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Abstract

Polyvinylidene Fluoride (PVDF), a piezoelectric polymer, is an excellent stress
sensor. The objective of this research is to investigate the application of the PVDF
sensors for detection of in-plane stress waves in 31 and 32 modes. This was achieved
by focusing on aspects of PVDF sensing related to determination of impact force,
detection of stress wave propagation, and the stress averaging effect of PVDF sensors.

An experimental method was developed for calculating a proportionality constant
between a PVDEF sensor’s voltage and the impact force, on a solid bar and a hol-
low beam. This was used to demonstrate that impact force on a structure can be
determined using PVDF sensors. Finite element models were also created using the
software LS-DYNA to simulate the impact tests. The speed of sound for longitudinal
wave propagation in a slender rod was determined experimentally, using two PVDF
sensors. The results demonstrate that PVDF sensors can detect high speed stress
wave propagation in a structure. Finally, the stress averaging effect of the PVDF
sensor was analyzed to investigate its influence on the generated voltage during stress
wave detection. Equations modeling the stress averaging effect were derived for pe-
riodic applied stress waves and impact-induced stress waves. Numerical simulations
were conducted to study the influence of sensor length, applied wave frequency, and

structure’s material on the stress averaged PVDF response.
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Chapter 1: INTRODUCTION

This chapter introduces the polymer polyvinylidene fluoride. This is the piezo-
electric material present in the sensors which are the focus of this research project.
A brief literature review has been presented to give an insight into the variety of
research being conducted in this field. The objectives of this research have also been

explained, followed by the organization of this thesis.

1.1 Introduction to polyvinylidene fluoride (PVDF)

Polyvinylidene fluoride, abbreviated as PVDF, is a mechanically tough, flexible,
low density ferroelectric polymer available in the form of films. When it is crystallized
into its beta phase, it can be polarized and can act as a piezoelectric transducer,
converting mechanical energy into electrical energy and vice versa. This implies that
it can be used both as a sensor as well as an actuator.

PVDF film is an excellent sensor because it has a very high sensitivity to stress
and strain and is capable of generating high voltages, on the order of hundreds of
Volts. PVDF has high dielectric strength, making it capable of withstanding high
voltages. As a sensor, PVDF film requires neither external power nor sophisticated
circuitry to be able to use its voltage output. Being highly compliant (almost ten

times as compliant as piezoceramics), it can adhere to a wide variety of surfaces with



the help of simple bonding techniques. It is also a very stable material, resisting
moisture and most chemicals [1].

When a PVDF sensor is bonded to a structure, it generates charge proportional
to the stress transferred to it by the structure. If the structure is stiff, the transfer
of strain may be low but the PVDF sensor still generates a response since PVDF is
inherently sensitive to stress. Thus, even low strain in the structure can lead to the
generation of high amplitude signals, making the PVDF film a better sensor compared
to strain gauges.

While PVDF film is very useful for sensing applications, it is a poor actuator,
especially for applications requiring transmission of high magnitudes of force. The
polarized PVDF film also exhibits the pyroelectric effect, generating voltage when it
is heated. Typically, PVDF film generates 1.5 V open circuit voltage when heated by
1° Celsius.

A PVDF sensor typically consists of a PVDF film sandwiched between thin films
of electrodes. Leads are connected to the electrodes to enable measurement of the

voltage generated by PVDF film.

1.2 Literature review

Obara et al. [2] used PVDF film to design an inexpensive stress sensor to measure
the stress behind a shock wave. The PVDF sensor consisted of a PVDF disc of 25 pm
thickness and 1.5 mm diameter. It was punched from a PVDF sheet and placed into
a hole in a sheet of Mylar 24 pm thick. The two surfaces of the PVDF film were
connected with brass foils 25 pm in thickness using conducting double-sided tape.

For calibration of the PVDF sensor, an impact experiment was set up. The PVDF
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Figure 1.1: Comparison of the output of the PVDEF stress sensor and the manganin
piezoresistive sensor [2].

sensor’s output was compared with that of pre-calibrated manganin piezoresistive
sensors. The sensors were placed between two PMMA blocks and were separated
from each other by a 25pm Mylar sheet. They were aligned such that they were
impacted axially. Projectile velocity of up to 600 m/s was used. A current viewing
resistor (51€2) was placed across the PVDF sensor and the voltage across it was
measured. The charge produced by the sensor is proportional to the stress acting on
the sensor. The charge generated by the sensor flows through the current viewing
resistor and causes a voltage to appear across the resistor. This voltage is measured
by the oscilloscope and is proportional to the time derivative of the charge generated
by the sensor. Hence, the voltage measured by the oscilloscope is proportional to the
time derivative of the stress. Time integration was carried out over the measured
voltage and the stress history is proportional to the curve obtained. This integrated

voltage-time PVDF output was compared with the stress history obtained from the



manganin sensor as shown in Figure 1.1. It can be seen that both sensors have similar
rise times for the shock pulse. The PVDF signal shows an overshoot not shown by
the manganin sensor. This might be attributed to the response of the sensor material
itself. From Figure 1.1 it can be seen that the response of the PVDEF sensor is close
to that of the pre-calibrated manganin sensor. Thus, the authors showed that the
PVDF sensor shows a very fast response time (approximately 100 ns) and can be
used to record the stress history of an impacted specimen.

Zhu et al. [3] experimentally demonstrated that PVDF sensors can measure shock
waves (on the order of nanoseconds). The PVDF film was used in 33 mode in this
study. Dutta and Kalafut [4] fabricated PVDF shock gauges for soil shock sensing.
They reported a very large signal-to-noise ratio and used a charge divider to attenuate
the PVDF sensor’s output. Mori et al. [5] used a PVDF stress gauge to determine the
stress profile in a polytetrafluoroethylene (PTFE) specimen after impacting it with a
PTFE flyer plate with an impact velocity of 295 m/s.

Gaul and Hurlebaus [6] developed an experimental method for detection of impact
using PVDF film sensors. PVDF sensors were bonded intimately to the surface of
the specimen using adhesive tapes. Flexural waves were created in a square plate
specimen by impacting it with a pendulum. The PVDF sensors were loaded in the
in-plane directions because of the flexural waves caused by impact. Using the PVDF
sensor signals and the equations that the authors developed for the case of point
impact on a plate, the force-time history was obtained.

Kuhr and Blackshire [7] conducted a study on the use of PVDF films to detect and
quantify impact damage in a ceramic matrix composite (CMC) wrapped structure.

The results showed that it is possible to determine the intensity of the impact based



on the increase in the frequency content of the generated voltage signal. A quadratic
relationship was observed between the impact damage and the peak-to-peak PVDF
voltage, indicating that it is possible to characterize impact damage based on the
PVDF sensor’s signals.

Bauer [8] studied the response of the PVDF at very high applied pressure. He
showed that the PVDF sensor’s response was independent of the loading path (up
to 35 GPa) and that the results were reproducible even when the materials of the
impactor and target were interchanged. The PVDF film used in this study was
processed using the Bauer cyclic poling method [9].

Ren et al. [10] fabricated a curved PVDF sensor for human pulse measurement
and showed that increasing the curvature of the sensor lead to an increase in sensitiv-
ity. Chen and Wang [11] experimentally demonstrated that arrays of PVDF sensors
bonded to a cantilever beam and to a simply supported plate can be used to identify
natural frequencies, damping ratios, and mode shapes of the structures.

Anuphap-udom et al. [12] fabricated an acoustic emission sensor using PVDF film.
They demonstrated experimentally that it can be used to detect acoustic emissions
signals generated by the bearings in a rotodynamic test rig and to identify different
operating conditions of the bearings.

Munoz [13] discusses an interfacing circuit for PVDF sensors based on differential
signals, which improve the signal-to-noise ratio. The first stage of the circuit consists
of a differential charge amplifier and the the second stage is an instrumentation ampli-
fier. This circuit is used to demonstrate experimentally that the nature of impact can
be determined based on the frequency content of a PVDEF sensor’s signal. It is also

shown that the ability of a PVDF sensor to identify impact depends upon its resonant



frequency. While the author presents a complicated circuit for recording clean PVDF
sensor signals, this thesis demonstrates that simpler voltage measurement methods
are available. In fact, Chapter 5 describes an experiment in which very low amplitude

signals, with low noise, were recorded using simply an oscilloscope and 10x probes.

1.3 Research objectives

Most of the literature reviewed focuses on detection of out-of-plane stress using
PVDF sensors, whereas this thesis will focus on in-plane stress. The underlying
motivation for this research is the fact that PVDF film, being an excellent sensor as
evident from the previous sections, is well suited for applications requiring detection
and monitoring of highly dynamic and transient events like impacts on structures.
The overall objective of this research is to understand the key aspects of PVDEF sensors
for the detection of transient stress waves in a structure. This can be broken down

into the following goals:

1. Develop and validate an experimental method to demonstrate that PVDF' sen-
sors can be used to determine the impact force acting on a structure.

2. Create a model in LS-DYNA to simulate the impact experiments and enable
the calculation of the PVDF sensor’s expected output voltage.

3. Demonstrate that PVDF sensors can be used to detect stress waves propagating
at a high speed.

4. Analyze the effect of stress averaging on the PVDEF sensor’s output.



1.4 Thesis organization

This thesis is divided into seven chapters. Chapter 2 explains the modes of oper-
ation of the PVDF sensor and provides details of the voltage measurement technique
that was used for most of this research.

Chapter 3 and Chapter 4 focus on the first research goal listed in the previous
section. Chapter 3 describes the impact experiments performed on a solid stainless
steel bar and the associated LS-DYNA simulation model. It presents a method for
calculating a proportionality constant between the PVDF sensor’s voltage output and
the impact force. Chapter 4 describes the impact experiments performed on a more
complex structure, namely, a hollow steel beam, using the impact test methodology
developed in Chapter 3. The LS-DYNA model of impact on the hollow steel beam is
also explained and evaluated in this chapter.

Chapter 5 focuses on the second research goal. It describes an experiment in which
the PVDF sensors were used to measure the speed of sound for longitudinal waves in
a slender rod.

Chapter 6 focuses on the third research goal. It details the derivation of relations
that describe the stress averaging effect of a PVDEF sensor for two types of inputs,
namely, periodic applied stress and impact-induced stress. In addition, the results of
a parametric study of sensor and structure’s parameters, based on these relations are
presented.

Finally, the conclusions of this research are presented in Chapter 7.



Chapter 2: PVDF MODES OF OPERATION AND
VOLTAGE MEASUREMENT

This chapter describes how a PVDF sensor operates, the voltage measurement
techniques used, and the effect of interfacing circuits on the voltage measured by the
data acquisition system. Figure 2.1 defines the 1, 2, and 3 axes/directions for a PVDF

SEnsor.

2.1 Description of the PVDF sensor

The commercially available PVDF sensor LDT1-028K, manufactured by Measure-
ment Specialties Inc. (MSI) was used in most of the experiments performed in this
research. Figure 2.2 [14] shows a diagram of the LDT1-028K sensor. The sensor
consists of a 28 pm thick PVDF film sandwiched between two 6 pm thick silver ink
electrodes. This assembly is sandwiched between two 55 pm thick Mylar sheets. T'wo
leads are attached to the sensor. The capacitance of the LDT1-028K PVDEF sensor

was measured as 1.57 nF.



PVDF film
>
= )
\/’
1
Electrodes

Figure 2.1: Diagram showing the PVDF sensor’s axes.

. Black
41.40[1.630) — Lead
f
16.26 1219 // B
[640] [.480] / A #:7
v = N
r— 30 [1.18] —— o
. Protective . - el
Silver Mylar ki

0.15 1 I? Protective
[.006] [.062] Mylar

Figure 2.2: PVDF sensor LDT1-028K (dimensions outside brackets are in mm; di-
mensions inside brackets are in inches) [14].



2.2 Linear piezoelectric equations

Constitutive equations and relevant material and electrical properties are essential
to understand the behavior of the PVDF sensor. This section starts with the general
constitutive equations describing the linear behavior of piezoelectric materials like
the PVDF sensor and derive the relation that will be most useful for the type of
analysis done in this research. Table 2.1 shows a list of most of the symbols used in

this section.

Symbol Meaning SI unit
D Electric displacement C/m?
E Electric field V/m
g Piezoelectric stress constant | V/m/N/m?
S Strain
T Stress N/m?
s Elastic compliance m?/N
h Thickness m
15} Dielectric impermittivity m/F

Table 2.1: List of symbols.

The electric field generated by the PVDF sensor and the stress acting on the PVDF
sensor are the two parameters that will be required for analysis of the experimental
and simulation based data in this research. The sensing formulation or strain-field

formulation of the linear piezoelectric equations is [15]
Sp= st - Ty + gup - Dr. (2.1)

E; =gy, Ty + BE - Dy. (2.2)
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Here the tensor notations ¢ and k take the values 1, 2, and 3; while the compressed
matrix notations p and ¢ take the values 1 through 6. The superscripts D and T
indicate that the values of the corresponding parameters are measured at zero electric
displacement and zero stress, respectively. The compressed matrix notations and the

tensor notations can be related to each other using Table 2.2. The inverse effect,

Tensor notation | Matrix notation
11 1
22
33
23 or 32
31 or 13
12 or 21

| O =[N

Table 2.2: Tensor and matrix notations.

described by (2.1), pertains to the development of strain in the PVDF film when a
voltage is applied across its electrodes, while (2.2) describes the direct effect which is
the generation of an electric field when the PVDF film is subjected to stress. Since
this thesis is concerned with the use of PVDF film as a stress sensor, (2.2) is the main
equation of interest.

In the experiments that were conducted as a part of this research, a high value
resistance was always connected across the PVDF sensor while recording its response.
This can be approximated to be an open circuit condition. This implies that there is
zero current across the electrodes of the PVDF sensor and thus, the electric displace-

ment is zero (D = 0).

11



Substituting D = 0 in (2.2) one obtains

Ei = Giq * Tqa (23)
which (2.3) can be expanded as

v

E, 0 0 0 0 g5 0 ;2
E2:00092400T3, (2.4)

Es 931 932 933 O 0 0 T4

5

._T6_

where g31, g32, and g33 define the relation between the normal stress in the 1, 2, and
3 directions (T4, T, and T3 respectively) and the electric field in the poling direction,
namely Fs3. The constant goy gives the relation between the shear stress in the 2-3
plane and the electric field E5, while gi5 gives the relation between the shear stress
in the 1-3 plane and the electric field E; [16].

When the PVDF film is used as a sensor, E; and E5 are zero since no external
field is applied to the sensor. The only field that is generated will be in the poling

direction, namely E3. Thus, substituting £; = 0 and Fy = 0 in (2.4), one obtains
Es=g31-T1 + gs2 - 1o+ g33 - 1. (2.5)

Here, T} is the longitudinal stress, T, is the lateral stress and T3 is the compressive
stress. Electric field E5 can be expressed as V' /h, where V is the voltage generated

by the PVDF sensor and h is the thickness of the PVDF film. This leads to
V=g -Ti-h+gse-To-h+gss-T3-h (2.6)

Some typical properties of the PVDF film, provided by MSI, are shown in Table 2.3.

Substituting the values of g31, g32, g33 and h in 2.6, one obtains

V = (6.048 x 107°) - T} + (0.528 x 107%) - Ty — (9.24 x 107°%) - T3, (2.7)

12



Symbol Parameter Value Units
ds; Piezoelectric strain constant in the 1 direction | 23 x 10712 I\I/l/ﬂ
m
dss3 Piezoelectric strain constant in the 3 direction | —33 x 107!2 I\I/l/ﬂ
m
\Y
J31 Piezoelectric stress constant in the 1 direction | 216 x 1073 N//mQ
m
v
gs3 Piezoelectric stress constant in the 3 direction | —330 x 1073 %
m
€/€o Relative permittivity 12-13
E, Elastic modulus 2-4 GPa
s Mass density 1780 kg/m?
h Film thickness 28 pm

Table 2.3: Properties of the LDT1-028K sensor [1].

2.3 Modes of operation of the PVDF sensor

The PVDEF sensor can be used in two distinct modes to measure stress, the 31
mode and the 33 mode. For piezoelectric films, the poling direction is usually along
the thickness, i.e. the 3 direction. The first digit in both 31 and 33 modes refers to the
direction of polarization of the PVDF film. The second digit refers to the direction of

the applied stress. Figure 2.3 shows examples of 31 mode and 33 mode of operation.

2.3.1 33 mode of operation

In the 33 mode of operation, the stress is applied in the 3 direction (or compression
direction). To effectively use the PVDF sensor in 33 mode, the sensor must be
positioned on the structure in such a way that it falls directly in the path of the
applied load. In other words, this means that the PVDF sensor is compressed in the

thickness direction in 33 mode. Thus, the PVDF sensor acts as a pressure sensor

13
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Figure 2.3: Left: 33 mode of operation; right: 31 mode of operation.

in 33 mode. The piezoelectric stress constant of relevance in this mode is g33. The

structure must be rigid in order to use the PVDF sensor in 33 mode.
2.3.2 31 mode of operation

From the definition of the 31 mode of operation, it is evident that the applied stress
in this mode is in the longitudinal direction, or the 1 direction. This can be achieved
in multiple ways. As an example, consider a PVDF sensor that is bonded to a flexible
substrate. Upon bending of the structure, the PVDF sensor experiences significant
stress along the 1 direction because the neutral axis no longer passes through the
center of the PVDF. Another example of 31 mode is bonding the PVDF sensor to
the sides of a bar and impacting it at the top. This is the method that was used in
the impact tests on the solid bar and the hollow beams, which have been explained

in Chapter 3 and Chapter 4 respectively.
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In the experiment using the solid bar, PVDF sensors were bonded to the sides of
the solid bar. During each impact event, the impactor hits the top of the solid bar.
The force exerted by the impactor on the top of the solid bar leads to the development
of longitudinal strain in the bar. The PVDEF sensors bonded to the side of the bar
are also subjected to the impact-induced longitudinal strain. In an ideal case, the
amount of strain on the surface of the bar at the location where the PVDF sensor was
bonded would be the same as the amount of strain in the PVDF sensor. However,
the PVDF film in the sensor is separated from the solid bar’s surface by layers of
Mylar (55 pm), silver ink electrode (6 pm), and cyanoacrylate glue. Hence there is a
small difference in the amount of strain developed in the PVDF film and the amount
of strain developed in the solid bar at the PVDF sensor’s location. Thus, the strain
acting along the 1 direction leads to the development of stress in the 1 direction,
thereby causing the generation of voltage by the PVDF sensor. The piezoelectric

stress constant of relevance in this mode is g¢3;.

2.4 Measurement of the PVDF sensor’s voltage

2.4.1 Circuit models of the PVDF sensor

A PVDF sensor is capacitive in nature. A model for the equivalent circuit of
a PVDF sensor is required in order to analyze the interfacing circuit between the
PVDF sensor and the measurement system. There are two equivalent circuit models
that can be used for the PVDF sensor. The PVDF sensor can be modeled either
as a voltage source in series with the PVDF film capacitance or as a charge source

shunted by the internal resistance in parallel with PVDF film capacitance.

15



Voltage source Charge source

Figure 2.4: Diagram showing (a) the voltage source and (b) the charge source equiv-
alent circuit models of a PVDF sensor.

The voltage source model is shown in Figure 2.4(a), in which V; denotes the
voltage generated by the sensor (which is directly proportional to the applied stress),
C, denotes the internal capacitance of the PVDF film, and V; is the voltage available
across the terminals of the PVDF sensor. The charge source model is shown in Figure
2.4(b). In both cases, the part of the circuit inside the dotted rectangle comprises
the PVDF sensor.

The voltage source equivalent circuit model of the PVDEF sensor is most commonly
used for analysis of interfacing circuits. Hence, this is the model that will be used for

all circuit analyses in this chapter.
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2.4.2 Recording the PVDF sensor’s voltage

Most other sensors require an amplification of their generated voltage signals be-
fore they can be used. The PVDF sensor, on the other hand, generates very high
voltages in both 31 mode and 33 mode. During the impact experiment, the LDT1-
028K sensors often generated voltages exceeding 10 V in magnitude. Most data
acquisition systems have signal conditioning units that cannot accept voltages in ex-
cess of £ 10 V. Hence, in order to record the PVDF sensor’s signal safely, either a
voltage reduction interfacing circuit must be used or a data acquisition system that
has a high maximum input voltage rating must be used. Furthermore, the duration
of an impact is usually less than 5 ms. Since the time window of interest is very small,
a high sampling speed is required to obtain good data resolution.

An oscilloscope (Agilent 54622A) was used to record the voltage generated by the
PVDF sensor because it satisfies both criteria mentioned above. The oscilloscope has
a maximum input voltage rating of 400 V and a sampling rate of 100 MHz. The
PVDF sensor’s terminals were connected to 10x probes (Agilent 10074C), which were
connected to the input terminals of the oscilloscope. The 10x probes have a resistance
of 9MSQ and the oscilloscope has an input resistance of 1 M{2. When a 10x probe is
connected to the oscilloscope’s input terminal, a voltage divider is formed with a
reduction ratio of 10. Thus, the total resistance connected across the PVDF sensor’s
terminals was 10 M(2 and the voltage measured by the oscilloscope was one tenth of

the voltage between the terminals of the PVDF sensor.
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2.4.3 Triggering data acquisition systems

In addition to the PVDF sensors, the test setup for each impact experiment also
included a load cell which was attached to the impactor. The load cell was connected
to the Instron Impulse data acquisition (DAQ) system. The Impulse DAQ consisted
of a signal conditioning unit and data recording software. The Impulse DAQ was set
up so that it triggered acquisition of the load cell’s signal based on its own voltage
level. To ensure that the entire signal was captured, a pre-trigger time was defined
in the Impulse DAQ system. This helped record the useful part of the signal just
before the trigger level was met as well. The voltage level of the load cell was used
as a trigger for the oscilloscope by using a BNC cable to connect the output terminal
of the Impulse signal conditioning unit to the external trigger input terminal at the
oscilloscope. The oscilloscope was also configured to have a fixed pre-trigger time to

ensure that the entire useful part of the PVDF sensor’s signal was captured.

2.5 Determination of the PVDF sensor’s generated voltage

Almost all the experiments in this thesis had the PVDF sensor directly connected
to the oscilloscope, through the 10x probes. The circuit for this configuration is
shown in Figure 2.5. The circuit uses the voltage source equivalent circuit model of
the PVDF sensor. The PVDF sensor, being capacitive in nature, forms an RC circuit
with the input resistance of any measuring instrument that is connected across it.
In the case of the circuit shown in Figure 2.5, a high pass filter is formed by the
internal capacitance of the sensor, and the probe and oscilloscope resistances. The

time constant (RC) of this circuit is 15.7 ms.
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Figure 2.5: PVDF sensor directly connected to the oscilloscope via a 10x probe.

The resistance of the probes, R, = 9M() and the input resistance of the oscillo-
scope, R, = 1 M. The input capacitance of the oscilloscope is about 14 pF. It has
been neglected in the circuit since it is very small compared to the internal capaci-
tance Cy. V, is the voltage measured by the oscilloscope, V; is the voltage generated
by the PVDF sensor, and V; is the voltage across the terminals of the PVDF sensor.
The series combination of (R, + R,) and the capacitor C, form a potential divider.

Hence, in Laplace notation, one can write

Vt(8)=< ot & )-VS(S), (2.8)

R, + R, +

or,
sCs(R, + R,)
sCs(R, + R,) + 1

Vits) = | | v 29)

The resistances R, and R, also form a potential divider. Hence, one can write

Vo) = (g ) i (2.10)
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From (2.9) and (2.10), one obtains

sCs(R, + R,) ] ' { R,

Vols) = [SC’S(Rp+R0) +1 Rp+RO] Vals): (2.11)

Thus, one obtains the transfer function H(s) between V, and V as

-0 [ty | 5]

which can be referred to as the measurement transfer function as it relates the voltage
measured by the oscilloscope (V) to the physical voltage generated by the sensor (V).
Thus, it can be seen that the RC circuit formed by the sensor and the measurement
system is modeled by the measurement function H(s). Substituting known values in

(2.12), one obtains

Vo(s) 1 0.0157s 1 s
() =95~ 10 (0.01575 + 1) 10 <s n 63.69) (2.13)

The cutoff frequency of the first-order high-pass RC filter seen here is

1
Je = [zw(Rp + R,)C,

} = 10.14 Hz. (2.14)

Thus, all frequencies lower than 10.14 Hz will be attenuated by the filter and the
voltage V, measured by the oscilloscope will not be the same as the true generated

voltage V;. The inverse measurement function can be written as

HY(s) = 38 =10 (w) . (2.15)
Therefore
Vi(s) = H-1(s) - Vi(s) = 10 (@) Vi(s). (2.16)

Thus, V, can be determined by using the inverse measurement function H~*(s) and
the measured voltage V,. This was achieved by creating a simple model in Simulink
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to apply the inverse transfer function to the voltage signal recorded using the oscillo-
scope. The block diagram shown in Figure 2.6 summarizes the process of determining
the voltage generated by the sensor. Assuming that H(s) correctly models the RC
circuit formed by the sensor and the measurement system, the generated voltage cal-
culated using H~!(s) and V, will be equal to the physical voltage generated by the
sensor. This means that the first and last blocks shown in Figure 2.6 are the same.
Throughout the rest of this thesis, this calculated voltage has been referred to as

generated voltage.

Physical voltage generated by the sensor
V

S

v
RC circuit formed by the sensor &
measurement system, modeled by H(s)

\ %
Voltage measured by the oscilloscope
vV

(¢}

A2
Inverse measurement fu nction
H(s)

v
Generated voltage

H(s)V,

Figure 2.6: Block diagram showing the process of determining the voltage generated
by a PVDF sensor.
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Figure 2.7 shows the measured voltage and the generated voltage. The blue curve
was obtained after applying the inverse measurement function H!(s) to the measured
voltage data, using Simulink. The measured voltage V, is proportional to terminal
voltage V;, which is equal to the difference between the generated voltage and the
voltage drop across the internal capacitance Cs. Charging of the internal capacitance
over time increases the voltage drop across it. Thus, over time, the difference between
Vy and V, increases because of the increasing voltage drop across the internal capac-
itance. Hence, the two signals shown in Figure 2.7 appear to be the same initially
(when the capacitor has not had enough time to charge) and increasingly differ as
time passes. Eventually, the signals appear to move close to each other again. This
is because the sensor stops generating voltage at about 4 ms and the generated and

measured signals both drop to zero eventually.

6 PVDF sensor: Difference between generated and measured voltage

a1
T

=

w
T

Measured
voltage

Voltage (V)

N

Generated a
voltage

0 2 4 6 8 10
Time (ms)

Figure 2.7: Difference between the voltage measured by the oscilloscope and the
voltage generated by the PVDEF sensor.
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2.6 Interfacing circuits

In situations where it is not possible to use an oscilloscope for the PVDF sensor’s
voltage measurement, it is important to have a stable interfacing circuit between
the sensor and the DAQ system. The purpose of such a circuit is to isolate the
PVDF sensor from the DAQ system. Since most DAQ systems have a maximum
input voltage rating of 10 V, the interfacing circuit must also attenuate the voltage
across the PVDF sensor’s terminals before it is supplied to the DAQ system. In this
section, some interfacing circuits and their corresponding measurement functions are
discussed that satisfy the above criteria. These circuits were used to measure PVDF

voltages and the results were then compared against each other.

2.6.1 Circuit 1

—_—_——— e — —

Voltage divider

Figure 2.8: Circuit 1 - Voltage divider connected between the PVDF sensor and the
10x probes.
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Circuit 1 consists of a voltage divider connected between the PVDF sensor and the
oscilloscope, as shown in Figure 2.8, where R; = 1 MQ and Ry, = 0.1 M€2. Thus, the
voltage divider reduces the voltage across the PVDF sensor’s terminals by a factor of
11 before it reaches the 10x probes. In this case, the net resistance connected across

the sensor 1.099 MQ2. Hence, the measurement function is

2.6.2 Circuit 2

PVDF
sensor

Voltage
follower

Voltage
divider

Figure 2.9: Circuit 2 - Voltage divider and voltage follower connected between the
PVDF sensor and the 10x probes.

Circuit 2 consists of a voltage divider and a voltage follower connected between
the PVDF sensor and the oscilloscope, as shown in Figure 2.9, where Ry = 1 M$2 and

Ry = 0.1 MQ respectively. In this case, the net resistance connected across the sensor
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R = 1.1 Mf). Hence, the measurement function is

0= = m () = () e

2.6.3 Comparison of interfacing circuits

Comparison of interfacing circuits

16

I
| No interfacing circuit |

Voltage (V)

-2 j j j j j "
0 1 2 3 4 5 6

Time (ms)

Figure 2.10: Generated (V) signals measured without a circuit, with a voltage divider,
and with a voltage divider and a follower.

Three drop tests were conducted from the same drop height. For the first drop
test, no interfacing circuit was used; the PVDF sensor was directly connected to
the 10x probes. For the second and third drop tests, interfacing circuits 1 and 2

respectively, were used. The generated sensor voltages were determined using the
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relevant measurement functions. The impact forces in all three drop tests are almost
identical. Hence, the generated voltage responses of the drop tests can be compared
to evaluate the performance of the two interfacing circuits. Figure 2.10 shows the
comparison of generated voltage signals. Since the signals shown in Figure 2.10 are
very close to each other, one can conclude that both of the interfacing circuits provide
an undistorted voltage to the oscilloscope. Using appropriate measurement functions,
either of the two circuits can be used for determining the voltage generated by the
PVDF sensor.

It is noted that the op-amp selected for the voltage follower should have a slew
rate that is fast enough to capture important features in the voltage signal caused by
impact. The op-amp used here (LF411CN) has a slew rate of 10 V/us, which is fast

enough for the recorded signals.
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2.7 Conclusions

e The voltage generated by the PVDF sensor differs from the voltage recorded
by the measurement system. The generated voltage can be determined using
the measured voltage and a measurement function, as described in detail in this
chapter.

e Some measurement systems may have a lower input voltage range compared
to the voltage generated by the PVDF sensors. In addition, it may be rec-
ommendable to isolate the sensors from the measurement system, both as a
safety mechanism to prevent damage to the DAQ due to high voltages as well
as to provide a single, known measurement function independent of the input
impedance of the DAQ. In such cases, simple interfacing circuits consisting of
a voltage divider and follower can be used for determining the voltage gener-
ated by the PVDF sensor if the correct measurement function is applied to the

measured signals.
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Chapter 3: PVDF SENSORS ATTACHED TO A SOLID
BAR

This chapter introduces the impact experiments and explains in detail the set of
drop tests performed on a solid bar. The associated LS-DYNA simulation model
has been described in detail as well. Finally, the results of the simulation have been

analyzed and the conclusions drawn have been explained.

3.1 Solid stainless steel bar

The simple structure chosen for the impact test was a solid stainless steel bar.
The solid bar had a cross-section of 50.5 mm x 31 mm, and a height of 131.5 mm. A
base plate was welded to the bottom of the solid bar to help fix the bar to the base of
the impact tester. The dimensions of the solid stainless steel bar are shown in Figure
3.1. The material used for both the bar and the base plate was 316 L stainless steel.

Figure 3.2 shows the solid bar with the PVDF sensors attached. Each of the two
PVDF sensors is bonded to the solid bar at a distance of 14 mm from the top, in the
center of the bar’s face. This means that 14 mm is the distance between the top edge
of the Mylar layer on the PVDF sensor and the top of the solid bar. Commercially
available cyanoacrylate glue (Krazy glue) is used for bonding the PVDF sensors to

the surface of the solid bar. The glue is applied uniformly to the surface of the PVDF
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50.5 mm N 31 mm
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Front view Side view

Figure 3.1: Dimensions of the solid stainless steel bar.

Solid bar

Figure 3.2: Solid bar with the PVDF sensors attached.
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sensor using a brush applicator. The PVDF sensor is then pressed against the surface
of the solid bar using a flat headed piece of steel block. This causes the excess glue

to squeeze out from under the PVDF sensor and results in more uniform adhesion.

3.2 General experimental setup

The Instron Dynatup drop weight impact tester was used to impact the solid
stainless steel bar. The bar was fixed to the base of the impact tester using four
tie-down fixtures. The impact tester has an instrumented ram, or tup, attached to
the bottom of the movable head weight. The tup consists of a load cell, which is
bolted to the bottom of the head weight. The impactor (a flat stainless steel plate) is
bolted to the bottom of the load cell. Figure 3.3 shows the impact tester and a close
up of the tup resting on the top of the solid bar.

The following steps were followed for each impact test:

1. The height limit switch on the impact tester was set to a preselected drop height.

2. The movable head weight was hoisted to the drop height set by the height limit
switch.

3. The head weight was then released and fell freely under gravity, onto the top of

the solid bar.

The load cell measures the variation of the impact force between the flat plate
impactor and the top of the solid bar, throughout the duration of impact. The
Instron Impulse data acquisition system records the voltage signal from the load cell
and converts it into impact force, based on the load cell’s calibration factor which has
to be provided to the Impulse software. The load cell’s signal level itself was used as
a trigger for the data acquisition, as described in detail in Chapter 2.
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Impacting
plate

Figure 3.3: Impact tester and the instrumented ram (or tup).

The PVDF sensors are connected to the oscilloscope via 10x probes, as mentioned
in the previous chapter. Thus, three sensor signals were recorded for every impact
test, namely, the load cell’s signal (variation of impact force with time) and the signals
from the two PVDF sensors (variation of generated voltage with time). Figure 3.4

shows the complete experimental setup for the impact tests.
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Impulse
DAQ
software

Figure 3.4: Complete experimental setup for the impact tests.
3.3 Relation between the voltage generated by the PVDF

sensor and applied stress

The relationship between the voltage generated by the PVDEF sensor and the stress
applied to the PVDF sensor was described by (2.7) in Chapter 2. In the case of the
solid bar, the magnitudes of lateral stress (73) and compressive stress (73) are small

compared to the longitudinal stress (77). Hence (2.7) can be approximated as
V ~ (6.048 x 107%) - 7. (3.1)

Assuming that the strain acting on the solid bar gets transferred completely to the

PVDF film and that at any time instant, all cross-sections across the length of the
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bar experience the same longitudinal impact force, one obtains

E, FE;
Tl N Oy =~

E, AFE,

(3.2)

where o, is the longitudinal stress acting on the bar at the location of the PVDF
sensor, F' is the impact force acting on the top of the bar at any particular instant
(which is recorded by the load cell), and A is the cross-sectional area of the solid bar.
E and Ej are the Young’s moduli of the PVDF film and the solid bar respectively.

Using (3.2) and (3.1), one can write

FE,

V & (6.048 x 107° : 3.3
(6.048 x 107%) (33)
Since V' and F are quantities that vary with time, one can write
6.048 x 1079)E,
Vit~ | GOS8 XTODE gy (3.4)

AE,
Thus, (3.4) shows that the impact force acting on the top of the solid bar is propor-
tional to the voltage generated by the PVDF sensor.

3.4 Orientation of the bar and its influence on PVDF sensor
signals

This section shows the importance of using two PVDF sensors on opposite sides

instead of just one, to record the voltage response after impact.
3.4.1 Ideal impact scenario

The purpose of recording the voltage generated by a PVDF sensor attached to the
solid bar is to be able to determine the longitudinal stress and impact force acting on
the solid bar during impact. Consider an ideal impact experiment in which the flat
impactor attached to the load cell is perfectly parallel to the flat top surface of the
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solid bar. This would lead to a uniform impact force acting on the top of the solid bar,
which in turn would generate longitudinal stress waves in the solid bar. Assuming
that there are no non-uniformities in the material of the solid bar, the same amount
of longitudinal strain would develop on each face of the solid bar at any cross-section
along its length. This would lead to the generation of the same voltage signals by
two PVDF sensors attached on opposite faces of the bar, at the same distance along
its length.

Also, in the case of an ideal impact experiment, the impact force acting on the top
of the solid bar is proportional to the voltage generated by the PVDF sensor as shown
by (3.4). However, in the case of the actual experiment performed, it was seen that
the voltage signals generated by PVDF sensors attached to opposite faces of the solid
bar were not the same. To determine the cause of the difference in voltage signals
and to investigate the influence of the orientation of the solid bar on the voltages

generated by the PVDF sensors, the following experiment was conducted.
3.4.2 Varying the orientation of the solid bar

The experiment was set up using the procedure described in Section 3.2. The

important features of this experiment are as follows:

e All the drop tests run under this experiment had a drop height of 3 cm.

e Two PVDF sensors are bonded to opposite sides (on the broad faces) of the
solid bar. They are located at a distance of 14 mm from the top of the bar, in
the center of the bar’s face.

e PVDF sensors are used in 31 mode in all the tests discussed in this section.
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Orientation 1 Orientation 2

Figure 3.5: The two orientations of the solid bar used in the experiment, as seen from
the front of the impact tester.

e Tests were conducted by changing the orientation of the bar (by rotating it

about its vertical axis by 90 degrees) for each impact.

The two orientations of the solid bar used in this experiment are shown in Figure 3.5.
In orientation 1, the broad face of the solid bar faces the front of the impact tester
and in orientation 2, the narrow face of the solid bar faces the front of the impact
tester.

All PVDF voltages shown in the plots in this section are generated voltages deter-
mined using the Simulink model described in Chapter 2 and have been inverted (for
better comparison with load cell data). Figure 3.6 and Figure 3.7 show the generated
voltage signals from the two PVDEF sensors in the drop tests run using orientation
1 and orientation 2 of the solid bar respectively. It can be seen that the two PVDF
sensors did not generate the same voltage signals after impact in either of the two
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Orientationl: Solid bar, drop height — 3 cm
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Figure 3.6: Results from orientation 1 (broad face of the solid bar facing the front).

tests. Thus, unlike in the case of an ideal impact experiment, unequal longitudinal
strains were generated on opposite faces of the solid bar.

Furthermore, it can be seen from Figure 3.6 and Figure 3.7 that for both the drop
tests, neither of the PVDF sensor signals appears to be proportional to the impact
force recorded by the load cell (shown by the black curve). However, it can be seen
that the average of the two PVDF sensor signals in both the tests can be aligned quite
closely with impact force. This implies that the average of the two PVDF signals is
proportional to the impact force acting on the solid bar.

Based on the above observations, it can be concluded that the impact force acting
on the top of the solid bar was not distributed uniformly. This can happen if either
the top of the solid bar or the impactor is not parallel to the base of the impact tester.

This means that all the edges of the top of the solid bar did not hit the impactor at
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Orientation 2: Solid bar, drop height — 3 cm
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Figure 3.7: Results from orientation 2 (solid bar rotated by 90° after orientation 1).

the same time. Comparing the PVDF sensor signals in Figure 3.6 and Figure 3.7, it
can be seen that the same PVDEF sensor does not produce a higher voltage in both
the tests.

Thus, the same edge of the solid bar did not hit the impactor first in both the
tests. This implies that the impactor/drop weight is not parallel to the base of the
impact tester. This is a problem that cannot be rectified easily. Hence, the solution
is to use the average of both PVDF signals for comparing against the impact force
and the stress predicted by the simulation.

From Figure 3.8, it can be seen that even when the orientation of the solid bar is
changed, the average voltage response of the PVDF sensors does not vary significantly.
The maximum voltage amplitude is almost the same in both the orientations. The

most of the small amount of difference that can be seen between the two signals can
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Average PVDF sensor voltages: Solid bar, drop height — 3 cm
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Figure 3.8: Comparison of average PVDF sensor voltages generated in the two ori-
entations of the solid bar.

be attributed to the difference in the impact force acting on the solid bar in both the
cases. This can be seen from the comparison of impact forces shown in Figure 3.9.
However, it is important to note that the sensors are measuring the average stress
only on two sides of the solid bar. Thus, any asymmetric stress variation along the
other two sides would not be captured by the sensors. However, since the use of two
sensors on opposite sides of the solid bar gives satisfactory results, this is the method
that has been followed in the subsequent tests on the solid bar. Thus, based on the

tests described in this section, the following conclusions can be drawn:
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Impact forces: Solid bar, drop height — 3 cm
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Figure 3.9: Comparison of impact forces acting on the solid bar in the two orienta-
tions.

e The orientation of the solid bar affects the voltage response of the individual
PVDF sensors, but the average voltage response of the PVDF sensors is pro-
portional to the impact force, irrespective of the orientation of the solid bar.

e The impactor/drop weight is not parallel to the base of the impact tester.

The non-parallel impact between the impacting plate and the top of the solid bar
is the cause of the atypical shape of the impact force versus time curve. In the case
of an ideal impact (or impact between a hemispherical impactor and the solid bar),

the impact force history would show a single peak, with a smaller duration of impact.
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3.5 LS-DYNA model of the impact event

Figure 3.10 shows the LS-DYNA model created to simulate the impact tests. The

model was created using the preprocessing software LS-PrePost 3.2.

PVDF film

Stainless
D <tcc| har
Fixed

boundary
node set

Figure 3.10: LS-DYNA model of the solid bar and the PVDF sensor.

3.5.1 General description of the model

The solid bar is modeled using the same dimensions as the actual solid bar used
in the experiments. The rectangular plate welded to the actual solid bar was not
modeled for the LS-DYNA simulations. The solid bar’s model is made up of 26,400
elements. The elements are cubic, with sides 2 mm long. The PVDF sensor’s model
created for the LS-DYNA simulation, as shown in Figure 10, is 14 mm wide and 30

mm long. Its thickness is 28 ym. It is made up of 105 cubic elements, with sides 2
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mm long. The models for the solid bar as well as the PVDF sensor are made up of
8-noded constant-stress solid elements (ELFORM set to Type 1). This element type
is efficient and accurate [17].

The actual PVDF sensor used in the experiments had a 28 pm thick PVDF film
sandwiched between two 6 pm thick silver ink electrodes. This assembly is sandwiched
between two 55 pm thick Mylar sheets. The sensor is glued to the face of the solid
bar. Therefore, a layer of glue exists between the Mylar sheet and the face of the
solid bar. Thus, strain from the solid bar gets transferred first to the layer of glue,
then to the Mylar layer, then to the silver ink layer, and finally to the PVDF film.

However, in the LS-DYNA simulations, only the 28 pm thick PVDF film has been
modeled. In the experiment, the sensor is attached to the side of the solid bar at a
distance of 14 mm from the top. Thus, the distance of the PVDF film from the top
is 16 mm. Hence, in the LS-DYNA model, the top of the PVDF film is located at a
distance of 16 mm from the top of the solid bar. Further, the PVDF sensor’s model
was created by generating elements on the surface of the solid bar’s model. Hence,
the nodes present on the interface between the PVDF sensor and the solid bar are
shared by both the solid bar and the PVDF sensor. Thus, all the strain from the
solid bar is transferred completely to the side of the PVDF film in contact with the
solid bar.

Accurate material properties for the Mylar, silver ink, and glue layers were not
available. Initially, the Mylar and silver ink layers were modeled using some typical
values of their material properties. However, it was observed that the presence of the
additional layers did not have a significant effect on the stress induced in the layer

of the PVDF film. Hence, in the final LS-DYNA model for the tests on the solid
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bar, the layers of Mylar and silver ink were not modeled. As far as the glue layer is
concerned, its thickness was not known. Since it was observed that the presence of
Mylar and silver ink layers did not affect the PVDF stress response, for simplicity

the glue layer is not modeled either.
3.5.2 Material properties

The material model used for both the solid bar as well as the PVDF sensor is

MAT 024 (MAT PIECEWISE LINEAR PLASTIC). The material properties set for

the solid bar are:

e Density = 8000 kg/m?
e Young’s modulus = 193 GPa

Poisson’s ratio = 0.3

Yield stress = 170 MPa

Tangent modulus = 1.93 GPa
The material properties set for the PVDF film are:

Density = 1780 kg/m?

e Young’s modulus = 3 GPa

Poisson’s ratio = 0.35

Yield stress = 53 MPa

Tangent modulus = 0.03 GPa
3.5.3 Boundary conditions

In the actual experiment, the base of the solid bar was clamped to the base of the

impact tester. To replicate this boundary condition, displacement constraints were
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applied in X, Y, and Z directions to all the nodes on the bottom of the solid bar.

This is equivalent to fixing the base of the solid bar.

3.5.4 Applied load

Creating an impactor in LS-DYNA that hits the top of the solid bar with the
same velocity as the impactor in the experiment leads to the application of an ideal
impact force on the solid bar. This ideal impact force rises quickly to its peak value
and exponentially decays after its peak. However, the impact force measured by the
load cell in the experiments differs significantly from the ideal impact force shown by
LS-DYNA. This leads to a significant deviation in the voltage generated by the PVDF
sensor in the LS-DYNA model and the experimentally measured voltage generated
by the PVDF sensor.

In order to be able to compare the simulation results and the experimental results,
the impact force acting on the solid bar in the simulation must be similar to the actual
impact force measured in the experiments. Hence, the force acting on the top of the
solid bar, measured by the load cell during the experiment, is saved in the LS-DYNA
keyword file and applied as input force to the solid bar model in the simulation. This
is achieved by selecting all 442 nodes on the top of the solid bar and creating a node
set. This node set is shown in Figure 10. At each time instant, the experimentally
measured value of impact force is divided by 442 (number of nodes in the node set
defined on the top of the solid bar) and applied to each individual node. This results
in a uniform application of the measured impact force on the top of the solid bar in

the LS-DYNA simulation.
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Figure 3.11: The longitudinal force acting on the mid-section of the solid bar showing
undamped vibrations.

3.5.5 Damping

Initially, the LS-DYNA model was run with no damping present in the system
and the longitudinal force acting on the mid-section was plotted from the simulation
results as shown in Figure 3.11. The results showed cyclic changes in the magnitude
of longitudinal force, without any reduction in amplitude over time. Hence, damping
must be defined in the LS-DYNA model to curb these unnatural vibrations.

LS-DYNA allows the user to set a system damping constant (damping coefficient

per unit mass). According to the support documentation on LSTC’s website [18],
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the value of the system damping constant must be determined by a trial and error
approach. Hence, multiple trial simulations were run by varying the system damping
constant and keeping all other parameters constant. The value of the system damping
constant that gave the best result was 23 N-s/kg-m. At this value of the damping

constant, the unnatural ringing vibrations were damped out successfully.
3.5.6 Termination time and output resolution

For studying the solid bar impact tests, the LS-DYNA model was set up to sim-
ulate the behavior of the solid bar and the PVDF sensor for a time window of 4.5
ms. This ensures that LS-DYNA predicts the behavior of the solid bar for the en-
tire duration of impact, which was observed to be less than 4 ms. The time interval

between consecutive outputs was set to 5ps.

3.5.7 Post-processing

Figure 3.12 shows the plot of longitudinal stress (calculated by LS-DYNA) acting
on the PVDF sensor from an impact simulation. To generate the plot, all the elements
of the PVDF sensor were selected. Thus, each curve shown in the plot corresponds to
an element of the PVDF sensor. It can be seen that there is a variation in the values
of longitudinal stress acting on the PVDF sensor. For the purpose of further analysis
of the impact test, the average value of longitudinal stress acting on all the elements
that form the PVDF sensor was computed and used. This is also in accordance
with the fact that even in the actual impact tests, the PVDF sensor’s output always

represents the average of the stress acting on it.
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Figure 3.12: Variation of the longitudinal stress acting on the individual elements of
the PVDF sensor shown by LS-DYNA.

3.6 Impact tests on the solid stainless steel bar

In this experiment, three drop tests were run on the solid bar. The head weight
was dropped on the solid bar from heights of 3 cm, 5 cm, and 7 cm. The setup for
this experiment was the same as the general experimental setup described earlier in
this chapter. The PVDF sensors were used in the 31 mode in this experiment. As
explained in the previous section, the impact force data from the load cell was fed to
the LS-DYNA model as applied load for the solid bar. The frequency at which the
PVDF and load cell signals were recorded was 1 MHz and 546 kHz respectively. For

each of the three drop tests, the following steps were followed:

1. For each time instant, the longitudinal stress (Z stress), acting on all the ele-

ments of the PVDF sensor’s model in LS-DYNA was averaged. This was done
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for the entire duration of the impact event in order to obtain the average stress
acting on the PVDF sensor during impact.

2. This was further converted into the voltage generated by the PVDEF sensor,
using (3.1). Thus, one obtains a time history of the expected voltage generated
by the PVDF sensor based on the results of the simulation.

3. This time history of expected voltage generated by the PVDF sensor was then
compared against the impact force measured by the load cell, and the average

generated PVDF' sensors’ voltage measured experimentally.

Note that all the plots in this section show the generated average value of the PVDF
sensor’s voltage and not the voltage that was directly measured by the oscilloscope.

This experiment had the following objectives:

1. To check the validity of the simplified linear piezoelectric equation for 31 mode,
in the form of (3.1).

2. To check the accuracy of the LS-DYNA model used to simulate the impact
event.

3. To investigate if a proportionality constant can be calculated for this exper-
iment, which can be used to determine the impact force acting on the solid
bar.

4. To develop and validate the experimental method for conducting impact tests
using PVDF sensors bonded to structures. This includes the method of bonding
the sensor to the structure, selection and setting up of data acquisition system
for the PVDF sensors, setting up the Impulse DAQ software for the load cell,

and determination of the generated voltage from the measured voltage.
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This is why a simple geometry was chosen for the structure under impact. The simple
geometry helps to focus on the objectives defined above and minimizes errors due to

imperfections and geometric complexities in the structure.
3.6.1 Results and analysis

Figure 3.13 shows the comparison of the impact force measured by the load cell,
the average PVDF sensor generated voltage, and expected PVDF sensor voltage cal-

culated using the LS-DYNA simulations results, for the 3 cm drop test.

Solid stainless steel bar: 3 cm drop
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Figure 3.13: Impact force, average PVDF sensor voltage from experiments, and ex-
pected PVDF sensor voltage calculated using LS-DYNA for the 3 cm drop test on
the solid bar.
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Two separate Y axes have been shown in the figure. The Y axis on the left
corresponds to the impact force history and the Y axis on the right corresponds to
the generated PVDEF' sensor voltage as well as the expected PVDF sensor voltage.
The proportionality constant (described later in this section) calculated using the
generated PVDF sensor voltage and the impact force was used to scale the two Y
axes. The average PVDF voltage signal does not have the same start time as the
load cells impact force signal. For easier comparison of the impact force and PVDF
voltage, the load cells signal was aligned with the average PVDF sensors signal. This

was achieved by using the following method:

1. The mean signal levels of the average PVDF voltage and the impact force,
before impact, were set to zero.

2. A moving average with a span of three elements was used to smooth the signals.

3. The difference between the time instant at which the force starts rising above
zero and the time instant at which the average PVDF voltage starts rising above

zero was found and subtracted from the impact force signal.

The following steps were followed to calculate the proportionality constant between

the impact force and the PVDF voltage:

1. The signals shown in Figure 3.13 display four distinct spikes. The load cell and
experimental PVDF data for the entire duration of the first spike, which starts
at 0 ms and ends at 0.78 ms, was selected. This is the time window that lies
before the vertical red line shown on Figure 3.13.

2. The mean values of the impact force F,.., and the generated PVDF voltage

Vinean, in the time window specified above, are calculated.
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3. The proportionality constant k (or impact force sensitivity) is calculated by

determining the ratio of the mean PVDF voltage to the mean impact force.

Therefore, k = Viean/Finean 10 the range specified. It is emphasized that the pro-
portionality factor depends upon the structure under impact, the properties of the
PVDF sensor attached to it, and the position of the sensor relative to the direction
of impact. Thus, k is a property of the structure with the PVDF sensor attached
to it. The maximum value of the impact force, which occurs at the peak of the first
spike in the signals, is the most important for the purpose of detection of impact.
When the proportionality constant was calculated using only the peak values of the
generated PVDF sensor voltage and the impact force and was used to scale the two Y
axes in Figure 3.13, it causes misalignment of the remaining parts of the signals. At
the same time, using the entire duration of impact for calculating the proportionality
constant causes significant misalignment of the signals at their peak values. Hence,
the entire duration of the first spike was chosen for calculation of k. This helps avoid
large misalignments at the peak values of the signals, as well as at the remaining

three spikes.
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Figure 3.14: Impact force, average PVDEF sensor voltage from experiments, and ex-
pected PVDF sensor voltage calculated using LS-DYNA for the 5 cm drop test on
the solid bar.

The above analysis was repeated for the 5 cm drop test and the 7 cm drop test.
Figure 3.14 and Figure 3.15 show the comparison of the impact force measured by
the load cell, the average PVDF sensor generated voltage and expected PVDF sensor
voltage calculated using the LS-DYNA simulations results for the 5 cm and 7 cm drop

tests respectively.
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Solid stainless steel bar: 7 cm drop
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Figure 3.15: Impact force, average PVDEF sensor voltage from experiments, and ex-
pected PVDF sensor voltage calculated using LS-DYNA for the 7 cm drop test on
the solid bar.

Table 3.1 summarizes the results of all three impact tests. The average propor-

tionality factor for the three drop tests is 0.059 V/kN.

52



Parameter Test 1 Test 2 Test 3
Drop height (cm) 3 5 7
Peak average generated PVDF voltage (from the
8¢ 8 experiment) (V) ge ( 5.46 7.35 8.79
Peak expected PVDF voltage (from the
P sirnulation) (v)g ( 5.52 7.27 8.86
% difference between the peak PVDF voltage 11 11 0.8
from the experiment and from the simulation

Peak impact force (kN) 86.95 116.75 | 140.95
Proportionality constant k (V/kN) 0.059 0.060 0.059

3.7

Table 3.1: Summary of the results from the impact tests on the solid bar.

Conclusions

The results show that there is a strong correlation between the generated PVDF
voltage (from the experiment) and the expected PVDF voltage calculated using
the results of the LS-DYNA simulations. Thus, it can be concluded that the
LS-DYNA model created to simulate the impact is accurate to an acceptable
extent and can be used as a template for creating the LS-DYNA model for
simulating impact tests on more complex structures such as a hollow beam,
which is the next stage of this work.

The proportionality constants calculated for the three drop tests have closely
spaced values. This implies that the average value of £ (0.059 V/kN) and the
voltage generated by the PVDF sensor in 31 mode, can be used to determine
the impact force acting on the solid stainless steel bar used in this experiment.
The close alignment of the generated PVDF voltage and the impact force shows

that the assumption that they are proportional to each other is reasonable and
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validates the use of the simplified linear piezoelectric equation for 31 mode,
namely (3.1).

The PVDF sensors did not get detached from the solid bar during the impact
tests. The data acquisition systems consisting of both the Agilent 54622A
oscilloscope and the Impulse DAQ system were able to capture the complete
impact events at high sampling rates. This indicates that the triggering system
and sampling frequency of the DAQ systems were set up correctly. In addition,
the close match between the generated PVDF voltage and the simulation based
PVDF voltage also indicates that the model used for the determination of the
measured PVDF voltage is accurate to an acceptable extent. These observations
validate the experimental method developed for conducting impact tests using

PVDF sensors bonded to structures.
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Chapter 4: PVDF SENSORS ATTACHED TO A HOLLOW
STEEL BEAM

This chapter builds on the impact test methodology explained in the Chapter 2
by extending it to a more complex structure, namely, a hollow steel beam. Based on
a discussion of the results, it is shown that the PVDF sensor can be used determine
the impact force acting on a structure. In addition, the LS-DYNA model created for
these tests is explained in detail and evaluated by comparing it to the experimental

results.

4.1 Hollow steel beam

Hollow steel beams were used for the impact tests discussed in this chapter. Figure
4.1 shows the picture of one of the beams, with the PVDF sensors attached. Each
beam was made by spot welding two parts, made of 1.42 mm thick steel (JAC270C).
These two parts were spot welded along their length, on both sides. Each spot weld
had a diameter of approximately 5 mm and the typical spacing between adjacent spot
welds was 40 mm. A square base plate of the same material was welded to the bottom
of each beam. The base plate provides a surface for the fixtures to hold the beam in
its place during impact. Each beam had a height of 400 mm (measured from the top

of the beam to the base plate, not including the thickness of the base plate). The

95



Impacting
plate

PVDF
sensor

Fixture holding
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Figure 4.1: One of the hollow beams on the left and the experimental setup with the
PVDF sensors attached to the beam on the right.

dimensions of the cross section of the beams have been shown in Figure 4.2. The base
plate had a side length of 100 mm and was 5 mm thick. There was a small variation
in dimensions between the different beams tested. In Chapter 2 it was shown that
the impactor/drop weight is not perfectly parallel to the base of the impact tester.
Hence, the average voltage from four PVDF sensors bonded to the sides was used for
comparing against the impact force. Four PVDF sensors were attached, lengthwise
(and thus, in 31 mode), to the middle of the sides of each beam used in the impact

tests. The positions of the sensors have been shown in the top view of the beam in
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Figure 4.2: Dimensions of the cross section of the hollow steel beam.

Figure 4.3. Note that the thickness of the sensors has been highly exaggerated in the
figure. The sides bearing the ridges were chosen for attaching the sensors because
they are relatively stiff compared to the other two sides of the beam without the
ridges. This helps avoid the measurement of bulging modes of the beam and ensures
that the stress detected by the sensors is predominantly longitudinal. The lower end
of the PVDF film in each sensor is at a distance of 120 mm from the base plate.
This distance ensures that the PVDF sensors are away from the heat affected zone
close to the bottom of the beam, where the base plate was welded. It also ensures
that the PVDF sensors will not be in the zone of deformation in destructive tests
on the beam. Figure 4.4 shows the variation of longitudinal stress along the length

of the beam after impact, at four different time instants. The data shown in the
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PVDF sensors

Figure 4.3: Top view of the beam showing the positions of the four PVDF sensors.

figure was taken from the results of an LS-DYNA simulation of an impact test. The
impact force on the top of the beam reaches its peak between 1.26 ms and 1.5 ms in
this simulation. The details of the LS-DYNA model used have been provided later
in this chapter. From Figure 4.4, it can be seen that the longitudinal stress does
not vary significantly along the zone from 120 mm to 150 mm from the bottom of
the beam, which is where the PVDF films in the sensors are located. Thus, based
on the LS-DYNA simulation, it appears that the stress acting along the length of
the PVDF films does not vary significantly at specific time instants during impact.
Commercially available cyanoacrylate glue (Krazy glue) was used for bonding the
PVDF sensors to the surface of the beams. The procedure for attaching the PVDF

sensors to the beam is the same as the one described in Chapter 3.
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Figure 4.4: Variation of longitudinal stress along the length of the beam after impact,
at four different time instants.

In the case of the hollow steel beams, the out-of-plane stress acting on the PVDF
sensor (compressive stress T3), caused by impact, has a very small magnitude com-
pared to the longitudinal stress (77) and lateral stress (73) acting on the sensor.

Hence, using (2.7) and neglecting T3, one can write

V = (6.048 x 107°) - T} + (0.528 x 107°%) - T. (4.1)
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4.2 Experimental setup

Each hollow steel beam used for impact was fixed to the base of the impact tester
using four tie-down fixtures. As in the case of the solid bar, a flat stainless steel
plate attached to the load cell was used as the impactor. The method followed for
the impact tests is the same as mentioned in Section 3.3 in Chapter 3. Since data
from four sensors was required, two oscilloscopes (Agilent 54622A) were used, each
having two channels. Each PVDF sensor was connected to an oscilloscope using a
10x probe. Thus, five sensor signals were recorded for every impact test, namely, the
load cell’s signal (variation of impact force with time) and the signals from the four
PVDF sensors (variation of generated voltage with time). The load cell’s signal level
was used as a trigger for the data acquisition, as described in detail in Chapter 2.

Two types of impact tests were performed using the hollow steel beams; the non-
destructive tests and the destructive tests. The non-destructive tests involved impact
from low drop heights, to ensure that the beam being impacted does not permanently
deform significantly. In contrast, the destructive tests involved the use of high drop
heights and additional drop weights so as to cause significant permanent deformation
of the beam. The frequency at which the PVDF signals were recorded was 4 MHz
for the non-destructive tests and 10 MHz for the destructive tests. The load cell’s
signal was recorded at 546 kHz for the non-destructive tests and at 164 kHz for the

destructive tests.

4.3 LS-DYNA model of the impact event

Figure 4.5 shows the LS-DYNA model created to simulate the impact tests on the

hollow steel beams.
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Figure 4.5: LS-DYNA model of the hollow beam, PVDF film, and rigid plate.
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4.3.1 General descrip

The hollow beam is modeled using the same dimensions as the actual beams used

The base plate welded to the actual beams was not modeled

in the experiments.

for the LS-DYNA simulations. The LS-DYNA model consists of four separate parts,

namely, a rigid plate that exerts a prescribed impact force on the beam, the two halves
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of the beam’s body that are spot welded to each other, and the PVDF film. All the
parts have been modeled using 8-noded constant-stress solid elements (ELFORM set
to Type 1) since this element type is efficient and accurate [17]. The elements are
cubic, with sides 5 mm long.

The purpose of the rectangular rigid plate is to transfer a prescribed impact force
to the top of the hollow beam. The dimensions of the plate are 98 mm x 66 mm,
corresponding to the dimensions of the flat rectangular impactor attached to the load
cell. The rigid plate is in contact with the top of the hollow beam, but is not fixed
to the beam.

Each of the beam’s two halves is made up of 7520 elements. The PVDF film is
made up of 18 elements and the rigid plate consists of 560 elements. The PVDF
film’s model was created in the same way as described in Section 3.5.1 in the previous
chapter, on the surface of the beam’s model. Hence, all the strain acting on the
elements of the beam under the PVDF film gets transferred completely to the PVDF
film.

Figure 4.6 shows one of the two halves of the hollow beam’s model. These two
parts were placed in contact with each other and were then joined to each other by
defining spot welds along their sides. These spot welds can be seen as a series of
twenty small white circles in Figure 4.6. Each spot weld shown corresponds to a spot
weld present on the actual hollow beams. There is a small amount of variation in
the exact locations of the spot welds on the actual beams and in the model. This is
because the spot welds present on the actual beams do not have a constant separation

between them and their locations also differ slightly from one beam to another. In
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One half of
the beam

Figure 4.6: Picture showing one of the two halves that form the hollow beam in the
LS-DYNA model. One of the spot welds has been highlighted.

the LS-DYNA model, at the location of each spot weld, the nodes belonging to the

two halves of the beam are tied to each other.
4.3.2 DMaterial properties

The material model used for the hollow beam and the PVDF sensor is MAT 024
(MAT PIECEWISE LINEAR PLASTIC). The material model used for the rigid plate

is MAT 020 (MAT RIGID). The material properties set for the hollow steel beam are:

e Density = 7800 kg/m?
e Young’s modulus = 190 GPa

e Poisson’s ratio = 0.3
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e Yield stress = 260 MPa

e Tangent modulus = 425 MPa
The material properties set for the PVDF film are:

e Density = 1780 kg/m?
e Young’s modulus = 3 GPa
e Poisson’s ratio = 0.35
e Yield stress = 53 MPa

e Tangent modulus = 0.03 GPa
The material properties set for the 316 L stainless steel rigid plate are:

e Density = 8000 kg/m3
e Young’s modulus = 193 GPa

e Poisson’s ratio = 0.3
4.3.3 Boundary conditions

In the actual experiment, the base of the hollow beams was clamped to the base
of the impact tester. To replicate this boundary condition, displacement constraints
were applied in X, Y, and Z directions to all the nodes at the bottom of the two
halves of the hollow beam in the LS-DYNA model. This is equivalent to fixing the

base of the hollow beam.

4.3.4 Applied load

The force acting on the top of the hollow beam, measured by the load cell during
the experiment, is saved in the LS-DYNA keyword file and applied as the input force
to the hollow beam’s model in the simulation. As shown in Figure 4.5, the measured
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impact force is applied at the center of the rigid plate. This results in a uniform

application of the impact force on the top of the hollow beam.
4.3.5 Damping

A trial and error approach was used for determining the most suitable system
damping constant. The reasons for this have been discussed in Section 3.5.5. The

value of the system damping constant that gave the best result was 5 N-s/kg-m.
4.3.6 Termination time and output resolution

The termination time was set to 5.5 ms for the non-destructive tests and 23 ms
for the destructive tests. This ensures that the behavior of the hollow beam and the
PVDF film is simulated for the entire duration of impact. The time interval between

consecutive outputs was set to 15 ps.
4.3.7 Post-processing

The method followed for determining the average longitudinal and lateral stress
acting on the PVDF film is the same as the one described in Section 3.5.7. From the
LS-DYNA simulations of the impact tests, it was observed that the average Y stress
acting on the PVDF sensor was about 19 times lower than the average Z stress on the
PVDF sensor. This makes the average Y stress small, but not insignificant, compared
to the average Z stress. However, from (4.1) it can be seen that the contribution of
average 7 stress to the total voltage generated by the PVDF sensor (which is given
by (6.048 x 1075) - T}) is more than 217 times higher than the contribution of average

Y stress (which is given by (0.528 x 107%) - 7). This can be seen clearly in Figure
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9 LS-DYNA: Comparison of voltage generated due to Z stress and Y stress

Voltage due to Z stress

Voltage (V)
&

2F : : ‘ Voltage due to Y stress -
1r ' : / .
0
_1 | | | | | | | | | |
0 0.5 1 15 2 2.5 3 35 4 4.5 5 55

Time (ms)

Figure 4.7: Comparison of voltages generated by Z stress and Y stress acting on the
PVDF sensor.

4.7, which shows the results from the LS-DYNA simulation corresponding to a non-
destructive impact test using a drop height of 3 cm. Hence, the average Y stress
acting on the PVDF sensor can be ignored for the purpose of calculating the voltage
generated by the PVDF sensor using the results of the LS-DYNA simulations. Thus,
(4.1) can be rewritten as

V = (6.048 x 107%) - 7. (4.2)
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4.4 Non-destructive impact tests on a hollow steel beam

The purpose of the non-destructive impact tests was to determine a proportional-
ity constant or sensitivity factor which would later be used for converting the voltage
generated by the PVDF sensors during the destructive impact tests into impact force

acting on the beam.

PVDF voltages generated by all four sensors along with average voltage

Average PVDF voltage

Voltage (V)

—ol 1 I I I I I I I I I
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5 55

Time (ms)

Figure 4.8: All four PVDF sensor generated voltages (shown by thin curves) and the
average generated voltage (shown by the thick curve) from the non-destructive test
on beam N (3 ¢cm drop height).

In this experiment, four drop tests were performed on a hollow steel beam. This
beam used for non-destructive tests has been referred to as beam N in the rest of

the chapter. The head weight was dropped on beam N from heights of 0.5 c¢m, 1

67



cm, 1.5 ¢cm, and 3 cm, in that order. The first three impact tests did not produce
any deformation in the beam. Beam N was deformed by a small amount near its
top during the drop test from 3 cm. The impact force data from the load cell was
provided as the input force to the rigid plate in the LS-DYNA model as described in
the previous section.

As mentioned earlier in this chapter, voltages from four PVDF sensors were
recorded and their average was used for comparison with impact force. Figure 4.8
shows the typical variation of all four PVDF sensor generated voltages and the aver-
age generated voltage. The signals shown in Figure 4.8 are from the non-destructive
test on beam N using a drop height of 3 cm

The average PVDEF' voltage signal does not have the same start time as the load
cell’s impact force signal. In order to facilitate better comparison of the impact force
and PVDF voltage, the load cell’s signal was aligned with the average PVDF sensors’

signal. This was achieved by using the following method:

1. The mean signal levels of the average PVDF voltage and the impact force,
before impact, were set to zero.

2. A moving average with a span of ten elements was used to smooth the raw
average PVDF signal, while a moving average with a span of three elements
was used to smooth the load cell’s signal. This filters out some of the noise in
the signals and makes it easier to detect the time instant at which the signal
levels cross zero. A greater span was used for the PVDF signal because it was
recorded at a higher frequency compared to the load cell.

3. The difference between the time instant at which the force starts rising above

zero and the time instant at which the average PVDF voltage starts rising above
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zero was found.This time difference was subtracted from the raw impact force

signal. This aligns the raw impact force with the raw average PVDF voltage.

Before analyzing and plotting the signals from the load cell and the PVDF sensors, a

moving average with a span of 3 elements was used to smooth the aligned raw data.

This ensures that the peak values of the impact force and the average PVDF voltage

are not reduced as much as they would be with a moving average of 10 elements.

For each of the four drop tests, the following steps were followed:

1.

Thus

For each time instant, the longitudinal stress (Z stress) acting on all the elements
of the PVDF sensor’s model in LS-DYNA was averaged. This was done for the
entire duration of the impact event in order to obtain the average Z stress acting
on the PVDF sensor during impact.

This was further converted into the voltage generated by the PVDF sensor,
using (4.2). Thus, one obtains a time history of the expected voltage generated
by the PVDF sensor based on the results of the simulation.

This time history of expected voltage generated by the PVDF sensor was then
compared against the impact force measured by the load cell and the average
PVDF sensors’ generated voltage measured experimentally.

The proportionality constant k (or impact force sensitivity) is calculated by
determining the ratio of the maximum PVDF voltage to the maximum impact

force.

k= V;r)eak/Fpeaky (43)
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where Vieqr and Fleqr are the peak magnitudes of the average PVDEF sensor voltage

and the impact force respectively.

4.5 Results from the non-destructive impact tests

Note that all the plots in this chapter show the average value of the PVDF sensor’s
generated voltage and not the actual voltage measured experimentally. All the voltage

signals have been inverted to make it easier to compare them against the impact force

signal.
Beam N: Non—destructive test 1 — 0.5 cm drop ;
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Figure 4.9: Impact force, average PVDF sensor voltage from experiments, and ex-
pected PVDF sensor voltage calculated using LS-DYNA for the 0.5 cm drop test.
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Beam N: Non-destructive test 2 — 1 cm drop
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Figure 4.10: Impact force, average PVDEF sensor voltage from experiments, and ex-
pected PVDF sensor voltage calculated using LS-DYNA for the 1 cm drop test.

Figures 4.9 to 4.12 show the comparison of the impact force measured by the load
cell, the average PVDF sensor generated voltage and expected PVDF sensor voltage
calculated using the LS-DYNA simulations results, for the 0.5 cm, 1 ¢cm, 1.5 cm, and
3 cm drop tests respectively. Each figure shows two Y axes corresponding to the
PVDF voltage and the impact force. The proportionality constant k defined by (4.3)

has been used to scale the two Y axes in all of the four figures mentioned above.
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Beam N: Non-destructive test 3 — 1.5 cm drop
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Figure 4.11: Impact force, average PVDF sensor voltage from experiments, and ex-
pected PVDF sensor voltage calculated using LS-DYNA for the 1.5 ¢cm drop test.

The average proportionality factor k based on the four non-destructive impact
tests is 0.29 V/kN. Based on the results of the four non-destructive impact tests, it can
be seen that the experimental PVDEF voltage and the impact force align closely with
each other in the time range in which both signals are rising. This time range is the
most important, from the viewpoint of impact detection. Hence, the close alignment
of the two signals in this time range validates the choice of the proportionality constant
k defined using (4.3). Hence, for the destructive impact tests, it can be assumed that
the average proportionality constant & (0.29 V/kN) is valid for the duration from

the start of impact to the time instant at which the both the impact force as well as
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Beam N: Non—-destructive test 4 — 3 cm drop
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Figure 4.12: Impact force, average PVDEF sensor voltage from experiments, and ex-
pected PVDF sensor voltage calculated using LS-DYNA for the 3 cm drop test.

the experimental PVDF voltage reach their peaks (note that these two signals may
not reach their peak at the same time). Beyond the time interval mentioned here,
although the two signals start showing misalignment, they still follow the same general
profile. At the maximum extent of misalignment, if k is used calculate the impact
force from the PVDF voltage, the error is less than 20 %. From the results shown, it
is clear that the maximum misalignment between the two signals only occurs at a few
time instants after the peak of impact. Taking these observations into consideration,

for the destructive tests, the proportionality factor £ has been assumed to be valid
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Parameter Beam N
Test 1 Test 2 Test 3 Test 4
Drop height (cm) 0.5 1 1.5 3
Peak average generated PVDF voltage
(fro mg ﬂi esxperiment) (V) 8¢ 647 8.90 10.10 | 11.36
Peak expected PVDF voltage (from
Izhe imulation) (V)g ( 5.13 6.75 7.56 8.69
% difference between the peak PVDF
voltage from the experiment and from 21 24 25 24
the simulation
Peak impact force (kN) 22.73 30.11 33.87 39.42
Proportionality constant k& (V/kN) 0.28 0.30 0.30 0.29

Table 4.1: Summary of the results from the non-destructive impact tests on beam N.

for the entire duration of impact. Thus, for the destructive tests

F(t) = V(t)/k = V(t)/0.29, (4.4)

where F'(t) is in kN and V' (¢) is in V.

Table 4.1 summarizes the results of all four non-destructive impact tests on beam
N. The results also show that the voltage predicted by the LS-DYNA model is less
than the actual voltage measured for each test by an average of 24% of the value of
the measured voltage. This implies that the beam modeled in LS-DYNA is stiffer
than the actual beam used for the tests. Some possible reasons for the deviation of

the simulation results from the experimental results have been discussed as follows:

e The simulation may differ from the experiment because of the complex struc-
ture of the hollow beam. The hollow beam used for the tests is not exactly
symmetric, unlike the beam modeled in LS-DYNA. The symmetry of the beam
modeled in LS-DYNA could be the reason for its higher stiffness.
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e If the impacting plate in the experiment did not hit the top of the beam in a
perfectly parallel manner, it could cause non-uniform distribution of the impact
force on the beam. In contrast, the impact force in the simulation is applied
uniformly over the top of the beam.

e [t is likely that because of the complexity of the beam’s geometry, the non-
parallel impact, and the fact that the beam is made of thin sheet metal, the
stress at the sensor locations in the experiment is not predominantly longitudi-
nal. This non-longitudinal stress may be causing an increase in the generated

voltage in the experiment.

It would be very tedious to exactly model all the imperfections in the actual beams.
Also, new models would be needed for each impact test, since each destructive test
used a new beam. Hence, no changes were made in the LS-DYNA model which was

used for all non-destructive and destructive tests.

4.6 Destructive impact tests on hollow steel beams

The purpose of the destructive impact tests was to study the response of the
PVDF sensors in a high energy impact event, in which the structure they are bonded
to gets damaged. In this experiment, additional weights were added to the drop head,
thereby increasing the total mass of the drop head to 227 kg. Two destructive impact
tests were conducted, using a new hollow beam for each test. For the first impact
test, the drop height was set to 87 cm. Given the length of the hollow beams, this is
the maximum drop height that can be set using the available impact tester. For the
second impact test, the drop height was set to 58 cm (two thirds of the maximum

drop height). The beams used for the first and second destructive impact tests have
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been referred to as beam D1 and beam D2, respectively, in the rest of this chapter.
As in the case of the non-destructive tests, LS-DYNA simulations were run using the
impact force recorded by the load cell in the experiment as the input force to the
rigid plate in the model.

For both impact tests, the following steps were followed:

1. For each time instant, the longitudinal stress (Z stress) acting on all the elements
of the PVDF sensor’s model in LS-DYNA was averaged. This was done for the
entire duration of the impact event in order to obtain the average Z stress acting
on the PVDF sensor during impact.

2. This was further converted into the voltage generated by the PVDEF sensor,
using (4.2). Thus, one obtains a time history of the expected voltage generated
by the PVDF sensor based on the results of the simulation.

3. This time history of expected voltage generated by the PVDF sensor was then
compared against the impact force measured by the load cell and the average
PVDF sensors’ generated voltage measured experimentally.

4. The detected impact force was calculated using the experimental PVDF voltage,

using (4.4).
4.7 Results from the destructive impact tests

For presenting the results from these tests, plots similar to the ones used for the
non-destructive tests have been shown. The two Y axes corresponding to the im-
pact force and the PVDF voltage have been scaled using k£ (0.29 V/kN). Thus, the
blue curve is the experimental PVDF voltage, if read against the Y axis correspond-

ing to the PVDF voltage. At the same time, it shows the detected impact force if
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Beam D1: Destructive test 1 — 87 cm drop
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Figure 4.13: Impact force, average PVDF sensor voltage from experiments, and ex-
pected PVDF sensor voltage calculated using LS-DYNA for the 87 ¢m drop height

destructive drop test.

read against the Y axis corresponding to the impact force. Figure 4.13 and Figure
4.14 show the results from the impact tests on beam D1 and beam D2 respectively.
The plots show that applying the proportionality factor k calculated from the non-
destructive tests leads to a good alignment of the experimental PVDF voltage and
the impact force in the destructive tests, especially for the duration of the first peak

shown by the two signals (up to ~ 2.5 ms, for both tests).
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Beam D2: Destructive test 2 — 58 cm drop
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Figure 4.14: Impact force, average PVDEF sensor voltage from experiments, and ex-
pected PVDF sensor voltage calculated using LS-DYNA for the 58 ¢cm drop height
destructive drop test.

Since the blue curve also represents the impact force detected by the PVDF sensor,
it can be concluded that the PVDF sensors were successful in detecting the impact
force acting on the hollow beams used in the destructive tests. The results summarized
in Table 4.2 show that the peak impact force detected by the PVDF sensors is very
close to the peak impact force detected by the load cell for both destructive tests.
Thus, using PVDF sensors, a simple calibration procedure such as the one followed in
the non-destructive tests can be used to closely detect the magnitude of the impact

force acting on the structure, even in the case of high-energy destructive impacts with
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permanent deformation. Table 4.2 summarizes the results from the two destructive

tests.

Test 1 Test 2
Parameter
(Beam D1) | (Beam D2)
Drop height (cm) 87 58
Peak average generatgd PVDF voltage (from the 98.02 98.30
experiment) (V)
Peak expectgd PVDF voltage (from the 924,16 93.32
simulation) (V)
% difference between the peak PVDF voltage 1 17
from the experiment and from the simulation
Peak impact force (kN) 99.14 99.40
Peak impact force detected by the PVDF sensor
using (4.4) (kN) 99.62 97.59

Table 4.2: Summary of the results from the destructive impact tests.

Figure 4.13 and Figure 4.14 also show that the PVDF voltage calculated based
on the LS-DYNA simulations is lower in magnitude compared to the experimental
results. Also, the beam modeled in the LS-DYNA simulations does not show any
permanent deformation under application of the impact forces from the destructive
tests. The reason for this may be a higher stiffness of the beam modeled in LS-DYNA

due to perfect geometry and impact conditions as discussed in the previous section.
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Beam D2

Beam D1

Figure 4.15: Beams D1 and D2 after the destructive tests from drop heights of 87 cm
and 58 cm, respectively.

Figure 4.15 shows the pictures of beams D1 and D2 at the end of the destructive
tests. Beams D1 and D2 were deformed permanently (or crushed) by about 35 mm
and 25 mm respectively. Both tests show similar values of peak impact force (=~ 99
kN). This indicates that 99 kN may be the maximum impact force that the hollow

beams can resist; beyond this force, the beams start yielding (deforming) at the top.
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4.8 Conclusions

e The average proportionality constant k£ between the PVDF sensors’ voltage and
the impact force was determined from the non-destructive impact tests (peak
forces between 22-40 kN) on a hollow beam.

e Despite the geometric complexity of the hollow beams, the average proportion-
ality constant was shown to be valid for the destructive tests (peak forces ~
99 kN) too and was used to determine the impact force detected by the PVDF
Sensor.

e While the shapes of the curves were similar, the LS-DYNA model predicted a
lower magnitude of voltage generated by the PVDF sensor, compared to the
experimental PVDF sensor voltage. The possible causes for the difference be-
tween the simulation and the experiment include the lack of a perfectly parallel
impact in the experiment and the lack of an exact model with all the geometric

imperfections of the hollow beams tested.
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Chapter 5: PLANE STRESS WAVE PROPAGATION IN A
SLENDER ROD

This chapter describes an experiment in which the speed of sound for longitudinal
plane stress waves in a slender rod, made of a known material, was measured using
PVDF sensors. The purpose of this experiment is to demonstrate that PVDF sensors
can be reliably used to detect the propagation of impact-induced stress waves in a
structure, even when the wave transit time between two PVDF sensors is very low

(on the order of a few microseconds).

5.1 Experimental setup

The material of the rod was 316 L stainless steel. The diameter of the rod was
32 mm and its length was 350 mm. Two PVDF sensors were bonded to the rod at a
distance of about 67 mm from each free end (measured between the PVDF film and
the end of the rod). The rod was suspended horizontally using thin fishing wires, as
shown in Figure 5.1.

The DT1-028K PVDF sensors, which do not have protective Mylar coatings like
the LDT1-028K sensors, were used in this experiment. A thin urethane coating covers
the silver ink electrodes on both sides of the PVDF film. The DT1-028K sensors are

more compliant than the LDT1-028K sensors. This makes it easier to bond them to
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316 L stainless
steel rod

PVDF sensors

Figure 5.1: A picture of the suspended rod, used for measuring stress wave transit
time, with the PVDF sensors attached.

a curved surface like that of the rod. The dimensions of these sensors are the same
as the LDT1-028K sensors (which have been described in detail in Chapter 2).

The suspended rod was impacted at one of its free ends by a piezoelectric impact
hammer (PCB 086C03). The voltages generated by the two PVDF sensors were
recorded by an oscilloscope (Agilent 54622A) with a sampling frequency of 200 MHz.
Another oscilloscope of the same type was used to record the signal generated by the
impact hammer. The signal from the impact hammer triggers the data acquisition

for both the oscilloscopes.
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5.2 Theoretical considerations and stress wave transit time
measurement

Figure 5.2 shows a diagram of the experimental setup. A horizontally suspended
slender rod of circular cross section was used as the medium for the propagation of

stress waves.

Leading edges

67 67
mm mm
Impact
force 316 L stainless 32
— PVDF 1 steel rod PVDF 2 mm
207.1624 mm
350 mm

Figure 5.2: Diagram showing the dimensions of the experimental setup used for mea-
suring stress wave transit time.

The impact force acting on one end of the rod (which is hit by an impact hammer)
induces stress waves in the rod. These stress waves propagate along the length of the
rod and first reach PVDF 1 (the sensor closer to the impacted end) and then PVDF
2. Both PVDF 1 and PVDF 2 start generating voltages at the time instants when
the traveling stress front reaches their respective leading edges. The time interval
between the rise of the voltages of the two sensors can be measured, and will be equal
to the time the stress wave takes to travel from the leading edge of PVDF 1 to the

leading edge of PVDF 2. This has been referred to as the stress wave transit time in
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the rest of this chapter. By measuring the stress wave transit time and the distance
between the two leading edges (207.1624 mm), the speed of sound in the medium can
be calculated.

The above analysis employs the elementary theory of one dimensional stress wave
propagation. This theory assumes a uniaxial (longitudinal) state of stress in the rod
after impact. It assumes that impact consists of a uniform compressive force applied
suddenly on one of the free ends of the rod. This induces compressive stress in an
infinitely thin layer of the material on the impacted end of the rod. This compressive
stress propagates along the length of the rod in the form of a plane wave stress front
[19]. This elementary theory is valid only when the lateral inertia effects (caused
by contraction and expansion in the lateral direction) are ignored. These effects are
responsible for the dispersive behavior of the propagating stress wave and lead to a
distortion of the shape of the stress wave. The lateral inertia effects can be ignored if
the duration of the impact force is large compared to the time it takes for the stress
wave to travel across the radius of the rod [20]. This condition can be verified by
measuring the time of application of the force, as measured by the impact hammer.
Figure 5.3 shows the impact forces from three tests. It can be seen that the shortest
duration of application of load is in the case of Test 4. Here, the force is applied for a

period of 120 ps. The time for the transit of stress wave (¢,) across the radius of the

r [p
= — = . — 1
t, R Yot (5.1)

where r is the radius of the rod, ¢ is the speed of propagation of the transverse (or

rod can be calculated as

lateral) waves, p is the density of the material, and G is the shear modulus of the

material.
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Impact forces recorded by the piezoelectric hammer
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Figure 5.3: Impact forces acting on the end of the rod, recorded by the piezoelectric
impact hammer as a part of the stress wave transit time experiment.

For 316 L stainless steel, p = 8000 kg/m?® and G = 82 GPa. Substituting these
values in (5.1), one obtains t,, = 5 ps. Thus, the time of application of the force (120 1is)
is 24 times as large as t,. Hence, it can be concluded that the elementary theory of
one dimensional stress wave propagation is valid for this experiment. Consequently,

the speed of sound for longitudinal waves that are generated in the rod due to impact,

E
c= \/;, (5.2)
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where E is the elastic modulus of the material. For 316 L stainless steel, £ = 193
GPa. Substituting the values of £ and p in (5.2), one obtains the theoretical value
of the speed of sound for longitudinal waves as ¢ = 4911.72 m/s.

The stress wave propagates across the width of the PVDF sensors when they are
bonded to the rod in the orientation used in this experiment. This means that the
sensors are operating in 32 mode. The reason for choosing the 32 mode as opposed
to 31 mode is that it is easier to bond the sensors in the 32 orientation. Bonding the
sensors in 31 orientation (sensors aligned parallel to the length of the rod) causes an

inconvenient fold near the leads.

5.3 Discussion of results
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Figure 5.4: Stress wave transit time measurement for Test 1.
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Figure 5.5: Stress wave transit time measurement for Test 2.

Figures 5.4 to 5.6 show the plots of voltages generated by the two sensors in
the three tests. The voltages shown in all the plots have been inverted. A moving
average with a span of 1000 elements (corresponding to 5us) has been applied to all
the voltages before plotting. The following steps were followed for determining the

stress wave transit time:

1. The mean voltage level for each PVDF sensor before impact (i.e. before its
voltage starts rising) was calculated and subtracted from the respective PVDF
signal. This made the mean voltage level of both PVDF sensors zero before
impact.

2. For each PVDF sensor, the time instant at which the voltage rose above zero,
and did not fall below zero subsequently (for at least 50 ps), was selected. These
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Figure 5.6: Stress wave transit time measurement for Test 3.

time instants have been shown using red vertical lines in Figure 5.4, Figure 5.5,
and Figure 5.6.

3. The duration of time between the above mentioned instants was calculated for
each of the three tests. This is the value of the stress wave transit time between

the two sensors.

Using the value of the stress wave transit time (¢) for each test, the experimentally

measured speed of sound (c,,) can be calculated as

distance traveled  207.1624 x 107 3m
Cenp = = , (5.3)

transit time t

where ¢ is in seconds and ¢, is in m/s. Table 5.1 summarizes the results showing the

experimentally calculated speed of sound using (5.3), for each test. It also shows the
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percentage error between the theoretical speed of sound and the experimental value.
The average value of c.,, is 4871 m/s and the percentage error between this value

and cis 0.8 %.

Percentage error
between ¢ and cgp

(m/s) (%0)

Test number Ceap

1 4944 0.7
2 4807 2.1
3 4863 1.0

Table 5.1: Summary of the results from the stress wave transit time experiment.

5.4 Test conducted using the LDT1-028K sensor

Test 4 was conducted with an additional LDT1-028K sensor attached to the rod
at the same location along its length as sensor 1. The sampling frequency for the
PVDF sensor signals was 25 MHz in this test. The LDT1-028K sensor (referred to as
sensor 3 hereafter) has 55 pm thick Mylar coatings on both sides. The results from
this test are shown in Figure 5.7. It is observed that the sensor 3 generated a higher
magnitude of voltage compared to sensor 1 and sensor 2. Figure 5.8 shows the power
spectrum of the voltage signals from this test. The power spectrum of sensor 3’s
voltage shows two peaks which are significantly higher than the other two sensors’

power spectrums.
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Variation of the amplitude of voltage for the three PVDF sensors: Test 4
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Figure 5.7: Variation of the amplitude of voltage generated by the three PVDF sensors
due to impact.

These peaks occur at frequencies 6.9 kHz and 8.8 kHz. These peaks may be related
to resonance occurring at those frequencies. Since sensor 1 and sensor 3 are at the
same location along the length of the rod, the difference in the voltage response of the
two sensors must be related to a difference in the dynamic behavior of the two types
of sensors (caused by the presence or absence of the Mylar layers). Another possible
cause for the difference in the voltages generated by sensor 1 and sensor 3 could be
the slight variations in experimental conditions related to bonding of the two sensors,
like variations in the amount of sensor area glued or variations in the thickness of

the layer of glue. It is also possible that because of the additional stiffness of the
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Mylar layer, some of the strain gets transferred to the unglued portion of sensor 3

and thereby causes the sensor to generate a higher magnitude of voltage.
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Figure 5.8: Power spectrum of the three PVDF sensor signals.

5.5 Speed of the PVDF sensor’s response

Figure 5.9 shows that in Test 4, the time gap between the rise of the impact force

and PVDF sensor 1 voltage was 13.1ps. The distance between the impacted end of

the rod and PVDF sensor 1 was measured as 65.6844 mm. Thus, using these values

and (5.3) one obtains the experimentally measured speed of sound (cey,) = 5014 m/s.

The percentage error between this value and the theoretical value of speed of sound

in 316 L stainless steel is 2.1 %. Since the percentage error is low, it can be concluded
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that the speed of sound in the rod can be calculated accurately by measuring the
stress wave transit time from the impacted end to PVDF sensor 1. This implies that
the PVDF sensor does not introduce any time lag between the arrival of the traveling
stress wave and the generation of voltage. Hence, it can be concluded that the PVDF

sensor responds instantaneously to the incoming stress waves.
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Figure 5.9: Time gap between the rise of the impact force and the voltage from sensor
1 for Test 4.

5.6 Conclusions

e The percentage error between the average experimentally measured value and
the theoretical value of the speed of sound for longitudinal waves in a 316 L
stainless steel rod was found to be very low (0.8%). In addition, for the wave
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speeds measured, the PVDF sensors do not introduce any delay in the detection
of stress waves. This demonstrates that PVDF sensors are capable of reacting
fast enough to stress waves propagating through a structure, so as to be able
to accurately measure wave transit times on the order of a few microseconds.
The highest frequency that can be measured by the PVDF sensor is 1 GHz
which is the upper limit for the PVDF film, published by the manufacturer [1].
Thus, the shortest measurable wave transit time is 1 ns.

The PVDF sensors are sensitive enough to be able to measure the small amount
of strain on the bar, associated with the traveling stress waves caused by low
magnitude impact forces (as low as 10 N in Test 3).

It was not necessary to place the PVDF sensors in the direct path of the applied
load for detecting the traveling stress wave in the rod, since they were used in
32 mode. This would also be applicable if the sensor was used in 31 mode.
However, 33 mode would have required the sensor to be placed directly in the
path of the applied load, i.e. one sensor bonded to the face that gets impacted
and the other one to the opposite face. This would have resulted in the sensor on
the impacted face getting damaged. Further, this sensor could have interfered
with the propagation of the stress wave in the rod. Thus, this experiment
demonstrates the advantages of using the PVDF sensors in 32 or 31 mode as

opposed to 33 mode for the purpose of detection of traveling stress waves.

94



Chapter 6: STRESS AVERAGING OF A PVDF FILM
SENSOR

This chapter discusses the PVDF sensor’s stress averaging effect, focusing on two
types of stress inputs, namely, periodic applied stress waves and impact-induced stress
waves. Equations have been derived to show the dependence of the voltage generated
by the sensor, on parameters like length of the sensor and frequency of the applied
input. In addition, the results of numerical simulations demonstrating the effect of
stress averaging on the PVDF sensor’s generated voltage have been presented and
discussed.

A PVDF sensor generates a voltage based on the average stress acting on the
sensor’s area. This stress averaging effect leads to a reduction in the magnitude of
generated voltage. The analysis presented in this chapter investigates whether the
reduction in voltage is significant for the size of the sensor that was used in the
experiments described earlier in this thesis. Further, in certain applications, it may
be important to know the true value of stress acting at a location on a structure.
Analyzing the stress averaging effect will provide a better understanding of how the

stress averaged response deviates from the ideal or true response of the sensor.
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Symbol Meaning SI unit
b Breadth of the PVDF sensor m
L Length of the PVDF sensor m
d Distance between the free end of the bar and the m

middle of the PVDF sensor

E Young’s modulus of the PVDF sensor Pa
Ey Young’s modulus of the bar Pa
Ob Density of the bar kg/m?
Ay Area of the cross section of the bar m?2

t time S

w Angular frequency of the periodic applied stress rad /s

wave
Maximum amplitude of the periodic applied
T stress wave Pa

Table 6.1: List of symbols used in Chapter 6.

Table 6.1 shows the list of most of the new symbols introduced in this chapter.
The rest of the symbols have been explained in Table 2.1. Some additional symbols

will be explained in the text in this chapter.
6.1 PVDF sensor’s response to periodic stress waves

Consider a long slender bar, having the top end free and the bottom end fixed, as
shown in Figure 6.1 with the PVDF sensor attached to it. The analysis presented in

this section is based on the following assumptions:

e The PVDF sensor and the bar are perfectly elastic.
e The bonding between the PVDF sensor and the structure is perfect; thus the
strain induced in the structure is transferred completely to the PVDF sensor.

e The compressive stress applied to the top of the bar is uniformly distributed.
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e The time window that is considered for the analysis is small enough so as to
ensure that the stress waves retuning to the PVDF sensor after being reflected
at the fixed end can be ignored.

e The PVDF sensor is operating in open circuit mode.

e The force applied in the longitudinal direction creates predominantly longitu-
dinal stress waves; the lateral and out-of-plane components of stress have been
assumed to be negligible.

e The PVDF sensor does not influence the stress generated in the bar due to the

applied force.

The last assumption can be understood better by considering the fact that the stiffness
of the PVDF sensor (k;), and the stiffness of the length of the bar over which the
PVDF sensor is attached (k;), can be assumed to be in parallel with one another.

The equivalent stiffness (k.,) of the system can be written as

A, | AB, _ 4B+ AL

keq:k5+kb: I I I )

(6.1)

where A, is the cross-sectional area of the sensor. In practice, the structure is made
of a material that has a significantly high Young’s modulus, compared to the PVDF
sensor. Also, the PVDF sensor’s thickness is very small (on the order of micrometers).
Thus, both A; and E; are very small compared to A, and Ej. Hence k., defined in

(6.1) can be approximated as

AFE,
keq =~ ;—/ S K. (6.2)

Thus, from (6.2) one can see that the equivalent stiffness of the system of the PVDF

sensor bonded to the bar is practically unaffected by the PVDF sensor, which in turn
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implies that the PVDF sensor does not influence the stress generated in the bar due
to the applied force.
Let 0y(t) be the longitudinal stress wave acting on the top (or free end) of the bar

along the longitudinal direction, where

op(t) = oy sinwt, (6.3)

and the longitudinal force F'(t) at the top of the bar is

F(t) = op(t)A = gpAsinwt. (6.4)

The stress o,(t) acting on the bar causes strain ¢,(t) in the bar, where

Eb(t) = Ub(t)/Eb (65)

which implies that the strain transferred to the PVDF sensor €,(t) can be written as

es(t) = e(t) = 0y(t)/ . (6.6)

However, the stress acting on the PVDF sensor can be written as

os(t) = Fges(t), (6.7)

where o(t) is the stress acting on the PVDF sensor. Thus, using (6.6) and (6.7), one
can write
E;

71(t) = g5 ov(1) (6.8)

As shown in Figure 6.1, a force F(t) is applied on the top of the bar, along the
longitudinal direction. Consider a section of the bar at a distance x from the top of
the bar, as shown in Figure 6.1. At the time instant when the force at the top of

the bar is F(t), the force acting on a cross section at a distance x from the top, is
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Figure 6.1: Diagram showing the fixed bar and the PVDF sensor bonded to it.

F(t — t1qy). Here, t,, is the time it takes for the stress wave to travel a distance x
along the bar. Hence, the stress acting on a cross section at a distance x from the
top is op(t — t1ag). Also, the stress acting on the PVDF sensor at Section A (which is
at a distance of z from the top), at that same time instant is os(t — ¢;44). The stress

wave travels at a speed ¢ through the bar, which is given by

Ey,
c= 4/ —. 6.9
Pb (6.9
Thus,

tiag = T g—l;, and (6.10)

P
0s(t — tiag) = 05 <t —x —> . (6.11)

Ey

At any time instant ¢, the average stress acting on the PVDF sensor can be written

as

1 d+L/2 ,Ob
= — — — . 12
Tsavg(t) 7 /d_L/2 O (t x Eb) dx (6.12)



Substituting the expression for o,(t) from (6.8) into (6.12), one obtains

Es d+L/2 b
savg(l) = =0 t— — | d s 6.13
o) = g [ (1= [ ) (6.13)

and expanding o,(t) in (6.13) using (6.3), gives

UbEs d+L/2 . Db
savg(t) = t— — |dx. 6.14
T savg(t) IE, /d_L/Q sinw x E x (6.14)

Using (2.6), which gives the open circuit voltage, and neglecting the terms for lateral

stress and out-of-plane stress, one obtains
V31 (t) = voltage generated in 31 mode = g31h0squ4(t). (6.15)

Thus, substituting (6.14) into (6.15), one obtains

opEsg31h /d+L/2 . Pb
Vo (t) = ——— t— — |d 6.16
31 ( ) LEb d_L/2 S W x Eb x, ( )

which can be integrated to obtain

200 g [Ey\ . (WL [py\ . Pb
_ £y wh e —aq, /), 1
Va1 (t) ( TEp pb) sin ( >\ E, sinw (t —d E, (6.17)

Using (6.9), one can rewrite (6.17) as

20,Fsg31he . [wL . d
Va1 (t) = <bLT§le> sin (%) sinw (t - E) (6.18)

The voltage generated by the PVDF sensor by averaging the stress acting on it is
given by (6.18), taking into account the sensor’s stress averaging effect. It shows that
the voltage generated does not depend on the width of the sensor. Even if the width
of the PVDF sensor is varied, the strain acting on the sensor (which causes stress
to develop in the sensor) will be unaffected since it only depends upon the strain in
the structure. From (6.17), which is another form of (6.18), it can be seen that the
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voltage generated by the sensor depends upon the material properties of the sensor
as well as the bar.

If the sensor was rotated by 90 degrees in the horizontal plane and bonded to the
bar, it would be in the 32 mode of operation. To analyze the effect of sensor averaging
in 32 mode, one just has to replace L in (6.18) with b, the breadth of the sensor and

g31 with gso. Thus, for 32 mode, one obtains

20,FEsg3ahc . [whY . d
t)=| ————— — —— . 1
Via(t) ( Py ) sin (20) sin w (t c) (6.19)

6.2 Numerical simulations for periodic stress wave input

The properties of the LDT1-028 K PVDF sensor have been used for the purpose
of running numerical simulations in MATLAB. The material of the bar has been
assumed to be 316 L stainless steel, which is the material that was used for the solid

bar described in Chapter 3. The properties that were substituted in (6.18) are listed

below:
e h=28um
V/m
— -3
° g31—216 x 10 W
® Eb:193 GPa
o [.=3 GPa

e ,=8000 kg/m?
Using the material properties of the bar and (6.9), one obtains ¢ = 4911.72 m/s.
6.2.1 Variation of sensor length

Let 0, = —100 MPa (the value is negative because the stress is compressive in
nature). FFTs from drop tests conducted on the steel bar earlier show that most of
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the generated signal’s power is contained in the low frequency range up to 2000 Hz.
Hence, let us assume that the applied stress wave has a frequency f = 2000 Hz. This
corresponds to an angular frequency value w = 12566.37 rad/s. Thus, the wavelength
A of the applied stress wave is A = ¢/f = 2.46 m. Let d = 5 m as this will allow us

to increase the length of the sensor up to 10 m.

Selection of the time instant

The time instant is to be selected such that the following conditions are followed:

(i) The applied sinusoidal stress wave reaches the middle of the sensor and is at its
peak amplitude. This makes the sine term in (6.3) equal to unity.

(ii) The entire length of the sensor must be subjected to stress at this time instant.

Condition (ii) implies that even when the sensor length is increased up to 10 m,
the stress wave must still cover the entire length of the sensor. The time taken by
the stress wave to reach the middle of the sensor is given by d/c. In this section, the
sensor length will be varied up to 10 m. Thus, the maximum distance between the
middle of the sensor and the bottom of the sensor will be 5 m for the simulations.
The period of the sinusoidal wave is given by 7' = 1/2000 s = 0.5 ms. Based on a
trial and error approach, it was found that at ¢t = zT, the sinusoidal wave will be
at its peak magnitude of compressive stress and will have covered a distance of 5 m.
Adding d/c to this will ensure that the stress wave at the middle of the sensor reaches

its peak magnitude and the entire length of the sensor is subjected to stress. This

time instant can be calculated as follows

9, d
t=-T+ = 214298 ms. (6.20)
C
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At t = 2.14298 ms, the stress wave will have covered a distance of 10.526 m. Thus,
at t = 2.14298 ms, even the maximum sensor length that has been considered (10
m) will be completely subjected to stress. Thus, at ¢ = 2.14298 ms, both conditions
(i) and (ii) are satisfied. Substituting all the above values in (6.18) and varying the
parameter L (length of the sensor), one obtains the plot shown in Figure 6.2. The
vertical lines in the plot help to compare the sensor length with the wavelength of

the applied stress wave.

Amplitude of sinusoidal voltage generated vs. sensor length (up to 500 mm)
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Figure 6.2: Amplitude of the voltage generated by the sensor as its length varies from
10 mm to 500 mm.
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From Figure 6.2, one can see that the amplitude of the voltage generated by the
sensor remains almost constant as the length of the sensor varies from 10 mm to 500
mm. This can be attributed to the fact that the wavelength of the applied stress wave
is 2.46 m. Thus, the wavelength is quite large compared to the range of sensor length
values that were shown in Figure 6.2. To see how the sensor averages the stress, one
can look at the variation of generated voltage as its length is increased to five times

its wavelength. This is shown in Figure 6.3.

Amplitude of voltage generated due to applied sinusoidal stress wave
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| | | | |
0 0.5 1 15 2 2.5 3 3.5 4 4.5 5
Length of the sensor per unit wavelength of applied stress wave (LA)

-10 * *

1

Figure 6.3: Amplitude of the voltage generated by the sensor as the sensor length is
increased to 5 times the wavelength.
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As expected, Figure 6.3 shows that the output of the sensor drops to 0 V when
the length of the sensor is the same as the wavelength of the stress wave (or equal
to a multiple of the wavelength). This is because the positive and negative parts of
the wave cancel each other out. One can see that when the length of the sensor is
substantially smaller than the wavelength of the stress wave, the sensor’s averaging
effect can be neglected since the generated voltage reaches a constant value which is

very close to the value one would obtain in the case of an ideal sensor.
6.2.2 Variation of frequency of the applied stress wave

Rewriting (6.18) by substituting angular frequency with frequency, one obtains

opyFsgsihe\ . (nfLY\ . d
- (R () (o

where f = frequency of the applied stress wave in Hz.

In this section, the frequency of the applied stress wave is varied. The values of the
rest of the parameters in (6.21) have been kept constant. The time instant at which
the applied sinusoidal stress wave reaches the middle of the sensor and is at its peak
magnitude is

t="T+ - 6.22
TR (6.22)

The above value of ¢ at the highest frequency turns out to be 1.02448 ms. At t =
1.02448 ms, the stress wave will have covered a distance of 5.032 m. Thus, at t =
1.02448 ms, even the maximum sensor length that has been considered (50 mm) will
be completely subjected to stress. For each frequency, the value of time described by
(6.22) is calculated and substituted in (6.21) to plot the graph shown in Figure 6.4.
From Figure 6.4, one can see that the voltage generated by the sensor initially reduces
in magnitude as the frequency of the applied stress wave increases. Eventually, as
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the frequency of the stress wave is increased further, the amplitude of the voltage
generated oscillates about 0 V and its magnitude keeps decreasing. It can be seen
that only very high frequencies (>50 kHz for the 10 mm long sensor) cause a significant

amount of reduction in the magnitude of the PVDF sensor’s voltage.

Amplitude of sinusoidal voltage generated vs. frequency (up to 500 kHz)
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Figure 6.4: Amplitude of the voltage generated by the sensor as the frequency of the
applied stress wave is varied (up to 500 kHz) for different sensor lengths.

These frequencies are beyond the range that is usually encountered in structural
applications. For other applications, sensor length must be reduced in order to pre-
serve high frequencies. However, this will lead to a reduction of the sensor area,
causing a reduction of the charge generated. This will degrade the signal-to-noise

ratio (SNR). This problem can be circumvented by increasing the width of the sensor
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and reducing its length, thus maintaining the same sensor area, or through patterning

of the film and electrodes.

924 Amplitude of sinusoidal voltage generated vs. frequency (up to 10 kHz)
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Figure 6.5: Amplitude of the voltage generated by the sensor as the frequency of the
applied stress wave is increased up to 10 kHz.

Figure 6.5 shows the same plot as above, but for frequencies up to 10 kHz. Fig-
ure 6.5 shows that for frequencies up to 10 kHz, the reduction of the magnitude of
generated voltage is very low.

Figure 6.6 shows variation of voltage generated by the sensor as the wavenumber is
increased. The wavenumber denotes the spatial frequency of a wave and is defined as
the reciprocal of the wavelength. It can also be defined as the ratio of the frequency of
the applied stress wave to the speed of sound in the bar. From the figure, one can see

that for each sensor length shown, the magnitude of voltage reaches zero for the value
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Figure 6.6: Amplitude of the voltage generated by the sensor as the wavenumber of
the applied stress wave is varied.

of wavenumber at which the sensor length corresponds to one complete wave and for
integral multiples of this value. Thus, Figure 6.6 conveys the same information as
Figure 6.4, but makes it easier to understand the dependence of the sensor’s stress
averaging effect on the number of stress wave cycles acting on the sensor.

From (6.15), the ideal voltage, neglecting the sensor’s stress averaging effect, can

be written as

hEsoy . d
Videat = IHDZOb Gin 2rf (t — —). (6.23)
Eb C
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The difference or error e between the ideal voltage generated and the voltage generated

under the effect of sensor averaging can be written as

€= ‘/z’deal - ‘/31- (624)

Thus, using (6.18), (6.23), and (6.24), one can write

hE, L : d
e(t) = gzngbab (1 — L7Crf sin 27ch) sin 27 f (t — E) (6.25)
t L
Percentage difference = ﬂ x 100 = (1 — sin m/ x 100. (6.26)
ideal Lnf 2¢
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Figure 6.7: Percentage difference in amplitude of voltage generated against frequency
of the applied stress wave, for different sensor lengths.
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A plot of the percentage difference in voltage generated against frequency of the
applied stress wave, for different sensor lengths, has been shown in Figure 6.7. It
shows that the percentage difference between the ideal voltage generated and the
actual voltage generated is very low for frequencies up to 10 kHz.

The variation of the voltage generated also indicates that the proportionality
constant k, defined in Chapter 3 and Chapter 4 as a ratio of the voltage generated to
the force applied to the bar, is frequency dependent. However, the power spectrum
of the impact signals recorded in the experiments discussed in those chapters shows
that most of the power is contained in the frequency range under 1 kHz. Figure 6.7
shows that when the applied frequency is less than 1 kHz, the reduction in magnitude
of voltage is negligible. Hence, it can be concluded that £, defined for the solid bar

and hollow beam impact experiments, is independent of the applied frequency.

6.3 PVDF sensor’s response to impact-induced stress waves

This section discusses the effect of the PVDF sensor’s stress averaging effect when
the fixed bar described in Section 6.1, with the PVDEF sensor attached, is impacted
at the top by a moving block. All the assumptions that were listed in Section 6.1
are applicable in this section too. In addition, it is also assumed that the impacting
block is absolutely rigid.

Let M be the mass of the block per unit area of the cross section of the bar. Let
the initial velocity of the block at the instant of impact be vg. Assuming v(t) is the
velocity of the block and oy(t) is the compressive stress at the top of the bar, the

following equation can be derived by balancing forces acting on the free end of the
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bar [19]:

dv
M— +0,=0. (6.27)

Substituting v = o, /v/Eppp in (6.27), one obtains

M dny
vV Eypy dt

which is a differential equation whose solution an be written as

Op = 0, (628)

vV Eppp

op(t) = oo™~ M. (6.29)

Here, oy is the compressive stress at the front of the wave, where oy = vg/Eppp.

Substituting (6.29) in (6.13), one obtains

O R T
d

LEy Jg_1/

Tsavg(t) =

WP qir)/2

FE.ope™ " ™ / zpp
= — eM dzx, (6.30)
LE, d—L/2

which upon integration, gives

(pbd—%m)
E,o0M :
o) =BT (). o

Using (6.15) and (6.31), one can write

(Pbd—t\/m)
o ESO'()Mgg,lhe M ( Lpy ﬂ)

Vs (t) = ™M — e 6.32
31() LE'bpb e32M e M ( )
Substituting og = vg\/Eppp in (6.32) and rearranging the terms, one obtains
Pod—t\/Bypp
Var(t) = {ESUO—Mg?ﬂh (e% — eéﬁf)} e( o ) (6.33)
L/ Eypy

The voltage generated by the PVDF' sensor when a block of mass M impacts the bar
at a velocity vy is given by (6.33), taking into account the sensor’s stress averaging
effect.
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6.4 Numerical simulations for impact-induced stress wave in-
put

Similar to Section 6.2, the properties of the LDT1-028K PVDF sensor have been
used for the purpose of running numerical simulations in MATLAB and the material
of the bar has been assumed to be 316 L stainless steel.

Let the peak impact stress oo = 100 MPa.

Let M = 73867 kg/m? (based on the cross-sectional area of the bar and the mass of
the impactor).

To ensure that the stress wave travels from the free end of the bar to the farther end

of the sensor, thus subjecting the entire sensor to stress, let

t= @. (6.34)

Selecting this time instant gives the maximum output voltage generated by the sensor
at that particular value of sensor length. The value of d was set to 5 m for all the

simulations, as this allows us to increase the length of the sensor up to 10 m.
6.4.1 Applied impact-induced stress

Figure 6.8 shows the variation of compressive stress along the bar after axial
impact on the free end, using the values of M and oy mentioned above. The sensor
length is set to 500 mm. Impact occurs at time t = 0. The blue curve shows the
position of the stress wave at the time instant given by (6.34). Figure 6.9 shows
the variation of the compressive stress acting on the free end of the bar after it gets

impacted by the block at t = 0.
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6.4.2 Variation of sensor length

1 Voltage generated due to block impact vs. sensor length (up to 500 mm)
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Figure 6.10: Voltage generated by the sensor as its length varies from 1 mm to 500
mm.

Figure 6.10 shows that the voltage generated by the sensor remains almost con-
stant as the length of the sensor varies from 10 mm to 50 mm. To see the effect of
reduced voltage due to averaging of stress, the length of the sensor has to be increased
up to 10 m. This has been shown in Figure 6.11. From Figure 6.11, it is clear that
there is a significant reduction in the voltage generated by the PVDF sensor after

impact as the length of the sensor is increased from 1 mm to 10 m.

114



Voltage generated due to block impact vs. sensor length (up to 10 m)
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Figure 6.11: Voltage generated by the sensor as its length varies from 1 mm to 10 m.

Figure 6.12 shows the time histories of the voltages generated by sensors of dif-
ferent lengths. For each of the curves, time ¢ = 0 corresponds to the time instant
when the stress front reaches the bottom of the sensor. It can be seen that there is

no significant difference between the time histories of the voltages for sensor length

0.03 m and 1 m.
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Figure 6.12: Time histories of voltage generated after block impact for sensors of
different lengths.

6.4.3 Effect of changing the material of the bar

Changing the material of the bar leads to a change in the amount of strain de-
veloped in the bar due to impact. Thus, changing the material of the bar causes the
voltage generated by the PVDF sensor to change, since the voltage generated by the
sensor depends on the amount of strain acting on the bar. Hence, in order to observe
the dependence of the sensor’s stress averaging effect on the material of the bar, it is
necessary to plot the percentage error or difference caused due to the sensor’s stress
averaging effect when different materials are used for the bar.

Let us consider the voltage generated by the sensor at time ¢ defined by (6.34).

Figure 6.8 shows the profile of the stress wave along the length of the bar. The ideal
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sensor would be so infinitesimally small that the stress acting on it at time ¢ would
be 0. Thus, using (6.15), one can write the voltage generated by the ideal sensor at

time ¢, namely, Vigea as

Esg31h
Ey,

‘/ideal(t) = gg. (635)

Using (6.24), (6.32), and (6.35), the difference or error e between the ideal voltage
generated and the voltage generated under the effect of sensor averaging for impact-

induced stress can be written as

_ Esgsihog M _Ley
elt) = = [1 I (1 e )} . (6.36)

e(t)

ideal

Percentage difference =

M Lpp
100 = |1— == (1— e %) x 100. .
% 100 { Lpb< e M)} % 100.  (6.37)

From (6.37), one can see that the percentage difference depends upon the density
of the bar’s material, but is independent of its Young’s modulus. Using 6.37, the
percentage difference between the ideal voltage generated and the voltage generated
under the effect of sensor averaging was plotted for four different materials as shown in
Figure 6.13. From Figure 6.13 and Table 6.2, it can be concluded that the density of
the material of the structure has a significant influence on the sensor’s stress averaging
effect. It can be seen that the material with the lowest density (polystyrene) shows
the least amount of deviation from the ideal voltage, as the sensor length is increased,
and the material with the highest density (copper) shows the maximum amount of

deviation from the ideal voltage, as the sensor length is increased.
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Figure 6.13: The % difference between the ideal voltage and the voltage generated
under the effect of sensor averaging, as sensor length is varied, for four materials.

Table 6.2 shows a comparison of the material properties of 316 L stainless steel,

copper, tin, and polystyrene, which were used in Figure 6.13.

Material used E, Pb c
for the bar (GPa) (kg/m?) (m/s)
316 L stainless steel 193 8000 4912
Copper 120 8960 3660
Tin 50 7280 2621
Polystyrene 2.28 1050 1474

Table 6.2: Comparison of the properties of the four materials used for the bar.

118



6.5 Conclusions

The equations modeling the PVDF sensor’s stress averaging effect were derived
in this chapter for periodic applied stress waves and impact-induced applied stress
waves. Based on these equations and the numerical simulations, the following points

emerge:

e In the case of periodic applied stress waves, it is shown that the voltage gener-
ated by the sensor is influenced by sensor length, the frequency of the applied
stress wave, and the material properties of the structure (Young’s modulus and
density) because of the sensor’s stress averaging effect.

e Based on the results of the numerical simulations it is concluded that very high
frequencies, cause a significant reduction of the sensor’s voltage, assuming typ-
ical values for sensor length. These frequencies are much higher than those
typical encountered in structural sensing applications. Hence, for these appli-
cations, one can assume that the stress averaging effect depends only on the
length of the sensor.

e [f the preservation of high frequencies is important, the sensor length must be
reduced, while ensuring that the S/N ratio does not degrade significantly. This
can be achieved by adjusting the width of the sensor to keep the sensor area
constant, or through patterning of the film and electrodes.

e From the numerical simulations for both periodic stress waves and impact-
induced stress waves, one can conclude that for most practical values of sensor

lengths, the effect of stress averaging on the voltage generated by the sensor
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is negligible, assuming the structure has material properties similar to 316 L
stainless steel.

In the case of impact-induced stress waves, it is concluded that the density of the
structure’s material has a significant influence on the sensor’s stress averaging
effect. The higher the density of the structure, the more pronounced is the stress
averaging effect. In addition, the stress averaging effect also depends upon the
mass of the impacting block per unit cross-sectional area of the bar and the

length of the sensor.
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Chapter 7: CONCLUSION

This thesis has explored various aspects related to the sensing of transient stress

waves in a structure using PVDF sensors.

7.1 Summary

Chapter 2 showed that simple interfacing circuits can be used to determine the
voltage generated by PVDF sensors if appropriated transfer functions (or measure-
ment functions) are derived and applied to the measured signals. These interfacing
circuits may be required to reduce the voltage to a suitable range for the DAQ sys-
tem and to isolate the sensors from the DAQ system, both as a safety mechanism
to prevent damage to the DAQ due to high voltages as well as to provide a single,
known measurement function regardless of the input impedance of the DAQ.

Chapter 3 discussed the impact experiments performed on a solid stainless steel
bar. The average voltage generated by the PVDEF sensors was observed to be pro-
portional to the impact force, for each of the three drop tests. The proportionality
constants, relating the PVDF output voltage and the impact force for the three drop
tests, were closely spaced. Hence, it can be concluded that using the average voltage
generated by the PVDEF sensors and the average proportionality constant, the impact

force history can be determined. The results presented in this chapter also validate
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the experimental method developed for performing impact tests using PVDF sensors
bonded to structures. A close match was observed between the LS-DYNA simulation
and the experimental results, thereby validating the LS-DYNA model created for the
impact tests on the solid bar.

Chapter 4 presented the results of impact tests on hollow steel beams, using the
experimental method detailed in Chapter 3. Even though the hollow beams had
a complex geometry, a single proportionality constant between the PVDF output
voltage and the impact force calculated from the non-destructive impact tests (22-
40 kN peak forces) was found to apply to high-energy destructive tests (peak forces
~ 99 kN) as well. Thus, the experimental method presented in Chapter 3 and Chapter
4 demonstrates that PVDF sensors can be used to determine the impact force acting
on a structure.

Chapter 5 showed that the speed of sound for longitudinal waves in a slender
rod can be measured accurately using two PVDF sensors. It was shown that PVDF
sensors respond very fast to the stress waves propagating through the structure,
accurately measuring wave transit times on the order of a few microseconds. This
implies that PVDF sensors can be used to detect the propagation of stress waves,
traveling at a high speed, between two points in a structure. In addition, the results
shown in this chapter emphasize the high sensitivity of the PVDF sensors since they
are able to detect the small magnitude stress waves caused by impact force as low as
10 N on a stainless steel rod. The advantages of using the PVDF sensors in 31 or 32
modes (or in-plane modes) as opposed to 33 mode (or out-of-plane mode) were also

highlighted.
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In Chapter 6, equations relating the PVDF sensor’s stress averaging effect to
the voltage generated were derived for periodic applied stress waves and impact-
induced stress waves. For the case of periodic applied stress waves, it was shown
that the PVDF sensor’s length, the frequency of the applied stress wave, and the
material properties of the structure (Young’s modulus and density) influenced the
voltage generated by the sensor, because of the sensor’s stress averaging effect. It was
concluded that for structural sensing applications, the stress averaging effect only
depends upon sensor length. For a stainless steel structure, the reduction of voltage
caused by stress averaging was shown to be negligible for most practical values of
sensor lengths in the case of both periodic as well as impact-induced applied stress.
In the case of impact-induced stress waves, it was concluded that the stress averaging
effect depends on the density of the structure’s material, the mass of the impacting
block per unit cross-sectional area of the bar, and the length of the sensor.

Thus, the research presented in this thesis shows that PVDF sensors can be used
for determining the magnitude of an impact force or applied stress on a structure as

well as detecting or monitoring the propagation of the stress waves in the structure.

7.2 Future work

In the case of destructive impact tests, having an accurate simulation model can
provide valuable information about the behavior of the specimen during impact. This
information can be used to decide parameters like drop height, mass of the drop head,
and location of the sensor on the specimen. Hence, it will be useful to develop an
LS-DYNA model that includes the geometric imperfections of the hollow beams, so

as to be able to accurately simulate the impact tests.
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It was observed the impact between the flat plate attached to the load cell and
both the solid bar and the hollow beam was not perfectly parallel. Because of this,
the impact force acting on the structures was dissimilar to an impulse, which was
predicted by the LS-DYNA simulation of a perfect impact. Hence, an impact exper-
iment could be performed using a spherical impact head to apply an impact force
which would be a closer approximation to an impulse input.

For the analytical work on sensor averaging in Chapter 6, the effect of reflections

of stress waves could be added to the model.
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