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Abstract— In this contribution, we evaluate the performance of
an additively fabricated piezoelectric poly(vinylidenefluoride-cotrifluoroethylene) (P(VDF-TrFE)) based dynamic pressure sensor
in non-invasive arterial pulse wave (PW) measurement. Additively
fabricated piezoelectric sensors have high potential for the
realization of affordable and unobtrusive PW measurement
systems which could enable the long-term monitoring of patients
with cardiovascular diseases (CVDs). However, the accuracy and
reliability of such sensors have not been extensively studied before.
We propose an additive fabrication process for a P(VDF-TrFE)
PW-sensor, measure PW from the radial artery at the wrist from
22 healthy volunteer subjects, calculate clinically relevant
parameters based on the PW waveform and compare their values
to the values obtained from concurrent measurement with an
electromechanical film (EMFi) based reference sensor, used
earlier in several clinical studies. We show that the signals
recorded with the two sensors, as well as the radial augmentation
index (rAIx) and the stiffness index (SI) calculated from them, are
in good agreement with each other. These results demonstrate that
the additively fabricated P(VDF-TrFE) PW sensors can reach a
suitable level of accuracy and reliability for clinical use.
Index Terms—Printed electronics, pulse wave measurement,
radial artery, piezoelectric dynamic pressure sensor, P(VDFTrFE), electret material, EMFi
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I. INTRODUCTION

ON-INVASIVE measurement of arterial pulse wave (PW)
has emerged as a potential candidate for estimating the
arterial stiffness which is considered an indicator of several
cardiovascular diseases (CVD) and its manifestations such as
coronary artery disease (especially acute myocardial
infarction), cerebrovascular disease (especially ischemic
stroke), hypertension and heart failure [1][2]. CVDs in general
are among the most common causes of death in the world [3]
and their prevention at different stages, treatment, and followup cause significant costs. Long-term monitoring enabled by
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non-invasive measurement methods offers a potential solution
for this problem because high-risk individuals may be
monitored regularly or even during their daily routines and
referred to further examinations and timely treatment when
abnormal changes in physiological signals are observed. It
would also enable a continuous follow up for patients who have
undergone a recent treatment for CVD.
The large-scale screening and continuous monitoring of the
whole risk population sets requirements for a PW measurement
device, which should be comfortable to use (i.e. unobtrusive),
affordable, accurate, and reliable. The current non-invasive PW
measurement devices (such as [4]) cannot meet these criteria,
because of their large physical size, cost, and need for a
professional operator for the measurement. So far, the
requirement of unobtrusiveness has been met with several
different types of thin and ultra-thin PW pressure sensors based
on piezoresistive [5], piezoelectric [6] and capacitive
measurement principles [7]. Also, the affordability requirement
has been solved by employing solution processed materials and
additive fabrication technologies such as inkjet [8], screen [11],
and gravure printing [12] or spin coating [13] and impregnation
[14]. As an additional benefit, the use of additive fabrication
technologies enables fabrication of conformable health patches
and temporary tattoos [15][16] which have been previously
demonstrated for measuring other vital signs such as ECG [17],
pulse oximetry [18], and temperature [19]. In the future,
additive fabrication technologies could also enable the
integration of the whole measurement system on a single foil in
cost effective manner [20] thereby allowing the patient to use
the device without the need for professional help. However, the
accuracy and reliability of the proposed PW sensors have not
been usually validated with a sufficient number of subjects, or
by using a reference device for the measurement. For example
in references [5]-[14], the number of subjects is either one, or
not indicated at all. Furthermore, none of the aforementioned
studies compare the measured pulse wave signals to concurrent
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measurement with a validated PW sensor. In most cases, the
parameters calculated based by the PW signals are compared to
literature values based on the patients’ gender, age and health
(e.g. [6], [8]-[14]).
Especially the piezoelectric polymer poly(vinylidenefluoride-co-trifluoroethylene) (P(VDF-TrFE)) has high
potential for meeting the aforementioned requirements due to
its solution processability, which enables affordable fabrication
with additive printing methods, and ability to form thin films
for unobtrusive user-experience [9][10][11]. In this
contribution, we study the accuracy and reliability of additively
fabricated piezoelectric P(VDF-TrFE) PW sensor signal quality
by comparing it to a PW signal obtained concurrently with a
reference sensor made of electromechanical film (EMFi)
electret material, which has been used earlier in several clinical
studies for collecting PW data [21][22]. Furthermore, 22 test
subjects are examined which enables statistical comparison
between the proposed P(VDF-TrFE) sensor and the reference
sensor. The aim is to demonstrate that additively fabricated
P(VDF-TrFE) PW sensors can reach a suitable level of
accuracy and reliability for clinical use.
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700 kV/cm as shown in Fig. 2. The entire 300-second poling
cycle was applied three times in a row for each sensor. The
poling field was generated by an arbitrary waveform generator
(33500B, Keysight) connected to a high voltage AC-amplifier
(610C, TREK) and monitored by oscilloscope (DSOX2002A,
Keysight). An approximately 2 µm thick Parylene C (GALXYL
C, Galentis) layer was applied on top of the sensor using
chemical vapor deposition (LabTop 3000, Para Tech Coating)
in order to form a hermetic seal to prevent the degradation of
the top electrode.

II. MATERIALS AND METHODS
A. PW sensor fabrication process
The structure of the P(VDF-TrFE) PW sensor is shown in Fig.
1a. and a scanning electron microscope (SEM) image of the
sensor
cross-section
is
shown
in
Fig.
1b.
Polyethyleneterephalate (PET) substrates (Melinex ST506,
DuPont) with a thickness of 125 µm were rinsed in isopropyl
alcohol. A circular bottom electrode 15 mm in diameter was
printed with an inkjet printer (DMP-2801, Fujifilm Dimatix)
using Ag-nanoparticle ink (DGP 40LT-15C, Advanced
Nanoproducts) and the following printing parameters: 30 µm
drop spacing and 45 °C stage temperature. The electrode was
sintered in a convection oven at 150 °C for 1 hour. The P(VDFTrFE) ink (Ink P, Piezotech Arkema Group) was applied on the
bottom electrode using an automatic bar coater (Motorized Film
Applicator CX4, MTV Messtechnik) with a wet thickness of
approximately 200 µm. The P(VDF-TrFE) was cured in a
convection oven in 135 °C for 1 hour followed by slow cool
down to room temperature (the oven was turned off and
samples left inside until they reached room temperature).
Circular top electrode 15 mm in diameter was screen-printed
using PEDOT:PSS ink (Clevios S V4 STAB, Heraeus) and a
semi-automatic screen printer (TIC SCF-300, Eickmeyer). The
squeegee angle was set to 90° while the squeegee speed and
snap off distance were adjusted manually. The screen was a
thermotropic liquid crystal polymer screen (V Screen Next,
NBC Meshtec) with a 20 µm thread and a 40 µm opening width.
The PEDOT:PSS ink was cured in 100 °C for 1 hour followed
by slow cool-down to room temperature. The samples were
poled in a non-stressed state at room temperature using a poling
field with a continuously increasing sinusoidal waveform of
50 mHz frequency, zero offset, and maximum amplitude of

Fig. 1. Structure of the P(VDF-TrFE) PW-sensor (a) and SEM image
of the FIB cross-section of the P(VDF-TrFE) PW-sensor (b). The scale
bars in (b) are 2 µm (main image) and 200 nm (inserts).

Fig. 2. Poling field used in P(VDF-TrFE) sensor fabrication.

B. Crosscut sample preparation
A crosscut sample of the PW sensor was prepared and the
morphology of the sample studied using focused ion beam for
cutting scanning electron microscope for studying the
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morphology (FIBSEM, Crossbeam 540, Zeiss, Germany). The
cross-section was prepared by depositing a Pt protection layer
on the region of interest and by using Ga ions to mill the crosssection under the Pt covering layer. Prior to FIBSEM studies,
the sensors were carbon-coated to avoid sample charging
during the milling process.
Sample cross-sections for more comprehensive thickness
measurements were prepared by mounting samples in epoxy
and grinding/polishing the samples to a suitable observation
depth using an automatic grinding/polishing tool (RotoPol-21,
Struers). An optical microscope (BX51, Olympus) with 100X
objective was used to study the cross-sections.
C. Piezoelectric and electrical characterization
The ferroelectric polarization versus electric field (PE)
hysteresis loops were measured using a ferroelectric material
tester (LC Precision, Radiant Technologies, USA) connected to
a 10 kV high voltage amplifier (Precision 10kV, HVI-SC). The
progression of the PE-loop was measured at electric fields of
400, 500, 600 and 700 kV/cm and the saturated PE-loops at 750
kV/cm. The measurement frequency was 2.5 Hz in all cases.
The performance of piezoelectric materials is described by the
piezoelectric 𝑑 -coefficient matrix, which relates the
mechanical stress to the electric field generated across the
material, and in which the subscript x is related to the direction
of mechanical stress and subscript y to the dipole direction [23].
For example, the 𝑑 -coefficient refers to the case where the
stress is in the parallel direction to the molecular dipoles
generated during the poling process (i.e. direction of the poling
field). In the case of parallel plate capacitor type sensor
structures, such as the proposed P(VDF-TrFE) PW sensor, this
direction is orthogonal to the electrode surface. On the other
hand, charge generation due to transverse or shear stresses are
described by the piezoelectric coefficients 𝑑
and 𝑑 .
However, the characterization of these bulk material properties
is challenging for thin film piezoelectric layers fabricated on
flexible substrates and sandwiched between electrodes, because
the deformation of additional material layers will affect the
measurement. For this reason, the effective piezoelectric
coefficients are often used instead of the aforementioned bulk
material coefficients. For example, the effective piezoelectric
coefficient 𝑑 . is defined as
𝑑

.

= 𝑑

− 2𝑑

(1)

where 𝑠 is the elastic compliance constant in xy-direction at
constant electric field E [24].
The effective piezoelectric coefficient 𝑑 . of the printed
P(VDF-TrFE) and EMFi PW-sensors were determined using an
in-house built Berlincourt setup described in [23]. In this setup,
the 𝑑 . describes the charge generation in the area where the
stress is orthogonal to the electrode surface i.e. directly
underneath the force sensor probe head (Fig. 3a, area A).
However, the area adjacent to the force sensor probe head may
also have a small contribution to the total amount of generated
charges because it is also covered with electrodes (Fig 3a, area
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B). In this area, the loading is multi-directional and the charge
generation may be affected by other 𝑑 -coefficients as well
and depending on the dominating force component, the 𝑑 .
may be either amplified or attenuated. The 𝑑 . measurement
setup is composed of an electrodynamic actuator (Mini-Shaker
Type 4810, Brüel & Kjaer) generating the mechanical
excitation on a sensor, as well as dynamic (209C02, PCB
Piezotronics)
and static force sensors (ELFS-T3E-20L
Measurement Specialties Inc.), and a charge amplifier to
determine the generated amount of charge. A static force of 3 N
was used to clamp a circular force probe with 4 mm diameter to
the sensor. A sinusoidal dynamic normal force of 1 N with a
frequency of 5 Hz was applied to the probe while
simultaneously measuring the generated charge. A Matlab
based script was used to fit sinusoidals on the dynamic force
output signal and charge output signals and the sensitivity was
calculated by dividing the amplitudes of these signals. Each
sensor was measured from five points as shown in Fig. 3b and
the average value of these measurements was used to indicate
the 𝑑 . value for the sensor.

Fig. 3. (a) Schematic of effective piezoelectric 𝑑 . measurement;
explanation for the areas A and B are given in the main text. (b) EMFi
and P(VDF-TrFE) PW-sensors where the numbers indicate sensitivity
measurement excitation points (b).

The capacitance of the sensors was measured with a
semiconductor parameter analyzer (B1500A, Keysight) using a
frequency of 1 kHz and a voltage of 2 V.
D. Pulse wave measurement
Radial artery PWs at the distal antebrachium in the wrist were
recorded from 22 healthy volunteer test subjects (Table 1). The
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PW signals were recorded concomitantly with the proposed
P(VDF-TrFE) sensor and a commercial force sensor (EMFit Sseries, EMFit Oy, Finland) made of electret material called
EMFi (ElectroMechanical Film) to compare the sensor signals
with each other. The measurements were conducted in supine
position. The test subjects received both written and oral
information on the purpose of the study, signed an informed
consent, and had the chance to interrupt the study at any point
without providing any reasons. The experiments were a part of
the pre-clinical measurements of a study having a favorable
statement from the regional ethical review board of Tampere
University Hospital (R17129).
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of 5.2.
In order to record the same PW signal concomitantly with the
two sensors, the EMFi sensor was placed under the P(VDFTrFE) sensor (Fig. 4). To improve the mechanical coupling
from the superficial radial artery to the sensor stack, an
ellipsoidal connection block made of plastic was attached on
the P(VDF-TrFE) sensor. The combination of the sensor stack
and the connection block was fixed on the rigid housing of the
pre-amplifier electronics, which was tightened around the wrist
using an elastic textile wrist band as shown in Fig. 4.

TABLE 1
DESCRIPTION OF THE STUDY SAMPLE.
Parameter

Value [median (inter-quartile range)]

Males/Females

10/12

Systolic blood pressure (mmHg)

128 (117-133)

Diastolic blood pressure (mmHg)

79 (75-83)

Mass (kg)

70 (62-78)

Height (cm)

174 (166-181)

Body-mass index (kg/m2)

22.8 (21.3-24.8)

Age (years)

29 (25-33)

The measurement setup consisted of a custom-made wireless
body sensor network (WBSN) intended originally for EMFi
sensor recordings [25]. In this study, a two-channel sensor node
of the WBSN contained interface circuits for a sensor stack
consisting of a superimposed EMFi sensor and P(VDF-TrFE)
sensor. The interface circuit includes a non-inverting voltage
amplifier as a pre-amplifier and a second voltage amplifier
stage with high- and low-pass filters before the analog to digital
conversion. The pass-band of the second amplifier stage was
limited to high-pass of 50 mHz and low-pass of 100 Hz with
first and second order passive filters, respectively, and the
signals were digitized with a 16-bit analogue-to-digital
converter at a sampling frequency of 250 Hz.
Using a voltage pre-amplifier with piezoelectric sensors
instead of a charge amplifier makes the measurement sensitivity
and the high-pass cut-off frequency dependent on the
capacitance of the sensor. In the initial tests, the high-pass cutoff frequency of the P(VDF-TrFE) sensor was observed to be
higher than the high-pass cut-off frequency of the EMFi sensor.
The capacitance and resistance of P(VDF-TrFE) sensor were
measured 1.5 nF and 3.7 GΩ, respectively. In combination with
10 GΩ input resistance of the pre-amplifier, this produces a
high-pass cut-off frequency of approximately 40 mHz. To
confirm that the responses of the two sensors were similar, an
8.2 nF capacitor was connected in parallel with the P(VDFTrFE) sensor in order to decrease its lower cut-off frequency to
approximately 6 mHz. After this modification, the
measurement pass-band was mainly determined by the filters of
the second voltage amplifier stage. As a drawback, this
decreased the sensitivity of the P(VDF-TrFE) sensor by a factor

Fig. 4. Photograph and schematic of the wrist band PW-measurement
setup.

E. Pulse wave analysis
Individual PW curves were extracted, low-pass filtered, and
amplitude-normalized as described in an earlier study [22]. In
order to improve the SNR in signal comparison, a period of
seven good-quality PW curves was selected from the end of
recording and averaged. The averaging-based approach is also
utilized in commercial PW analyzers. The resulting averaged
pulse wave was smoothed using Savitzky-Golay smoothing
filter with a polynomial order of two and a window length of
seven samples.
Four test subjects were excluded from further analysis as a
result of too low amplitude and thus too low signal-to-noise
ratio (SNR) in the P(VDF-TrFE) signal. The exclusion criteria
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were 1) the average amplitude of P(VDF-TrFE) signal being
less than the 33.3% percentile of all average P(VDF-TrFE)
signal amplitudes, and 2) the ratio of the average EMFi signal
amplitude and the average P(VDF-TrFE) signal amplitude
being larger than the 66.7 % percentile of of all EMFi- P(VDFTrFE) amplitude ratios. The first criterion evaluates the
absolute amplitude of the P(VDF-TrFE) signal and the second
criterion evaluates the amplitude of P(VDF-TrFE) signal to the
reference, i.e. the assumed maximum achievable amplitude
with the mechanical coupling of each experiment. The PWderived features are computed also for these excluded test
subjects and shown in the results, but they are not taken in the
account in the final results.
The outputs of the different sensors were compared by
extracting the fiducial points for early (P1) and late (P2) systolic
waves as well as the diastolic wave B from the averaged PW as
shown in Fig. 5 and described in [22]. Radial augmentation
index (rAIx) [26] reflection index (RI) [27] and stiffness index
(SI) [27] were calculated for the averaged PW curves for each
test subject and each signal based on the extracted fiducial
points. The rAIx is intended for the analysis of radial pressure
PWs and defined as rAIx = P2 / P1 [26], whereas RI and SI are
originally proposed for the analysis of volume PWs recorded
from the index finger. The RI is defined as RI = B / P1 and SI =
h/tpp in which tpp is the time delay between the systolic
maximum max(P1, P2) and diastolic maximum B (Fig. 5) and h
is the test subject’s height [27].
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III. RESULTS AND DISCUSSION
A. P(VDF-TrFE) PW-sensor
As a polycrystalline ferroelectric polymer, the P(VDF-TrFE)
displays reversible polarization induced by switching of the
domain structure when the electric field exceeds the coercive
field 𝐸 [34]. A polarization-electric field hysteresis loops
plotted in Fig. 6a shows the progression of the polarization of a
pre-poled sample (maximum poling field 700 kV/cm at room
temperature) as the electric field is increased from 300 kV/cm
to 700 kV/cm. When the electric field is lower than the
maximum poling field, it is not possible to reorient the domain
structure and only a small amount of polarization can be
detected. At 700 kV/cm the electric field exceeds the maximum
poling field leading to a higher polarization value. The saturated
PE-loops for three pre-poled samples measured at 750 kV/cm
are shown in Fig. 6b. The measured remanent polarization 𝑃
(i.e. polarization at zero electric field) of 7.3 µC/cm compares
well with the datasheet value of 7.0 µC/cm [35]. Also, the 𝐸
of 505 kV/cm compares well with literature values of 500 to
600 kV/cm [36]. The high symmetry of the saturated PE-loops
is noteworthy because it indicates the lack of charged defects
[37] and that the asymmetric top/bottom electrodes (Ag vs.
PEDOT:PSS) do not cause field direction dependent switching
behavior [38]. The non-zero remanent polarization leads to the
piezoelectric behavior of the P(VDF-TrFE), whereby a
mechanical deformation of the material changes its internal
electrical field and causes a charge accumulation on the
material surfaces. This effect can be utilized in the
measurement of dynamic pressure because the amount of
generated charge is proportional to the change in applied
pressure [34].

Fig. 5. An example of the feature points utilized in the sensor signal
comparison.

The agreement between the aforementioned PW parameters
calculated from the averaged PW curves were compared by
analyzing the Bland-Altman (BA) plot [28][29][30], Pearson’s
correlation, and concordance correlation [31]. The BA-plot was
quantitatively analyzed by computing a BA-ratio as a halfrange of the limits of agreement normalized by the average of
the averages of pair-wise results from different sensors
[29][30]. The agreement between the methods is considered
good if the BA-ratio is smaller than 0.1, moderate if the BAratio is between 0.1 and 0.2, and insufficient for clinical
purposes if the BA-ratio is larger than 0.2 [29][30].
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Fig. 6. Progression of the PE-loop for P(VDF-TrFE) sample pre-polarized at
700 kV/cm (orange: 𝐸
= 300 kV; green: 𝐸
= 400 kV; purple: 𝐸
=
500 kV; grey: 𝐸
= 600 kV; yellow: 𝐸
= 700 kV) (a) and saturated
hysteresis loops for three P(VDF-TrFE) samples (b). The reference lines in (b)
show the average negative/positive coercive field (x-axis) and negative/positive
remanent polarization (y-axis).

Uniform thickness of the P(VDF-TrFE) layer is critical for
achieving homogenous sensitivity across the whole area of the
sample, because the thickness will affect the electric field
strength during the poling step that determines the sensitivity of
the sensor [39]. Fig. 7a shows a boxplot of the thickness of the
P(VDF-TrFE) layers for eight samples. The measurements
were done from nine positions along the axis defined by the
excitation points 2-1-4 (see Fig. 3b). The mean thickness of the
samples was 9.5 ± 0.8 µm (see h in Fig. 1b), which indicates
very homogenous P(VDF-TrFE) layer thickness. Sensor-tosensor variation in 𝑑 . (section II C.) was estimated from 10
samples and the results were plotted in Fig. 7b. The measured
sensitivity values show a somewhat higher coefficient of
variation (CV) of 10.8% compared to the CV of 5.3% for the
thickness. This difference could be related to mechanical nonidealities in the sensitivity measurement setup or bending of the
sample during the measurement [39]. However, the average
𝑑 . piezoelectric sensitivity value for the 10 samples was (26.9 ± 2.9) pC/N, which is very close to the literature value for
piezoelectric constant 𝑑 of -25 pC/N for P(VDF-TrFE) [35].
Important material properties for P(VDF-TrFE) and EMFi are
summarized in Table 2.
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TABLE 2
P(VDF-TRFE) AND EMFI MATERIAL/SENSOR PROPERTIES: EFFECTIVE
PIEZOELECTRIC COEFFICIENT 𝑑 . , REMANENT POLARIZATION 𝑃 ,COERCIVE
FIELD 𝐸 , CAPACITANCE C, AREA SPECIFIC CAPACITANCE
𝐶
. P(VDF-TRFE) 𝑑 . AND C ARE THE AVERAGE OF 10 SENSORS AND 𝑃
AND 𝐸 ARE THE AVERAGE OF 3 SENSORS. EMFI VALUES ARE BASED ON
MEASUREMENT OF ONE SENSOR.
Property

P(VDF-TRFE)

EMFi

𝑑 .
𝑃
−𝑃
𝐸
−𝐸
C
𝐶

(-26.9 ± 2.9) pC/N
7.3 µC/cm
-7.3 µC/cm
505 kV/cm
-502 kV/cm
(1.57 ± 0.067) nF
0.44 nF/cm

47.0 pC/N
39.3 pF
5.2 pF/cm

B. Pulse wave comparison
An example of PW signals recorded from the radial artery
with the two sensors is shown in Fig. 8 (EMFi: orange dotted
line; P(VDF-TrFE): blue continuous line) and examples of
amplitude-normalized averaged pulse waves from nine test
subjects are presented in Fig. 9 (P(VDF-TrFE): orange dotted
line; EMFi: blue continuous line). The signals in Fig. 8 are
scaled to have similar amplitudes. With some of the test
subjects, the differences in the waveforms of the EMFi and
P(VDF-TrFE) sensor signals were larger than in other ones (see
d) and i) in Fig. 9). In such cases, the amplitudes of P2 and B
with respect to P1 were smaller in the P(VDF-TrFE) signals
than in case of EMFi signal, which has an effect on the
calculated PW parameters.
To estimate quantitatively the similarity of the radial PW
signals recorded with the EMFi and P(VDF-TrFE) sensors, both
concordance correlation coefficient [31] and Pearson’s
correlation coefficients were calculated for the amplitudenormalized averaged signals. The results are shown in Table 3
for cases in which the four poor-quality measurements are
included and excluded. All of the correlation coefficients are
greater than 0.97 indicating excellent agreement between the
signals of the two sensors.
TABLE 3
THE DISTRIBUTIONS OF THE CORRELATION COEFFICIENTS FOR AVERAGED
AMPLITUDE-NORMALIZED INDIVIDUAL PULSE WAVES.
Correlation
coefficient
Concordance,
(outliers
included)
Concordance,
(outliers
excluded)
Pearson’s
(outliers
included)
Pearson’s
(outliers
excluded)

Fig. 7. Boxplot of P(VDF-TrFE) sensor sample thicknesses for eight samples
(a) and the average longitudinal sensitivities of ten samples (b).

Mean ± standard deviation

Median (inter-quartile
range)

0.976 ±0.035

0.987 (0.971…0.994)

0.983 ±0.019

0.989 (0.983…0.995)-

0,993±0.007

0.995 (0.990…0.998)

0.995±0.005

0.997 (0.990…0.998)

The ratio of the signal amplitudes between the EMFi and
P(VDF-TrFE) sensors had inter-subject variations probably
caused by the exact placement of the sensor and subsequent
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sensitivity changes caused by the multi-directional stress
components in the P(VDF-TrFE) sensor, which has non-zero
piezoelectric coefficients in orthogonal, longitudinal and shear
directions i.e. d ≅ -28 pC/N [35], d ≅ 12 pC/N [32] and
d ≅ -30 pC/N, respectively. The 𝑑 . may be therefore either
attenuated or amplified depending on the exact mode of
deformation (e.g. bending, twisting, stretching) and the
dominating non-orthogonal force component. Similar effect
was not seen in the signal produced by the EMFi sensor, which
is practically sensitive only to the orthogonal loading (f. ex. d
coefficient is two orders of magnitude smaller than d [33]).
The BA-plots with the limits of agreement and scatter plots with
reference lines y=x are shown in Fig. 10 for the computed
parameters (rAIx, RI, and SI). The BA-ratios, Pearson’s
correlation, and concordance correlation coefficients are
presented in Table 4 for the data shown in Fig. 10. Based on the
results, SI has the best agreement between the two sensor
outputs. The BA-ratio of rAIx is slightly under the limit for
moderate agreement 0.2 and the BA-ratio of RI is slightly over
the limit. [29][30]. Despite the inter-subject variations in the
agreement, it is shown that careful sensor placement enables
recording sufficiently identical PWs with P(VDF-TrFE) and
EMFi sensors (Figs 5 and 6) by using a measurement setup
originally intended for EMFi sensors, which are not sensitive to
shear stress.
One source of uncertainty and differences between the results
for the different sensors comes from the feature extraction
algorithm: the feature points in a peripheral PW are not always
as obvious as in Fig. 5, which is seen especially in Fig. 9a. The
feature point extraction algorithm [22] uses a 4th-order
derivative analysis as proposed in [40]. The high-order
derivative analysis itself is very sensitive to signal noise and the
required noise reduction i.e. signal smoothing may slightly
distort the resulting PW waveform. This is one reason that may
cause different results even though the signal waveform looks
similar by visual inspection.
As a summary, it is possible to measure PW signal with both
EMFi and P(VDF-TrFE) sensors interchangeably and extract
PW-derived features rAIx, RI, and SI if the sensor placement
and the signal quality are carefully confirmed during the
measurement.
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Fig. 9. Examples of amplitude-normalized average pulse waves for nine test
subjects. The orange dashed line is for the P(VDF-TrFE) and the blue
continuous line for the EMFi sensor.

Fig. 10. Bland-Altman plots with the bias (blue continuous line), limits of
agreement (blue dashed lines), and regression line (red dotted line) for the
differences as well as scatter plots with reference lines y=x (black continuous
line).
TABLE 4
BLAND-ALTMAN RATIO (BA-RATIO), CONCORDANCE CORRELATION
COEFFICIENTS (CCC) AND PEARSON’ S CORRELATION COEFFICIENTS FOR
DIFFERENT PARAMETERS.
Pearson’s
BA-ratio
CCC
correlation
rAIx

0.195

0.575

0.664

RI

0.225

0.761

0.817

SI

0.067

0.941

0.950

IV. CONCLUSION
Fig. 8. An example of radial PW signals acquired with the P(VDF-TrFE) (blue
continuous line) and EMFi sensors (orange dotted line).

We proposed an additive fabrication process for P(VDF-TrFE)
based PW-sensors. It was shown that the resulting piezoelectric

1558-1748 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2019.2934943, IEEE
Sensors Journal

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <
properties of the P(VDF-TrFE) compare well with literature
values (𝑃 = 7.3 µC/cm , 𝐸 =505 kV/cm, 𝑑 . = (-26.9 ± 2.9)
pC/N). The reliability and accuracy of the PW-signal measured
with the proposed P(VDF-TrFE) PW-sensor was then evaluated
with 22 subjects by extracting clinically relevant indices (rAIx,
RI and SI) from the signal and comparing these to indices
extracted from concurrently recorded PW-signal which was
measured with an EMFi based reference sensor. The
comparison of indices was performed using Bland-Altman
ratios as well as concordance and Pearson’s correlation
coefficients. Although the main force component during the
PW-measurement is orthogonal to the sensor surface,
inaccurate placement of the sensor may cause multi-directional
forces, which affect especially the P(VDF-TrFE) PW-sensor
due to its higher sensitivity to non-orthogonal force
components. However, the results indicate that the two sensors
can be used interchangeably as long as the sensor placement is
done carefully.
Evaluating the accuracy and reliability of the additively
fabricated PW sensors is an important step towards the
realization of affordable and unobtrusive on-skin PWmeasurement systems suitable for long-term monitoring. As
future steps, the additive fabrication of PW-sensor signal
acquisition circuitry, communication interface and related
energy supply need to be investigated in order to enable the
additive fabrication of monolithically integrated PW
measurement health patches.
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