four categories of fiber optic
sensors: intensity-based fiber optic sensors, spectrally based
fiber-optic sensors, interferometric fiber-optic sensors, and
multiplexed and distributed optical fiber sensors. Two of
these sensor types: interferometric fiber-optic sensors and
intensity-based fiber optic sensors have shown some promise
in detecting vital signs and have been experimented with for
such purposes in the prior att.

[0037] As described, for example, in U.S. Pat. No. 6,498,
652 by Varshneya et al., the disclosure of which is herein
incorporated by reference in its entirety, an optical phase
interferometry fiber optic sensor can achieve high sensitivity.
However, an important challenge lies in the need to differen-
tiate environmental perturbations such as temperature, strain,
pressure, etc. from the desired signal. In principle, all envi-
ronmental perturbations could be converted to optical signals
by applying appropriate transducing mechanisms. However,
sometimes multiple effects can contribute simultaneously
and modify the light in the fiber in a similar manner. For
example, changes in temperature, strain, pressure, or any
mechanical perturbation could all impact the light in the fiber
by changing fiber lengths and refractive indices such that it is
difficult to differentiate one perturbation from another. To
overcome this obstacle, very expensive, complex, high-main-
tenance equipment is needed, such as an expensive phase
modulator and coherent optical sources. Accordingly, the
high cost, complexity, and need for continued maintenance
have limited the commercial use of such sensors for health
and wellness monitoring.

[0038] Intensity-based fiber optic sensors are far simpler
sensors, capable of functioning with a simple light source
(e.g., a low power LED) and a simple detector without the
need for phase modulators. However, it has proved challeng-
ing for those in the field of optical fiber sensing to develop a
simple, low cost intensity-based fiber optic sensor that also
has sufficiently high sensitivity to make this form of sensor a
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viable, practical option. Many types of optical intensity sen-
sors have been developed in an effort to create one that has
sufficient sensitivity. One type of intensity-based fiber optic
sensor, in particular, has shown some promise: the
microbending optical fiber sensor. Microbending optical fiber
sensors rely on microbending of the fiber, resulting, for
example, from an externally applied force or pressure, to
induce light intensity modulation. Intensity modulation
induced by microbending in multimode fibers is considered
as a transduction mechanism for detecting environmental
changes such as pressure, temperature, acceleration, and
magnetic and electric fields. Microbending of the fiber locally
results in intensity modulation of the light propagating
through an optical fiber. Microbending has been studied since
the 1970s. However, there has yet to be industry standard
specifications or test methods, almost 40 years later. That is
because there are so many parameters that affect microbend-
ing fiber optic performance, including optical fiber length,
reflective index, and optical core and cladding diameter, and
deformer stillness. material, periodicity, diameter, etc. More-
over, as described in detail below, past researchers have failed
to develop a microbending optical fiber sensor structure that
is both sensitive and reliable enough to consistently and accu-
rately detect BCG waveforms outside of the laboratory.

Microbending Optical Fiber Sensor

[0039] FIG. 1 illustrates a microbending optical fiber sen-
sor in the prior art. The sensor 100 includes a dual deformer
structure comprising a top mesh layer 102 and a bottom mesh
layer 104, which together sandwich the optical fiber 106. A
first end of the optical fiber 106 is connected to a light source
108, and a second end of the optical fiber 106 is connected to
asignal receiver 110. The signal receiver is further coupled to
a signal amplifier 112 and a signal processing unit 114.
Together, the electronic components of the light source 108,
signal receiver 110, amplifier 112, and signal processing unit
114 form the detection unit 116. A similar microbending
optical fiber sensor is described, for example, in US Publ. No.
201210203117 by Chen, the disclosure of which is herein
incorporated by reference in its entirety. Chen discloses the
simultaneous measurement of breathing rate and heart rate
using a microbending multimode fiber optic sensor. A similar
structure was described by Chen et al. in “Portable fiber optic
ballistocardiogram sensor for home use,” 2012, vol. 8218, p.
82180X-82180X-7, the disclosure of which is herein incor-
porated by reference in its entirety.

[0040] Tt was widely believed that a dual deformer struc-
ture, such as the one described in Chen, was needed in order
to produce a microbending response large enough to make a
body’s micro-movements, indicative of physiological param-
eters such as heart beat and breathing, detectable. It was
assumed and taught that a mesh structure needs to be placed
on each side of the optical fiber and aligned such that the
fibers of one mesh layer are directly centered within the
openings in the other mesh layer. Such a structure creates
pressure points on both a top side and a bottom side of the
optical fiber, which facilitates deformation of the fiber.
[0041] Equations have been developed to explain this phe-
nomenon and to identify the ideal size and placement of the
dual deformer structures. Such a prior art dual deformer struc-
ture is shown, for example, in FIGS. 2A and 2B.

[0042] As illustrated in FIG. 2A and FIG. 2B, an optical
fiber 100 is placed within a dual deformer structure 200
formed of a top layer of interwoven fibers 202 and a bottom
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layer of interwoven fibers 204. The optical fiber 100 is sand-
wiched between the two layers of the dual deformer structure
200. A cover 206 surrounds the dual deformer structure. The
total height of the dual deformer structure is 1. The intra-layer
periodicity of the deformer, meaning the distance between
adjacent, parallel fibers in a mesh layer, is A ,,. The inter-layer
periodicity of the deformer, which is the horizontal distance
between fibers of the upper and lower deformer, is A,. In a
dual deformer structure, an outside applied force is concen-
trated on the optical fiber 100 at the locations of the mesh
fibers. In order for force to be applied evenly onto the optical
fiber 100, A, must be half of A,. In order to achieve the
greatest bending, and thus, the highest sensitivity, A, must be
halfof A,.

[0043] When a lateral displacement misaligns the upper
and lower mesh layers of the deformer 200, the applied force
is no longer applied evenly onto the fiber 100 and A, is no
longer uniform. In this situation, as shown in FIG. 2B, A, is
replaced by A, (left side distance between fibers of upper
mesh and lower mesh layers) and A, (right side distance
between fibers of upper mesh and lower mesh layers).

[0044] For a graded index, micro-bending fiber, the opti-
mum intra-layer periodicity A, of the deformer is obtained
from the following equation:

2nany
N.A.

D=

as disclosed, for example, by Lagakos et al. in “Microbend
fiber-optic sensor,” Appl. Opt., vol, 26, no. 11, pp. 2171-2180,
June 1987, the disclosure of which is herein incorporated by
reference in its entirety. In the equation, a is the core radius, n,
is the refractive index of the core and N.A. is the numerical
aperture of the fiber. Lagakos arrives at the following values
for the tested fiber: a=47.5 um, N.A.=0.13 and n,=1.458 and
concludes that an intra-layer periodicity (A,) of 3.35 mm
achieves the highest microbending sensitivity for a pressure
sensor. Chen uses the same equation in US Publ. No, 2012/
0203117, arriving at a periodicity of 1.68 mm.

[0045] In a dual deformer structure, the equation of intra-
layer periodicity A, is used to maximize the performance of
a pressure sensor by maximizing light loss under a given
pressure force. The purpose is to achieve the highest fiber
bending loss. In other words, to achieve the highest AX.

K

alAX:AFbending

In a dual deformer structure,

Ap

Kaaat = 37—
el 3Ey[bend

where E is Young’s modulus, I, is the bending moment of
inertia, and A, is the intra-layer periodicity. The bending
moment of inertia (I,,,,) characterizes the stiffness of an
elastic member, and for an object with a circular cross-sec-
tion, such as an optical fiber, I, ,, is given by the equation:
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where Dy, is the fiber diameter.

[0046] In dual deformer structures, the optical fiber 250,
which is sandwiched between a pair of deformer mesh layers
202, 204, is constrained to bend in a regular pattern with
periodicity A,,. The deformer 200, in response to an appro-
priate environmental change AE, applies a force AF to the
optical fiber 250 causing the optical fiber to deform by an
amount AX. The transmission coefficient for light propagat-
ing through the bent fiber is in turn changed by an amount AT
so that:

AT = (i—)T()DAE

(1

where
DAE=-AX @

Here D is a constant, which depends on the environment
change AE. In terms of the applied force AF. equation (1)
becomes

AT = (A—T)AF(Kf oAt ]_1 ®
AX I

where Kis the bend fiber force constantand A Y /1 is a force
constant. Here A, Y and 1, are: a cross sectional area, Young’s
modulus, and height of the dual deformer structure, respec-
tively. The change in the photo detector output signal is thus
used to detect the original environment perturbation AE.
[0047] Depending on the construction of the deformer,
various environmental parameters can, in principle, be
sensed. The deformer converts the change in the environmen-
tal parameter AE to a force AF on the bent fiber, according to
the equation: AF=AE*C. For the generic dual deformer, the
parameter C can be expressed as a simple function of
deformer parameters for the various environmental sensors.
For a pressure sensor, C is simply equal to the area of the
deformer plate A, thus equation (3) becomes

AT

AT A (K +ASYS]*1AP 4
Tax VT

where AP is the change in pressure. Thus a high sensitivity
pressure sensor should have a constant A|Y /1 small enough
that the effective compliance is determined by the compliance
of the optical fiber, which is itself quite large. In this case,
equation (4) becomes:

AT 5
A KF'AP ©

AT=rp

Equation (5) can be written in the form of equation (1), where
AE represents the environmental change, e.g., pressure and
temperature, and D is a constant identified in the above equa-
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tions for the various environmental sensors. Under an envi-
ronmental perturbation AE, the photo detector signal output i
is given as

(6)

A A

where h is Planck’s constant, v is the optical frequency, q is
the detector quantum efficiency, e is the electron charge, and
W, is the input optical power. Assuming a shot-noise-limited
detection system, the mean square photo-detector noise is
given as

202 (AWoy ATNE _ M
2R = '\W)(E) DYAEY 2TAF) !
[0048] The smallest signal that can be detected is given for

the condition S/N=1, which yields

2ThvAf ®
W,

[0049] The first factor is specific to the particular design of
the environmental sensor; the second two factor, however, is
general and applies to all environmental microbending sen-
sors. A generic microbending sensor can be defined as one
which measures AE as defined by Eq. (2). Then combining
Hgs. (2) and (8) yields

2ThAf ©)
gW,

AT )’1

Ay = (E

which provides the minimum amount the optical fiber must
bend in order to detect an environmental perturbation. Based
on these results, the minimum detectable environmental
changes AE can be determined. According to Chen in US
Publ. No, 2012/0203117, the optical fiber sensor with the dual
deformer structure was sensitive enough for heart beats and
breathing to be detectable environmental perturbations. Chen
further suggests in “Portable fiber optic ballistocardiogram
sensor for home use,” thatsuch a structure may be sufficiently
sensitive to detect BCG waveforms. However, as mentioned
above, the sensitivity of the sensor having, a dual deformer
structure is dependent on A being equal to half of A, When
A, is not half of A, the predesigned periodicity of the
microbend deformer A, will not be the optimized value nec-
essary to achieve the best performance. Unless the upper and
lower mesh layers are able to remain in proper alignment, the
dual deformer style optical fiber sensor of Chen lacks suffi-
cient sensitivity and reliability to monitor BCG waveforms.

[0050] It may be possible to maintain proper alignment of
the upper and lower layers of mesh with the addition of
specialized support structures; however, doing so greatly
increases the cost and complexity of the system, which makes
the system impractical for consumer applications such as
long-term vital sign monitoring systems.



US 2016/0089031 A1

[0051] Without the costly support structures, the dual
deformer structure is not suitable for detecting BCG wave-
forms in practice outside of a laboratory. While the two mesh
layers of the dual deformer may begin in an aligned configu-
ration and generate sensitive and reliable results in a labora-
tory, when used by consumers, the slipping of one deformer
layer relative to the other deformer layer often results. In real
applications of vital sign monitoring, where an individual is
sitting or lying on an optical fiber sensor. There are pressures
and forces of different directions routinely applied on the
sensor. This pressure or force can be divided into vertical and
horizontal components. The vertical component is the com-
ponent that results in a downward force on the optical fiber,
and accordingly, microbending ofthe fiber. However, shifts in
body weight will almost always have a horizontal component
as well. The horizontal component caused by a patient mov-
ing induces a force that may change the periodicity between
the mesh layers. The change in A, and A, significantly
reduces the sensitivity of the system since the greatest amount
of microbending will no longer be achievable. Moreover, the
change in A, and A, significantly reduces the reliability of the
system since the placement of the forces on the optical fiber
become unpredictable all calculations performed by the sig-
nal processor in the system are based on the assumption that
A, and A, have remained constant. Thus, as the sensor system
is used, the dual deformer style optical fiber sensors become
unreliable and sensitivity decreases. This is not acceptable for
commercial applications. Accordingly, a different approach
and different structure is needed.

Single Deformer Sensor

[0052] As stated above, it has previously been believed that
adual deformer structure was necessary to achieve an amount
of microbending sufficient to detect vital signs. It is the
present author’s surprising discovery that an amount of
microbending sufficient to detect vital signs, including BCG
waveforms, can be achieved using a single deformer struc-
ture, if the optical fiber sensor utilizes includes an optical fiber
having specific properties. As described further herein, a spe-
cific relationship has been discovered between characteristics
of the optical fiber and the single mesh layer that make such
a system conducive to reliable, sensitive results.

[0053] FIG. 3 illustrates one embodiment of the sensor
structure in accordance with the present disclosure. The sen-
sor 300 includes a multimode optical fiber 302 and a single
layer of mesh 304, which are together held between a front
cover 306 and a back cover 308 to form a sensor sheet. One
end of the optical fiber 302 is connected to a light source 310,
which in a preferred embodiment, is an LED light source
operated by an LED driver 312. Another end of the optical
fiber 302 is connected to an optical signal receiver 314. An
amplifier 316 is coupled to the optical signal receiver 314 to
amplify the optical signal large enough for processing by an
analog-to-digital converter 318. The optical and electrical
components (310, 312, 314, 416, 318) are connected to a
control and processing module 320. The provided sensor is
configured for optical intensity monitoring. Input light is
generated from the light source 310 and transmitted to optical
multimode fiber 302. In the presence of an external force
generated by body weight, heartbeat, respiration, or other
physiological parameter, this force is uniformly distributed
on the fiber 302 and mesh structure 304. These forces
microbend the multimode fiber, and some light leaks out due
to the microbending effect. Optical signal receiver 314

Mar. 31, 2016

receives the residual light and changes in the amount of light
intensity are processed and determined by the control and
processing module 320.

[0054] Unlike sensors of the prior art which use two
microbending deformer layers, the sensor of the present dis-
closure uses a deformer structure formed of a single layer of
mesh.

[0055] FIGS. 4A and 4B illustrate one embodiment of the
deformer structure according to the present disclosure. In the
present deformer structure, one single layer of mesh 402 is
used to achieve micro-bending on a multimode fiber 401. As
used herein, mesh may refer to any suitable material having a
repeating pattern of through holes. In some embodiments, the
mesh is formed of interwoven fibers, such as, for example,
polymeric fabric fibers, natural fabric fibers, composite fabric
fibers, metallic fibers, or other fibers. In this mesh layer, a, is
the open area of the through holes 403. The diameter or width
of each mesh fiber in the x direction is d,. The diameter or
height of each mesh fiber in the z direction is d,. The width of
each mesh opening is w. When an outside force caused by
body weight, a heartbeat, respiration, or other physiological
parameter is applied on the sensor, this force is uniformly
distributed onto an upper cover 404 and the multimode opti-
cal fiber 100.

[0056] Inthe new sensor structure of the present disclosure,
a mesh structure 402, such as a polymeric open mesh fabric,
is used as the single layer deformer, and a cover material 404,
such as silicone, is configured to surround the multimode
optical fiber 401 and the mesh layer 402 to distribute uni-
formly any force applied on the sensor.

[0057] Intheone layer deformer structure of the disclosure,
an applied outside force is uniformly distributed along the
optical fiber length. The force per unit length is denoted by
F ., and the amount of deformation is;

kdistributedAX:Ade

dist>

where

AL
8Ey1bend

-1 _
distributed =

and where E, is Young’s modulus, I, , is the bending
moment of inertia, and A, is the length of period. The bend-
ing moment of inertia characterizes the stiffness of an elastic
member, and for an object with a circular cross section, such
as an optical fiber, it is given by:

o Dy,
bend = 761

where D, is the fiber diameter. So,

8A;
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In sensors utilizing single layer deformers,

Ap=dytw
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Combining this information together yields the amount the
optical fiber will bend in response to an application of force in
a structure having a single layer deformer structure. In par-
ticular:

AX = (AF, )S(dl +w)!
T Ey7Der

As shown, a sensor utilizing a deformer structure made of
only one layer of mesh has different bending parameters than
a dual deformer structure. In the currently provided embodi-
ments, each of which employ a single layer deformer struc-
ture, the amount of bending depends not only on the applied
force but also the diameter of the optical fiber, the diameter of
the mesh fiber, and the size of the openings in the mesh. By
balancing these parameters, a sensor can be created that bends
asufficient amount to detect light loss in response to the force
of a micro-movement of a body on the sensor.

Relationship Between Mesh Layer and Optical Fiber
Parameters

[0058] Itis the unexpected discovery of the present authors
that a more reliable and sufficiently sensitive sensor can be
created using the deformer structure described above, if the
size of the deformer structure is appropriately selected and
paired with an appropriately sized optical fiber. In particular,
it was found that eliminating the second mesh layer signifi-
cantly reduces the noise and error that results from the two
mesh layers sliding, relative to each other. Moreover, it was
found that an amount of microbending sufficient to achieve
detectable light loss can be obtained when the deformer only
includes one mesh layer, if a specialized multimode optical
fiber is used. It is both the characteristics of the optical fiber
and their relationship to characteristics of the mesh layer that
result in sufficient microbending,

[0059] For example, the specialized multimode optical
fiber of the present disclosure has a large core diameter con-
figured to receive and transmit a relatively large amount of
light. Moreover, the specialized multimode optical fiber is a
highly flexible bare fiber, which includes the optical fiber
core, outer cladding, and a coating layer, but does not include
atight buffer layer. Rather than including a tight buffer layer,
additional protection to the optical fiber and the system is
provided by the highly flexible cover 404, which surrounds
both the fiber and the deformer structure.

[0060] It is a discovery of the present authors that a bare
multimode optical fiber will bend a sufficient amount in
response to physiological parameters of interest if an appro-
priate ratio of core to cladding is selected, if the mesh layer of
the deformer is an appropriate size for the optical fiber, and if
an appropriate power level is used.

[0061] The optical fiber sensors of the various embodi-
ments disclosed herein each have a novel configuration that
enables sufficient microbending to be achieved using a
deformer having only one mesh layer. Each of the embodi-
ments described below is configured to microbend a sufficient
amount to monitor BCG waveforms, heart rate, breathing
rate, and other physiological parameters.

[0062] A multimode optical fiber of the current disclosure
is provided in FIG. 5. As shown, the optical fiber 500 is
formed of an inner core fiber 502, a cladding layer 504, and an
outer coating 506. In various embodiments, the inner core 502
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has a diameter equal to or greater than 50% of the diameter of
the cladding layer 504. In preferred embodiments, the diam-
eter of the inner core 502 is greater than 50% of the diameter
ofthe cladding layer 504. In some embodiments, the diameter
of the inner core 502 is substantially greater than 50%, for
example, at least 75%, 80%, or 90% of the diameter of the
cladding layer 504. As used herein, the diameter of the inner
core refers to the diameter across the inner core; the diameter
of the cladding layer refers to the diameter across the entirety
of the cladding layer and the inner core; and the diameter of
the outer coating or the total diameter of the optical fiber
refers to the diameter across the entirety of the outer coating,
the cladding layer, and the inner core. In some embodiments,
the diameter of the cladding layer is 125 um. In some such
embodiments, the inner core has a diameter of at least 62.5
pum. In some embodiments, the inner core has a diameter
greater than 62.5 pm. For example, in some such embodi-
ments, the inner core has a diameter of at least 80 pum, at least
90 um, atleast 100 pm, or at least 110 pm. In one embodiment,
the optical fiber has an inner core diameter of 100 um and a
cladding layer diameter of 125 um. In various embodiments,
an outer coating adds additional width to the optical fiber. In
some such embodiments, the total diameter of the optical
fiber is 250 um. In another set of embodiments, the optical
fiber has a cladding layer diameter of 250 um. In some such
embodiments, the inner core has a diameter equal to, or
greater than, 125 pm. In some such embodiments, the inner
core has a diameter greater than 150 um, greater than 160 pum,
greater than 170 pm, greater than 180 pm, greater than 190
um, greater than 200 um, greater than 210 pm, or greater than
225 um.

[0063] In various embodiments of the disclosed optical
fiber sensor, the mesh layer of the deformer is configured such
that the open area between fibers a,, is between 30% and 60%
of the total mesh surface area. In some embodiments, the
through-holes of the mesh layer are sized to receive an entire
diameter of the optical fiber. In some embodiments, the
through-holes of the mesh layer are sized to receive the width
of an optical fiber structure, including the optical fiber and
surrounding outer coating. Thus, in some embodiments, the
opening of the mesh layer is 100% to 300% if the total
diameter of the optical fiber. In some embodiments, the open-
ing of the mesh layeris 130% to 170% of the total diameter of
the optical fiber.

[0064] In still another embodiment, the mesh opening w is
preferably selected to be between 200 and 750 um. In an
alternative embodiment, the mesh opening is up to three times
greater than the total optical fiber diameter.

[0065] Insomeembodiments, adiameter of each mesh fiber
is within 25% of the total diameter of the optical fiber. In some
embodiments, each mesh fiber has a diameter equal to 75% to
110% of the total diameter of the optical fiber. In some
embodiments, each mesh fiber has a diameter greater than
70% and less than 100% of the total diameter of the optical
fiber. In some embodiments in which the optical fiber has a
cladding layer diameter of 125 pm and a total diameter of 250
um, a diameter of each mesh fiber is selected to be in the range
of 180 to 240 pum.

[0066] In a preferred embodiment, the multimode optical
fiber has a numerical aperture less than or equal to 0.29 um, a
100 um core diameter, a 125 pm cladding layer diameter, and
a 250 um total diameter. In some embodiments, for example,
in this preferred embodiment, the mesh fiber has a diameter
between 180 and 240 um. In some embodiments, for
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example, in this preferred embodiment, the mesh opening w
is sized between 330 and 375 um.

[0067] The optical fiber may be any length suitable for the
area of detection. In some embodiments, the sensor includes
at least 10 meters of multimode optical fiber. In some such
embodiments, the multimode optical fiber is arranged along a
plane and wound, coiled, or snaked along the plane. Mac-
robending effects can significantly decrease the microbend-
ing effect and are preferably avoided. Macrobending losses
are high in 0.29 micron numerical aperture fiber for bends of
less than 1.5 cm in diameter. Thus, in some embodiments, a
bending diameter greater than 1.5 cm is used when laying the
optical fiber on the plane. In some embodiments, the optical
fiber is arranged directly on the mesh layer.

[0068] Various embodiments of the present disclosure are
directed to a sensor configured to achieve high sensitivity and
reliable performance at low manufacturing cost and complex-
ity.

[0069] Fibersensor leads also affect the sensitivity. In some
embodiments, a lead fiber is needed to couple the light from
the light source to the fiber, and another lead fiber is needed to
connect to the detector, In such embodiments, the core sizes
of the lead and sensing fibers should be approximately the
same to minimize fusion loss. In preferred embodiments of
the disclosure, the need for separate fiber sensor leads is
eliminated by directly connecting the multimode fiber to the
electronic and optical components.

[0070] In a preferred embodiment, a low power, low cost
850nm or 1310 nm central wavelength LED with 165 nm Full
width at half maximum (FWHM) is used as light source. A
photo detector range (770 nm to 860 nm or 1100 nm to 1650
nm) photo detector with 0.4 A/W responsivity is used as the
optical receiver. In other embodiments, any suitable LED
light source or other low power, low cost light source may be
used. Additionally, in other embodiments, any suitable light
receiver may be used.

Electro-Optic Unit and Controller

[0071] FIG. 6 illustrates a block diagram of an optical
intensity microbending fiber sensor system 600 for detecting
and displaying physiological parameters of a body. In the
illustrated embodiment, a low cost fiber sensor sheet 601 is
provided, which may include any embodiment of a top cover,
multimode optical fiber, mesh layer, and back cover described
elsewhere herein, for example, in relation to FIGS. 3-5. A
light source 602 supplies optical radiation to the multimode
fiber embedded within sensor sheet 601. The light source 602
may be a broadband optical source 165 nm, FWHM LED
light source 1310 nm, or any other suitable light source. An
LED driver 604 drives the optical light source 602 and is
controlled by a processor 606 executing instructions stored in
memory 608. The other end of the multimode fiber is con-
nected to the optical signal receiver 610, which is comprised
of a photo detector. In some embodiments, the photo detector
has a detection range from 1100 nm to 1650 nm and 0.4 A/W
responsivity. The optical signal receiver 610 converts the
optical intensity into an analog electrical signal, which is then
amplified by an electrical amplifier 612. An analog-to-digital
converter 614 converts the analog electrical signal into a
digital signal that is transmitted to and processed by the
processor 606. In some embodiments, a user interface 616
may be provided and used by a user to control some or all of
the device’s functionality. The digital signal is optionally
processed by the processor 606, and the raw or processed
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digital signal is transmitted to a remote system 650 to display
and further process the signal. This remote system 650 can be
a smart phone, tablet, other mobile computing device, or
other computer with appropriate communication capabilities.
In some embodiments, the raw or processed digital signal is
transmitted to the remote system 650 wirelessly, for example,
via radiofrequency (RF) signals utilizing a transmitter 620.
The transmitter 620 of some embodiments is configured to
transmit Wi-Fi®, Bluetooth®, or other RF signals. In some
embodiments, the remote system 650 can in turn control and
activate the sensor system 600 by sending signals to areceiver
618, which may be, for example, an RF signal receiver.
[0072] The processor 606, the memory 608, and the signal
processing components (e.g., the amplifier 612 and the ana-
log-to-digital converter 614) may include a combination of
hardware and software, which is configured to control the
frequency, intensity, and/or activation of the light emitted by
the light source, and which is further configured to convert the
signals received from the signal receiver into meaningful
data. One skilled in the art will appreciate that many different
structural components and architectures may be used to
achieve such functionality. Although illustrated separately, it
is to be appreciated that the various blocks of the system need
not be separate structural elements. For example, in the pro-
cessor in data communication with the memory may be
embodied in a single chip or two or more chips.

[0073] The processor 606 may be a general purpose micro-
processor, microcontroller, a digital signal processor (DSP), a
field programmable gate array (FPGA), an application spe-
cific integrated circuit (ASIC), or other programmable logic
device, or other discrete computer-executable components
designed to perform the functions described herein. The pro-
cessor may also be formed of a combination of computing
devices, for example, a DSP and a microprocessor, a plurality
of microprocessors, one or more microprocessors in conjunc-
tion with a DSP core, or any other suitable configuration.
[0074] In various embodiments, the processor 606 is
coupled, via one or more buses, to the memory 608 in order to
read information from and write information to the memory
608. The processor 606 may additionally or alternatively
contain memory 608. The memory 608 can include, for
example, processor cache. The memory 608 may be any
suitable computer-readable medium that stores computer-
readable instructions for execution by computer-executable
components. For example, the computer-readable instruc-
tions may be stored on one or a combination of RAM, ROM,
flash memory, EEPROM, hard disk drive, solid state drive, or
any other suitable device. In various embodiments, the com-
puter-readable instructions include software stored in a non-
transitory format. The processor 606, in conjunction with the
software stored in the memory 608, executes an operating
system and stored software applications. Various methods
described elsewhere herein may be programmed as software
instructions stored in the memory 608.

[0075] The user interface 616 may include a user input
device, such as a button, a toggle, a switch, a touchscreen, or
a keypad, and/or an output device such as a display screen,
light display, audio output, or haptic output. The user input
device may be configured to receive user commands to power
the sensor on and off. In some embodiments, data about a user
may also be input via the user input device.

[0076] The receiver 618 of various embodiments receives
and demodulates data received over a communication net-
work. The transmitter 620 prepares data according to one or
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more network standards and transmits data over a communi-
cation network. In some embodiments, a transceiver antenna
acts as both a receiver and a transmitter. Additionally or
alternatively, in some embodiments, the system includes a
databus for sending and/or receiving data to one or more
remote components via a wired connection.

[0077] In some embodiments, the processor 606 is config-
ured to compute applied forces from changes in propagated
light intensity. In some embodiments, the processor 606 is
configured to compute one or more vital signs of a user from
the data on applied forces. In some embodiments, some or all
such data is transmitted via a wired or wireless connection to
the remote system 650 for storage and/or display.

[0078] In sonic embodiments, the processor 606 is config-
ured to extract a heartbeat waveform, respiration waveform,
and movement waveform from the raw signal. One example
of such signal extraction is shown in FIGS. 7A-7D. The raw
signal 700q is received at the signal processing components.
As illustrated in FIG. 7A, in time window 702, the light
intensity is at the highest level, which means there is no user
on the sensors. There is no light loss due to the bending of the
fiber. Time window 704 represents the moment when a user
sits, stands, or lays on the sensor, which makes the received
light intensity drop significantly in a very short period; the
signal then maintains a consistently low level as in 706. At
illustrated time windows 706 and 710, the user is sitting or
lying on the sensor without moving. During such times, the
light intensity is kept within a relatively narrow range. By
amplifying the signal in time windows 706 or 710, a detailed
signal is detectable, which includes a heartbeat waveform and
respiration waveform, as shown in FIG. 7B as signal 7006.
When a user remains sitting, standing, or lying on the sensor
but shifts positions or moves, a signal such as the signal
shown in time window 708 results. As shown, during such
times, the optical intensity changes in a range larger than the
intensity change caused by respiration and heartbeats butina
range much smaller than the intensity change caused by com-
plete addition or removal of the body from the sensor. The
processor 606 of some embodiments is configured to identify
the movement frequency and amplitude from this signal. The
time window 712 depicts the signal as the user leaves the
sensor. The received light intensity then recovers to the origi-
nal level, as shown in 714.

[0079] To extract the heartbeat waveform, also called a
ballistocardiography (BCG) waveform, from such a signal,
the processor 606 may combine different stage high pass and
low pass filters to remove noise. The BCG waveform 700c,
shown for example in FIG. 7C, provides detailed information
for every heartbeat. The BCG waveform acquired by the
present system has very clear H, 1, J, K, L, and M peaks. By
identifying a heartbeat peak value, time differences between
adjacent heartbeats 720, 722 can be computed. The processor
606 may calculate heart rate by gathering all the time differ-
ences and transferring them into a frequency in time domain.
The processor 606 may calculate heart rate variability by
calculating the average time difference between adjacent
peaks over a certain time period. The processor 606 may
determine a stress level, such as a mental stress level, from the
heart rate variability.

[0080] The respiration signal 700d of FIG. 7D is easier to
extract than heartbeat signals, because the light loss caused by
respiration biomechanical movement is much larger than the
light loss caused by heartbeat movements. In some embodi-
ments, the heartbeat signal is not filtered out from the respi-
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ration waveform. In sonic embodiments, a respiration rate
calculation is performed by the processor 606 by identifying
a peak value of each breathing waveform to get a time differ-
ence 730 between two respiration cycles.

Methods of Use

[0081] FIG. 8 illustrates one embodiment of a signal filter-
ing and data analysis process 800 performed by a processor of
the presently described optical fiber sensor monitoring sys-
tem. Signal processing can be performed to extract the heart-
beat/respiration waveforms from the raw signal when a user is
on the sensor and not moving a lot. Such a process may be
performed, for example, by the processor 606 of F1G. 6. In
some embodiments, the processor receives raw digital data
from an analog-to-digital converter, as shown at block §02.
When a digital signal is received, the optical intensity abso-
lute value may be checked, as shown at block 804. When an
optical intensity absolute value is known, the processor of
some embodiments compares the received signal to the opti-
cal intensity absolute value to determine whether a user is on
the sensor, as shown at block 806. If a user is on the sensor,
there is significant light loss and a resultant decline in optical
intensity. When a user is not on the sensor, the hardware of
some embodiments operates in sleep mode to save battery
power, as shown at block 808. When high light loss is
detected, the processor of some embodiments proceeds to
determine whether the user is moving, as shown at block §10.
If the processor detects repeated or continual relatively large
light loss changes, the processor defines this moment as a
moving moment and outputs a movement waveform, as
shown at block 812. If the light intensity remains relatively
constant with little changes, this moment may be defined as a
heartbeat/respiration processing moment and the raw digital
data signal is split into two channels, as shown at block §14.
[0082] In the illustrated embodiment, at block 816, the
signal in one channel undergoes multiple stages of filtering.
In one embodiment, five stages of high and low band pass
filtering is performed to remove the noise in the raw data and
isolate the heartbeat waveform, as shown at block 818. There
are many methods that may be used to process the heartbeat
waveform. In various embodiments, a method is used that is
relatively simple and requires low processing power, so as to
be suitable for performance by a portable sensor having rela-
tively low processing and battery capabilities. In some
embodiments, a combination of time domain and frequency
domain analysis is used to get a robust heartbeat value. In
such embodiments, the heartbeat waveform is split into two
channels. One channel is for time domain analysis, while
another channel is for frequency domain analysis, in time
domain analysis, a normalization process 820 is performed to
make data consistent for ease of analysis. Data may be kept in
one fixed window by zooming in and zooming out, as shown
at block 822. In frequency domain, data is squared, as shown
at block 824, and a Fast Fourier Transformation is performed
at 826 to get the peak frequency. The peak frequency is the
heartbeat rate. Heartbeat rate matching is done at block 828 to
reduce error rate. In various embodiments, the processor out-
puts a heartbeat rate value at 830.

[0083] In some embodiments, another channel of the raw
digital signal is processed at block 832 by averaging the
signal and applying a low pass filter. A breathing waveform is
output at block 834. In some embodiments, a time window of
multipledata points, for example, 1000 data points, is saved at
block 836 to find the peak value in the time domain at block
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838. By identifying the peak value of the respiration wave-
form, the respiration rate can be obtained, and average respi-
ration rate may be matched to the latest respiration rate at
block 840 to get a breathing rate. As shown at block 842, in
some embodiments, the processor outputs the breathing rate.
[0084] The optical fiber sensors and associated methods of
signal filtering and data analysis described above may be used
to determine one or more physiological parameters of a
patient. One example of a method of determining physiologi-
cal parameters of a patient is shown in FIGS. 9A and 9B. As
shown at block 910, in various embodiments a sensor is
positioned under the body of a patient. The patient may be
positioned to stand, sit, or lay on the sensor. The sensor may
be any optical sensor embodiment described in the present
disclosure. At block 920, the system detects a change in an
intensity of light traveling, through an optical fiber of the
sensor. In various embodiments, the change in light intensity
is detected at a light receiver and processed by a processor. As
described above, the change in light intensity corresponds to
fiber deformation caused by a movement of the body. The
movement of the body may be a micro-movement (such as
breathing or a heartbeat) or a macro-movement (such as a
shift in body position). Using the methods of FIG. 8 or other
methods known to those skilled in the art, the processor of the
provided optical fiber sensor determines a physiological
parameter from the change in light intensity, as shown at
block 930. The physiological parameter may be, for example,
a BCG waveform, a heart rate, a breathing rate, or other vital
sign or parameter of interest.

[0085] Insome embodiments, determining the physiologi-
cal parameter includes determining beat-to-beat blood pres-
sure changes. As shown in FIG. 9B, such a determination may
be performed by identifying a BCG waveform, as shown at
block 932 and described in detail above, receiving an EEG
waveform, as shown at block 934, and calculating a time
between an R peak of the EEG waveform and a J peak of the
BCG waveform, as shown at block 936. The EEG waveform
may be received by a processor from an EEG sensor. In some
embodiments, the EEG sensor is external to the optical fiber
sensor described herein. The time between the R peak and the
J peak is indicative of the beat-to-beat pressure change.
[0086] In some embodiments, methods performed by a
healthcare professional include placing a fiber optic sensor,
such as any of the single deformer structure sensors described
herein, under a patient. The sensor may be disposed, for
example, within a seat cushion, chair, bed, mattress, mattress
pad, rug, mat, or any other suitable structure on which a
patient can sit, lay, or stand. The method performed by the
healthcare professional may further include activating the
sensor and viewing physiological parameters output by the
sensor. In some embodiments, the physiological parameter
includes a BCG waveform. The method of some embodi-
ments further includes diagnosing a health condition, at least
in part, from abnormalities detected in the BCG waveform.
[0087] In various embodiments disclosed herein, the opti-
cal fiber sensor is configured to acquire very clear, reliable,
and reproducible BCG waveforms. While some semblance of
a BCG waveform may be detectable by some existing optical
fiber sensors having a dual deformer structure, the waveforms
are insufficient for clinical monitoring and diagnostic pur-
poses. For example, the BCG waveforms acquired by prior art
systems are often unreliable due to noise and inaccuracies
that result when the layers of the deformer become mis-
aligned. Moreover the BCG waveforms acquired by prior art
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systems are unstable. A clear, stable BCG waveform includes
several characteristic features including features convention-
ally denoted as H, 1, I, K, I, M, and N. As shown in FIG. 10 A,
a BCG waveform acquired by one prior art system generated
a very unstable BCG waveform in which the H wave is fre-
quently missing. In contrast, one embodiment of the system
of the current disclosure produced the very clear, stable, reli-
able, and reproducible BCG waveform of FIG. 10B.

[0088] In some methods of use, such a reliable BCG wave-
form may be relied on by a healthcare professional to facili-
tate diagnosis of one or more health conditions. For example,
identification of a characteristic abnormality in a BCG wave-
form may be used to help diagnose angina pectoris. asymp-
tomatic coronary artery disease, acute myocardial infarction,
hypertension, coarctation of the aorta, mitral stenosis, and
other cardiac conditions, as described, for example, in E.
Pinheiro et al., “Theory and Developments in an Unobtrusive
Cardiovascular System Representation: Ballistocardio-
graphy,” The Open Biomedical Engineering Journal, 2010, 4,
pp. 201-216, the contents of which is herein incorporated by
reference in its entirety.

CONCLUSION

[0089] As used in the description and claims, the singular
form “a”, “an” and “the” include both singular and plural
references unless the context clearly dictates otherwise. For
example, the term “a sensor” may include, and is contem-
plated to include, a plurality of sensors. At times, the claims
and disclosure may include terms such as “a plurality,” “one
or more,” or “at least one;” however, the absence of such
terms is not intended to mean, and should not be interpreted to

mean, that a plurality is not conceived.

[0090] The term “about” or “approximately,” when used
before a numerical designation or range (e.g., to define a
length or pressure), indicates approximations which may vary
by (+) or (=) 5%, 1% or 0.1%. All numerical ranges provided
herein are inclusive of the stated start and end numbers. The
term “substantially” indicates mostly (i.e., greater than 50%)
or essentially all of a device, substance, or composition.

[0091] As used herein, the term “comprising” or “com-
prises” is intended to mean that the devices, systems, and
methods include the recited elements, and may additionally
include any other elements. “Consisting essentially of” shall
mean that the devices, systems, and methods include the
recited elements and exclude other elements of essential sig-
nificance to the combination for the stated purpose. Thus, a
system or method consisting essentially of the elements as
defined herein would not exclude other materials, features, or
steps that do not materially affect the basic and novel charac-
teristic(s) of the claimed invention. “Consisting of” shall
mean that the devices, systems, and methods include the
recited elements and exclude anything more than a trivial or
inconsequential element or step. Embodiments defined by
each of these transitional terms are within the scope of this
disclosure.

[0092]

terms “patients,” “person,” and/or “individual” for simplicity
of description, it will be appreciated by one skilled in the art
that various embodiments described herein are applicable to,
and contemplated to be applied to, monitoring of vital signs in
any mammal, including pets, livestock, and healthy individu-
als such as office workers, babies, or others who are not
patients in a healthcare setting.

While embodiments described herein include the
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[0093] The examples and illustrations included herein
show, by way of illustration and not of limitation, specific
embodiments in which the subject matter may be practiced.
Other embodiments may be utilized and derived therefrom,
such that structural and logical substitutions and changes may
be made without departing from the scope of this disclosure.
Such embodiments of the inventive subject matter may be
referred to herein individually or collectively by the term
“invention” merely for convenience and without intending to
voluntarily limit the scope of this application to any single
invention or inventive concept, if more than one is disclosed.
Thus, although specific embodiments have been illustrated
and described herein, any arrangement calculated to achieve
the same purpose may be substituted for the specific embodi-
ments shown. This disclosure is intended to cover any and all
adaptations or variations of various embodiments. Combina-
tions of the above embodiments, and other embodiments not
specifically described herein, will be apparent to those of skill
in the art upon reviewing the above description.

What is claimed is:

1. A sensor for detecting a physiological parameter, the
sensor comprising:

a multi-mode optical fiber comprising an inner core, a
cladding layer, and an outer coating, wherein a core
diameter is greater than 50% of a cladding diameter;

an LED light source coupled to a first end of the optical
fiber,

an LED driver electrically coupled to the LED light source
and configured to regulate a power level of the LED light
source;

areceiver coupled to a second end of the optical fiber, the
receiver configured to sense changes in an intensity of
light traveling through the optical fiber; and

a deformer structure consisting of a single mesh layer
formed of mesh having openings disposed therein,
wherein a surface area of the openings is between 30%
and 60% of a total surface area of the mesh layer,

wherein the optical fiber is arranged in a plane in contact
with a surface of the deformer structure such that an
application of force onto the sensor results in a first
portion of the optical fiber bending into an opening of the
mesh layer and a second portion of the optical fiber
flexing against the mesh.

2. The sensor of claim 1, wherein the sensor is configured

to detect a ballistocardiogram of a patient.

3. The sensor of claim 1, wherein a total diameter of the
optical fiber consists of the diameter across the inner core, the
cladding layer, and the outer coating.

4. The sensor of claim 3, wherein the mesh layer is formed
of interwoven fibers.

5. The sensor of claim 4, wherein a diameter of each inter-
woven fiber is within 25% of the total diameter of the optical
fiber.

6. The sensor of claim 4, wherein the interwoven fibers
comprise a polymeric fabric.

7. The sensor of claim 3, wherein the opening of the mesh
layer is 100% to 300% of the total diameter of the optical
fiber.

8. The sensor of claim 3, wherein the opening of the mesh
layer is 130% to 170% of the total diameter of the optical
fiber.

9. The sensor of claim 1, wherein the optical fiber is
arranged in the plane with a configuration in which a bending
diameter of the optical fiber is greater than 1.5 cm.
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10. The sensor of claim 1, wherein the optical fiber is at
least 10 meters long.

11. The sensor of claim 1, wherein the LED light source is
a low power LED with a 850 nm or 1310 nm central wave-
length and 165 nm Full width at half maximum (FWHM).

12. The sensor of claim 1, wherein the optical fiber is
coupled to the LED light source and the receiver via direct
optical fiber connectors without the need for a separate lead
fiber.

13. The sensor of claim 1, wherein the optical fiber has a
numerical aperture less than or equal to 0.29 um.

14. The sensor of claim 1, wherein the mesh layer is con-
figured to uniform distribute an applied force on the optical
fiber.

15. The sensor of claim 1, further comprising an outer
cover enclosing and bonded to the optical fiber and deformer
structure.

16. A method of detecting a physiological parameter, the
method comprising;

positioning a sensor under a body, the sensor comprising:

a multi-mode optical fiber comprising an inner core, a
cladding layer, and an outer coating, wherein a core
diameter is greater than 50% of a cladding diameter;

an LED light source coupled to a first end of the optical
fiber;

an LED driver electrically coupled to the LED light
source and configured to regulate a power level of the
LED light source;

a receiver coupled to a second end of the optical fiber;
and

a deformer structure consisting of a single mesh layer
formed of mesh having openings disposed therein, the
openings having a surface area between 30% and 60%
of a total surface area of the mesh layer,
wherein the optical fiber is arranged in a plane in

contact with a surface of the deformer structure;
detecting, by the receiver, a change in an intensity of light
traveling through the optical fiber, wherein the change in
light intensity corresponds to fiber deformation caused
by a movement of the body, and

determining a physiological parameter from the change in

light intensity.

17. The method of claim 16, wherein determining the
physiological parameter comprises determining a ballistocar-
diography waveform of the body.

18. The method of claim 17, wherein determining the
physiological parameter further comprises:

determining an EEG waveform of the body; and

calculating a time between an R peak of the EEG waveform

and a J peak of the BCG waveform to determine beat-
to-beat blood pressure changes.

19. The method of claim 16, wherein determining the
physiological parameter comprises:

recording the signal detected at the receiver;

converting the signal to a digital waveform:

filtering out breathing and body movement waveforms

from the digital waveform to extract a heartbeat wave-

form:

identifying heartbeat peak values from the heartbeat wave-

form by separating the heartbeat waveform into a first

channel for time domain analysis and into a second
domain for frequency domain analysis; and

applying a Fast Fourier Transform in the frequency domain

to obtain the heartbeat rate value.
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