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Abstract
Polyvinylidene fluoride (PVDF) is a mechanically tough, low density piezoelectric polymer
commercially available as a flexible film that can be conformed to arbitrarily-shaped surfaces
using simple adhesive bonding. A fundamental challenge that prevents the implementation of
piezoelectric sensors for pressure sensing applications is their inability to measure static or very
low frequency signals. Further, due to their large pyroelectric constants, they are limited to
measurements where the rate of change in temperature is smaller than the lower cutoff
frequency of the system. Under steady flow conditions, the cantilever unimorph possesses the
highest sensitivity compared to other conventional configurations such as compression, doubly
clamped unimorphs, or diaphragms. However, to preserve the overall noninvasive nature and
linearity of the sensor, it is necessary to optimize the geometry and material properties in order
to maximize charge output while minimizing deflection. To address these challenges, this work
focuses on the development of a cantilever PVDF unimorph for static differential pressure
measurement with pyroelectric compensation. A design optimization procedure to maximize the
charge sensitivity of a cantilever unimorph is presented and the optimized cantilever is
interfaced with a large-time-constant, drift-compensated charge amplifier for near-static
pressure measurements. Voltage error due to temperature changes accompanying the input flow
is compensated using a compressive mode sensor and an empirical compensation algorithm.
Within the investigated range, the sensitivity of the fabricated sensor is 1.05mVPa−1 with an
average resolution of 10 Pa and 97.3% linearity.

Keywords: piezoelectric PVDF, static sensing, pyroelectric compensation, cantilever unimorph,
compressive, wind tunnel measurements

1. Introduction

In the field of experimental aerodynamics, differential pres-
sure sensors that can simultaneously exhibit high temporal and
spatial resolution are required [1]. Automotive aerodynamic
measurements typically require surface pressure sensors cap-
able of static differential pressure measurements from −2 to
2 kPa with a response time of less than 10 ms [2]. Commer-
cial piezoresistive pressure transducers utilized for wind tun-
nel measurements are rigid, exhibit poor resolution due to
their low sensitivity, and often involve complex conditioning
electronics [3]. Further, they require time consuming fixturing

that renders the tested parts unusable after measurements
[4, 5]. Capacitive pressure sensors [6, 7] are advantage-
ous due to their low power requirement, non-invasiveness,
and low temperature dependence. However, the relationship
between the pressure applied to them and their change in
capacitance is non-linear. Further, the high sensitivity require-
ment of aerodynamic measurements warrants a viscoelastic
construction resulting in a slower response time and creep
tendency. Relatively new measurement techniques such as
pressure-sensitive paint (PSP) can provide high spatial res-
olution [8]. Disadvantages of PSP systems include a poor
dynamic response, requirement of expensive visual recorders
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and image processing systems, and degradation of sensitivity
over time.

In this context, flexible piezoelectric polymers serve as
a promising alternative to conventional aeroacoustic trans-
ducers. PVDF is a flexible, low-density polymer manufac-
tured commercially as thin sheets with thicknesses ranging
from 9 µm to 100 µm. PVDF is relatively low cost and the
flexibility offered by the polymer facilitates simplified instru-
mentation for flow investigations. However, one of the funda-
mental drawbacks of piezoelectric sensors is their inability to
hold the charge displaced due to applied pressures. Therefore,
almost all of the pressure sensors developed with piezoelec-
trics are limited to flow detection and oscillatory flowmeasure-
ments [9, 10]. Charge amplifiers are typically used to enable
a voltage readout of the charge displaced by a piezoelectric
sensor in response to an applied pressure. They are relatively
simple in construction with a small footprint which enables
integration of the signal conditioner within the sensor itself
[11]. The voltage gain and time constant of the charge ampli-
fier are primarily determined by its feedback capacitance and
resistance. Increasing the time constant comes at the expense
of a reduction in voltage gain and increased signal error due to
voltage drift and pyroelectricity [12, 13]. Therefore, in order
to measure static differential pressure with high resolution, the
charge per unit of applied pressure, defined as the charge sens-
itivity of the sensor, should to maximized.

Piezoelectric sensors respond to applied pressure under
compression (d33 mode) or bending (d31 mode). The applica-
tion of PVDF sensors in compressive mode is limited to large,
unsteady surface pressure measurements (on the order of sev-
eral kilopascals) in wind tunnels [14, 15], marine applica-
tions [16], and impulse measurements [17]. Diaphragm-type
sensors (bending mode) are also limited to only unsteady
pressure measurements (⩾50 Hz) [18] and energy harvest-
ing applications [19, 20]. Static pressure measurements using
the above sensor configurations require a large sensor area to
achieve high time constants. Under steady flow conditions, for
a given sensor geometry, the charge sensitivity of an optimized
cantilever unimorph is three orders of magnitude greater than
a compressive (d33 mode) design and three times higher than a
doubly clamped unimorph with an optimized electrode cover-
age [21]. Although cantilever configuration has been utilized
in static differential pressure measurements using piezores-
istive technology [22, 23], piezoelectric cantilever unimorphs
have been utilized only for dynamic pressure measurements
[24, 25]. Piezoelectric PVDF unimorphs have not been used
for static differential pressure measurements.

Piezoelectric sensors operating in bending require a sub-
strate in order to produce a non-zero charge output. The
constitutive equations for a piezoelectric unimorph operat-
ing below its fundamental frequency suggest that there exist
optimum thickness and elastic modulus ratios of the PVDF
layer to the substrate for maximum charge sensitivity [26].
Charge generated by a piezoelectric sensor is proportional to
its surface area. However, in order to preserve the low profile,
fast response, and linear characteristics of PVDF for a targeted
spatial resolution, the surface area and thickness of the pres-
sure sensor must be limited.

Piezoelectric materials also exhibit pyroelectricity under
non-isothermal conditions. The net charge output of a piezo-
electric sensor is an algebraic sum of the charge generated due
to the piezoelectric and pyroelectric effects [27]. The pyroelec-
tric coefficient of PVDF is several orders of magnitude larger
than its piezoelectric coefficients (p = 30–40 µC m−2 ◦C−1).
Therefore, its application is limited tomeasurementswhere the
rate of change of temperature is much smaller than the lower
cutoff frequency of the system [24, 28]. The change in tem-
perature during a typical wind tunnel test could be up to 1 ◦C
[29]. For the sensor presented in this work, that would generate
charge corresponding to a pressure measurement of 0.5 kPa.
Therefore, piezoelectric sensors for near-static pressure meas-
urements under varying thermal conditions require compens-
ation techniques to remove the pyroelectric component of the
measured voltage. At present, the temperature compensation
techniques for piezoelectrics can be divided into two categor-
ies: sensitivity compensation and pyroelectric compensation.
Most temperature compensation schemes are based on sens-
itivity compensation, which involves simultaneous measure-
ment of temperature using a thermocouple to compensate for
the change in piezoelectric sensitivity [30, 31]. Pyroelectric
compensation utilizes data-driven empirical pyroelectric mod-
els to develop compensation algorithms [13, 32]. A drawback
of these techniques is their susceptibility to noise contamin-
ation of the compensated voltage due to the different meas-
urement principles of the active sensor and the compensator,
usually a thermocouple. The forementioned compensation
schemes are only implemented for dynamic measurements.
Compensation schemes suitable for long-time static pressure
measurements are not available in the literature. Recently, we
proposed a technique for compensating the pyroelectric noise
with a piezoelectric PVDF sensor in compressive mode [33].

The objective of this work is to demonstrate a high-
sensitivity, near-static differential pressure sensing system
based on a cantilever PVDF unimorph with pyroelectric com-
pensation. An analytical design framework for maximizing
the charge sensitivity of the PVDF unimorph for given sensor
dimensions and deflection sensitivity is provided in section 2.
That section also describes the design rationale and fabric-
ation aspects of the cantilever PVDF sensor. The develop-
ment of a compensated charge amplifier to condition the
charge-to-voltage conversion with minimal drift noise for
near-static measurements is described in section 3. Charac-
terization experiments aimed at evaluating the performance
of a PVDF sensor with the proposed signal conditioner are
presented in section 5. That section also describes the prob-
lem of pyroelectricity and a simple compensation algorithm
that improves the resolution of the pressure sensor.

2. Design and fabrication of piezoelectric cantilever
sensor

2.1. Charge sensitivity of cantilever unimorph

Consider a piezoelectric PVDF unimorph beam as shown in
figure 1. The overall length and width of the structure are lS
and bS, respectively. The thicknesses of the PVDF layer and
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Figure 1. Schematic of a piezoelectric unimorph cantilever sensor subjected to uniform pressure: thicknesses of the PVDF layer and the
substrate are tP and tS, respectively, and elastic moduli for the PVDF layer under constant electric field and the substrate along direction 1
are YP and YS, respectively. The length and width of the unimorph are lS and bS, respectively. The neutral axis of the structure N is located at
βtP from the bottom of the substrate.

the substrate are tP and tS, respectively. The elastic modulus
in direction 1 for the PVDF layer under constant electric field
is YE11 = YP and the elastic modulus of the substrate is YS. The
thickness ratio of the structure is defined as kt= tS/tP and the
elastic modulus ratio of the structure is defined as kE = YS/YP.
The piezoelectric material is placed on the substrate such that
the polarization due to bending (31 mode) deformation is in
the same direction as the dielectric polarization. It is assumed
that the charge generated by the piezoelectric layer is predom-
inantly due to longitudinal stress T1 and that the contribution
of lateral stress T2 to the charge output can be neglected due
to its smaller magnitude and also due to the d32 coefficient
being smaller than the d31 coefficient [34]. Based on classical
laminate theory, it is further assumed that any line perpendic-
ular to the neutral axis before deformation remains perpendic-
ular after deformation, resulting in a strain that varies linearly
through the thickness of the beam [35]. For a piezoelectric
PVDF film under plane strain conditions, the normal strain in
direction 3 and the shear strains 1–3 and 2–3 are assumed to be
zero. Using the above approximations, the piezoelectric con-
stitutive equations under quasi-static conditions are reduced to

S1p(x,z) = sE11T1p(x,z)+ d31E3(x,z), (1)

D3(x,z) = d31T1p(x,z)+ ϵ33E3(x,z), (2)

where S1p and T1p are the strain and stress, respectively, in the
piezoelectric layer; E3 andD3 are the electric field and polariz-
ation along direction 3; sE11 corresponds to the zero-field com-
pliance of PVDF along direction 1 and is given by the inverse
of its elastic modulus; d31 is the piezoelectric charge coeffi-
cient; and ϵT33 is the zero-stress dielectric constant of PVDF at
constant stress. The distance from the bottom of the substrate
to the neutral axis βtP is represented by

zN = βtP =−1
2

{
k2t kE+ 2kt(1− k231)+ (1− k231)

ktkE+(1− k231)

}
, (3)

where k31 is the electromechanical coupling factor of the
piezoelectric layer. The effect of elastic modulus of the sub-
strate YS on βtP is significant for compliant substrates and βtP

approaches the value of −0.5tS with increasing elastic modu-
lus or thickness of the substrate. For PVDF, the value of k31
could be as large as 0.2 [34]. Using strain-displacement rela-
tions for the piezoelectric layer and the substrate from Euler–
Bernoulli theory, the bending moment about the neutral axis
of the unimorph is given by [20]

M(x) = YI
∂2w(x)
∂x2

, (4)

where

YI=
YPbSt3P

3

{
kEkt

(
k2t + 3βkt+ 3β2

)
+

1
1− k231[(

1− 3k231
4

)
+ 3

(
1− k231

)(
k2t +β2

+2βkt+ kt+β)

]}
is the bending stiffness of the piezoelectric unimorph.

The generalized displacementw(x) of the piezoelectric uni-
morph along the length of the beam is related to the applied
pressure P(x) as

YI
∂4w(x)
∂x4

= bSP(x). (5)

Integrating the above equation, one obtains

w(x) =
bSP(x)

24YI
x4 +

c1
6
x3 +

c2
3
x2 + c3x+ c4. (6)

The stresses in the piezoelectric layer and the substrate are
given by

T1p =−tPYP
∂2w
∂x2

−YPd31E3, (7)

T1s =−tSYS
∂2w
∂x2

. (8)

Using (6) and (7) in (2) and neglecting piezoelectric coupling,
E3 = 0, one obtains

D3(x,z) =−d31YPtP(0.5+ kt+β)
∂2w(x)
∂x2

. (9)

3



Smart Mater. Struct. 30 (2021) 035020 A K Ramanathan et al

Figure 2. (a) Calculated charge sensitivity QP as a function of thickness ratio kt and elastic modulus ratio kE. The dashed line indicates the
minimum thickness ratio kt,min for different kE values. The arrow indicates the feasible region of the substrate design that meets the
deflection sensitivity target δP = 0.5µmPa−1. (b) Calculated charge sensitivity QP along the kt,min line for different kE values. The dashed
line indicates the kE value of 3D printed PLA relative to PVDF.

It can be observed that the polarization is proportional to the
average stress along the length of the beam. The total charge
output of the piezoelectric layer with electrode covered along
the length lS of the unimorph is given by integrating (6) over
the surface area A of the electrode as

Q=−d31bSYPtP(0.5+ kt+β)

[
∂w(x)
∂x

]lS
0

. (10)

For a cantilever unimorph, using Dirichlet boundary condi-
tions, the boundary conditions at the clamped and free ends
can be set as w(0)= 0, w ′(0) = 0, w ′ ′(l) = 0, w ′ ′ ′(l) = 0 in
(5) to obtain

w(x) =
bSx2(6l2S− 4lSx+ x2)

24YI
P. (11)

Thus, the deflection sensitivity δP of the unimorph is given by
the maximum displacement per unit applied pressure as

δP =
wmax

P
=
bSl4S
8YI

. (12)

Finally, the charge sensitivity of the cantilever unimorph is
obtained using (11) in (10) as

QP =
Q
P

=−0.167d31b2SYPtPl
3
S

YI
(0.5+ kt+β). (13)

2.2. Design optimization procedure

The thickness ratio kt and the elastic modulus ratio kE are
investigated over the ranges from 2 to 20 and from 0.1 to 70,
respectively. Figure 2(a) shows the calculated charge sensitiv-
ity QP as a function of thickness ratio kt and elastic modulus
ratio kE using the geometric and material properties provided
in table 1. In order to meet a maximum overall thickness

target of 1 mm and maximum pressure input target of 2 kPa,
the deflection sensitivity δP (defined as deflection per unit
applied pressure) is limited to 0.5µmPa−1. For a given kE,
the minimum thickness ratio kt which meets the target δP is
represented by the dashed line kt,min in figure 2(a). It can be
observed that the maximum charge sensitivity QP,max in the
feasible region (represented by the arrow) occurs along kt,min.
Figure 2(b) shows QP,max along the kt,min line for different kE
values.

The optimal elastic modulus ratio kE for maximum charge
sensitivity along kt,min is calculated to be 0.2. In order to facil-
itate rapid prototyping of the sensor using a commercial 3D
printer, polylactic acid (PLA) polymer is chosen as the closest
material to optimal for the substrate. The elastic modulus ratio
kE of the 3D printed PLA relative to PVDF is specified as
0.73 (i.e., YS/YP = 2GPa/2.74GPa) [36]. The minimum thick-
ness ratio kt corresponding to the elastic modulus ratio kE is
7 (i.e., tS/tP = 0.198 mm/0.028 mm). The charge sensitiv-
ity of the cantilever unimorph subjected to uniform pressure
loading is thus calculated to be 5.05 pCPa−1. This value is
slightly lower than the maximum achievable charge sensitivity
of 5.60 pCPa−1 along kt,min, but it allows for easier fabrication.

2.3. Fabrication

The sensor frame and the cantilever substrate is prin-
ted as a monolith using a commercial fused deposition
modeling (FDM) printer (Ultimaker S5). Polylactic acid
(PLA, Ultimaker) is printed at 190 ◦C with 100% infill diag-
onal raster, at a rate of 25 mm s−1. The layer resolution of
the 3D printer is set at 40 µm. The schematic of the sensor is
shown in figure 3(a). A commercial 28 µm thick PVDF film
(Measurement Specialties) with sputtered silver electrodes is
precisely cut to a 17.0 mm length and 10.5 mm width. The
edges (about 0.2 mm) on the cantilever arm side are etched
away with acetone to prevent a short circuit. Copper tapes
with conductive adhesive (3M 1181 EMI shielding copper
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Table 1. Geometric and material properties of the fabricated cantilever PVDF pressure sensor.

Geometric parameters of the sensor Material properties of the PVDF film

Length×width of the cantilever lS× bS 10× 10 (mm2) Elastic modulus of PVDF film, YP 2.74 (GPa)
Thickness of the PLA, tS 0.196 (mm) Relative permittivity of PVDF, εr 11–13
Thickness of PVDF film, tP 28 (µm) Piezoelectric charge coefficient of PVDF

film in direction 1, d31
24 (pC N−1)

Overall length of the sensor 22 (mm) Piezoelectric charge coefficient of PVDF
film in direction 2, d32

3 (pC N−1)

Overall width of the sensor 14 (mm) Piezoelectric charge coefficient of PVDF
film in direction 3, d33

−34 (pC N−1)

Overall thickness of the sensor 1.3 (mm) Pyroelectric coefficient of PVDF film, p 30 (µC m−2◦C−1)

Figure 3. (a) Schematic and dimensions of the cantilever unimorph. (b) Photograph of the fabricated cantilever unimorph.

tape, 70µm thick) that are 10 mm long and 3 mm wide
are attached to both sides of the PVDF film. A thin acrylic
coat (Rust-oleum) is sprayed onto the film on both sides to
provide structural integrity between the PVDF film and the
copper tape and dried at room temperature for 24 h. The PVDF
film with copper tape is then attached onto the sensor frame
and cantilever arm of the 3D printed part using a thin layer
of cyanoacrylate glue (3M SI100) and clamped for 30 min.
Finally, the leads are soldered to the copper tape as shown
in figure 3(b). The capacitance of the fabricated sensor is
measured using a digital multimeter (Fluke 175) to be 0.65 nF.

3. Signal conditioner for near static measurements

Charge amplifiers are transcapacitance circuits that process
electric charge into measurable voltage by integration [37]. A
basic charge amplifier can be realized using discrete electronic
components designed with an operational amplifier and an
RFCF feedback network. The piezoelectric sensor is modeled

as a capacitor CS with a finitely large output impedance RS
connected in parallel to a charge output QS. The frequency
characteristics of the charge amplifier are typically those of
a band-pass filter with its lower cutoff frequency determined
by the sensor impedance ZS and the feedback impedance ZF.
The upper cutoff frequency is determined by the impedance
ZI comprised of a low pass resistor RI , sensor capacitance
CS, and the open loop gain AOL of the operational amplifier.
A detailed analysis of the effect of the sensor and feedback
impedances on the sensitivity and passband frequency of a
basic charge amplifier is provided in [12]. In order to facil-
itate static measurement, the feedback resistance RF →∞,
such that the lower cutoff frequency f LC→ 0. Therefore, a
practical implementation of a high feedback resistance is to
utilize polypropylene type capacitors which offer high insu-
lation resistance on the order of TΩ. If CS ⩽ CF, the voltage
gain or the calibration factor of the charge amplifier SQ can be
approximated to 1/CF.

The main drawback of a large-timeconstant charge amp-
lifier is its sensitivity to input bias currents IB− and IB+ ,
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Figure 4. Schematic of the signal conditioner utilized in this work.

resulting in a drifting output voltage which contributes to
measurement noise and also eventually drives the op-amp into
saturation. Therefore, almost all low frequency applications
involving charge amplifiers employ a finite feedback resist-
ance on the order of MΩ to provide a dc path for the input
bias current, thereby simultaneously reducing the overall time
constant of the system [13, 24, 38]. The input bias currents for
commercial operational amplifiers range from several nA to
fA. The input bias currents also exhibit a direct relationship
with temperature. For a charge amplifier with a smaller time
constant, the effect of input bias currents is negligible. How-
ever, as the time constant is increased, the accumulated error
over time becomes larger than the resolution of the pressure
sensor. This inhibits direct measurement using a charge amp-
lifier for static measurements. The drifting voltage also limits
the operational time of the charge amplifier due to saturation.
The voltage drift rate ed can be decreased by using a low bias
current operational amplifier or reducing the voltage gain SQ.
Therefore, in order to maximize the resolution of the pressure
sensor over largemeasurement periods for a given bias current,
the charge sensitivity QP must be maximized. This require-
ment could be achieved by increasing the area of the sensor AS,
but this also increases its capacitance and pyroelectric sensitiv-
ity. Thus, there is a need to develop an effective compensation
design to reduce ed while simultaneously increasing SQ.

Several techniques have been utilized for automated
drift compensation in the literature. We recently proposed
an automated drift compensation topology for near-static
measurements using piezoelectric films [12]. A drawback of
that topology is that the operational time is limited by satur-
ation of the operational amplifier. In order to overcome these
limitations, a compact version of the differential topology for
automated drift compensation is utilized in this work. The
topology is obtained by adding another impedance equal to
the feedback impedance RCCC to the common single-ended
charge amplifier instead of utilizing another op-amp to com-
pensate for drift voltage. The impedance is placed between the
op-amp’s non-inverting input and ground, as shown in figure 4.
The charge amplification stage is followed by a unity gain buf-
fer circuit to provide a low impedance interface to the data

acquisition device. The output voltage VM(s) for a step charge
input to the compensated charge amplifier is given by

VM(s) =

(
SQf
s+ flf

+
SQc
s+ flc

)
sQ(s)+

(
SQfIB−
s+ flf

− SQcIB+
s+ flc

)
,

(14)

where the subscript f corresponds to the feedback part of the
circuit and the subscript c corresponds to the compensating
part of the circuit. Assuming CF = CC, CS ≪ CF, and RF =
RC, (14) is reduced to

VM(s) =

(
2SQf
s+ flf

)
sQ(s)+

{
SQfIB−
s+ flf

(1−αB)

}
, (15)

where αB = IB+/IB−. Due to the differential configuration,
the passband gain SQ of the charge amplifier is twice that of
the basic single-ended configuration. As the cutoff frequency
f lf → 0, the variations in the component tolerances of the capa-
citances CF and input bias currents IB− and IB+ manifest
as error in long time static measurements. Therefore, per-
fectly matched capacitors CF and CC (with leakage resistance
RF > 1 TΩ) and operational amplifiers with low bias currents
(<0.1 pA) and high open loop gain (>100 dB) are required to
minimize drift rate.

The compensated charge amplifier is implemented using a
low offset, ultra low bias current CMOS operational amplifier
LMC6082 (Texas instruments) with a chosen feedback capa-
citance CFA = 10.14 nF and compensating capacitance CCA =
10.16 nF. The open-loop voltage gain of the operational amp-
lifier is AOL = 130 dB and the input resistance RI is chosen
as 1 MΩ. The upper cutoff frequency of the charge ampli-
fier is thus calculated to be 2.47 kHz. Normally-open switches
placed across the feedback and compensating capacitors are
actuated simultaneously prior to the start of the measurement
to reset the circuit by draining any stored charge. The opera-
tional amplifier is powered by three 1.5 V batteries. Polypro-
pylene feedback capacitors are chosen for their high leak-
age resistance values on the order of TΩ. The sensitivity of
the charge amplifier for the active sensor is calculated to be
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Figure 5. (a) Experimental setup inside the wind tunnel for characterizing the PVDF pressure sensor. The pressure measurement panel is a
flat plate with a square cutout that accommodates the cantilever PVDF sensor. The compensating PVDF sensor in compressive mode is
positioned symmetrically on the other half of the flat plate. The applied pressure and temperature are monitored using a reference
piezoresistive pressure sensor and thermocouple, respectively. (b) Machined cutout shown from the back side of the pressure measurement
panel.

Figure 6. (a) Measured reference pressure P at different flow rates. The shaded region indicates the time window when the flow is ON. (b)
Average pressure measured using the reference pressure sensor at different flow rates compared against P= 1

2CDρU
2.

0.19mVpC−1. The uncompensated single-ended charge amp-
lifier accumulates error of 0.25mV over a minute, whereas
the compensated charge amplifier accumulates less than
0.05mV over the same time period. The theoretical pressure
sensitivity KQ,cant of the active cantilever sensor interfaced
with the compensated charge amplifier is thus calculated to be
0.99mVPa−1.

4. Pyroelectric effect in wind tunnel measurements

The pyroelectric response is a consequence of the polariza-
tion temperature dependence, which leads to the appearance

of uncompensated electric charge at the crystallographic sur-
face. The pyroelectric characteristics of PVDF sensors are well
established in the literature [39, 40]. Due to the non-uniform
temperature field in a wind tunnel environment, it is difficult
to experimentally characterize the differential pressure sensor
under constant temperature. Unlike typical force or strain
inputs, an aerodynamic pressure input is almost always accom-
panied by a thermal component. Piezoelectric sensors measure
changes from an initial state. Conventional stress measure-
ments are carried out in a varying environment after sta-
bilization of ambient temperature [13]. Such a stabilization
phase is not possible in a wind tunnel environment. Neglecting
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Figure 7. Responses of the cantilever and compressive PVDF
sensors interfaced with the compensated charge amplifier and
compared against the thermocouple measurements. The solid lines
and dotted lines indicate measurements at low pressure (P= 23 Pa)
and high pressure (P= 85 Pa), respectively. The initial temperature
is 26.8 ◦C.

temperature induced stress, the net charge displacement of a
piezoelectric sensor is the algebraic sum of the piezoelectric
and pyroelectric effects,

D3(t,T) = dij(T)Tj︸ ︷︷ ︸
piezoelectric

+p(T) ∆T(t)︸ ︷︷ ︸
pyroelectric

, (16)

where T is the average temperature, p is the pyroelectric coef-
ficient, and ∆T is the change in average temperature of the
piezoelectric material. For PVDF, the pyroelectric coefficient
at 25 ◦C is specified to be p= 30µCm−2 ◦C−1 [34]. The trans-
fer function relating voltage and change in temperature under
constant mechanical stress is calculated from (15) as∣∣∣∣VM(s,T)∆T(s)

∣∣∣∣
Tj

=
sp(T)ASSQ
s+ fLCF

. (17)

Many piezoelectric sensor applications compensate for the
change in piezoelectric sensitivity due to changes in temper-
ature [30, 41], but applications that compensate for the tran-
sient pyroelectric effect are limited. This is due to the fact
that voltage due to pyroelectricity is generally not signific-
ant in an environment where the rate of change of temper-
ature s∆T(s) ≪ fLCF. However, when the sensor system has
an extremely low cutoff frequency in order to handle near-
static measurements, the pyroelectric sensitivity of the PVDF
sensor becomes significant. For the PVDF sensor utilized in
this work, the pyroelectric voltage sensitivity at 25 ◦C is cal-
culated to be pASSQ= 570mV ◦C−1. In order to isolate the
piezoelectric component from the total voltage response, a
simultaneous measurement of temperature becomes mandat-
ory. The pyroelectric compensator for the active sensor should
have the following characteristics: accurate measurement of
change in temperature; minimal sensitivity to the applied pres-
sure; minimal footprint; simple signal processing; and min-
imal noise.

In this regard, an additional PVDF sensor of the same pyro-
electric sensitivity (pyroelectric coefficient p and sensing area
AS) in compressive mode is introduced. The theoretical pres-
sure sensitivity of the compressive mode sensor KQ,comp is
nearly three orders of magnitude lower than that of the act-
ive cantilever sensor (d33ASSQ = 0.66µVPa−1). Therefore,
within the investigated pressure range, the voltage response
of the compressive sensor can be assumed to be only due to
pyroelectricity. The advantage of this compensation technique
is the possibility of integrating the pyroelectric compensator in
the cantilever PVDF sensor, such that both sensors exhibit the
same transient characteristics. The signal conditioner can also
be constructed on a quad operational amplifier with two amp-
lifiers dedicated for the active sensor and the other two amp-
lifiers for the compensator. Such a construction will provide
compactness and minimal error.

5. Experiments

5.1. Experimental setup

A wind tunnel (X-Stream, Pitsco) is used to experimentally
characterize the performance of the piezoelectric differential
pressure sensor under different pressures. The wind tunnel has
a flow straightener with a 6:1 compression ratio intake bell to
laminarize the flow. The test chamber of the wind tunnel is
500× 300× 300 mm. It is equipped with a handheld control
to adjust the wind speed up to 15 m s−1 and a manometer to
monitor the flow velocity.

The pressure measurement panel is a 100× 100 mm flat
plate with a 12× 12 mm square cutout for mounting the
piezoelectric cantilever sensor. The panel is mounted on a
3D-printed platform. The fabricated cantilever sensor shown
in figure 3 is attached at the square slot using double-sided
tape. A commercial pressure sensor (LQ-062, Kulite) with a
0–35 kPa range and a full scale output of 100mV is utilized
for monitoring the applied pressure [42]. A 10× 10mmPVDF
sensor is used in compressive mode and attached symmetric-
ally on the other half of the flat plate using cyanoacrylate glue
as shown in figure 5. The temperature change due to the airflow
is monitored with an AWG40 thermocouple (Omega Engin-
eering). The measurements are recorded using a data acquisi-
tion system (NI 9239, National Instruments) at a sampling rate
of 10 Hz.

The experimental characterization of the fabricated piezo-
electric sensor is conducted with the wind tunnel turned off for
50 s and then turned on for the next 200 s. The applied differen-
tial pressure is monitored using the reference pressure sensor
and the flow rate is monitored using a manometer connected to
the wind tunnel. Due to the low sensitivity of the piezoresistive
sensor, the measured signal is smoothened using the Gaus-
sian method (50 points) after removing the residual unbalance
present before each test. It is assumed that the applied pres-
sure is symmetric laterally across the panel surface [43]. The
flow is turned off immediately after 200 s and the data is collec-
ted while the temperature goes back to equilibrium for another
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Figure 8. (a) Measured voltage of the compressive mode PVDF sensor versus change in temperature when the flow is ON compared against
the voltage predicted by the model,VD = pASSQ∆T. The error bars indicate the variation in the measured voltage for a given change in
temperature. (b) Measured pyroelectric sensitivity for different input flow rates.

Figure 9. Measured differential voltage (VD−VA) at different input
flow rates.

50 s. The next measurement is taken after resetting the charge
amplifier circuit to zero.

5.2. Experimental results

Figure 6(a) shows the smoothened pressure values measured
by the commercial pressure sensor at different flow rates. The
pressure sensor has poor response at low flow rates due to
its sensitivity. However, at higher flow rates, the smoothened
response of the commercial sensor is found to be sufficient
to monitor the applied pressure. Assuming laminar flow and
incompressibility, the input flow velocity U is related to the
applied differential pressure P as 1

2CDρU
2 where CD= 1.051

is the drag coefficient of a flat plate at an angle of 80◦ [43] and
ρ is the density of air at 25 ◦C. For flow rates U > 6m s−1,
figure 6(b) indicates that the averaged reference pressures
are in good agreement with the flow rates measured by the

manometer. These pressure values serve as references against
which the piezoelectric sensor is calibrated.

Figure 7 shows the response of the cantilever and compress-
ive PVDF sensors interfaced with the compensated charge
amplifier at two different pressures. The drops in temperat-
ure during the wind tunnel measurements were measured to be
as high as 0.8 ◦C. The secondary y-axis indicates the change
in temperature measured by the thermocouple and is scaled
based on the pyroelectric sensitivity value calculated in the
previous section. Together, the plots demonstrate the static
measurement capability of the signal conditioner. No signi-
ficant phase difference is observed between the thermocouple
and compressive PVDF sensor for either pressure condition.
When the flow is turned on, the cantilever sensor responds
to both pressure and thermal inputs, whereas the compress-
ive sensor responds primarily to temperature. Further, it can
be observed that the average difference between the canti-
lever and the compressive sensor voltages increases with the
increase in the applied pressure P. Once the flow is turned off,
the cantilever sensor voltage (VA) immediately drops to the
level of the compressive sensor voltage (VD), indicating that
the differential voltage |VA−VD| is due to the piezoelectric
component of the signal.

Figure 8(a) shows the relationship between the compress-
ive sensor voltage with respect to change in temperature
at different pressures. Within the investigated range, the
sensor exhibits good repeatability and a linearity of 99%
with respect to the thermocouple, thus validating the assump-
tion of its negligible pressure sensitivity. A compressive-
mode sensor could serve as an excellent alternative to thermo-
couples for high-resolution, low-temperature measurements.
The sensitivity measured from the linear fit of figure 8(a) is
530mV ◦C−1 which is within 7% of the pyroelectric sens-
itivity of 570mV ◦C−1 calculated in section 5. Figure 8(b)
shows the pyroelectric sensitivities calculated at different flow
rates. Within the investigated range, no direct relationship is
observed between the measured pyroelectric sensitivity and
flow rate. The standard deviation in the average sensitivity at
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Figure 10. Comparison of differential voltage responses from the cantilever PVDF sensor with and without the pyroelectric compensation
algorithm. This plot is for the case P= 85 Pa.

different flow rates is calculated to be 27mV ◦C−1, which
is within 5% of the mean pyroelectric sensitivity. The aver-
age pyroelectric sensitivity computed from figure 8(b) is
584mV ◦C−1, which is 2.5% greater than the model result.

5.3. Pyroelectric compensation algorithm

PVDF sensor devices can exhibit profound variation in their
pyroelectric responses owing to a number of extrinsic factors
other than the pyroelectric coefficient p and sensing area AS,
such as the geometric and material parameters of the substrate,
the heat transfer coefficient between the sensor, substrate,
and environment, and the initial temperature [39]. Due to this
variation, pyroelectric response modeling in the time domain
is largely developed using data-driven approaches [31, 44].
Figure 9 shows the differential voltage measured at different
flow rates. A positive correlation between flow rate and dif-
ferential voltage is observed. The differential voltage exhibits
faster response to the applied pressure as observed when the
pressure is turned on or off. However, stability in the com-
pensated response is not achieved until about a minute after
the flow is turned on. This is due to the smaller thermal time
constant (faster response) of the cantilever sensor compared
with the compressive sensor, which is primarily a result of dif-
ferences in heat transfer coefficients and temperature variation
as a result of the airflow. This difference in transient thermal
characteristics is observed as large variations in the differen-
tial voltages in figure 9. Further, it can be seen that the resid-
ual offset due to different thermal characteristics could be as
high as 25mV after the flow is turned off. Therefore, a simple
empirical approach is adopted to adjust the pyroelectric sens-
itivity of the cantilever sensor to minimize the residual offset
and thereby improve the resolution of the pressure sensor.

The algorithm involves adjusting the gain of the cantilever
sensor by a correction factor η, such that when the air flow is
turned off (250–300 s) the difference between the cantilever
and the compressive sensor voltages is minimal. The gain is
adjusted for each run and the correction factor is recalculated
to minimize residual error after the flow is turned off. The next
measurement is taken after the differential voltage is free of
any residual thermal drift. The different components of the
compensation algorithm are shown in figure 10. The correc-
tion factor η is estimated such that

η = arg min
t=300∑
t=250

[VD(t)− ηVA(t)]
2
. (18)

The above regression model uses a trust-region reflective
least squares method, which allows for estimation of the cor-
rection factor η driving the model. The corrected compensat-
ing voltage ηVA(t) is then subtracted from the response of the
compressive sensor to obtain its response due to pressure input
only, as shown in figure 10. As observed in figure 8(b) in the
pyroelectric performance of the compressive sensor, no direct
relationship is observed between the applied pressure P and
correction factor η.

The temperature compensation algorithm is applied to the
measured voltage of the cantilever sensor for each test, yield-
ing the compensated voltage responses shown in figure 11(a).
Once the compensated voltage reaches steady state, the sensor
is able to resolve the static differential pressure up to 10 Pa.
Figure 11(b) demonstrates the linearity of the cantilever pres-
sure sensor. The mean voltage computed in the stabilized
region (150–250 s) exhibits good linearity of 97.3% with
respect to the reference pressure sensor in the same region.
The sensitivity of the sensor thus obtained by linear regression
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Figure 11. (a) Compensated voltages (VD− ηVA) of the cantilever pressure sensor at different differential pressures. (b) Average
compensated voltage (dashed red line) versus measured pressure (red markers) compared against the theoretical sensitivity (dotted black
line).

of the corresponding data points is 1.05mVPa−1. The theor-
etical (model) sensitivity is calculated using (13) and (14) to
be 0.99mVPa−1. The measured sensitivity is slightly higher
by 5.7%, primarily due to the presence of residual pyroelectric
voltage in the compensated sensor voltage.

6. Concluding remarks

This work demonstrates near-static differential pressure sens-
ing with a cantilever PVDF unimorph by interfacing it with
a novel compensated charge amplifier design. A generalized
expression for deflection and polarization of piezoelectric
bending unimorphs is developed in order to model deflec-
tion and charge sensitivities for the PVDF cantilever unim-
orph under uniform pressure loading. An analytical design
framework is presented for maximizing the charge sensitiv-
ity of the sensor while meeting the deflection sensitivity target
of 0.5µmPa−1. The conflicting requirements of maximizing
the time constant and minimizing the voltage drift of a basic
charge amplifier for near-static measurements is addressed by
designing and implementing a drift compensation circuit using
commercially available components. The fabricated sensor is
experimentally characterized from 0 to 80 Pa input pressure
using a laboratory wind tunnel. The pyroelectric response is
compensated by incorporating a compressive-mode pressure
sensor interfaced with a similar compensated charge amplifier.
The advantage of the proposed compensation technique is that
noise is minimized in the compensated voltage output because
the pressure and compensation sensors utilize the same piezo-
electric measurement principle, unlike thermocouple-based
compensation techniques. Also, there is a possibility of pack-
aging the compensator within the cantilever structure through
micro-fabrication. Owing to different thermal time constants,
airflow rate, and effect of initial temperature on the decay
response of the cantilever and compressive sensors, the gain

of the cantilever sensor is adjusted by a calibration factor. The
sensor has a measured sensitivity of 1.05mVPa−1, exhibits
good linearity of 97.3% with respect to the mean reference
pressure, and has an average resolution of 10 Pa. Themeasured
sensitivity closely matches the theoretical sensitivity, having
an error of <5.7% within the investigated range. The residual
error and necessity of a compensation algorithm can be fur-
ther eliminated through design of a pyroelectric compensator
with matched thermal characteristics. This can be achieved by
integrating the pyroelectric compensator onto the active sensor
itself such that both sensors exhibit the same transient thermal
characteristics.
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