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a  b  s  t  r  a  c  t

A  fundamental  challenge  that prevents  the  implementation  of  piezoelectric  sensors  for  measuring
extremely  low  frequency  (<1 mHz)  events,  such  as  aerodynamic  pressure  measurements,  earthquake
detection,  and  physiological  monitoring,  is  their  inability  to measure  static  or  very  low  frequency  signals.
To  enable  near  static  measurements,  we present  a low-noise,  differential  charge  amplifier  topology  that
performs  real-time  cancellation  of drift in  the output  voltage  while  simultaneously  increasing  the gain
of a  conventional  charge  amplifier.  A sensing  frequency  range  from  0.01  mHz  to  310  kHz  with  a  voltage
drift  reduction  of  up to 95% is demonstrated.  A  theoretical  sensitivity  increase  of up  to  30  dB  is  achieved
with  the proposed  topology  compared  to  a  basic  charge  amplifier  with  the  same  component  tolerances,
time  constant,  and  allowable  drift rate. The  proposed  circuit  is interfaced  with  a  piezoelectric  PVDF  film
for evaluation  of  performance  in  the  time  and  frequency  domains.  The  measured  voltage  from  uniaxial
ompensated charge amplifier
tatic sensing

near  DC  strain  measurements  stays  within  3% over  a  measurement  period  of 500  s. The paper  further
describes  a  linear  piezoelectric  strain  sensor  model  and  the  various  factors  that  influences  the charge
output,  loading  effect,  and  lateral  cross-sensitivity  of  the  sensor.  The  calculated  strain–voltage  relation-
ship  or  the  gage  sensitivity  agrees  well  with  the  measurements  with  a linearity  error  of  less  than  5%  up
to 1 millistrain.
. Introduction

There is a need for non-intrusive, low profile, and high-
erformance strain sensors in a range of applications from human
otion monitoring [1] to high end torque measurements [2].
imensional changes and structural deformations form the sensing
echanism of resistive and capacitive strain gages. The gage fac-

or of a resistive or capacitive sensor is respectively proportional to
he ratio of resistance or capacitance change over measured strain.
ommercial metal-foil based strain sensors possess gage factors

n the range of 1–3, whereas semiconductor-based piezoresistive
ensors achieve gage factors greater than 100 [3]. Piezoresistive
ensors use a full Wheatstone bridge to convert resistance change
o output voltage. Strain resolution is defined as the smallest strain

 sensor can reliably indicate above the peak-to-peak range of the
oise in the output voltage. For a given gage factor, the voltage
ensitivity of a piezoresistive sensor is proportional to the bridge

xcitation voltage VE [4]. However, increasing VE also amplifies
he transducer noise, thus limiting the resolution of the sensor
nless other design constraints, such as size, power consumption,
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and complexity of the conditioning electronics, are relaxed. Capac-
itive strain sensors are advantageous considering their low power
requirement, low electrical noise, and cost-effectiveness. However,
they exhibit low sensitivity and a slower response time when sub-
jected to large strains compared to piezoresistive sensors [5].

Polyvinylidene fluoride (PVDF) is a flexible polymer that exhibits
strong piezoelectricity in its ˇ-phase. It can be manufactured as a
thin sheet and is conformable to arbitrarily shaped structures. Its
elastic modulus is approximately a thirtieth of piezoceramics such
as PZT, thus making it non-intrusive for large strain or high fre-
quency measurements [6]. Despite its relatively low piezoelectric
charge coefficient, it is suitable for high frequency applications due
to its low density. Table 1 compares the relevant parameters of
current strain sensing technologies. One of the fundamental draw-
backs of piezoelectric sensors is their inability to hold the charge
displaced by a stress applied to it. Thus, they are intrinsically unsuit-
able for the measurement of static or low frequency strain inputs.
For this reason, they are mostly used in strain rate measurements
[8,9].

Several techniques have been proposed to improve the static
measurement ability of piezoelectric sensors. These techniques

can be broadly classified into two  types: resonator type and
charge readout type. The resonator type static force measurement
technique involves a piezoelectric structure actuated near its reso-
nance frequency. Any applied stress causes a shift in the resonant

https://doi.org/10.1016/j.sna.2019.111654
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2019.111654&domain=pdf
mailto:dapino.1@osu.edu
https://doi.org/10.1016/j.sna.2019.111654
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Table 1
Comparison of strain sensing technologies.

Technology Type Sensing material Gage factor (25 ◦C) Sensitivity,
VE = 10 V (mV  �ε−1)

Resolution (�ε) Lowest possible measurement
frequency (Hz)

Piezoresistive [3] Metal Constantan 1–3 0.01–0.03 20 DC
Semiconductor Silicon 100–175 1–1.75 0.4 DC
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Capacitive [5] Elastomer SEBS 2 

Piezoelectric [7] Piezoceramic PZT – 

Piezoelectric (this work) Flexible polymer PVDF – 

requency [10] or changes the electrical admittance at a fixed fre-
uency [11]. Therefore, the changes in dynamic characteristics are
elated to the strain in the sensor. However, the low sensitivity
nd the complexity of the associated signal conditioning electron-
cs diminish the advantages of this approach over conventional
iezoresistive strain gages.

The charge readout type involves direct integration of the charge
utput from a piezoelectric sensor using a large time constant
harge amplifier. Due to the compactness and flexibility of this
echnique, it has greatly increased the number of low frequency
pplications of piezoelectric sensors, such as pressure sensing
12], prestress measurements [13], physiological measurements
14], and characterization of the piezoelectric materials themselves
15,16]. The limitation of a large time constant charge amplifier
s a drifting output voltage due to the input bias current of the
perational amplifier that restricts its operational time and direct
eadout capability. Park et al. [17] developed one of the earliest
harge readout algorithms to circumvent this issue. The tech-
ique uses periodic resetting of the feedback capacitor and digital

ntegration of the output signal from the charge amplifier. This
mplementation is similar to the commercially available IVC102
ransimpedance chip demonstrated in long time static load mea-
urements [18]. However, the integrated signal accumulates error
ue to charge injection during periodic switching. Brandolini et al.
19] demonstrated a balanced configuration of the charge amplifier
o overcome this disadvantage, but the proposed circuit performs
igital integration of the measured voltage signal, thus placing

 hard limit on the upper cutoff frequency of the system. Gavin
t al. [20] developed a hybrid digital-analog integrator to eliminate
rift in the output voltage. Though the technique improved the
uasi-static performance of the system, the conventional charge
mplifier performs better in transient operations. A single-ended
rift compensation technique was demonstrated using a compen-
ated charge amplifier for near static force measurements [21]. Its
rawback is that unwanted current signals such as DC offset or

nput bias currents appear as common-mode current.
A differential-input, differential-output configuration offers

 clear advantage over a single-ended configuration for better
ignal-to-noise ratio [22]. However, the design of a discretely
mplemented large time constant differential charge amplifier with

 characterization of its effect on sensor calibration for long time
tatic and low frequency (under 20 Hz) dynamic measurements
s not available in the literature. The potential applications that
ould benefit from these measurement capabilities include surface
ressure measurements in automotive wind tunnel experiments,
arthquake detection, physiological monitoring, and characteriza-
ion of the relaxation response of highly compliant structures. The
bjective of this article is to demonstrate a straightforward differ-
ntial compensated charge amplifier using discrete components for
ear static and low frequency strain measurements with piezoelec-
ric strain sensors. The proposed configuration provides real-time
rift cancellation through parallel charge amplifiers with equal

harge sensitivity, enabling a direct readout of the state of strain in
he sensor. The signal processor is simple, small, and typically con-
umes power on the order of a few milliwatts. Hence, it is attractive
or applications where the sensor and the associated electronics
– 25 DC
50 ≈10−4 20
0.29 0.25 10−5

can only be powered using low power batteries or energy har-
vesters. The differential configuration of the charge-amplification
stage with only capacitors further improves the signal-to-noise
ratio of the sensor relative to a basic charge amplifier.

A generalized piezoelectric strain sensor model is presented in
Section 2. A single-ended basic charge amplifier model is devel-
oped and the effects of sensor and feedback impedances on the
sensitivity, time constant, and voltage drift rate are presented in
Section 3. A compensated charge amplifier topology and the effect
of component tolerances on the sensitivity and residual voltage
drift rate are discussed in Section 4. Characterization experiments
aimed at evaluating the performance of the uniaxial PVDF strain
sensor interfaced with the proposed circuit topology are presented
in Section 5. The experiments are further utilized to validate the
developed strain sensor model under static and low frequency
strain inputs.

2. Piezoelectric strain sensors

Piezoelectric transducers produce strain in response to an
applied electric field or generate charge displacement as a result of
applied mechanical stress. Fig. 1 shows the usual coordinate axes
of a piezoelectric sensor. Based on the planar nature of the piezo-
electric laminae, it can be assumed that any line perpendicular to
the neutral plane of the host structure before deformation remains
perpendicular after deformation. Thus, a plane stress approxima-
tion can be used to model the stress induced on the sensor [23].
Due to the lower thickness and elastic moduli of the piezoelectric
strain sensor in comparison with the host structure, the effect of
shear lag due to the thickness of the adhesive layer is negligible [6].
Assuming isothermal conditions with no externally applied elec-
tric field and also neglecting the effect of electric field due to the
generated charge displacement, the decoupled linear piezoelectric
equations are given by

D3 = d31T1 + d32T2 (1){
T1

T2

}
= Y1

1 − �1�2

⎡
⎣ 1 �1

�2
Y2

Y1

⎤
⎦

{
ε1

ε2

}
, (2)

where D3, ε1, and ε2 are the electric displacement and in-plane
strains along the directions specified by the subscripts, respec-
tively; T1 and T2 are the in-plane stresses in the piezoelectric
sensor; Y1 and Y2 are the in-plane elastic moduli; �1 and �2 are
the Poisson’s ratios along the in-plane directions. The piezoelectric
charge coefficients are given by d31 and d32.

The electric displacement in terms of the in-plane strains is
obtained using (2) in (1) as

D3 = 1
1 − �1�2

[(d31 + �2d32)Y1ε1 + (d32 + �1d31)Y2ε2]. (3)

Integration over electrode area AS gives the net charge produced

by the sensor,

Q = 1
1 − �1�2

[
(d31 + �2d32)Y1 ε1dAS + (d32 + �1d31)Y2 ε2dAS

]
.

(4)
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Fig. 1. Schematic of a piezoelectric strain 

Table 2
Comparison of elastic moduli, charge coefficients, and lateral sensitivity coefficients
of  different piezoelectric materials.

Parameter PVDF [25] PZT-5H [6,26] MFC  [27]

Y1 (GPa) 2–4 71 30
d31 (pC N−1) 21 −274 −170
�1 0.35 0.31 0.31
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ar 0.6 1 0.52
dr 0.22 1 0.59
�  0.33 1 0.43

ote that the piezoelectric strain sensor generates charge propor-
ional to the average in-plane strains on the sensor. As a result, if
here are large strain variations along the surface area of the sensor,
he calculated strain due to the charge output would not represent
he maximum strain. Also, in the case of stress propagation, the
harge output from the sensor will not only depend on the ampli-
ude of the stress wave but also on its frequency [24]. Thus, the
osition, shape, and dimensions of the sensor have to be chosen
uch that the variation along the gage area of the sensor is minimal.
he distributed measurement over large surfaces with piezoelec-
ric sensors is an advantage over resistive gages in shape estimation
lgorithms [5]. Letting

r = Y2

Y1
= �2

�1
and dr = d32

d31
,

4) can be rewritten as

 = Y1d31

1 − ar�2
1

[
(1 + ardr�1) ε1dAS + ar(dr + �1) ε2dAS

]
. (5)

he process of stretching the film during manufacturing orients
he polymer chains in a specific direction and renders the material
lastically anisotropic and piezoelectrically orthotropic. For some
iezoelectric films that are drawn four times their original length,
he Poisson’s ratios exceed the upper limit of an isotropic material,
.e., � > 0.5 [23]. Let � be the lateral sensitivity coefficient of the
ensor defined as

 = ar(dr + �1)
(1 + ardr�1)

. (6)

For typical piezoelectric materials, ar varies from 0.5 to 1 and

r varies from 0.1 to 1. Table 2 shows the properties of differ-
nt piezoelectric materials. It is noted that the assumptions of
on-directionality, i.e., ar = 1, and no lateral cross-sensitivity, i.e.,
r = 1, would lead to significant error in uniaxial strain measure-
sensor attached to a host structure.

ments. Therefore, in those cases, more than one sensor is typically
required to isolate the principal strains [9]. PVDF exhibits the
least cross-sensitivity to lateral strain among typical piezoelectric
materials. It is also at least six times more compliant than macro-
fiber composites (MFC) and thirty times more compliant than PZT.
These characteristics make it suitable for strain sensing applica-
tions in spite of its lower piezoelectric coefficients. Piezoelectric
materials exhibit pyroelectricity under non-isothermal conditions.
Thus, measurement of static or near static strain inputs requires
compensation techniques to remove the pyroelectric component.
Averaging the values of ε1 and ε2 over the electrode area AS, (5) can
be written in the Laplace domain s as

Q (s) = Y1d31AS(1 + ardr�1)

1 − ar�2
1

[ε1(s) + �ε2(s)]. (7)

Finally, assuming pure bending of the host structure, the induced
longitudinal strain ε1 in a rectangular piezoelectric film can be
related to its lateral strain ε2 using the Poisson’s ratio of the host
material �b as ε1 = −�bε2. Thus, the uniaxial strain-charge sensitiv-
ity Sε of a rectangular piezoelectric sensor is given by

Sε(s) = Q (s)
ε1(s)

= Y1d31lSwS(1 + ardr�1)(1 − ��b)

1 − ar�2
1

, (8)

where lS and wS are the length and width of the rectangular gage,
respectively. The above equation suggests that the strain-charge
relationship of the piezoelectric sensor is independent of frequency.

3. Charge amplifiers

Charge amplifiers are transimpedance circuits with first-order
high pass filter characteristics that convert the charge produced
by a piezoelectric sensor into measurable voltage [22]. A basic
charge amplifier can be realized using discrete electronic compo-
nents designed with an operational amplifier and an RC feedback
network as shown in Fig. 2. A piezoelectric sensor can be modeled
as a capacitor CS, with a finitely large output impedance RS con-
nected in parallel to a charge source QS. For designs meant for near
static applications, we  analyze the circuit in the frequency and time
domains. Ideally, the operational amplifier is assumed to possess
infinite open-loop gain and infinitely high input impedance. For

realistic analysis, the operational amplifier will be assumed to pos-
sess large but finite input resistance RA; thus there are bias currents
IB− and IB+ that flow into its inverting and non-inverting terminals,
respectively.
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ig. 2. Schematic of a piezoelectric sensor connected to a basic charge amplifier
ith feedback capacitance CF and resistance RF .

.1. Frequency domain characteristics of a basic charge amplifier

Realistically, the frequency characteristics of a basic charge
mplifier are those of a band-pass filter with its lower cutoff fre-
uency determined by the sensor impedance ZS and the feedback

mpedance ZF. The upper cutoff frequency is determined by the
ow pass transfer function A(s) of the operational amplifier [28].
he parasitic impedance contributed by leads and the operational
mplifier is absorbed into the model ZS. Therefore, the voltage per
harge transfer function of a basic charge amplifier is given by

Q (s) = VM(s)
Q (s)

= − sA(s)ZSZF
ZS

{
A(s) + 1

}
+ ZF

, (9)

here

S(s) = RS
sRSCS + 1

, ZF (s) = RF
sRFCF + 1

, (10)

nd RF and CF are the feedback resistance and capacitance, respec-
ively. The transfer function of the operational amplifier A(s) is
escribed as a first-order transfer function

(s) = AOL
s�A + 1

, (11)

here AOL is the DC open-loop voltage gain and �A is the time con-
tant of the operational amplifier. We  define the resistance ratio
R = RS/RF and the capacitance ratio �C = CS/CF. Therefore, using (10)
nd (11) in (9), one obtains the magnitude of the transfer function
f the charge amplifier as

HQ (s)| =

(
AOL
CF

)
s

�O(1 + �C )s2 +
{

1 + AOL + �C + �A
RF CF

(
1 + 1

�R

)}
s + 1

RF CF

(
1 + AOL + 1

�R

) .
(12)

Since �A « RFCF, the magnitude of the transfer function of the
harge amplifier at lower frequencies is reduced to a first order
quation

HQ (s)
∣∣ =

(
AOL
CF

)
s{

1 + AOL + �C + �A
RFCF

(
1 + 1

�R

)}
s + 1

RFCF

(
1 + AOL + 1

�R

) .
(13)

he lower cutoff frequency f of the above system is
LC

LC = 1
RFCF

{
1 + AOL + 1

�R

1 + AOL + �C + �A
RFCF

(
1 + 1

�R

)
}

(14)
Sensors and Actuators A 301 (2020) 111654

and the passband gain or calibration factor SQ is

SQ = 1
CF

{
AOL

1 + AOL + �C + �A
RFCF

(
1 + 1

�R

)
}

= 1  − ˛Q
CF

, (15)

where

˛Q = SQ,ideal − SQ
SQ,ideal

is the reduction in the passband gain relative to ideal gain
SQ,ideal = 1/CF. For ideal operational amplifiers, i.e., AOL → ∞,  the
lower cutoff frequency and the passband gain reduce to fLC = 1/RFCF

and SQ = 1/CF, respectively, and thus become independent of sen-
sor parameters. However, the effects of sensor parameters on fLC
and SQ are not negligible for an operational amplifier with finite
open loop gain. The lower cutoff frequency and the circuit gain are
related since increasing the gain reduces the time constant of the
system.

To illustrate the effect of sensor impedance on the passband
sensitivity of the basic charge amplifier, we assume a typical dis-
crete implementation of a large time constant charge amplifier with
AOL = 80 dB, �A = 1.6 ms,  and CF = 100 nF and further let piezoelectric
capacitance and resistance be CS = 1 nF and RS = 1 G�, respectively.
Fig. 3(a) shows that for constant RF = 1 T� and �R = 0.001, there is a
greater reduction in gain �˛Q for higher capacitance ratios �C and
lower open loop gains AOL. For low capacitance ratio �C, the cali-
bration factor remains unaffected by parasitic capacitances, such as
wire leads. Therefore, an inverting charge amplifier configuration
is advantageous over a non-inverting voltage follower configura-
tion. Fig. 3(b) shows that for constant CF = 100 nF and �C = 0.01, the
resistance ratio �R should be greater than at least 0.01 in order to
achieve a targeted time constant of 105 s. This criterion for input
resistance is generally met  by most piezoelectric sensors for low
frequency operations at room temperature.

3.2. Time domain characteristics of a basic charge amplifier

The main drawback of a large time constant charge amplifier is
its sensitivity to input bias current that results in a drifting output
voltage. The input bias currents IB− and IB+ primarily originate at
the supply voltage and flow into the corresponding terminals of the
operational amplifier. Therefore, almost all applications involving
charge amplifiers employ a finite feedback resistance on the order
of M� to provide a DC path for the input bias current, thereby simul-
taneously reducing the overall time constant of the system [7,6,29].
The input bias current for commercial operational amplifiers ranges
from several nA to fA. The input bias currents also exhibit a direct
relationship with temperature. Hence, the net charge that is accu-
mulated in the feedback capacitor is not only the charge generated
by the piezoelectric sensor, but also the charge due to the input
bias current. Using (13), the voltage response VM(t) to an ideal step
charge input Q(t) is thus given by

VM(t) = SQ (Q (t) + IB−t)e−t/� = SQQ (t)e−t/� + ed, (16)

where � = 1/2	fLC is the time constant of the system and
ed = SQIB−te−t/� is the voltage drift rate.

Fig. 4 illustrates the effect of input bias current IB− when the
system is subjected to an ideal step charge input Q(t) = 1 nC for con-
stant CF = 100 nF and different RF values. For a charge amplifier with
a small time constant, the effect of IB− is negligible. However, as the
time constant is increased, the accumulated error over time could

be much larger than the calibrated sensor resolution. This inhibits
direct measurement readout using a charge amplifier for static
measurements. The drifting output voltage also limits the opera-
tional time of the charge amplifier due to saturation. Therefore, the
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Fig. 3. (a) Effect of capacitance ratio �C on passband gain SQ , (b) effect of resistance ratio �R
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ig. 4. Time response of a basic charge amplifier subject to an ideal step input having
n  operational amplifier with IB− = 2 pA (solid lines) and IB− = 0 (dashed lines) for
ifferent feedback resistances, RF .

ime taken for the output voltage to saturate with no charge input
s given as

sat = VS
SQ IB−

, (17)

here VS is the upper rail voltage. For a given charge sensitivity, the
perational time of the charge amplifier can be increased by using

 low input bias current operational amplifier (<2 pA) at a higher
upply rail voltage. In addition to voltage drift due to input bias
urrents, an operational amplifier can also have a constant offset
oltage. However, for long time static measurements, the influ-
nce of offset voltage is typically an order of magnitude lower than
he voltage drift. In general, the offset voltage can also be reduced
y utilizing an operational amplifier with a high common-mode
ejection ratio [22].
Finally, Fig. 5(a) shows the inverse relationship between SQ and
 for RF = 1 T� and Fig. 5(b) shows the direct relationship of ed with

B− and SQ. It is observed that a smaller SQ is desired for maximiz-
ng � and minimizing ed. For example, if IB− = 2 pA, the maximum
on lower cutoff frequency fLC for different DC open loop gains AOL of the operational

attainable circuit gain is 0.004 mV  pC−1 for an application requiring
� ≥ 105 s and ed ≤ 10 �V s−1. This value is very low for most prac-
tical applications and requires a higher strain sensitivity Sε. Thus,
there is a need to develop an effective methodology to reduce ed
while simultaneously increasing SQ.

4. Proposed compensated charge amplifier topology

Various techniques for automated drift compensation have
been proposed in the literature [20,30,31]. Most of these solutions
have been developed for specific applications and require complex
implementation schemes. This article proposes a straight-forward,
analog implementation of a differential charge amplifier topology
that effectively compensates for drift in the output voltage and
simultaneously doubles the gain of the basic charge amplifier. The
underlying principle of this technique is real time drift cancella-
tion through construction of a parallel charge amplifier of equal
charge sensitivity. The second stage of this parallel configuration is
the inverting amplification stage, which provides further drift com-
pensation and also compensates for the gain reduction in the first
stage due to large time constant requirements. The proposed topol-
ogy provides a differential output, thereby reducing ground loop
noise. Further, the output voltage always corresponds to the state
of strain in the sensor, providing a direct measurement readout.

Consider the differential compensated charge amplifier topol-
ogy in Fig. 6 with passband sensitivities SQ1 and SQ2 and lower
cutoff frequencies fLC1 and fLC2. The input bias currents flowing into
the corresponding inverting terminals of the operational amplifiers
are IB1− and IB2−. Generally, IB1− is assumed to be equal to IB2−
[14,19,22] but the variation between the bias currents accumulates
as error and becomes significant for long time static measurements.
Let insulation resistances of the capacitors RF1 and RF2 equal 1 T�.
The output from the first stage is fed into standard inverting ampli-
fiers with gains given by rG1 = −R2/R1 and rG2 = −R4/R3. Using (13),
the output voltage VM(s) for a step input to the compensated charge
amplifier is given by

VM(s) =
(
SQ1rG1

s + fLC1
+ SQ2rG2

s + fLC2

)
sQ (s) +

(
SQ1rG1

s + fLC1
IB1− − SQ2rG2

s + fLC2
IB2−

)
(18

Let the tolerances of the feedback capacitance, inverting

gain, and input bias current be tC, tr, and tB, respectively.
Then SQ2 = SQ1/(1 − tC), rG2 = (1 − tr)rG1, fLC2 = fLC1/(1 − tC), and
IB2− = IB1−(1 − tB). The effect of variations in insulation resistances
of the capacitors is neglected. Therefore, the voltage/charge trans-
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Fig. 5. (a) Time constant � vs. charge sensitivity SQ of a basic charge amplifier for RF = 1 T�, (b) effect of charge sensitivity SQ and input bias current IB− on voltage drift rate ed .
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Fig. 6. Schematic of the piezoelectric sensor interfaced with

er function for the compensated charge amplifier in the Laplace
omain is given by

CQ (s) = VM(s)
Q (s)

= sSQ1rG1

{
s(2 − tC − tr) + fLC (1 − tr)

s2(1 − tC ) + sf LC (2 − tC ) + f 2
LC

}
(19)

nd the residual drift rate in the Laplace domain is given by

CD(s) = SQ1rG1IB1−

{
s(tr + tB − tr tB − tC ) + fLC (tr + tB − tr tB)

s2(1 − tC ) + sf LC (2 − tC ) + f 2
LC

}
.

(20)

or a large time constant system, i.e., fLC → 0, the passband gain of
he compensated charge amplifier SCQ and the residual drift rate ır

re given by
CQ = SQ1rG1

(
2 − tC − tr

1 − tC

)
and ır = SQ 1rG1IB−

(
tr + tB − tr tB − tC

1 − tC

)
.

(21)
oposed differential compensated charge amplifier topology.

Finally, if there is no component variation, (21) reduces to

SCQ = 2rG1SQ1 and ır = 0. (22)

If the first stage is followed by a unity gain inverting amplifier, i.e.,
rG1 = 1, and the component tolerances become zero, the sensitiv-
ity of the compensated charge amplifier is twice that of the basic
charge amplifier with no residual drift. Thus, it allows for increasing
the static sensitivity of the system, only limited by time constant
requirements. However, in practice, the mismatch between com-
ponents yields a small residual drift in the system.

For a discretely constructed charge amplifier, the components
can be commercially procured with tC ≤ 1%, tr ≤ 1%, and tB ≤ 5%.
Fig. 7 shows the effects of circuit gain SCQ and input bias current IB1−
on the residual drift rate ır. A reduction of 93% of the original drift

error can be achieved with the proposed topology for the above
component tolerance limits. It should be noted that even though
the voltage drift rate has been reduced, this does not prevent the
operational amplifier from saturating. However, for a given circuit
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Fig. 7. Effect of SCQ and IB− on �r for tR = 1%, tC = 1%, and tB− = 5%.

ain, the saturation time of the proposed configuration is twice that
f the basic configuration. Considering the previously stated exam-
le application requirements of � ≥ 105 s and ed ≤ 10 �V s−1 with

B− = 2 pA, a static sensitivity SCQ of up to 0.15 mV  pC−1 is achieved.
his is 30 dB higher than the sensitivity that can be achieved with

 basic charge amplifier of the same configuration. The saturation
ime tsat for the above configuration without an intermittent reset
s 9.2 h, which is finite but sufficient for the example requirements.

hile there could be cases where the desired sensitivity from a
ignal conditioner can be achieved by modifying both feedback
apacitance and inverting gain, it is always recommended to keep
he inverting gain at a minimum for better noise immunity and
igher frequency bandwidth [22]. Higher gain set by the second
tage also tends to amplify the residual offset voltage. However,
igher residual offset can be decreased by introducing a voltage
ias at the non-inverting terminal of either of the charge ampli-
ers. The errors due to residual charges in the feedback capacitors
t the start of the measurement can be eliminated by implement-
ng reset switches SF1 and SF2 across them, which forces the output
oltage to zero prior to the start of the measurement. Since no inter-
ittent switching operation is performed during the measurement

s in [18,19], error due to charge injection is also kept at a mini-
um.  Finally, bias current tolerances can be minimized by using

perational amplifiers fabricated on the same chip [19]. Hence,
he proposed topology can be implemented on a quad operational
mplifier that provides both compactness and minimal error. Since
he input bias current increases with an increase in temperature,
he residual drift also increases, warranting a tighter component
olerance or a constant temperature environment.

. Experimental measurements (setup, results, and
iscussion)

An experimental investigation is conducted in order to char-
cterize the standalone drift cancellation performance of the
roposed charge amplifier and to demonstrate the suitability of
VDF as a highly sensitive active material for near static and low
requency strain measurements. A cantilever beam is chosen as a
epresentative structure to demonstrate the performance of the
VDF strain sensor. The static performance of the strain sensor is
ested through application of constant loads and the low frequency
erformance of the strain sensor is tested through application of
inusoidal displacement inputs with an electrodynamic shaker.

ince the shaker could not produce inputs below 0.01 Hz, the low
requency performance is evaluated from 0.01 Hz to 20 Hz. It will
e shown that the strain sensitivity of the sensor at dc is measured
o be same as the sensitivity at 0.01 Hz. The experiments are also
Sensors and Actuators A 301 (2020) 111654 7

used to validate the strain sensor model presented in Section 2. All
measurements are carried out at room temperature set at 23 ◦C.

5.1. Construction and standalone performance of the proposed
charge amplifier

The compensated charge amplifier shown in Fig. 6 is constructed
using a quad low offset, low input bias current J-FET operational
amplifier TL034CN (Texas Instruments) with a chosen feedback
capacitance value CF1 = 100.5 nF and an inverting gain rG1 = 1. Both
the capacitive and the resistive tolerances tC and tr were measured
to be less than 1%. The open-loop voltage gain of the operational
amplifier is AOL = 81.5 dB and the input resistance of the opera-
tional amplifier is on the order of a T� at room temperature [32].
Normally-open switches placed across the feedback capacitors are
actuated simultaneously prior to the start of the measurement to
reset the circuit by draining any stored charge. An isolated dc power
supply is used to supply VS = ±5 V to the operational amplifier. The
feedback capacitors are chosen to be of polypropylene type for
their high leakage resistance values on the order of T�. Therefore,
the static charge sensitivity of the compensated charge amplifier
is calculated to be 0.02 mV  pC−1 with a lower cutoff frequency
of 0.01 mHz  and an upper cutoff frequency of 310 kHz. The mea-
surements were recorded using an analog input module (NI 9239,
National Instruments) every 50 ms  for a total duration of 500 s.

Fig. 8(a) demonstrates the reduction in drift error due to the
compensation. Both of the measured voltages from the individual
basic charge amplifiers VM1 and VM2 show a linearly increasing
trend due to the input bias currents IB1− and IB2−, respectively.
A linear fit yields voltage drift rates of 9.6 �V s−1 and 9.9 �V s−1,
respectively, with coefficient of determination R2 greater than
0.99 for both. The output voltage VM exhibits a residual drift ır

of 0.3 �V s−1, which represents a 95% reduction from the origi-
nal drift. The residual drift is likely due to variations between the
input bias currents of the quad operational amplifier, since the feed-
back capacitances are chosen to be equal. Fig. 8(b) shows the input
referred noise spectrum of the individual basic charge amplifiers for
the proposed charge amplifier at low frequencies (5 mHz  to 10 Hz).
In addition to an order reduction in the 1/f  noise near dc, an over-
all noise reduction of 15 dBVRMS is obtained due to an increase in
common mode voltage rejection. The performance of the system
is thus comparable to an expensive 20 fA ultra-low bias current
operational amplifier. The above compensation scheme can also be
implemented with this ultra-low bias current operational ampli-
fier to further reduce the drift error, especially for applications that
require higher circuit gain or longer operational time.

5.2. Static performance of PVDF strain sensor

In order to evaluate the static measuring capability of the PVDF
strain sensor interfaced with the compensated charge amplifier, a
rectangular sheet of polymethyl methacrylate (Plexiglass® PMMA)
with the dimensions and properties given in Table 3 is used. A screw
projects from the center of the beam to facilitate application of
the required force or displacement. The rectangular beam is then
clamped at one of its ends using a rigid steel plate in a cantilever
configuration as shown in Fig. 9. A PVDF film (LDT-028K, TE Con-
nectivity) with the dimensions and properties given in Table 3 is
then bonded at the root of the cantilever. The cantilever beam is
set up on an MTS  Criterion® load frame with the load applied at the
screw tip. The applied load is measured using an MTS  load cell (LPS
504). The electrical leads from the PVDF film are connected to the

differential terminals of the compensated charge amplifier and the
output voltage VM is recorded every 50 ms  for 500 s.

Substituting the values from Tables 2 and 3 in (8), the strain-
charge sensitivity of the PVDF strain sensor Sε is calculated to be
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Fig. 8. (a) Measured long time performance of the compensated charge amplifier without PVDF, (b) measured noise spectrum of the compensated charge amplifier.

Table 3
Mechanical properties of the host structure and the PVDF film.

Properties of the host structure Properties of the PVDF film

Parameter Units Value Parameter Units Value

Cantilever span, lB mm 50.84 Length, lS mm 30
Overall length, lO mm 101.68
Width, wB mm 42.16 Width, wS mm 12
Thickness, tB mm 1.7 Thickness, tS �m 28
Elastic  modulus, YB GPa 3.3 Elastic modulus, YS GPa 2
Poisson’s ratio, �B No units 0.4 Poisson’s ratio, �S No units 0.35
Density, 
B kg m−3 1180 Density, 
S kg m−3 1780

in sen

1
a
c
t
t
l

ε

Fig. 9. Experimental setup of host structure with PVDF stra

3.43 pC �ε−1. Coupling this sensor to the compensated charge
mplifier of SCQ = 0.02 mV  pC−1, the overall strain sensitivity SP is
alculated to be 0.2953 mV  �ε−1. Neglecting the inertial effect of
he cantilever for low frequencies, a simplified relation between
he average longitudinal strain in the PVDF film ε1 and the applied
oad F is given by
1 = 6lB
YBwBt2B

F. (23)
sor on a load frame for measurement of static performance.

Two sets of measurements are taken with the applied force rang-
ing from 0.2 N to 1.4 N, which corresponds to average longitudinal
strains in the cantilever from 156 �ε to 1024 �ε. Most strain mea-
surement applications do not exceed this range [6,33]. Since an
ideal step input is not possible with the current setup, the load
is ramped to the desired value using the load frame controller.

The first set of measurements involves the voltages measured from
the individual basic charge amplifiers with respect to ground VM1
and VM2. Their sum would correspond to the response of the basic
charge amplifier with charge sensitivity equal to that of the differ-
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ig. 10. (a) Measured voltages comparing the static performance of the PVDF stra
dashed lines), and ideal step response of the strain sensor model (solid lines) with S
ompensated charge amplifier vs. model.

ntial compensated charge amplifier. In this set, the output voltage
s expected to drift until saturation after the application of load,
ince the saturation time for the operational amplifier is much
ower than the time constant of the electrical circuit. As shown
n Fig. 6, the second set of measurements is taken with the dif-
erential output voltage of the compensated charge amplifier VM.
ig. 10(a) shows the static performance of the PVDF strain sen-
or with the proposed topology compared to the basic topology.
he measured value stays within 3% of the mean voltage over the
ntire measurement period, thus enabling reliable near static strain
easurements.

Fig. 10(b) shows the mean measured voltage with the error bars
epresenting its variation over the holding period. The variation is
idirectional and therefore is suspected to be primarily due to the
yroelectric effect of the PVDF sensor. The pyroelectricity of PVDF is
enerally not significant in a typical lab environment where the rate
f change in temperature is lower than the lower cutoff frequency
f the material [9]. However, our sensor system (sensor and elec-
ronics) has an extremely low cutoff frequency in order to handle
c measurements, so even minor changes in temperature can affect
he sensor system and become confounded with the mechanical

easurement that one is trying to conduct. Other sources of error
nclude the residual drift rate and charge leakage due to the finite
mpedance of the system. Using the values in Table 3 in (23) and SP,
he ideal step response of the system in the time domain is com-
uted and found to be in good agreement with the response of the
ompensated charge amplifier in Fig. 10(a). Based on the static mea-
urements, the time constant of the system is approximately 105 s
ver the measurement window, which corresponds to a lower cut-
ff frequency of 0.01 mHz. This range is sufficient for the purposes of
his study; the methodology proposed can be used to characterize
yroelectricity and residual drift rates over longer time windows, as
eeded. The sensitivity of the sensor thus obtained by linear regres-
ion of the corresponding data points is 0.2937 mV  �ε−1, which is
lightly lower than the model prediction, with 5% linearity error.

.3. Low frequency dynamic performance of PVDF strain sensor

In order to evaluate the low frequency dynamic performance
<20 Hz) of the PVDF strain sensor, a displacement input study
as conducted. The setup for the experiment is shown in Fig. 11.

he rectangular cantilever beam with the geometric and material

roperties given in Table 3 was mounted vertically as shown and
he tip of the cantilever span was fastened onto the base of an
lectrodynamic shaker (Model ET-139, Labworks Inc.). The input
isplacement was kept low, so that the slope at the free end of
sor with the compensated charge amplifier (dotted lines), basic charge amplifier
Q = 0.02 mV pC−1 at different strain levels, (b) comparison of measured voltage from

the cantilever can be assumed zero. The applied displacement is
measured using a laser displacement sensor (Keyence LK-G32). The
displacement characteristics of the electrodynamic shaker are ade-
quate for verifying that the sensitivity is constant and phase lag is
zero up to the 20 Hz limit required for our application. At low fre-
quencies, the relationship between the longitudinal strain ε1 and
tip displacement x for the cantilever beam is given by

ε1 = 1.5tB
l2B

x. (24)

A swept sine test is performed from 0.01 Hz to 20 Hz in order to
verify the performance of the strain sensor at low frequencies. The
sampling frequency is chosen to be 2000 Hz. The digital swept sine
is created using LabView and is converted into an analog output
by an analog-to-digital signal generator (NI 9263, National Instru-
ments) that is fed into the electrodynamic shaker. The experiment
is performed at different displacement levels x = 0.15–0.3 mm,  cor-
responding to longitudinal PVDF strain levels of 172 �ε to 295 �ε.
Similar to the static performance evaluation, two sets of measure-
ments are collected: one with the compensated charge amplifier
and the other with the basic charge amplifier having the same sen-
sitivity. Fig. 12(a) shows a representative time domain swept sine
longitudinal strain input and the corresponding measured voltage
at x = 0.225 mm.  It can be observed that for small duration of mea-
surement, the error due to voltage drift is small (1 mV), but may
become significant for longer measurements or with higher gain.
It also demonstrates the ability of the sensor to measure smaller
strains with the same sensitivity estimated by the static measure-
ments. Fig. 12(b) compares the magnitude and phase of the average
transfer function HPVDF with the computed strain sensitivity. Since
the strain sensitivity of the PVDF sensor at 0.01 Hz is measured to
be the same as the sensitivity at dc, it can be assumed that there
is no change in sensitivity between 0 and 0.01 Hz. The magnitude
of the transfer function is found to be fairly constant up to 10 Hz,
but shows higher deviation from 10 Hz to 20 Hz. The phase dia-
gram shows that the phase difference is minimal at low frequencies
but increases above 5 Hz. These deviations are due to the unmod-
eled dynamics of the cantilever host structure. While the cantilever
structure and the shaker inputs are limited to low frequencies, the
system should be able to measure strains up to the theoretical upper
cutoff frequency of 310 kHz.
6. Concluding remarks

This article demonstrates a differential compensated charge
amplifier for near static and low frequency strain measurements
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Fig. 11. Experimental setup of host structure with PVDF for low frequency dynamic measurements.

Fig. 12. (a) Measured voltages comparing the dynamic performance of the PVDF strain sensor with the compensated charge amplifier (solid blue line) and basic charge
a t (dot
s ifier (
t .)

w
m
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t
t
d
f
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mplifier (dashed red line) in response to a low frequency swept sine strain inpu
train-voltage transfer function HPVDF measured with the compensated charge ampl
o  color in this figure legend, the reader is referred to the web  version of this article

ith piezoelectric PVDF sensors. The conflicting requirements of
aximizing the time constant of a basic charge amplifier and min-

mizing the voltage drift due to input bias currents areaddressed
hrough implementation of a long time constant, drift compensa-
ion circuit using commercially available components. A voltage
rift reduction of up to 95% is demonstrated with a designed sensing

requency range from 0.01 mHz  to 310 kHz. A theoretical sensitivity

ncrease of up to 30 dB and overall noise reduction of 15 dBVRMS is
chieved with the proposed topology. The proposed circuit enables

 DC voltage measurement that stays within 3% for a period of
00 s. The sensitivity computed by the strain sensor system model
ted black line) with SCQ = SQ = 0.02 mV  pC−1, (b) comparison of the low frequency
dashed blue line) versus model (solid red line). (For interpretation of the references

agrees well with measurements with a linearity error of less than
5% up to 1 millistrain. The sensor exhibits a constant sensitivity and
zero phase lag in the low frequency dynamic measurements. The
variation in the output voltage during measurements is suspected
to be primarily due to the pyroelectric effect of the PVDF sensor.
In the future, this work will be expanded by implementing rele-
vant temperature compensation techniques to reduce this error in

strain measurements. Finally, the developed methodology can be
directed towards other potential application areas, such as surface
pressure, torque, and physical health monitoring applications with
strain inputs in the sub-Hz frequency range.
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