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ABSTRACT

Pressure sensors that can provide both high temporal and spatial resolutions are desired for the measurement of
aerodynamic and acoustic events, ultrasonics, and underwater phenomena. Piezoelectric materials are attractive
candidates for measuring dynamic pressure due to their high sensitivity, high signal-to-noise ratio, and potential
for miniaturization. However, their inability to directly measure static pressure prevents their use in many
applications. Due to their strong pyroelectric response, their use is also generally limited to conditions where
the rate of temperature change is below the lower cutoff frequency of the measurement system. Polyvinylidene
fluoride (PVDF) is a polymer with a high piezoelectric sensitivity which is readily available as a flexible, tough
film. Under steady flow conditions, configuring PVDF as a cantilever unimorph provides a higher pressure
sensitivity than alternatives such as compressive, doubly clamped, or diaphragm configurations. In this work,
we demonstrate a differential aerodynamic pressure sensor based on a cantilever PVDF unimorph that has been
optimized to maximize pressure sensitivity for a targeted deflection sensitivity. The sensor is characterized using
a laboratory-scale wind tunnel for flows ranging from 0 to 12 m s~!. Near-static measurements are enabled by a
compensated charge amplifier with an extremely low cutoff frequency. The pyroelectric voltage generated from
changes in the air flow temperature is compensated using a PVDF sensor in compressive mode. Within the tested
pressure range of 0 to 80 Pa, the sensor exhibits a proportional response with a sensitivity of 0.97 mV Pa~!.
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1. INTRODUCTION

Automotive aerodynamic measurements require pressure transducers that can simultaneously provide both high
temporal and spatial resolutions.’»? Commercial piezoresistive pressure transducers possess low sensitivity, re-
quire external power, and are susceptible to electrical noise. Piezoelectric materials, on the other hand, possess
the advantages of direct electromechanical conversion, high sensitivity, and superior noise immunity due to their
capacitive nature. Further, the signal conditioners associated with piezoelectric sensors are smaller in construc-
tion and typically consume low external power.?

Flexible piezoelectric polymers such as polyvinylidene fluoride (PVDF) are promising alternatives to con-
ventional pressure sensors due to their high compliance, low density, and ease of installation. Available as a
thin film, PVDF is conformable and conducive to miniaturization for real-time flow measurements. Piezoelectric
sensors generate charge due to stresses applied in compression (dzz mode)* ¢ and bending (d3; mode).”® Most
of the literature on piezoelectric films in ambient wind conditions focuses on unsteady and impulsive flow mea-
surements. To accommodate an increased time constant for steady flow measurements, both compressive mode
and diaphragm configurations require a considerable increase in the size of the sensor. It has been shown that
the charge sensitivity of an optimized cantilever unimorph is three times higher than that of a doubly clamped
unimorph with an optimized electrode coverage and three orders of magnitude greater than that of a compressive
(d33 mode) sensor for the same sensor size.”
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In addition to generating charge in response to an applied pressure, piezoelectric materials also generate charge
in response to temperature changes (pyroelectricity). The pyroelectric response results from the temperature
dependence of polarization which produces an electric charge on the PVDF surface. The total charge displacement
of a PVDF sensor is equal to the sum of the piezoelectric and pyroelectric charge displacements.'® By nature,
wind possesses both pressure and temperature components. Due to the large pyroelectric constant for PVDF
(p = 30 uC m~=2 K1), compensation techniques are required to isolate the piezoelectric component in the
measured sensor voltage for pressure sensing. The low pressure sensitivity of a PVDF compressive sensor can be
exploited to compensate for the pyroelectric effect of a cantilever PVDF sensor.

The objective of this article is to present a static differential pressure measurement system consisting of a
cantilever PVDF sensor interfaced with a large time constant compensated charge amplifier. The pyroelectric
response is compensated using a second PVDF sensor operating in compressive (ds3) mode. The design process
to maximize the charge sensitivity of a PVDF unimorph for a given deflection sensitivity is presented in Section 2,
along with the sensor fabrication procedure. In section 3, the sensor design is evaluated through the experimental
characterization of a PVDF sensor with the proposed circuit topology and pyroelectric compensation strategy.
The sensor presented is expected to serve as a piezoelectric alternative to conformable soft pressure sensing mats
that can be integrated with arbitrarily-shaped structures for aerodynamic pressure measurements.
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Figure 1: Schematic diagram of a piezoelectric unimorph cantilever sensor subjected to a uniform differential
pressure showing: the thicknesses of the PVDF layer tp and the substrate tg, elastic moduli along direction 1
for the PVDF layer under constant electric field Yp and the substrate Yg, unimorph length Ig and width bg, and
distance between the bottom of the substrate and the neutral axis of the structure ftp.

2. DESIGN AND FABRICATION OF PIEZOELECTRIC CANTILEVER SENSOR
2.1 Design optimization procedure

The configuration of a PVDF unimorph beam is shown in Figure 1. The structure has an overall length of [g
and width of bg. The elastic modulus of the substrate is Yg and, at constant electric field, the elastic modulus
in direction 1 for the PVDF layer is Yp, with an elastic modulus ratio defined as kg = Yg/Yp. The thicknesses
of the PVDF layer and the substrate are tp and tg, respectively, with a thickness ratio defined as k; = tg/tp. It
is assumed that longitudinal stress T3 is the primary source of charge generated by the PVDF layer. The charge
generated by the lateral stress T» can be neglected because lateral stress is much smaller than longitudinal stress
in unimorph bending and also because the piezoelectric piezoelectric strain constant dss is much smaller than
d31.11

Using classical laminate theory and Euler-Bernouilli conditions for a cantilever unimorph, the charge sensi-
tivity @ p is defined as charge generated @) per unit applied pressure P and the deflection sensitivity dp is defined
as maximum deflection w,,4, per unit applied pressure P:'?
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Table 1: Geometric and material properties of the PVDF unimorph pressure sensor.

Geometric parameters of the sensor Material properties of the PVDF film
Length x width of the cantilever 9 .
Is x ws 10 x 10 [mm?] Elastic modulus, Yp 2.74 [GPa|
Thickness of PLA substrate 0.196 [mm] Relative permittivity, e, 11-13
. Piezoelectric charge coefficient 1
Thickness of PVDF film, ¢p 28 [pm] in direction 1, ds 24 [pC N71]
Piezoelectric charge coefficient 1
Overall length of the sensor 22 [mm)] in direction 2, ds 3 [pC N7
Overall width of the sensor 12 [mm] Plezoe.l eetric cl}arge coefficient -34 [pC N~
in direction 3, ds3
Overall thickness of the sensor 1.23 [mm] Pyroelectric coefficient, p 30 [uC m=2 °C~1]

VT YPbt%’ 2 2 1 3]9%1 2 2 2
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is the bending stiffness of the unimorph.

For overall thickness and pressure limit targets of 1 mm and 2 kPa, respectively, the targeted deflection
sensitivity dp is calculated to be 0.5 pm/Pa. The thickness ratio k; is investigated over the range of 2 to 20 and
the elastic modulus ratio kg is investigated from 0.1 to 70. The optimal elastic modulus ratio and the optimal
thickness ratio to maximize charge sensitivity @Qp .. are calculated to be 0.2 and 7, respectively.'? In order
to use a commercial 3D printer for rapid prototyping of the substrate, polylactic acid (PLA) with kg = 0.73 is
selected as the feedstock with an elastic modulus ratio closest to the optimal. Table 1 lists the geometric and
material properties for the PVDF unimorph pressure sensor design. A detailed account of the analytical model
and the design optimization procedure is provided in Ramanathan et al.!?
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Figure 2: PVDF cantilever unimorph fabricated for testing.

2.2 Fabrication process

The sensor frame and the substrate of the cantilever unimorph are 3D printed as a single part using a commercial
printer (Ultimaker S5). Polylactic acid (PLA) is printed at 190°C with a print speed of 25 mm/s and a 100%
infill diagonal raster. The PVDF is cut to a length of 17.0 mm and width of 10.5 mm from a 28 pm thick
commercial PVDF film with sputtered silver electrodes (Measurement Specialties). Leads for the electrodes are
created by attaching 10 mm x 3 mm copper tapes with conductive adhesive. To strengthen the attachments
between the PVDF and copper tapes, a thin coating of acrylic is applied to both sides and allowed to cure for
24 hours at room temperature. Next, the PVDF film with attached leads is bonded to the 3D printed part with



a thin layer of cyanoacrylate glue (3M) and clamped for 30 minutes during curing. The sensor is completed by
soldering wire leads onto the copper tape, yielding the sensor shown in Figure 2. Table 1 provides the overall
dimensions of the physical sensor.

3. EXPERIMENTAL CHARACTERIZATION
3.1 Signal conditioner for near static measurements

A basic charge amplifier can be constructed from an operational amplifier and discrete electronic components.
This type of amplifier typically has characteristics of a band-pass filter with a time constant that results from
by the sensor impedance and the feedback impedance. While the circuit can be designed to provide a large
time constant, basic charge amplifiers are sensitive to input bias currents Ig_ and Ip,, which cause error to
accumulate from drifting of the output voltage. A detailed analysis of the effect of circuit parameters on drift
error as well as a differential charge amplifier design to overcome this limitation are provided in our previous
work.' A compact version of the differential charge amplifier is utilized in this work. The insulating resistances
of the capacitors extend the time constant of the system up to 10° seconds. Assuming Cr = C¢ and Ry = R¢
for the compensated charge amplifier shown in Figure 3, the output voltage in the Laplace domain Vj,(s) for a

step charge input is given by
250 Solp- }
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where S corresponds to the single-ended voltage gain of the charge amplifier, f;c corresponds to its lower cutoff
frequency, and tp = Ipy/Ip_. The differential charge amplifier configuration produces a passband gain Sg that
is twice that of a basic single-ended configuration. Variations due to component tolerances for capacitances C'p
and input bias currents Iz and I, become significant as the cutoff frequency approaches zero, leading to error
in long time static measurements. Therefore, in order to minimize the drift rate, capacitors C'r and C¢ should
be matched as closely as possible (with leakage resistance Rp > 1 T)) and operational amplifiers should be
selected that have low bias currents (< 0.1 pA) and high open loop gain (> 100 dB). The design parameters for
the signal conditioner circuit are shown in Table 2.
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Figure 3: Schematic of the compensated charge amplifier for near static measurements.

3.2 Experimental setup

The piezoelectric differential pressure sensor is tested under different aerodynamic pressures using a wind tunnel
(Pitsco X-Stream). The wind tunnel has test chamber dimensions of 500 mm x 300 mm x 300 mm and a flow
straightener for flow laminarization and low flow restriction. It produces a controllable flow velocity up to 15
m/s, which is measured using a manometer.



Table 2: Circuit parameters utilized for the construction of the signal conditioner.

Parameter Value
Op-amp type LMC 6082
Cr=Cc 10 nF + 1%

Cs 0.65 nF

Ry 1 MQ
Ip 0.1 pA max.

Time constant ~ 10° seconds

Insulating resistances ~ 100 G2
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Figure 4: Wind tunnel test setup for characterizing the PVDF pressure sensor. Pressure is measured on a
flat plate with a square cutout to accommodate the PVDF differential pressure sensor. The compressive mode
PVDF sensor for pyrolectric compensation is placed symmetrically on the other half of the plate. A reference
piezoresistive pressure sensor and a thermocouple are also mounted to measure the aerodynamic pressure and
temperature. The inset shows the machined cutout from the back side of the plate.

The experimental setup in the wind tunnel is shown in Figure 4. The PVDF pressure sensor is tested on a
flat plate that is held in a sloped position using a 3D printed fixture. The 100 mm x 100 mm aluminum plate
has a 12 mm x 12 mm square cutout to accommodate the PVDF differential pressure sensor. The sensor, shown
in Figure 2, is attached at the square cutout using double-sided tape. To provide pyroelectric compensation, a
10 mm x 10 mm compressive-mode PVDF sensor is attached with cyanoacrylate adhesive at a symmetric location
on the other half of the plate. A commercial piezoresistive pressure sensor (Kulite LQ-062) with a sensing range
of 0 to 35 kPa and a full scale output of 100 mV is also attached to the plate to measure the applied pressure.'4
Airflow temperature at the plate is measured with a thermocouple (Omega Engineering AWG40 wire). All
measurements are recorded at a sampling rate of 10 Hz with a data acquisition system (NI 9239).

The experimental procedure is to turn the wind tunnel off for 50 seconds before switching it on for the next
200 seconds. The flow rate is measured using the wind tunnel’s manometer and the applied differential pressure
is measured using the reference pressure sensor. Due to the low sensitivity of the reference sensor, a 50-point
Gaussian average is used to smooth the signal and the average pressure is taken as the measured reference
pressure at that flow rate. The flow is turned off after 200 seconds and the next set of measurements are taken
only after the temperature stabilizes within the test chamber. The signal conditioners for the reference pressure
sensor and the PVDF sensor are reset before the start of the next set of measurements.



3.3 Results and discussion

The responses of the cantilever and compressive PVDF sensors with compensated charge amplifiers are shown for
two different pressures in Figure 5 (a) and (b). Thermocouple measurements show that the temperature decreased
as much as 0.8 °C during the wind tunnel tests. The cantilever and compressive sensors exhibit similar transient
responses to the temperature input. The temperature change measured by the thermocouple is plotted on the

C L I I e B B B B B B B B B B N 6 100 R [ LU U U U [ 6
e Cantilever PVDF 2. E Cantilever PVDF ] Q.
= 0 | 3 — — — . Compressive PVDF-: 0 E = 0 é — — — -Compressive PVDF -: E
,E, Py Thermaocouple 3 02 . .g. -100 F Thermocouple J -
0] - g ) E ] [
o o o) E Pyro ] ]
& -200 c @ -200 F 1 o
= @© = F g g ] ©
o 5 S 300 E Differential OFF ] 5
3 o 3 E pressure ON 3

= E 4 [H]
5 -400 = 5 -400 F 4 5
w 9 - n E 4 =
© 108 ® @© E - ©
g Diff tial ] g § -500 F : ] o
- ifferentia OFH E 3 M 3 o3
-600 - OFF pressure ON 1 g -600 £ o ¥ 1 %
....|....|....|....|....|....'_1_2|_ SEPEFEFE IR NI BN B SR N S

0 50 100 150 200 250 300 0 50 100 150 200 250 300

Time [s] Time [s]

(a) (b)
Figure 5: Comparison of the thermocouple response and the responses of the cantilever and compressive PVDF
sensors interfaced with the compensated charge amplifier at (a) low pressure, P = 23 Pa, and (b) high pressure,
P = 85 Pa. The initial temperature was measured to be 26.8 °C.

secondary y-axis, which is scaled based on the calculated pyroelectric sensitivity of pAgAT = 570 mV °C~!. The
long sample period of the measurement and the corresponding voltage responses of the sensors demonstrate the
near static measurement capability of the sensing system. The cantilever sensor responds slightly faster than the
compressive sensor to the change in temperature due to its lower thermal capacitance. It is also observed from
the arrows in Figure 5 that the average difference between the cantilever and the compressive sensor voltages is
higher for a higher applied pressure P. When the flow is turned off, the magnitude of the cantilever sensor voltage
(Va) quickly decreases to the voltage of the compressive sensor (Vp), which shows that the differential voltage
(Vb — V4) is caused by the piezoelectric contribution (Vp) to the voltage output. Over the ranges investigated,
no direct relationships are observed between the change in temperature, effective pyroelectric sensitivities of the
sensors, and flow rate.

The compensated voltage responses of the PVDF sensor are shown in Figure 6(a) for different flow rates. A
positive correlation is observed between flow rate and compensated voltage at the instant the flow is turned on,
but the signals do not stabilize until about 60 seconds later. It is hypothesized that this is due to the difference
in thermal characteristics between the cantilever sensor and the compensation sensor as well as temperature
variation in the wind tunnel. Furthermore, it is observed that the compensated voltage does not immediately
return to zero when the flow is turned off. Therefore, a pyroelectric compensation algorithm or a pyroelectric
compensation sensor with thermal characteristics that match the cantilever unimorph sensor is required to
eliminate the residual pyroelectric component in the compensated voltage. The average compensated voltage
is calculated after the voltage reaches steady state. Figure 6(b) shows the mean compensated voltage against
measured reference pressure. The sensor exhibits good proportionality and the measured sensitivity of 0.97 mV
Pa~! is very close to the theoretical model sensitivity of 0.99 mV Pa~1!.

4. CONCLUDING REMARKS

A novel sensing system for steady differential pressure measurement is demonstrated using a cantilever PVDF
unimorph. Deflection and charge sensitivities for a PVDF cantilever unimorph under a uniform applied pressure
are calculated from generalized expressions for the deflection and polarization of piezoelectric bending unimorphs.
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Figure 6: (a) Compensated voltage (Vp — V4) response for different input flow rates. (b) Average compensated
voltage versus measured reference pressure for comparison of the experimental (with linear fit) and theoretical
(modeled) sensitivities, represented by the slopes.

Taking material availability and ease of fabrication into consideration, a 0.2 mm thick PLA polymer is chosen as
the substrate and fabricated using a commercial FDM printer in order to meet the deflection sensitivity target
while maximizing charge sensitivity. Near-static measurement is enabled via an automated drift compensation
circuit constructed from discrete components. The sensor is fabricated and experimentally characterized over a
pressure range of 0 to 80 Pa using a laboratory wind tunnel. The pyroelectric noise due to temperature change
is compensated with a compressive mode pressure sensor interfaced with another compensated charge amplifier.
The primary advantage of this pyroelectric compensation technique over thermocouple-based techniques is that
the compensation sensor operates on the same measurement principle as the pressure sensor, which minimizes
noise contamination in the compensated voltage. Also, it may be possible to package the compensator within
the cantilever structure via MEMS techniques. The sensor exhibits good proportionality with a sensitivity
0.97 mV Pa~!, which is close to the calculated theoretical model sensitivity of 0.99 mV Pa~!. Large variations
in the compensated voltage are primarily due to residual error after pyroelectric compensation, thus warranting a
realtime compensation sensor with thermal characteristics better matching the pressure sensor in order to further
reduce the error. One method to achieve matched transient thermal response is to integrate the pyroelectric
compensation sensor onto the cantilever sensor. Finally, the differential pressure measurement technique will be
extended towards the development of a conformable piezoelectric absolute wind pressure sensor mat.
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