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Abstract

Bistable laminates offer opportunities for shape morphing, energy harvesting, and flow control
devices. Smart materials such as piezoelectric macrofiber composites and shape memory alloys
have been embedded in bistable laminates to actuate or harvest energy. However, sensor systems
capable of measuring bistable shapes and snap-through events are lacking. In this paper, we
present curved bistable laminates layered with piezoelectric PVDF films that can sense smooth
shape changes as well as abrupt snap-through transitions. Near-static measurement is facilitated
by a drift compensated charge amplifier with a large time constant that converts the sensor’s
charge output into a measurable voltage with minimal drift error. The sensing function is
demonstrated on mechanically-prestressed bistable laminates. The laminated composites
include two sensor layers such that one measures the changes in curvature and the other
measures snap-through events. An analytical model is presented in which strains and curvatures
calculated using a laminated-plate model are fed into a linear piezoelectric model to calculate
voltage. Shapes measured by the sensors correlate well with shapes measured using a 3D motion
capture system. A model-based analysis is performed to understand the laminates’ design space.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Bistable laminated composites are attractive for morphing
structures because they can hold deformed stable shapes
and require actuation only to switch between shapes.
Bistable elements in a structure have been demonstrated
as airflow control devices such as NACA air ducts [1],
air intake systems [2], and morphing winglets [3]. Emam
and Inman [4] reviewed bistable laminates for morphing
structures and energy harvesting. Active actuation meth-
ods involve integration of smart materials such as piezo-
electrics [5] and shape memory alloys [6]. Passive means
include thermal [7], mechanical [8], and aerodynamic
loading [9].

Regardless of the actuation principle, high-performance
smart morphing structures require the ability to sense shape in
real time in order to enable shape control. To that end, smart
sensors directly embedded as layers in the structure offer a
way to measure shapes in a compact and non-intrusive manner.
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Embedded piezoelectric sensors discussed in the literature
tend to address either of two functions: 1) measure smooth
and continuous curvature change [10], or 2) measure sharp
and discontinuous snap-through events [11], but not both in
the same structure. To measure a broad range of possible
shapes encountered in morphing bistable composites, both
functions are required without negatively affecting morphing
performance.

Piezoelectric sensors and actuators are commonly
developed using brittle ceramics such as PZT (lead zircon-
ate titanate) and are therefore limited to morphing struc-
tures with small curvatures. This limitation is overcome
with piezoelectric macro-fiber composites (MFCs) that
comprise PZT fibers laminated with interdigitated elec-
trodes [12]. MFCs are flexible and have excellent sens-
ing and actuation properties. They have been used extens-
ively for structural health monitoring, but predominantly in
rigid structures [13, 14]. For flexible structures, MFCs are
typically integrated as laminae [15] or form the structure

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. Concept of a self-sensing mechanically-prestressed asymmetric bistable laminate.

themselves [16]. The stiffness of MFCs may not always
be negligible relative to the stiffness of the host structure
and therefore their mechanical properties should be con-
sidered. Sodano et al [17] investigated the dynamic-sensing
performance of piezoelectric MFC laminae by inducing
snap-through in the bistable laminates with an antagonistic
MEFC pair.

Piezoelectric PVDF (8-crystalline) on the other hand can
be realized as thin films or coatings made by electrospinning
[18], painting [19], screen printing [20], or 3D printing [21].
Its elastic modulus is approximately a tenth that of MFCs, thus
making it non-intrusive for large strain measurements. PVDF
sensors are preferred over conventional strain gauges and
piezoresistors to track shape changes because they consume
minimal power and do not require bulky signal conditioners
[22]. Besides PVDF, several organic and inorganic piezoelec-
tric materials [23] are candidate sensor materials for morphing
structures.

PVDF films are highly conformable and minimally intrus-
ive on a morphing host structure. They can be miniaturized,
patterned, and be fully embedded as wireless sensors [24].
PVDF has been used for vibration detection [25], force and
torque sensing [26], and strain sensing [10, 27, 28]. In these
applications, a PVDF sensor measures the dynamic response
of a structure. There are few implementations of PVDF sensors
in bistable structures for self-powered measurement of snap-
through events [11].

This paper presents active asymmetric bistable laminates
that can sense quasistatic changes in their curvature as well as
dynamic snap-through and snap-back responses. To illustrate
the approach, rectangular mechanically-prestressed bistable
laminates [29] are considered (figure 1) though the method-
ology is applicable to arbitrary bistable structures. The com-
posite comprises two orthogonally-aligned rectangular PVDF
films that are bonded on either face of an initially stress-free
core layer. Rectangular strips of prestressed elastomeric mat-
rix composites (EMCs) are laminated on either face of the
core such that each EMC is parallel to the PVDF film on
the opposite face. The resulting composite has two cylindrical

stable shapes that are weakly coupled; each curvature can
be tailored by changing only the prestrain in the EMC on
the concave or inner face. Although, the PVDF films can be
positioned and oriented arbitrarily, the combination of sym-
metry and orthogonality yields decoupled output signals such
that each sensor measures changes in only one cylindrical
curvature; the antagonistic sensor measures the snap-through
response.

The PVDF-based sensor system developed in this work
can measure both static and dynamic responses associated
with morphing bistable laminates. PVDF has lower cross
sensitivity compared to MFC and is hence more direction-
ally sensitive, making it suitable for detection of specific
changes in one curvature while remaining insensitive to the
other. When the shapes are weakly coupled, the measured
voltage can be directly correlated with changes in the lamin-
ate’s principal curvature. Due to a linear relationship between
the measured voltage and change in curvature, the sensor can
be effectively utilized to track the shape of the structure in
real time. Further, due to the low power consumption associ-
ated with the electronics, the sensor configuration can be sim-
ultaneously utilized to harvest energy towards self-powered
applications [30].

An analytical modeling approach for the calculation of
output voltages associated with shape transition is developed
in section 2. In-plane strains and curvatures are calculated
for a given set of material and geometric properties using
a laminated-plate model. Voltage is calculated based on the
charge accumulated due to in-plane strains over the area of
the sensor. Experiments developed to characterize the sensors
are discussed in section 3. Sensitivity is calculated by correl-
ating the measured voltages with the composite’s curvatures
tracked using a motion capture system (section 4). The ana-
Iytical model is validated against the measurements. Model-
based analyses are presented in section 5 to explain the effect
of prestrain and sensor geometry on the laminate’s sensitivity.
A comparison between electric and elastic energies is drawn
to show how sensor voltages correspond to the mechanical
deformation. Conclusions are presented in section 6.
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Figure 2. Schematic of a self-sensing bistable laminate for analytical modeling.

2. Analytical model

2.1. Laminate strain formulation

A self-sensing bistable composite is modeled analytically to
calculate voltage outputs from the piezoelectric laminae for a
given change in curvature. A square laminate with rectangu-
lar prestressed EMCs is presented for analysis as illustrated
in figure 2. The EMCs are reinforced with fibers along their
width to achieve near-zero in-plane Poisson’s ratio. Prestrains
in EMC A and EMC B, represented by ¢, and ¢;, are applied
in the X and Y directions, respectively. The respective weakly
coupled cylindrical curvatures of the laminate’s geometric
centerline are denoted by x, and xp.

The PVDF layers are rectangular in shape and are poled
along their 3-direction. The 1-directions of PVDF A and
PVDF B coincide with the directions of prestrains ¢, and
ep in EMC A and EMC B, respectively. The PVDF lay-
ers are assumed to be thin films whose Young’s modulus
are at least 2 orders of magnitude lower than that of the
core layer. Consequently, the material properties of the films
are not considered in the calculation of the laminate’s stable
shapes. Change in stiffness of the PVDF films under an applied
strain is assumed to be negligible. Strain in the 3-direction is
assumed to be negligible.

The analytical model is formulated in two steps as shown
in figure 3. In the first step, composite strains are modeled
based on classical laminate theory in conjunction with von
Karman’s hypothesis; plane stress and plane strain conditions
are assumed. In-plane strains and the Z-axis deflection of
the geometric mid-plane are described using the following
second-degree polynomials under the assumptions of constant
curvature and symmetry in the laminate

€2 = cgp + c20%” + c11Xy + co2y?, (D

€) = doo + daox” + di1xy + doy?, 2
1

wo = 3 (P + qxy +1y?). 3)

The deflections of the geometric mid-plane are obtained by
integrating the non-linear strain expressions €2 = (Qug/0x) +
0.5(0wo/0x)* and €)= (Ovy/Dy) +0.5(0wy/dy)*  with
strains described by the polynomials assumed in (1)—(3):

1 2
ug = cooX +f1y + 3 (011 - IE)XZ)’-F (Coz - ) xy*

1 P\, 1, 3
-2 ~hy 4
+3<Czo 2)x+3fsy, 4

1 r 2
vo = fix +dooy + = (dn - i>w2+ (dzo - q) X%y

2 2 8
1 2 3 1, 3
+ 3 (doz - 2))’ + gfzx . (5)

The total strain energy of the system can be expressed as a
function of the strains in the laminate, prestrain in the EMCs,
and geometric and material properties of the laminate as:

1 1
Ur= / (Ul + Oneey+ Uz + §Q16%ry€y + 2Q66’Y)%y> dv,
%

(6)
where
0w
_ .0 0
€y =6 —< o2’ (N
0w
0 0
y — €, — ’ 8
&=6—2 92 ®)
are the in-plane axial strains, and
8u0 6v0 aW() (9W() 52W()
Yy = - = —F— — 42 )
dy = Ox ox Oy JyOx

is the in-plane shear strain of the composite. In (6),
{Qii{i,j=1,2,6}} are the plane stress-reduced stiffness para-
meters [31] and U; = 0.5(Q11€2), U, :O.S(szeﬁ) are the
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Figure 3. Flowchart of the analytical modeling approach to
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strain energies in the linearly strained directions in a lamina.
In the direction of prestrain, U; and U, are calculated as the
area under the nonlinear stress-strain curve of the EMC [29].
The equilibrium shapes of the laminate are obtained by min-
imization of (6):

14 oy

sur=S"2_L
g lac,»

=

56’[‘ ZO7 (10)

where

¢i = {co0,¢20,¢11,¢02,doo, doo, dv1,do2, p, g, 1, f1, 2.3} (11)

Since (11) is a set of independent variables, each term in (10)
must be zero. This yields a set of fourteen non-linear equa-
tions; eleven unknown polynomial coefficients {cqo, c20, €11,
co2, doo, doo, di1, dw, p, q, v} from (1)-(3) and three unknown
polynomial coefficients {f, f», f3} from (4) and (5). The set
of equations is solved numerically using MATLAB to obtain

the strains (2, ) and curvatures (x?, ¥, k0) of the cylindrical
0,0

x Ty X0 Py Ty
laminate’s geometric mid-plane. In this paper, 7, Fiyys and lﬁlg,
calculated as —p,—gq, and —r, are represented for convenience
by K4, Kap, and K, respectively. It is noted that (4) and (5) are
not required for calculating the charge output of the sensors
due to changes in curvature.

The intermediate cylindrical shapes that are associated with

snap-through are calculated by applying a range of equal and

opposite point forces applied along the X or Y axes. This con-
figuration of forces is chosen to validate the model against
tensile tests conducted experimentally to snap the composite.

2.2. Strain-voltage formulation

The spatial distribution of change in strains Ae,(x,y) and
Agy(x,y) corresponding to a given change in curvature
(Akg,Akyp) is used in step 2 to calculate the average strains
over the span of the PVDF layers. Strains in a PVDF
layer are calculated as €, = eg + 2k, and €, = 68 + zkyp, Where
7 (=0.5 X t.0) is the distance from the PVDF film’s contact-
ing surface to the composite’s geometric mid-plane. Strain in
the PVDF film is assumed to be uniform through its thickness.
The charge Q generated due to a change in the average strain
over the film’s span is calculated as [32]:

A,
11— Vs12Vs21

0 [(du + Vp1d3)E1s A€y avg

+ (d32 + v512d31 )EzsAfy,avg] (12)
where Eig, Es, V512, and vy are the in-plane elastic moduli
and Poisson’s ratios, respectively. The piezoelectric charge
coefficients are d3; and d3,. The area of the sensor is A,. The
subscript s is used to represent sensor parameters.

Charge amplifiers are transimpedance circuits that convert
the charge produced by a piezoelectric sensor into measurable
voltage. A charge amplifier is typically realized using discrete
electronic components designed with an operational amplifier
of large gain and a resistive-capacitive (RrCr) feedback net-
work [33]. The frequency characteristics of a charge amplifier
are those of a band pass filter with its lower cutoff frequency
determined by the sensor’s impedance Zg and the feedback
impedance Zy. The upper cutoff frequency is determined by
the impedance Z; comprised of the resistor R;, sensor capacit-
ance Cg, and the open loop gain Ay, of the operational amp-
lifier. In order to facilitate static measurement, the feedback
resistance Rrp — oo such that the time constant of the system
T — 0o. However, the main drawback of a large time constant
charge amplifier is its sensitivity to the input bias currents /5 _
and /p 4 that results in a drifting output voltage, contributing
to measurement noise and eventually driving the op-amp to
saturation. A compact topology for automated drift compens-
ation could be obtained by adding another impedance, equal to
the feedback impedance, to the common single-ended charge
amplifier and connecting it between the non-inverting op-amp
input and the ground as shown in figure 4. The charge amp-
lification stage is followed by a unity gain buffer circuit to
provide a low impedance interface to the data acquisition sys-
tem. Letting Cs << Cp, Cr = C¢ and Rr = R, the voltage
output from a charge amplifier at low frequencies and com-
pensated for voltage drift error is expressed in the Laplace
domain as [32]:

SRF

— RF
Vi) = <sRFCF + 1) Q(s) + {stCp s IB+)}'
(13)
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Figure 4. Schematic of the signal conditioner utilized in this application.

For Rr — oo and assuming constant capacitance and bias cur-
rents, (13) can be rewritten in the time domain as:

V(1) = Qu

C; (14)

t
—(Ip— —1
CF<B B+)
| S ——

€d

where Sp = 1/Cp is the gain or calibration factor of the charge
amplifier and e, is the residual drift error. The latter can
be minimized by reducing the gain of the charge amplifier
and using a low offset current operational amplifier. Thus,
the compensated charge amplifier enables a direct readout
of the changes generated Q due to the changes in average
strains Aey 4y, and Ae, 4. Given that each shape is uniquely
described by a set of strains and curvatures, the voltages V,
and V,, generated by PVDF A and PVDF B, calculated using
the change in strains can be related to the change in curvatures,
Ak, and Aky, respectively.

3. Composite fabrication and experimental setup

This section describes the experimental methods developed to
characterize the sensitivity of the composite to a given change
in shape. The analytical model is then validated using the
measured voltages and curvatures.

3.1. Fabrication process

The fabrication of a self-sensing mechanically-prestressed
bistable composite [29] includes the integration of sensing
layers into the core layer. In the composite demonstrated in
figure 5, PVDF films with a thickness of 28 pm sourced from
TE Connectivity Ltd. (Measurement Specialities) are lamin-
ated on either face of a 76 um thick spring steel core using
flexible silicone adhesive. Prior to lamination, a thin coat of
primer is applied to the steel layer to create electrical insula-
tion. Rectangular EMC strips are then stretched to a prestrain
of 40% (e, £ €, = 0.4) and bonded simultaneously on either
face of the core such that they are orthogonal to the rectangular

sensors. A PVDF sensor subjected to plane strain and quasi-
static loading conditions exhibits high linearity up to 1000
pstrain [32]. For the chosen EMC prestrain of 0.4, the max-
imum strain on the PVDF sensor due to the initial curvature is
about 350 pstrain. Therefore, the mechanical prestress does
not negatively influence its charge sensitivity. The material
properties and dimensions of the laminae used in the exper-
iments are listed in table 1. The piezoelectric coupling coeffi-
cients (d3; and ds;) of PVDF are 23 pC/N and 5 pC/N, respect-
ively.

The PVDF laminae are inherently suitable for high-
frequency dynamic strain measurements due to their low iner-
tial loading. To enable the quasistatic measurement of smooth
changes in the composite’s curvature, each PVDF lamina is
interfaced with the compensated charge amplifier shown in
figure 4. Through this circuit, the time constant is increased
to 10° seconds with a goal of measuring changes in shape
occurring over a time span of 100 seconds with 99% accur-
acy. To this end, each amplifier is designed to have feedback
and compensating capacitances of Cr = C¢ = 100 nF £ 1%.
The insulating resistances of the capacitors are on the order
of 1 TQ. Ultra-low offset current CMOS operational amplifi-
ers LMC6082 (Texas Instruments) that fit the required design
parameters are chosen and operated with a supply voltage of
4.5 V. Input resistances R; are selected to be 1 MQ2 £ 1% in
order to suppress high frequency noise in the system due to
the CMOS configuration. The gains of the charge amplifiers
are thus calculated as 0.01 mV/pC. 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 residual
error accumulated due to the input bias currents is measured
to be as low as 40 1V over 100 seconds.

3.2. Measurement of sensor voltages

Experiments are conducted to measure changes in the com-
posite’s shape using the embedded PVDF sensors. Controlled
deformations are applied on the structure using a tensile test
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Table 1. Dimensions and measured material properties of the laminae used in modeling and experiments.

Lamina Length (mm) Width (mm) Thickness (um) E; (MPa) E, (MPa) Gy (MPa) 120 V21
Core (steel) 76.2 76.2 76.2 200,000 200,000 78,125 0.28 0.28
PVDF 30 12.2 28 3000 1800 1100 0.35 0.21
EMC 76.2 12.7 1400 04 Point-wise 1.2 0 0

8
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9
|
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=—— Tensile test frame

(@]
o)
3
k]
o
2]
@

S A AN BA AS BS &S RS

PVDF sensor (2)

Reflective marker (5)

Motion capture
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Figure 5. Setup for the measurement of shape change using PVDF
sensors and a motion capture system.

frame (figure 5). The composite is hinged at the mid-points of
its straight edges in one stable shape and flattened at a rate of
0.1 mm/s until it snaps into the next stable shape. A 3D motion
capture system is used to track reflective markers placed at
the center and the vertices of the composite. The cameras are
synchronized with the load frame and the sensor circuits to
sample at 100 frames per second. Composite shape is recon-
structed using the marker coordinates under the assumption
of constant curvature. The voltages measured by the PVDF
sensors are recorded using a data acquisition system (National
Instruments) and LabView.

4. Model validation and discussion

The experimental results shown in this section correspond to
a transition in curvature from k, to kp; results in the case
of snap-back would be similar since the curvatures in the
chosen composite are equal. Prior to snap-through, the curved
composite has sensor A on the outer face and sensor B on
the inner face. The corresponding voltage signals V, and V,
from the PVDF sensors are shown in figures 6(a) and (b),
respectively. In the absence of a charge amplifier, both sensors
detect only the snap-through event in the form of a sharp
transient response. Inclusion of the large time constant com-
pensated charge amplifier results in a linear increase in the
voltage magnitude of sensor A up to snap-through. The voltage
remains in steady state post-snap through. Sensor B, on the
other hand, detects only the snap-through event through a
step change from zero to a finite voltage. The transient snap-
through responses in both sensors are filtered by the charge

amplifier due to the large Cr/Cs ratio, thus enabling the track-
ing of smooth and discontinuous shape transitions. In the
absence of the charge amplifier, sensor B produces a larger
instantaneous voltage response compared to sensor A. Such
a response is attributed to a greater strain in sensor B during
the snap-through from «, to ;. On the other hand, with the
inclusion of the compensated charge amplifier, the steady state
voltage magnitudes post snap-through are the same in both
sensors. Since the charge amplifier is reset prior to the meas-
urement, the voltage output directly corresponds to the change
in average strain of the sensor. In the context of self-powered
sensing, figure 6 suggests that for a shape transition from &,
to Kp, any energy harvesting mechanism should be coupled to
PVDF B.

Figures 7(a) and (b) show a strong correlation between
voltages recorded by each sensor over a given timescale and
the curvatures tracked by the motion capture system. Such
a response is attributed to the linear strain response of the
piezolelectric laminae. Within the morphing structure, PVDF
A tracks x, and PVDF B tracks k. Voltage in PVDF A is
negative and decreases with a decrease in x, because the layer
experiences compressive strain in the 1-direction as the lam-
inate is flattened (figure 7(a)). Beyond snap through, PVDF
A remains physically flat in the 1-direction and develops
curvature in the 2-direction. This is indicated by the stable
voltage output post snap-through. Without the large time con-
stant charge amplifier, the signal will decay to zero. The devi-
ation from linearity in V, towards a higher slope, observed just
prior to snap-through, can be explained by a downward shift in
the post snap-through voltage due to compressive strain in the
2-direction. The shift or offset in the 2-direction is evident in
the pre-snap-through response of PVDF B (figure 7(b)). The
snap-through frequencies measured by PVDF A and PVDF B,
and the motion capture system are 33, 33, and 36 Hz, respect-
ively.

The relationship between the generated voltage and the
change in curvature is defined in terms of the sensitivities
(Aj,i={a,b}) of PVDF A and PVDF B as:

Aav | | Akg
)\bb Alib ’

Va _ Aaa
Vo[ | Aba
———

A

5)

where {Aua, Aoyt and {Aup, \pe} are the laminate’s direct
and cross sensitivities, respectively. The voltage-curvature
response of the sensing laminae obtained from measurements
and analytical modeling is plotted in figure 8 and the sens-
itivities are tabulated in table 2. Direct sensitivity (\;) is
associated with the sensor that undergoes smooth curvature
change, whereas cross sensitivity (\;) of the same sensor is
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Figure 7. Correlation between measured voltages and curvature change represented as: (a) V, from PVDF A vs. k, and (b) V;, from PVDF

B vs. kp.

Table 2. Measured and modeled sensitivities of a self-sensing
bistable laminate. Units are V-mm. The average value of \,, from
the non-linear V, — Ak, curve, is listed.

Method )\aa )\ab >\ba )\bb
Experiment —1533 256 0915 —194
Model, lower limit of Yy =2 (GPa) —12.11 4.53 4.53 —12.11
Model, upper limit of Yy = 4 (GPa) —23.81 9.06 9.06 —23.81

associated with snap-through and minimal curvature change.
For example, when snapping from &, to xp, A4, is larger than
App- Due to weak coupling between the shapes, there is asym-
metry in the sensitivities during both shape transitions, i.e. the
cross sensitivities are always lower than their direct sensitivit-
ies. Given the variability in the processing of PVDF laminae,
the sensitivities are calculated using the analytical model for
Young’s moduli ranging from 2 to 4 GPa (range prescribed by
the manufacturer).

The direct sensitivities lie within the range of the model-
calculated values. The deviation of the calculated cross sens-
itivities from the measured values can be attributed to the
assumption of constant curvature in the analytical model.

Mechanically-prestressed bistable laminates with cylindrical
shapes have been shown to exhibit flat regions across the width
of the EMCs [29]; the unidirectional fibers in the width direc-
tion restrict curvature. Given that the PVDF laminae have sim-
ilar width as the EMCs, curvature of the PVDF sensor in the
2-direction deviates from the model-calculated value, thereby
resulting in lower cross-sensitivity. For both sensors, the ratio
of the model-calculated direct sensitivity to cross sensitivity is
calculated to be 2.65 for an average Y of 3 GPa. Due to the
linear behavior of the sensor and the asymmetry, the meas-
ured voltages and sensitivities directly relate to the principal
curvatures. Therefore, at any given instant, the shape of the
composite can be completely described from the set of values
comprised of {V,, Vj, Aua, Aap }. In a bistable composite with
unequal stable curvatures, it is necessary to know V,, V,, and
the curvature sensitivity matrix A to completely describe the
shape in real-time.

5. Model-based Analysis

The relationships between sensor geometry, curvatures, and
EMC prestrains are studied to identify and understand the
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Figure 8. Voltages from PVDF A (magenta) and PVDF B (black)
vs. curvature obtained from experiments (solid lines) and modeling
(dashed lines).

design space of self-sensing bistable laminates. Elastic and
electrical energies are calculated for various curvatures and
prestrains towards a quantitative description of the structure.
The material and geometric properties used in these paramet-
ric studies are the same as listed in table 1. EMC prestrains ¢,
and ¢, of 0.4 are maintained in the analyses unless otherwise
mentioned.

5.1. Effect of EMC prestrain on sensitivity

Further analysis is conducted by calculating the sensitivities
of the laminate for prestrain in EMC A ¢, ranging from 0.2
to 0.6 with ¢, constant at 0.4. The prestrain range is chosen
such that it falls within the domain of bistability of the lam-
inate. Percentage change in sensitivities relative to a con-
figuration with equal prestrains (e, £ ¢, =0.4) is calculated
for the cylindrical stable shapes described by k, and k; in
figures 9(a) and (b), respectively. The direct sensitivity Ay, is
minimally affected by changes in ¢, due to a weak coupling
between shapes that renders «; to be independent of ¢,. The
direct sensitivities represent smooth curvature sensing due to
a weak shape coupling and a smaller d3; compared to the
ds; coefficient. However, the cross sensitivities exhibit strong
dependence on the prestrain in the EMCs because the overall
change in curvature (|k,| 4 |xp|) changes with change in ¢,.
It is noted that the direct and cross sensitivities represent the
limiting cases of curvature sensitivities for a given laminate.

5.2. Effect of sensor geometry on sensitivity

The PVDF laminae generate charge proportional to the change
in average in-plane strains on their surface. As a result,
the measured voltage depends not only on the dimensions
of the layers, but also on their spatial position and shape.

Figures 10(a) and (b) show the strain profiles on the outer sur-
face (z=0.5 X t.,.) On a laminate with curvature «,. Strain
€y is calculated to be two orders of magnitude lower than &,.
Flattening of the laminate considered results in a change in ¢,
of 348 pstrain.

The PVDF curvature sensors developed in this work oper-
ate in charge mode in contrast to piezoelectric devices such
as energy harvesters and vibration sensors that typically oper-
ate in voltage mode. Due to the low permittivity of PVDF,
the effect of the sensor’s capacitance is negligible and sens-
itivity depends only on its area. Figure 11 shows the sensitiv-
ity as a function of the area and aspect ratio of a rectangular
lamina. Sensitivity is maximum at an aspect ratio of 1 and an
area that corresponds to the sensor spanning the entire core
layer. Due to the small in-plane variations on the laminate’s
surface, sensitivity is almost unaffected by the spatial position
of the sensing layer relative to the core layer. For a given area,
sensitivity decreases with an increase in aspect ratio (beyond
1) but has a finite value so long as the area is finite. These
results suggest that PVDF sensors can be embedded as fibers
or printed as lines for robust integration of the sensing sys-
tem. Curvature sensitivities A of the laminae are maximum
when the 1-directions are aligned with the principal curvatures
of the laminate as shown in figure 2; in such a configuration
the PVDF laminae are orthogonal. A shift from orthogonality
results in a decrease in A since ds; < d3; necessitating recal-
ibration of the curvature cross-sensitivity of the sensors with
change in prestrain.

5.3. Calculation of elastic and electrical energies

The elastic and electrical energies are studied to investigate the
energy harvesting capacity of the structure. The analysis can
be further extended towards health monitoring applications.
Figure 12(a) shows the change in elastic energies for different
prestrains ¢, with €;, kept constant at 0.4. In the case of equal
prestrains, the energy-curvature profiles are symmetric with
respect to the flat shape. Increasing the prestrains results in an
increase in the stored elastic energy when transitioning from
higher to lower curvature. The snap-through actuation energy
of the structure corresponds to the peak of the elastic energy
profile. Also, the energy peak is skewed towards the shape with
the larger prestrain (k, in figure 12(a)).

The piezoelectric energy E, can be calculated from the
sensors’ voltage as [34] :

1Q? 1% 16

" 2Cs 28)Cs (10
Figure 12(b) shows the cumulative electrical energies gen-
erated by the sensors when the laminate switches from one
stable k, to k. The energy generated by PVDF A increases
with increase in ¢,, in accordance with the increase in
elastic energy, due to higher initial curvature. The effect
of changing ¢, on the energy in PVDF B is not signi-
ficant. A sharp discontinuity is observed when the lam-
inate crosses the flat shape (x=0) due to the switching
between direct and cross sensitivities. Unlike the strain energy
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Figure 11. Curvature sensitivity as a function of a sensing layer’s
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profiles, the snap-through curvatures cannot be identified
from the electrical energy profiles. This is due to the fact
that the mechanics of the PVDF layer are not considered
in the model. Nevertheless, the electrical energy at zero

curvature can be effectively utilized to monitor the actuation
requirements.

The electrical energy plot also provides insights into the
maximum energy that can be harvested from a single shape
transition. The total electrical energies (and voltages) gener-
ated by the sensors for a complete shape transition are equal
for a laminate with equal prestrains (¢, = ¢); this case is
represented by the closed loop in figurel12(b). However, devi-
ation or deterioration in shapes, represented using a change in
prestrains, can be tracked and quantified using the electrical
energies in both sensors. For example, when ¢, = 0.6 and
e, = 0.4, PVDF A generates 33% higher energy compared
to PVDF B. However, increasing prestrain beyond 1 (100%)
has a marginal benefit in terms of actuation and energy har-
vesting performance due to the high shear stress at the inter-
face [35]. Alternatively, the curvature can be amplified for a
given prestress by decreasing the elastic modulus or thickness
of the core layer. But reducing the thickness or elastic modu-
lus of the host structure can adversely affect the strain transfer
and thereby the curvature sensitivity of the PVDF sensor [36].
Finally, the electrical energy represents the energy harvesting
capacity of the structure.



Smart Mater. Struct. 29 (2020) 085008

V S C Chillara et al

3.5 v r
€= 0.6, €= 0.4
3F _Ea=0'4’6b=0'4‘
€. =02,¢ =04
K a b
=25} .
£ <o
S of
c
5]
<
]
Z1.5f
@
&
1 N
0.5
0 L L L
-0.01 -0.005 0 0.005 0.01
K (mm'1)

PVDFA - - — - PVDFB
op——————— :
€= 0.6, € = 0.4 K,
—— =04,c =04 <
a b K, i
0.08 €, =026 =04 > ,/
q
= ’s‘
30.06 /
° /
c
()
=
2004
3
©
w
0.02 -
0

Figure 12. (a) Elastic energy corresponding to shape transition and (b) electrical energy generated by the PVDF sensors over the transition

from a stable s, to k. Prestrain ¢, is maintained constant at 0.4.

6. Conclusions

This paper presented an active asymmetric bistable laminate
comprised of piezoelectric PVDF films that can sense near
static changes in its curvature as well as the dynamic snap-
through and snap-back responses. A method for the fabrica-
tion of the active bistable laminate is described. A large time
constant compensated charge amplifier is interfaced with the
PVDF sensors to enable a direct readout of shape change and
dynamic snap-through. An analytical model that relates the
change in shape to voltage output by the sensors is presented.
The experimental results suggest a strong correlation between
the voltages recorded by each sensor and the curvatures
tracked by the motion capture system. The weakly coupled
shapes of the laminate and the lower cross sensitivity of PVDF
enable direct measurement of the principal curvatures. The
analytical model successfully captures the measured values
of curvature sensitivities. Due to the linearity between the
change in curvature and voltages, the shape of the compos-
ite can be tracked in real-time from the measured paramet-
ers. The model-based analyses established the effect of EMC
prestrain, sensor geometry, and position on curvature sensitiv-
ity. It is observed that the EMC prestrain has a stronger effect
on cross sensitivities than direct sensitivities of the curvature
sensor. Further, due to positional invariance, the sensors can
be patterned and embedded as fibers for robust integration of
the sensing system. The inherent ability of the piezoelectric
sensors to generate electrical energy in response to change in
elastic energy can be employed to monitor the structural con-
dition of the laminate and power wireless sensor networks.
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