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Abstract

We present a study on the development of piezoelectric nanofibers for wearable hemodynamic
sensing by incorporating nanoparticle doping of piezoelectric nanofibers. The composite material
was characterized using various techniques, including scanning electron microscopy, X-ray
diffraction, and tensile test. The material was also evaluated in a custom-built pressure chamber.
Achieving optimal sensor performance, the study identified 20 wt% BTO composite materials as
ideal, with a peak voltage output of 0.12V. Higher concentrations presented electrospinning
difficulties, compromising material consistency. Quantitative analysis through fast Fourier
transform (FFT) and digital bandpass filtering precisely isolated physiological signals, notably
respiration and heartbeat, with the sensor demonstrating accurate detection capabilities at
frequencies of 0.2, 1.35, and 2.65 Hz, indicative of the targeted physiological processes. The
results demonstrate a promising potential for the use of these materials in future wearable
hemodynamic sensing applications.
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Introduction

With the rise of chronic diseases and an aging population, non-invasive monitoring of
hemodynamic parameters such as blood pressure has become increasingly important. Current
methods for blood pressure monitoring, one example being oscillometry, are either invasive or
require bulky equipment, limiting their use for continuous and remote monitoring. Wearable
devices that can accurately and conveniently monitor blood pressure would have significant
implications for healthcare and medical research for the 116 million Americans who have
hypertension '. With the potential to seamlessly integrate with the human body, these sensors
could provide detailed information about health and habits.

Recent studies have investigated wearable sensors for non-invasive monitoring of heart rate and
blood pressure?3. Optical devices can potentially detect pulse wave velocity*®, diastolic and
systolic blood pressure®’, pulse oximetry®, and cardiac output®. Machine and deep learning have
shown significant promise in this area, although their application in piezoelectric devices remains
unexplored.

Piezoelectric materials, which convert mechanical pressure into electrical signals, are promising
for flexible, ultra-low-pressure sensing. Polyvinylidene fluoride (PVDF) and its copolymers are
potentially useful but need enhanced sensitivity. Techniques like electrospinning ''-'® and material
doping '®2* have been used to create these sensors due to their simplicity and ability to yield
high-quality, customizable nanofibers.

In this paper, we present a study on the development of piezoelectric nanofibers for wearable
hemodynamic sensing. We focus on nanoparticle doping of piezoelectric and conductive
nanofibers to improve their piezoelectric and electrical properties, as well as characterize the
materials using various techniques. We also test the materials in a custom-built pressure chamber



to evaluate their sensitivity. We further review methods for using wearable sensors for cuffless
blood pressure monitoring and propose an approach that makes use of the previously developed
materials. Finally, we demonstrate the potential for wearable blood pressure monitoring with a
human study comparing piezoelectric sensor outputs to gold standard invasive arterial blood
pressure catheters.

Results and Discussion

Piezoelectric nanoparticle doping of polyvinylidene fluoride (PVDF) and its copolymer
poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) has been shown to improve the
piezoelectric properties of the material®>?®. Barium titanate (BTO) is of interest for human
interfacing applications due to its biocompatibility?’=2°. When it is incorporated into PVDF, it
enhances the overall piezoelectric response of the composite material due to its comparatively
high piezoelectric constant®®3!. Additionally, BTO nanoparticles also help to align the PVDF
molecules in a preferred direction that encourages the formation of the piezoelectric crystalline 3-
phase®.
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Figure 1: (a) a piezoelectric sensor on a wristband placed over the radial artery (b) SEM

images of the varying wt% of BTO doped into PVDF-TrFE nanofibers. (c) XRD of varying
wt% BTO doped into PVDF-TrFE nanofibers. (d) Tensile test of varying wt% BTO doped
into PVDF-TrFE nanofibers.

In Figure 1(a), the schematic demonstrates that the piezo sensor made of BTO doped P(VDF-
TrFE) nanofiber placed over the radial artery and secured with a Velcro wristband. Embedded in
the wrist strap was a raised hemisphere of soft silicone that was placed on top of the piezoelectric



array sensor (PAS) to provide backing pressure that improves signal output. From the material
aspect, we investigated the doping of BTO in wt% 0-25 into P(VDF-TrFE) to form composite
nanofibers via electrospinning. Figure 1(b) shows top-down SEM images of representative fibers
for 1, 5, 20, and 25 wt% BTO- P(VDF-TrFE). BTO nanoparticles (45nm) can be seen as rough,
granular surfaces in all four images and they become more concentrated with higher doping
percentage. X-ray diffraction (XRD) was used to characterize the crystalline properties of the
composite materials compared to pristine P(VDF-TrFE) nanofibers, Figure 1(c). The pristine
P(VDF-TrFE) shows its characteristic peak at ~19° while the characteristic BTO peak (31, 38, 45,
56, 65, 74 °) become more prevalent at higher doping wt%. The effect of the dopant's
concentration on strength of the composite material was characterized using a tensile test
(Instron), Figure 1(d). The Young’s modulus increases with increasing BTO wt%.
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Figure 2: (a) 3D exploded view of the pressure sensing test chamber used to characterize
the double-doped core-shell nanofibers. (b) A pressure sweep showing the range of possible
applied pressures by the test system. (c) Peak charge outputs from a 2 psi pressure input on
PVDF-TrFE nanofibers doped with varying wt% of BTO.
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We used a custom-built pressure sensor test chamber (Figure 2(a)) to characterize the BTO
doped P(VDF-TrFE) nanofibers as potential pressure sensors. The aluminum chamber had a
physiologically relevant input pressure from 0-210 mmHg, adjusted with a solenoid valve
controlled by an Arduino microcontroller. Figure 2(b) shows a sweep of potential input pressure
from 0 to 210 mmHg. The with timed opening and closings of the output solenoid valve it is
possible to apply periodic pressure impulses onto the BTO-doped P(VDF-TrFE) nanofibers.
Figure 2(c) shows the peak charge outputs of the composite materials with a 2 psi input pressure.
The outputs show an expected increasing trend to a maximum at 20 wt% BTO and the peak
voltage is 0.12V. The 25 wt% BTO was expected to have a larger output, but we believe the
discrepancy is due to poor electrospinning performance of the higher wt% solution. At 25 wt%,
the BTO-P(VDF-TrFE) solution became very viscous and the appearance of the Taylor cone was
intermittent, leading to sparse fiber formation. For this reason, 20 wt% BTO-P(VDF-TrFE) was
chosen as the material composition for the rest of the study.
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Figure 3: (a) a piezoelectric sensor tested in clinical setting; (b) an in-vivo test using an
arterial line pressure catheter for continuous blood pressure reference; (c) the
frequency response of the arterial line sensor; (d) the frequency response of the
sensor, highlighting respiration (blue) and pulse (red) ranges; (e) comparison of the raw
and filtered signals producing breath (blue) and heartbeat (red) waveforms; (f) a
comparison of normalized signals from the reference sensor and the piezoelectric
sensor elements.

We tested a 2x1 element array of composite nanofiber as a flexible piezoelectric blood pressure
sensor in clinical setting in Figure 3(a). Figure 3(a-i) displays the sensor placed over the radial
artery and temporarily secured by a 3M medical tape. The location of the senor is highlighted by
the red dash circle. Then in Figure (a-ii), the sensor is secured with a home designed velcro
wristband. Figure 3(b) illustrates the test setup. An arterial line catheter, placed proximally on the
same artery, serves as the gold standard measurement. Signals from the piezoelectric sensor
and reference blood pressure are recorded via a National Instruments DAQ and a Philip’s module
respectively. The device's feasibility was confirmed on a single patient, with data collected to
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develop and test blood pressure estimation algorithms.

A 20-second high-quality data sample was analyzed using a fast Fourier transform (FFT) to study
the frequency of both the reference and piezoelectric signals (Figures 3(c) and 3(d)). The
reference signal displayed three key peaks under 3 Hz (0.2, 1.35, 2.65 Hz), representing
respiration, heartbeat, and the second heartbeat harmonic respectively. The piezoelectric signal
had more peaks but preserved respiration and heartbeat signals. Two digital bandpass filters
were created to separate respiration (0.15-0.5 Hz) and heartbeat (1.2-4 Hz). Figure 3(e) presents
the filter effects, while Figure 3(f) compares processed PAS and raw reference signals, indicating
a good overlap.

Conclusion and Future Directions

In this study, we've enhanced P(VDF-TrFE) piezoelectric nanofibers' properties with barium
titanate and multi-walled carbon nanotubes for wearable blood pressure sensing in the pursuit
of optimizing the performance of implantable bioelectronic sensors, our research has illuminated
critical findings on material composition and signal processing capabilities. The investigation
into the composite materials' peak charge outputs under a 2 psi input pressure revealed a
notable trend: an optimal sensor performance was achieved with a composition of 20 wt%
Barium Titanate (BTO), which produced a peak voltage of 0.12V. Interestingly, while an
increase to 25 wt% BTO was anticipated to yield higher outputs, the results fell short of
expectations due to compromised electrospinning performance at higher concentrations. The
increased viscosity at 25 wt% BTO-P(VDF-TrFE) resulted in inconsistent fiber formation,
highlighting the delicate balance between material composition and manufacturing processes.
Consequently, 20 wt% BTO-P(VDF-TrFE) was determined as the optimal material composition
for further development in this study.

Wearable blood pressure sensors have transformative potential for non-invasive, continuous
hemodynamic monitoring. A detailed examination of a 20-second high-quality data sample using
fast Fourier transform (FFT) enabled the differentiation of key physiological signals—namely,
respiration and heartbeat—within the reference and piezoelectric signals. The reference signal
identified three significant peaks below 3 Hz, corresponding to respiration, heartbeat, and the
second heartbeat harmonic, establishing a benchmark for physiological monitoring. Through the
implementation of two digital bandpass filters designed to isolate respiration (0.15-0.5 Hz) and
heartbeat (1.2-4 Hz) signals, we demonstrated the sensor's capability to accurately capture and
process physiological data. The effective comparison of processed and raw signals further
validated the sensor's potential in providing reliable and precise health monitoring.

Despite promising progress, integrating these materials into wearable devices needs more
research. We foresee further development in machine learning improving blood pressure
monitoring accuracy and reliability.

Overall, the development of wearable sensors for blood pressure monitoring has the potential to
revolutionize the field of hemodynamic sensing by providing continuous and non-invasive blood
pressure monitoring. The use of piezoelectric nanofibers is a promising approach to improving
the sensitivity and selectivity of these sensors. However, the integration of these materials into
wearable devices is still a developing field and requires further research. We anticipate that the
ongoing development of wearable sensors and machine learning algorithms will continue to
improve the accuracy and reliability of blood pressure monitoring in the future.



Materials and experiments

Electrospinning BTO doped P(VDF-TrFE) nanofiber: 45 nm cubic Barium titanate (BTO)
(Sigma-Aldirch) were dissolved in a 2:1 volume ratio mixture of N,N-dimethylformamide (DMF)
and Butanone (MEK) solvent, both purchased from Sigma-Aldrich, at varying wt% and mixed
under magnetic stirring for 10 minutes. P(VDF-TrFE) 75:25 powder (Piezotech) was then added
at 18 wt%. The final mixture was mixed under magnetic stirring for 4 hours in a water bath at 60
°C. The solution was electrospun using a 20-gauge needle, a flow rate of 1.5 ml/hr, and an
applied voltage of 16 kV. A rotating drum collector was used to create aligned fibers, at a
distance of 11 cm from the needle, and a rotation speed of 3,000 rpm. Due to the in-situ poling,
no further electrical poling or thermal annealing processes were required. The BTO doped
P(VDF-TrFE) fiber mat was removed from the collection drum as a standalone free film using a
razor blade.

Electrode Deposition: Next, a thin filler layer of polydimethylsiloxane (PDMS), diluted in tert-
Butyl alcohol (TBA) in a 1:1 v/v ratio, was spin coated for 1 minute at 1000 rpm onto the BTO
doped P(VDF-TrFE) fiber mat. The mat was then heated in the oven for 1 hour at 90°C to cure
the PDMS. Gold electrodes (20 nm) were then magnetron sputter coated on the top and bottom
of the piezoelectric thin film to form a functional piezoelectric sensor.

Device wiring and encapsulation: For pressure testing and human subject validation testing,
29-gauge wires were bonded to each electrode using silver paint and Kapton tape. The device
was then dip coated in PDMS to encapsulate the electrodes and further secure the wires. The
PDMS was then cured in the oven for 1 hour at 90°C. The wires were soldered to a stripped low
noise coaxial cable (PCB Piezotronics) and further shielded with a wrapping of aluminum foil
and heat-shrink tubing.

Tensile tests: To characterize the mechanical strength of the fiber mats a tensile extension test
was used (Instron). Samples of similar thickness were cut into dog-bone shapes of specified
dimensions. The extension rate was set to 10 mm/min.

Crystallography: Crystalline phase identification of BTO doped P(VDF-TrFE) fibers was
measured by x-ray diffraction (XRD) using a Rigaku D/MAX 2000 with Cu-Ka radiation. The 26
range was from 10° to 90° with a scanning speed of 1° min™'.

Human subject validation experimental method: The human subject validation experiment
compared a reference continuous blood pressure to the voltage output measured by the PAS.
The study was done in partnership with Dartmouth Hitchcock Medical Center
(STUDY02001549). The only deviations from routine clinical care include application of the PAS
to the study participant during their surgical procedure. The PAS was placed on the skin
overlying the radial artery and secured in place with a Tegaderm or other similar medically
approved adhesive tape. A wrist strap with soft silicone dome was lightly wrapped over the
sensor to provide backing pressure. The strap was loosened and reset each hour. The second
PAS also used a wrist strap to provide backing pressure. Immediately prior to placement of the
PA, the depth from skin to the radial artery was measured by ultrasound. This measurement
serves to inform the PAS performance characteristics in case artery-to-skin distance is an
important determinant of device performance. The PAS was connected to data collection
equipment (PCB Piezotronics) that is electrically isolated from the patient such that there is no
risk of electrical shock. The PAS was applied to the study participant after the clinical team
placed the intended invasive arterial pressure monitoring catheter (radial artery catheter). The
PAS was placed in a location that is close to the radial artery catheter, but it did not interfere



with clinical team caring for the study participant. Output from piezoelectric array sensor was
recorded using a National Instruments data acquisition unit (National Instruments)) and logged
with a customized LabView program. Reference BP data was also measured with the same
data acquisition unit via a Philips M1006B Invasive Blood Pressure Measurement Module.
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