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ABSTRACT This paper focuses on the development of a passive, lightweight skin patch sensor that can
measure fluid volume changes in the heart in a non-invasive, point-of-care setting. The wearable sensor
is an electromagnetic, self-resonant sensor configured into a specific pattern to formulate its three passive
elements (resistance, capacitance, and inductance). In an animal model, a bladder was inserted into the left
ventricle (LV) of a bovine heart, and fluid was injected using a syringe to simulate stoke volume (SV). In a
human study, to assess the dynamic fluid volume changes of the heart in real time, the sensor frequency
response was obtained from a participant in a 30° head-up tilt (HUT), 10° HUT, supine, and 10° head-down
tilt positions over time. In the animal model, an 80-mL fluid volume change in the LV resulted in a downward
frequency shift of 80.16 kHz. In the human study, there was a patterned frequency shift over time which
correlated with ventricular volume changes in the heart during the cardiac cycle. Statistical analysis showed
a linear correlation R* = 0.98 and 0.87 between the frequency shifts and fluid volume changes in the LV
of the bovine heart and human participant, respectively. In addition, the patch sensor detected heart rate in
a continuous manner with a 0.179% relative error compared to electrocardiography. These results provide
promising data regarding the ability of the patch sensor to be a potential technology for SV monitoring in a

non-invasive, continuous, and non-clinical setting.

INDEX TERMS RF resonant sensor, stroke volume, wearable sensor, point-of-care.

I. INTRODUCTION

Stroke volume (SV) is a critical cardiac output param-
eter that can offer critical assessments of cardiac func-
tion [1], [2]. SV is defined as the volume of blood ejected
from the left ventricle with each cardiac cycle. Utilization
of SV measurements can be a valuable tool for early detec-
tion of cardio-pathologies and monitoring pharmacological
stimuli in ill patients [3], [4]. Medical applications utiliz-
ing SV measurements for detection and diagnosis include
an investigation of left ventricular dysfunction, assessing
fluid responsiveness, and heart failure [1], [5], [6]. Recent
studies have demonstrated that point-of-care technologies
can have beneficial results in detecting critical ischemic

events and monitoring patient health in a non-clinical
setting [7], [8].

Pulmonary artery catheterization with blood flow ther-
modilution has been highlighted as the standard method
for measuring SV [2], [6]. However, various complications
are encountered with this procedure due to insertion of
a pulmonary artery catheter which include increased mor-
tality, dysrhythmias, arterial puncture, and the high clini-
cal cost [9]-[11]. Additionally, echocardiography is another
common clinical method for measuring SV based on view-
ing the anatomy of the left ventricle (LV) chamber and the
hemodynamic flow [2]. However, this method poses several
limitations which include the requirements of specialized
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equipment, extensive training, and non-continuous measure-
ments [6], [12].

Furthermore, there are a wide varieties of devices that are
used in the medical field that measure Cardiac Output (CO)
parameters point by point, including SV. These devices
include finger cuff technologies and impedance cardiogra-
phy [3], [13]. Despite the efficiency of the stated devices,
the requirement of a clinical setting, extensive training, and
reliability of measurements are the highlighted limitation for
these devises [3], [6]. Additionally, other implantable devices
have been developed to provide a real time assessment of
cardiac function [14], [15]. However, the main limitation for
these devices is that they are invasive and require implantation
for monitoring cardiac events.

The development of a non-invasive, continuous, point-of-
care technology may overcome current challenges faced in
providing reliable health care for patients who live in areas
that lack hospitals and certified physicians [16], [17]. Utiliza-
tion of a non-invasive, point of care technology for screening
cardiac performance may significantly benefit both patients
and healthcare facilities [7], [17]. In an emergency setting,
this benefit can be seen through reduced time between arrival
and discharge, for the patient, and reduction of inpatient bed
turnover for the healthcare facility [7].

In the past few decades, Doppler radar radiofrequency (RF)
sensors have been investigated to monitor heart rate (HR)
through correlating the physiological movement to frequency
changes [18], [19]. The main limitation for the Doppler radar
is the complexity of the measurement method and the pres-
ence of noise in the system [19], [20]. Furthermore, other
RF sensors have been developed to monitor human HR.
However, these sensors lack the ability to measure blood
volume in the heart [21]-[23]. Recently, RF sensors have
been developed to detect human vital-signs, whereas, in this
study we seek to further the capabilities of RF resonators to
measure ventricular volume changes, which may be used as
a cardiac parameter to assess the function of the heart.

In summary, this study presents a foundation for the devel-
opment of a passive skin patch sensor, powered externally
by radiofrequency (RF) waves via an antenna, to measure
cardiac fluid volume changes. In our previous work, we were
able to demonstrate the ability of an RF skin patch sensor to
detect intracranial fluid-volume shifts, detect pulsatile blood
flow in a human arm phantom, identify hemodynamic wave-
form features, and measure heart rate [24]-[27]. The patch
sensor was designed from a single baseline component com-
prised of a trace of silver configured into a square planar spiral
patch. The conductive material in the sensor was designed in
a specific pattern which makes up three passive elements of
an open circuit resonant sensor, namely, the resistance (R),
capacitance (C), and inductance (L) [28], [29]. The patch sen-
sor does not have any electrical connection and can be applied
as a simple adhesive bandage or woven into a garment.

The hypothesis guiding this study was that changes in the
dielectric properties in the heart of the animal model and
human heart due to fluid volume changes can be registered as
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shifts in the resonant frequency response of the sensor. The
hypothesis was evaluated by pursuing the following specific
objectives 1) develop an electromagnetic skin patch sensor,
2) investigate the volumetric sensitivity of the electromag-
netic skin patch, 3) quantify the sensor performance using
a biological-animal model, and 4) investigate the sensor fre-
quency response in a human participant.

Il. METHODS

A. THEORY OF OPERATION

The electromagnetic field of the sensor response is dependent
on the material’s relative permittivity, relative permeability,
and electric conductivity. When the sensor is energized via
external RF waves, it produces a current flowing in the trace
and a resonant frequency response with oscillating magnetic
and electric fields that surround the sensor [24]. The magnetic
field is generated around the trace width with an inductance
value calculated according to Eq. (1) [24], [29], [30].

Jom I 5
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Where, L is the total inductance, J(r;) is the spatial current
density as a function of the conductive traces, Lo is the free
space magnetic permeability (uo = 4 x 1077 N*A™2), I is
the total current in the circuit, u; and u; are the relative mag-
netic permeability of the material near the sensor at locations
r; and r; respectively.

Furthermore, the gap width between the parallel traces
provides an inherent parasitic capacitance when the sensor
is impinged upon by an RF wave. The oscillating magnetic
and electric fields are stored alternatively in order for the
sensor resonance [24], [30], [31]. The capacitance value of
the sensor can be calculated as Eq. (2) [24], [29], [30].
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47t€r€0 dmereq lqol? lr—r'|

Where, C is the capacitance, r is the length of the sensor trace,
eg is the free space electrical permittivity (g9 = 8.85 x 10712
F*m~!), &, is the relative electric permittivity, and gq is the
total charge density.

:| drdr  (2)

B. SENSOR DESIGN

An electromagnetic skin patch sensor was built using a trace
of conductive material configured into a square planar spiral
comprising of inherited inductance (number of turns) with a
gap width and trace width (Figure 1A & B).

Figure 1A shows the first sensor that was used for data col-
lection for the volumetric sensitivity study and the biological
model. The first sensor was designed as an original model
to investigate the resonant frequency response to volumet-
ric fluid change in beakers and non-active biological tissue.
However, for active human studies, the skin patch sensor
was designed accordingly for an optimal volumetric sensi-
tivity detection and placement on the chest of the participant
(Figure 1B). The patch sensor is a self-resonant, open circuit
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FIGURE 1. A) Microscopic snapshot of the original design for the spiral
patch sensor (10.16 cm x 10.16 cm x 0.48 mm). The skin patch sensor
was built from a conductive trace of copper, with spiral turns which
contributed to the inductance, gap separation between the adjacent turns
which contributed to the inherent capacitance, and the trace width.

A loop antenna (10.30 cm x 10.30 cm) built around the sensor to energize
the sensor with an oscillating radio frequency wave. B) Snapshot of the
human skin patch resonant sensor (22.0 mm x 22.0 mm x 0.40 mm).

A loop antenna (30.5 mm x 30.5 mm) was built around the sensor to
energize the sensor with an oscillating radio frequency wave.

sensor built on a flexible polyimide substrate to make its
three passive elements. The open circuit sensor is governed
by Maxwell’s equations for the electric and magnetic field
and the right-hand rule [29].

A loop antenna made of copper was aligned around the skin
patch to radiate RF waves and collect the frequency signals
and the Sy; reflection coefficient. A SubMiniature Version
A (SMA) connector was soldered to the antenna, and then
it was connected to a Vector Network Analyzer (VNA) via
a 50-ohm coaxial cable. For this study, a VNA was utilized
for the purpose of inductively energizing the patch sensor
with RF waves and recording the return loss S1; parameter.
The return loss parameter, S, describes the relationship
between the reflected waves to the incident waves energiz-
ing the sensor. The primary factor affecting the return loss
S11 parameter in this study is the substrate through which
the sensor’s electromagnetic field travels. Changes in the
effective permittivity of the substrate, caused by an increase
in blood volume in the heart, affect the ratio between the
reflected and incident waves. These changes in the ratio are
the key parameters being utilized to detect changes in fluid
volume [30], [32], [33]. These frequencies are used to provide
information regarding the electromagnetic properties of the
surrounding materials according to Eq. (3) [24].

1
fzzzr«/L_C

Where f is the resonant frequency, L is the inductance, and
C is the capacitance.

3)

C. FLUID VOLUME SENSITIVITY MEASUREMENT AND
FREQUENCY RELATIONSHIP

The quantification of fluid volume sensitivity of the sen-
sor was tested using a model to analyze the relationship
between the fluid volume changes and the frequency shifts
of the patch sensor. The model system consisted of an empty
100 mL beaker placed next to the sensor, antenna, and VNA
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(SDR-Kits DG8SAQ). Water (¢, =~ 78.3) was added to
an empty 100 mL beaker in increments of 0.5 mL, 1 mL,
10 mL, and 20 mL. As the volume of water in the beaker was
increased from 0 mL to 100.5 mL, changes in the effective
permittivity of the sensor’s electric field was induced and
subsequently frequency shifts in the sensor response were
detected. Measurements of Si; parameters were recorded
within a frequency range of 1-3 MHz using 1000 data points
after every volume increments. Four sweeps were taken at
each increments for noise characterization. A statistical cor-
relation analysis was performed to determine the correlation
between fluid volume and shifts in the sensor’s peak resonant
frequency response.

D. PRE-CLINICAL BOVINE HEART MEASUREMENT

Stroke volume (SV) measurement was simulated by devel-
oping a biological model. The system consisted of the
VNA (SDR-Kits DG8SAQ), the patch sensor, and a non-
active bovine heart (relative permittivity myocardium tissue,
& ~ 300) [34]. The Bovine heart was utilized to assess the
capability of the patch sensor to measures fluid volume shifts
through myocardium tissue. A plastic bladder, attached to a
plastic tube, was inserted into the left ventricle of the Bovine
heart through the aorta (Figure 2A).

LV chamber

Plastic tube attached to a
fbladder inserted into the

Electromagnetic
ficld altered due to
stroke volume

Interrogation
Device &
measurement

7

RF wave

FIGURE 2. A) A plastic bladder attached to a plastic tube was inserted
into the left ventricle of the Bovine heart to simulate stroke volume.
B) The patch sensor was placed within 1 cm of the LV chamber and
changes in left ventricle fluid volume were detected.

Starting with a baseline of 20 mL of water, increments
of 20 mL of fluid volume were added to the bladder using
a plastic syringe. Once the baseline was established in the
sensors frequency response, any additional increments of
water introduce a change in the effective permittivity of the
myocardium tissue and water layers. This change to the effec-
tive permittivity is measured as frequency shift. The sensor
was placed within 1 cm of the external layer of the LV and
the shifts in the sensor’s resonant frequency were registered
as fluid was pumped into the LV chamber, wall thickness
~ 2-3 cm (Figure 2B).

The VNA was calibrated to take measurements of the Sy
parameter in a frequency range of 1-5 MHz using 1000 data
points. Multiple sweeps were collected (from 1-5 MHz) at
each increment of fluid volume for noise characterization.
Statistical correlation analysis was performed to determine
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the relationship between the frequency shifts and fluid vol-
ume changes in the Bovine heart model.

E. HUMAN BLOOD VOLUME MEASUREMENTS
After obtaining Institutional Review Board (IRB) approval,
a healthy male participant was selected to investigate the sen-
sor frequency response in an active human tissue. The blood
volume changes in the heart of the human participant were
measured throughout the cardiac cycle during 30° head-up
tilt (HUT), 10° HUT, supine, and 10° head-down tilt (HDT).
The experimental method was chosen to investigate the abil-
ity of the sensor to detect various volumetric amounts in
the heart due to different tilting positions [35]-[37]. The
VNA (Rohde & Schwarz, ZNC3. Vector Network Analyzer
9 kHz — 3 GHz) was calibrated with a frequency range
of 880-930 MHz for the collection of the S reflection coeffi-
cients. Sweep time of 43.6 ms and 501 equidistant data points
were used to optimize the signal for an optimal sampling rate.
The participant was placed on an inversion table in a
supine position and the patch sensor was adhered onto the
patient’s chest above the 5™ intercostal space lateral to the
sternum (~3 cm) (Figure 3). The sensor was placed so that
its electromagnetic filed is detecting changes in fluid volume
in the LV.

FIGURE 3. Human participant placed on an inversion table for data
collection. The patch sensor was adhered to the top of participant chest
in 5th intercostal space lateral to the sternum (~3 cm).

To establish a steady-state prior to data collection, the par-
ticipant was placed in a supine position for 5 min [38]. After
establishing steady-state, the participant was subjected to a
30° HUT for 5 min, inducing a shift in ventricular volume.
Two sets of continuous data were collected using a continuous
sweep for 10 seconds while the participant was holding his
breath. The participant was asked to hold his breath in order
to eliminate the changes in the effective permittivity due to
air lung volume [39]. So, changes in the effective permittivity
due to blood volume changes during the cardiac cycle were
detected by the sensor. After collection of measurements for
30° HUT position, the participant was subjected to a 10° HUT
for 5 min to induce another change in ventricular volume due
to change in the hydrostatic pressure [38]. Continuous data
was collected during the 10° HUT for 10 seconds while the
participant again held his breath. Using the same procedure
above, data was collected during supine, and 10° HDT.
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Furthermore, to validate the ability of the sensor to measure
heart rate, ECG was simultaneously recorded during sensor
data collection. The electrical signals of the heart are a pre-
cursor to the fluid volume changes occurring. Therefore, each
QRS complex is associated with ventricular contraction and
subsequent volume change. Diastolic and systolic pressure
were collected using a blood pressure cuff device. Addition-
ally, for validation of the sensor’s volume detection capa-
bilities, ultrasound echocardiogram (Model: Mindray M7,
National Ultrasound, Duluth, GA) was utilized to quantify
volumetric changes in the heart while the participant was
subjected to various HUT and HDT postures. An apical four
chamber view was obtained and the end diastolic and end
systolic volumes were determined by finding the volume of
LV chamber [40].

F. SIGNAL PROCESSING

Signal processing of data collection was performed to iden-
tify the relationship between the sensor signal response and
volumetric changes in the heart. The signal was processed
in two ways: 1) analyzing the sensor resonant frequency
response over time utilizing a frequency tracking algorithm
and 2) analyzing the time varying S1; reflection coefficient
within the resonant frequency over time. In the first case,
the frequency response over time was tracked by selecting a
S11 reflection coefficient amplitude on the resonant peak and
indexing the corresponding frequency as it shifted over time.
In the second method, fluctuations in the S1; amplitude at a
selected frequency were plotted over time. Additionally, after
the collection of the sensor frequency response, a zero-phase
digital filtering was used to smooth the signal without altering
the phase of the signal.

Ill. RESULTS

A. ELECTROMAGNETIC PATCH SENSOR

Figure 4A shows the sensor and the specific pattern which
makes up the three passive elements of the resonant open
circuit sensor. Additionally, an electromagnetic field is for-
mulated around sensor once an RF wave impinged on the
patch. An important feature of the sensor’s electromagnetic
field is that it penetrates beyond the surface of the sensor. As a
result, the skin patch can measure the changes in a substrate’s
effective permittivity [24], [31]. The sensor’s performance
can be optimized through the alteration of specific parameters
such as trace width, gap width, and number of turns. Changes
associated with a material that alter the electric permittivity
and magnetic permeability within the sensor’s electromag-
netic field are registered through the VNA. The VNA displays
multiple harmonic peaks, first principal resonance (3 MHz),
second resonance (6 MHz), and other resonant peaks that
resonate at higher frequency ranges (>8 MHz) (Figure 4B).

B. VOLUMETRIC SENSITIVITY MEASUREMENT
A volumetric sensitivity study was conducted to investi-
gate the sensor performance due to different fluid volume
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FIGURE 4. A) An incident RF wave impinges upon the spiral patch
resulting in magnetic and electric fields formulating around the sensor.
B) The sensor resonates producing a principle resonant response and
subsequent resonant peaks at specific frequencies in the S;; reflection
parameter.
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FIGURE 5. Statistical correlation analyses between the fluid volume
increments and frequency shifts illustrate a strong relationship
(R2 = 0.96).

increments and to determine the relationship between the
fluid volume changes and frequency shifts. Figure 5 shows
the correlation between increases in fluid volume and first
resonance frequency peaks (R> = 0.96). An analysis of vari-
ance (ANOVA) followed by a Bonferroni adjusted multiple
comparison test indicated that there was significant difference
between the frequency shifts with each volume increment.

C. SVANIMAL MODEL MEASUREMENTS

Data collection of the S1; reflection coefficient was obtained
and a graph was plotted to illustrate frequency shifts due
to fluid volume additions (Figure 6A). The graph shows a
frequency shift of 80.16 kHz which corresponds to the total
increments of water to the bladder (80 mL).

Also, an average shift of 20.04 kHz was detected due to
each increment of 20 mL of water. Changes in fluid volume
in the left ventricle can be correlated in a linear relationship to
the frequency shifts (Figure 6B). The correlation plot illus-
trated a strong relationship between the fluid volume changes
and the frequency shifts (R> = 0.98). The significance
difference between frequency shifts with the fluid volume
changes can be seen as the result of changes in the effective
permittivity of the layered system. A downward frequency
shift was obtained with increased fluid volume content in
the LV.
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FIGURE 6. A) Shifts in the resonant frequency were recorded as fluid
volume increased in the Bovine heart by increments of 20 mL.

B) A statistical correlation analysis of fluid volume shifts in the LV
chamber and the principal resonant frequency response illustrate a
strong relationship (R2 = 0.98).

D. PARTICIPANT BLOOD VOLUME MEASUREMENT
Table 1 presents HR, diastolic, systolic blood pressure,

and end diastolic, systolic blood volume measurements. HR
decreased by 11 BPM from 30° HUT to 10° HDT.

TABLE 1. Physiological measurements.

Physiological 30° 10° Supine 10°
Measurements HUT HUT HDT
Heart rate (BPM) 57 63 50 46
Systolic Blood 109 118 117 116
Pressure (mmHg)

Diastole blood 73 74 73 67
Pressure(mmHg)

End Diastolic 108.5 1222  131.6 138.8
Volume (mL)

End Systolic 57.6 65.7 58.8 61.9
Volume (mL)

An increase in blood volume in the EDV and ESV was
observed going from HUT to HDT. EDV and ESV were
obtained using the ultrasounds from four apical chamber
views (Figure 7).

Figure 8 presents the Si; reflection coefficient pulsing
over time due to the changes in the effective permittivity of
the heart and blood during the cardiac cycle.
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FIGURE 7. A) End systolic volume calculation by finding the volume of
the LV chamber during peak systole. B) End diastolic volume calculation
by the finding the LV chamber during peak diastole.
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FIGURE 8. Pulsing fluctuation of the sensor frequency response during
cardiac cycle.
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FIGURE 9. Shifts in the resonant frequency response due to fluid volume
increase in LV chamber during 30° HUT, 10° HUT, supine, and 10° HDT.

Frequency values for the end diastolic volume during 30°
HUT, 10° HUT, supine and 10° HDT in the sensor’s resonant
frequency response are presented in Figure 9. During 30°
HUT the LV chamber had an EDV of 108.5 mL and the sensor
resonated at frequency of 900.08 MHz. During 10° HDT, the
LV chamber had an EDV of 138.8 mL and the sensor res-
onated at frequency of 800.985 MHz. So, an increase in EDV
in the LV chamber corresponded to a frequency decrease in
the sensor resonant frequency response.
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FIGURE 10. Volume changes detected as rhythmic shifts in the sensor
frequency response over time. B) Simultaneous ECG recording during
sensor data collection. C) Volume changes detected as rhythmic shifts in
the S11 reflection coefficient over time. The waveform resembles a
volumetric waveform including, end diastolic volume (EDV) mark, end
systolic volume (ESV) mark and heart rate (HR).

Furthermore, changes in the Sy reflection coefficient and
frequency pulsation over time showed characteristics typical
of a waveform of blood volume changes in the LV. The
waveform in Figure 10 showed an end diastolic volume
peak (EDV), end systolic volume (ESV) peak, an extended
period of time for the filling of blood into the left ventricle
and a faster period of time for the ejection of blood into
the body. Continuous HR measurements, acquired from the
peak to peak frequency waveform, showed a relative percent
error of 0.179 % compared with the ECG reference device.
Additionally, with an increase in volume in the heart (EDV), a
smaller frequency was observed and an increase in frequency
until reaching the ESV.

IV. DISCUSSION

Stroke volume measurement is a powerful tool for the assess-
ment of cardio-pathologies. In this study, we have demon-
strated the ability of an electromagnetic skin patch sensor to
detect shifts in fluid volume of less than 20 mL in a beaker
and fluid volume changes through cardiac muscle in a bovine
heart and human participant. Detecting fluid volume shifts
through cardiac muscle with a skin patch sensor is a robust
first step to non-invasive point of care SV measurement. Also,
the patch sensor has demonstrated its capabilities of measur-
ing HR with a 0.179 % relative error compared to the standard
method, ECG. Currently, research regarding RF resonators
and the heart focus primarily on HR measurements, however,
the focus of this study, in regard to quantification of SV,
addresses an area that has not been extensively investigated.
Additionally, the electromagnetic skin patch sensor addresses
the primary limitation of invasiveness in the standard method,
pulmonary artery catheterization, and complexity of ultra-
sounds.

A. SENSOR DETECTION PRINCIPLES

This study demonstrates the ability of the RF skin patch
sensor to detect fluid volume changes in multiple environ-
ments such as in a beaker, left ventricle of a Bovine heart,
and in a human participant. Changes in the sensor’s resonant
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frequency correspond with fluid volume fluctuations in each
system. These results can be explained through the analysis
of near RF field at which the patch sensor operate. In the near
RF field, electric and magnetic fields are decoupled [41]. So,
changes in the magnetic field are not subsequently affecting
changes in the electric filed and vice versa. Additionally, at a
low magnetic field, at which our sensor operates (—10 dbm),
human tissues are not magnetizable [24], [42]. Changes in
the magnetic field is constant with a total inductance value
inherited from the sensor’s geometric design (Eq. (1)) and
changes in the electric field is only detected.

Increases in the volume surrounding the area of the sensor’s
electromagnetic field induce a change in the effective per-
mittivity and result in subsequent changes in the capacitance
value [24]. Eq. (3) states that increases in the capacitance
value results in a decrease in the sensor frequency response.
The result of our previous publication and the current study
reinforce the stated concept in which increase in volume
of the surrounding object induce a decrease in the sensor
frequency response [24]. Maximizing the capacitance value
in the sensor design resulted in better volume detection values
and resonant frequency response.

B. SV MEASUREMENTS TO GUIDE THE ASSESSMENTS OF
CARDIAC FUNCTION

Sensors that can be applied in an intuitive nature without
extensive training (similar to an adhesive bandage) may be a
valuable tool in monitoring patients with critical conditions.
Due to the simplicity of the skin patch operation and the
usage of non-ionizing radiation, the risks and limitations
associated with current methods for measuring SV could be
significantly reduced. Furthermore, it has been established
in the clinical field that a parameter such as SV can guide
the assessments for acute cardiovascular conditions such as
myocardial infarction (MI) and the response to pharmaceu-
tical stimuli [43]-[45]. This technology may be used as a
diagnostic tool to identify abnormal heart function accom-
panying morbidity by assessing the fluid dynamics of the
LV chamber. One potential application is by monitoring the
effect of ischemic heart disease on hemodynamic flow in the
LV chamber [46], [47]. Utilization of factors affecting SV
such as preload, afterload, and contractility can be significant
for assisting cardiac dysfunction [48]. Thus, our sensor may
possess advantages for providing a simple to use, point-of-
care, and cost-effective pre-clinical assessment for patients
with heart health related issues.

C. LIMITATIONS AND FUTURE WORK

Despite the strong correlations, this study possesses several
limitations. These limitations include simplification of the
biological model, utilization of a Bovine heart, and absence
of other biological tissues present in the body layers (skin,
adipose, muscle, and bone). However, including a human
participant in this study assessed in quantifying the sensor
ability in detecting volumetric changes in the human heart.

VOLUME 6, 2018

The main limitation in the human study is sensor placement
and penetration depth of the sensor’s field.

Sensor placement is an important factor as well. Despite
our efforts to ensure that the sensor was placed above the LV,
there is a chance that the sensor was detecting ventricular
volume changes in both RV and LV. However, results of
the paper validate the ability of the sensor to detect fluid
volume changes in the human heart and serve as a preliminary
validation of the sensor’s working principle. To address this
limitation in future studies, an array of multi-resonant sensors
may be used to reveal the relative frequency shifts between
the different chambers and may help to establish blood vol-
ume changes in the different chambers of the heart.

Additionally, the penetration depth of the sensor’s elec-
tromagnetic field is an important factor. We have conducted
some preliminary studies with varying thickness of muscle
tissue and bone and have been able to detect usable signals in
depths of up to 26 cm [26], [27], [49]. Due to the operating
principles of the sensor, the penetration depth is substrate spe-
cific. Thus, the penetration depth will vary slightly between
participants based upon the variance in adipose tissue, mus-
cle, and other tissue in the chest.

Furthermore, to ensure the sensor signal response was not
from changes in the skin and sternum due to blood pulsations,
an examination between the sensor’s signal response on the
right side of the chest (~ 3 cm to right side of the midline of
sternum) and the left side was performed. The results of this
investigation show that the sensor’s signal response on the
right side had no pulsations compared to the response seen
on the left (heart side).

Further limitations of this study include practical issues
such as signal noise due to motion artifacts. To address this
issue, further signal processing techniques will be explored
to filter out noise due to motion. Other limitations include,
the need for a vector network analyzer, which is not suitable
for use in a wearable form factor. However, we are currently
working on developing new bioinstrumentation which can
wirelessly energize and interrogate the RF resonant skin
patch, such that it could be worn in a wearable form factor.
Future work will validate the sensor performance in mea-
suring ventricular volume and compare it with other clinical
standard measurement devices

V. CONCLUSION

In summary, this work presents a foundation for the devel-
opment of a skin patch sensor that may be used as a non-
invasive, point of care diagnostic to identify abnormal heart
function by assessing the fluid dynamic of the LV chamber.
The patch sensor is suited to measure volumetric changes
which is directly related to the changes in the electric permit-
tivity of the surrounding material. Thus, this patch sensor may
be able to measure fluid volume changes in the LV chamber
as frequency shifts in the sensor resonant frequency response
with each cardiac cycle. Due to the simple nature, ease of
operation, and point of care utilization, this patch sensor
may be utilized in populations that lack hospitals, certified
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physician, medical field, and it would not be restricted to the
clinical setting.
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