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Abstract

Increasing the safety demands of various progressively complex structures (e.g., in aerospace, automotive engineering, and
wind power technology) and the parallel goal of reducing inspection costs set new objectives in the field of ultrasonics and
guided elastic wave measurements. The focus is to deliver applicable sensors attached permanently to a particular structure
for on-demand inspections. Piezoelectric fiber patches (PFPs) are known as lightweight and structure-conforming transduc-
ers for guided elastic wave generation and detection. We propose a new PFP concept combining advantages of different
previous designs. With the new approach, a user can switch between a Lamb wave and a shear horizontal wave excitation by
partially changing the polarity of the transducer electrodes. After summarizing the existing PFP variants, the new concept
is introduced and experimentally verified by a three-dimensional laser Doppler vibrometer visualization of excited waves.

Moreover, the first prototype of the new PFP transducer is presented.

Keywords PFP - MFC - AFC - Guided elastic wave - SHM - Ultrasound - Laser doppler vibrometer - SLDV

1 Introduction

Structural health monitoring (SHM) refers to the process
of implementing a damage detection and characterization
system for engineering structures based on permanently
installed transducers. Numerous physical principles can be
used for this purpose. In particular, elastic waves guided in
plate- and shell-like structures have been widely applied. In
fact, guided elastic waves (GEWs) have already been used
in acoustic emissions for the survey of pressure vessels
long before the SHM became popular. To excite and detect
GEWs, appropriate transducers are required; in most cases,
they can act as both a transmitter and receiver.

A few criteria are important for the choice of transducer,
including the following:

(1) a small size and mass with negligible effect on the
investigated structure.
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(2) arelatively low price, especially when a large number
of transducers is required, which is typical in many
SHM applications.

(3) conformity to the investigated structure, in particular to
curved surfaces.

(4) directivity to be sensitive to certain regions of interest,
or omnidirectional radiation characteristics for equal
sensitivity in all directions (for the survey of large
structures).

(5) mode selectivity for the excitation of the most suitable
wave modes for damage detection and for reducing the
complexity of the received signal evaluation.

Some of the mentioned criteria are also valid for con-
ventional nondestructive testing; however, the first two are
specific for SHM, where typically many transducers are per-
manently attached to the structure.

The main advantage of using GEWs is that they follow
slightly curved structures without significant disturbances.
For plates and plate-like structures, guided waves can be
classified into Lamb and horizontally polarized shear waves.
Lamb waves are polarized in the sagittal plane and can exist
in two basic types: symmetric (SO, S1, S2, ...) and antisym-
metric (AO, Al, A2, ...). Horizontally polarized shear waves
have a vibration direction perpendicular to both the wave
propagation direction and the surface normal. Tubes and
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bars allow for additional modes [1], most of them being dis-
persive, which means that the propagation velocity depends
on the frequency. This dispersion causes unwanted effects,
such as the spreading of wave packets, and a difference
between the phase and group velocity. The complex mode
structure of GEWSs together with their dispersion complicate
the interpretation of transmitted signals in a GEW-SHM sys-
tem. Therefore, it is advantageous to limit the signal com-
plexity by exciting and sensing only a limited number of
modes—preferentially in their range of week dispersion—
and by using the nondispersive SHO mode. A further simpli-
fication can be attained using a distinct transducer directiv-
ity. Therefore, mode selective transducers with the desired
directivity are required and appear promising for a large
number of applications. A directional wave field appears to
be particularly useful where objects to be monitored are dif-
ficult to access. These include pipelines and storage tanks in
the chemical industry and in power plant technology, as well
as components made of fiber composite materials in aero-
space and wind turbines [2]. Especially for the former case,
mode selective transducers appear to be particularly useful
regarding the interaction with different damages within the
same object. Dispersive Lamb waves can be used to detect
changes in wall thickness (corrosion, abrasion, sedimenta-
tion, fouling, etc.), whereas the non-dispersive SHO mode is
particularly suitable for crack detection.

Previously, various types of transducers have been pro-
posed for GEW generation and detection. Electromagnetic
acoustic transducers generate elastic waves directly in con-
ductive materials such that their application is restricted to
metals, in general [3, 4]. Magnetostrictive transducers gener-
ate stress in a magnetostrictive layer contained in the trans-
ducer. The corresponding strain is transferred via a coupling
layer to the specimen [5—8]. Both transducer types rely on
strong static magnetic fields, which render them rather bulky
and large in mass. Another option is to excite GEWs by
laser [9] and/or detect wave fields by laser Doppler vibrom-
etry [10, 11]. Laser excitation and detection is advantageous
for investigating the physical wave propagation of GEWs
experimentally. This is especially true if the full vector of
the displacement is recorded using a three-dimensional (3D)
laser Doppler vibrometer [12, 13].

The types of transducers mentioned thus far are extremely
heavy; furthermore, the laser detection is expensive, ren-
dering the specified transducers unsuitable for SHM appli-
cations. Compared with those transducers, piezoelectric
transducers are lightweight and cheap. Typically, small
piezoelectric discs (sometimes called wafers) are glued to
the surface [1]. More flexibility (and hence shape compli-
ance) is provided by PVDF foils [14] and different variants
of piezoelectric fiber materials [15-20]. To utilize the high
flexibility and avoid the lower efficiency of PVDF, we will
focus on piezoelectric fiber materials in the following.
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The objective of this paper is to introduce the reader to
piezoelectric fiber composites as transducers for GEW gen-
eration and detection, discuss already published designs, and
propose a new design with superior flexibility based on that.
In Sect. 2.1, we discuss the interaction of piezoelectric active
elements with the surface of an object by generating stress
fields. This is applied to transducers based on piezoelectric
fiber patches (PFPs) (Sect. 2.2). They are made of a piezoe-
lectric fiber/plastic matrix composite, which is encapsulated
to form a patch. The early type of PFP has only one layer of
parallel fibers and acts preferentially as a Lamb wave trans-
ducer. This type is described in Sect. 2.2.1. When interdigi-
tal electrodes (IDEs) are grouped to control them individu-
ally as in a phased array, different areas of the transducer
can be excited independently. Hence, Lamb wave modes are
excited selectively and one-sided directivity can be obtained
[17]. In these PFPs, the fibers are arranged unidirectionally
in one layer and the intended wave propagation direction
is parallel to the fibers. In this paper they are called Lamb
mode array PFP. Furthermore, horizontally polarized modes
can be excited preferentially by another arrangement called
shear horizontal piezoelectric fiber patches (SHPHFPs) [21].
We describe these SHPFPs in more detail in Sect. 2.2.2. In
Sect. 2.3, we introduce a new PFP configuration by combin-
ing the ideas of SHPFPs and Lamb mode array PFPs. This
results in a transducer, which is not only a type of array
SHPFP similar to the previous Lamb wave array PFP, but
also allows the SH mode and Lamb mode operations to be
switched. The aim of the present study is not to describe
this type of transducer in all its possible variants and char-
acteristics, but to demonstrate how existing principles can
be combined to obtain a new transducer type with extended
capabilities. The first prototype of the new PFP is presented
in Sect. 3. The paper is summarized and conclusions are
presented in Sect. 4.

2 Various Options for PFP Transducer
Operation

2.1 General Remarks

The interactions of piezoelectric structures glued onto the
surface of a specimen for generating elastic waves have
been discussed in detail in [21]. A summarized discussion
is provided herein for convenience (Fig. 1). The total force
introduced into the surface of the specimen at the transducer
interface is equal to the integral over the surface force den-
sity. Either this total force is already zero owing to the type
of used piezoelectric element, as in Fig. 1 cases (a), (d) and
(e), or it has to be compensated by a counter force, as physics
requires. In the thickness mode (b) and thickness-shear mode
(c), the counter force is provided by the inertia of a backing
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(a) 3t-mode (in plane omnidirectional)

(b) 33-mode (thickness)

(¢) 35-mode (thickness-shear)
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(d) 16-mode (face-shear)

(e) 11-mode (in plane unidirectional)

Fig. 1 Surface tractions on a waveguide, exerted by applied piezo-
electric wafers. For each situation, the surface tractions are indicated
by arrows in the top image and cross section (through the waveguide
plus transducer) in the bottom image. The mode notation corre-
sponds to the deformation of the piezoelectric wafer in its free state
(see [21]). Thereby, the first index stand for the electric field direction

mass. Without such a backing mass the only counter force
would be the rather weak accelerating force of the deform-
ing piezoelement. As SHM applications require lightweight
transducers, additional masses should be avoided. Therefore,
we consider the in-plane omnidirectional mode (a), face-
shear mode (d) and in-plane unidirectional modes (e) only.
Case (a) represents the typical piezoelectric wafer, which
has been studied widely (see [1]) and is used in this study
as a reference only.

In the argumentation above, the action of the transducer
to the sample is described by the given surface tractions.
Strictly speaking this is only correct in the limiting case of
a vanishing interaction between transducer and object. In
practice they are elastically coupled due to the finite mass
and stiffness ratios. Consequently, a multiphysics problem
arise, which in most cases can only be solved by numerical
simulations [22]. However, situations exist in which the sys-
tems are decoupled. In the limiting case of a sample surface,
which is stiff compared to the transducer, the transducer can
be considered as “clamped” by the sample. The surface trac-
tions generated by the piezoelectric material in the sample

and the second index for the relevant deformation. The Voigt notation
is applied for the index (“ii” > 1,33” > “3”, “12” > “6”, etc.). To
exert significant tractions, an inertial mass (dark blue) was added in
the thickness mode (b) and thickness-shear mode (c). The main wave
modes generated in the waveguide are indicated as well. Figure repro-
duced from [21] with permission from Elsevier (Color figure online)

can be calculated from analytic expressions. In the other
limiting case of a “compliant” sample surface, the transducer
is free to move and its displacement will be transferred indi-
vidually to the sample surface. In both cases, the behavior
of the transducer can be calculated without the specimen’s
feedback. Hereinafter, the “stiff sample” description is used
as it appears to be the most typical case. This approach has
been used in a few of our early simulations of GEWs gener-
ated by PFPs [23] and in similar investigations by Salas [20].
The discussion will be similar for the other limiting case of
the “soft sample.” The intermediate case may be slightly
more complex if addressed quantitatively and hence will be
studied later numerically and described in a forthcoming
publication.

2.2 Summary of Known PFP Transducer Concepts
2.2.1 Lamb Wave Transducer

By dividing a solid piezoelectric material into fibers and
forming a 1-3 composite, flexible piezoelectric fiber
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patches can be fabricated. These transducers were originally
invented for adaptronic applications. Several names have
been penned for slightly different technological variants.
Active fiber composites (AFC) contain round fibers, whereas
macrofiber composites (MFCs) contain rectangular-shaped
fibers. Additionally, the use of hollow fibers in composites
have been proposed. The paper by Williams et al. [24] pro-
vides a good overview of the existing variants. Currently,
these piezoelectric composites are studied extensively as
guided wave transducers.

The ideas discussed in the present study are not restricted
to a special variant of piezoelectric fiber composites. There-
fore, the general term, PFP is used throughout the manu-
script. It is noteworthy that the fiber patch realizations used
in the experimental part of this study (see Sect. 3) are based
on MFC technology and the transducers were produced by
MFC manufacturer, Smart-Material. MFCs exist in two vari-
ants. In the “d33” variant, dielectric fibers are poled in the
fiber length direction and the electric field is generated by
IDE:s also in this direction. Meanwhile, the “d31” variant has
an electric field oriented perpendicular to the fibers. Herein-
after, only the “d33” version is considered.

The peculiarity of the PFPs as a composite material ver-
sus homogeneous piezoelectric wafers is their strong ani-
sotropy in the material property tensor. This concerns the
mechanical stiffness, piezoelectric properties, and dielectric
constants in particular. As the components of the compos-
ite—the piezoelectric fibers and the embedding plastics—
differ significantly in terms of material parameters, the ani-
sotropy is also very strong.

As mentioned previously, the PFPs were originally devel-
oped and applied for the actuation and active deformation
of structures. However, researchers realized soon after that
they could be used as a transmitter and/or receiver of GEWs.
Brunner [18] demonstrated their use as acoustic emission

sensors and as transducers for SHM. The strong anisotropy
in the patch properties is reflected in the spatial distribution
of the generated wave field. However, the generated wave
field depends on the ratio between the transducer dimension
and the wavelength. For GEWs, this is a complex subject,
as a number of wave modes with different wavelengths are
involved. To visualize the complexity of the wave fields,
numerical simulation results are presented in Fig. 2. The
images show the wave fields generated in a 1.5-mm-thick
aluminum plate by three rectangular PFPs of different sizes.
For the simulation, the “stiff sample” approximation was
used, i.e., the action of the transducer was replaced by sur-
face tractions acting at the end of the fibers in the z-direc-
tion. The time history of the applied surface tractions was
assumed to be identical to that of the excitation signal which
is a raised cosine with two cycles (RC2).

The snapshots show that the patch size affects the wave
field significantly. A small transducer acts as a dipole of
surface tractions (see Fig. 2, left). If the transducer becomes
larger, the superposition of the tractions and constructive/
destructive interferences will results in an increase and/or
decrease of the given mode. Readers from the ultrasonic
NDE community might be familiar with the sound field of
ultrasonic probes. The main beam of a longitudinal wave
probe is a compression wave accompanied by shear waves
emanating from the aperture edges. The same principles
apply here.

The dependence of the generated wave field on the size
of the active PFP was used by Salas and Cesnik [20]. They
changed the size of the active PFP area by connecting only
a variable part of the IDE to the excitation voltage. Using
this approach, they tuned the transducer selectivity to the
desired wave modes. In another paper, they used the pro-
nounced directivity of appropriate PFPs to form a compos-
ite transducer. They arranged the fibers in a circular PFP

150 200 0 30

100
x [mm]

150 200

Fig.2 Magnitude of the absolute value of particle velocity across
the surface of a 1.5-mm-thick aluminum plate excited by PFPs
of different sizes varying from 8 mmx10 mm (on the left) over
15 mm X 20 mm (center) to 30 mm x40 mm (on the right). The fiber

@ Springer

orientation is in the z-direction and the excitation was realized using
an RC2 pulse with a center frequency of 300 kHz for the correspond-
ing surface tractions. The images show the velocity distribution at
t=17.1 ps after the excitation (Color figure online)
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radially and used IDE groups to excite selected segments
only. By changing the excited segments, they could con-
trol the generated waves over the full angular range of 2x.
They called this type the composite a long-range variable-
direction emitting radar (CLoVER) transducer [19].

It is technologically relatively simple to connect cer-
tain IDE groups to the excitation electronics to change
both the excited groups and the polarity in this connection.
Therefore, it is obvious that the desired wave mode can be
enhanced by matching the spatial excitation periodicity
with the wavelength by controlling the IDE groups. This
was demonstrated by Manka et al. in [25], in which they
used PFPs to achieve that accomplished using PZT wavers
previously [26].

The results discussed thus far for rectangular transducer
realizations enable single wave modes to be selected.
However, these modes are always emitted equally from
both sides of the transducer. Zhu [27] overcame this prob-
lem by dividing the excitation area into regions with a
length smaller than A/2 and by exciting it with a certain
time delay between subgroups. This was discussed and
demonstrated for piezoelectric wafers and PVDF materi-
als. To the best of our knowledge, these ideas have not
been implemented in PFPs.

Moreover, the concepts discussed thus far for mode
selection rely on narrowband signals. They generate
pulses with a certain length, so that wave parts gener-
ated in different areas of the transducer can interfere with
each other. If the interest is in short pulses and therefore
wideband signals, the concept of time-delayed excitation
must be introduced [17]. For enabling independent con-
trol, separate external excess to several IDE groups along
the propagation direction must be implemented. We call
this arrangement the array PFP (A-PFP). Figure 3 shows
the numerically calculated displacement in such a PFP,
where only one of the IDE groups is excited by a bipo-
lar pulse. Here, the wave propagates in both fiber length
directions with opposite polarity. However, if the excita-
tion of all groups moves in one direction with time delays
corresponding to the velocity of a given mode, this mode

W1

is excited preferentially in the given direction as expected
(Fig. 4).

2.2.2 Shear Wave Transducer

As mentioned previously, a number of publications have
described piezoelectric wafer transducers for the generation
of horizontally polarized shear waves. With appropriate pol-
ing and electrodes for the generating electric fields, both
face-shear [28-33] and thickness-shear are realized [34-36].
Additionally, studies describing a method to excite horizon-
tal shear waves with PFPs exist [37, 38]. These studies are
based on generating a shear stress in individual fibers, which
are poled along the fiber length direction. The electric field
is introduced by the IDE orthogonal to the poling, either in
the transducer thickness direction or across the fibers in the
lateral direction. The first variant should excite the thick-
ness-shear and the second variant face-shear. In our opin-
ion, the thickness-shear might require backing for efficient
excitation and the face-shear will be inefficient because the
electric field is perpendicular to the fibers. This will result in
a considerable reduction in the electric field in the piezoma-
terial if the field must cross the epoxy from fiber to fiber. The
reduction is owing to the significant (approximately three
orders of magnitude) ratio of the dielectric constants.
Additionally, special arrangements of d33-mode PFPs can
generate pure face-shear [21]. Two fiber layers with orthogo-
nal fiber orientation are combined and operated contrast-
ingly (i.e., when one is extending, the other is contracting).
MEFCs with a 45° fiber orientation designed for twisting the
deformation of parts (Fig. 5 right) were available from Smart
Material GmbH. Two patches were stacked one over the
other and operated as shown in Fig. 5, left. To demonstrate
the excitation of shear waves, a releasable viscous coupling
between the two patches in the stack and between the stack
and the plate was used in laboratory measurements to keep
the individual patches for further experiments. It was veri-
fied that strong shear horizontal waves could be excited in
this PFP combination, which we called shear horizontal PFP
(SHPFP) [21]. The purity defined as the amplitude ratio of
the desired SH wave to the unwanted Lamb waves was also

Fig.3 u, displacement of a free A-PFP with bipolar excitation
of only one IDE group. PFP size 90 mm x50 mm; active area size
34,5 mm X 20 mm; excitation time 2 ps; snapshots captured at 3.28,

9.85, and 6.42 ps; reproduced from [23] with permission from the
American Institute of Physics (Color figure online)

@ Springer



45 Page6o0of13

Journal of Nondestructive Evaluation (2020) 39:45

[NNARNANIT

[JLPE LD
L

[T
1

L P L gLy

[ERER NN RN LT AN
=117 Crte——

L o
E=——==nn e

L L L L
E———==nn =

L L L O P
== ] L
100- 100

1 | 1 [ 1 1 ! ! [
80 100 120 140152 80 100 120 140152

Fig.4 Upper row: sketch of the A-PFP with the excited IDE group
indicated by red and blue; left: only excitation of the rightmost group;
right: stacked sketches indicating the time sequence of excitation
from right to left; bottom row: B-Scans of the wave fields generated
by an A-PFP on a 3 mm PMMA plate, left column: excitation of only
one IDE group with an unipolar pulse of duration t=0.5 ps, mid-
dle and right column: successive time delayed excitation of the IDE

groups with an RC3 of 100 kHz. The delay is from right to left with a
velocity of 1 mm/ps (middle) and 2.4 mm/us (image on the right) for
a preferrd excitation of A0 and SO modes, respectively. The horizon-
tal and vertical axis in the lower row images are from O to 152 mm
and from O to 100 ps, respectively. These experimental B-scans are
reproduced from [23] with permission from the American Institute of
Physics (Color figure online)

Fig.5 Stacking scheme of two MFC-F1 patches resulting in an
SHPFP for pure shear excitation (left picture) [21]. Picture on the
right: An MFC-F1 transducer in the twisting operation. It was devel-
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oped for the twisting operation of objects; with permission from Else-
vier (left image) and Smart Material GmbH (right image) (Color fig-
ure online)
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investigated [22]. It was shown that the directivity and purity
of the SH wave generation could be improved by operating
two SHPFP stacks instead of one. The stacks were placed
one next to the other, and they were operated in opposite
phases.

2.3 Concept of a Mode-Switchable PFP

A mode-switchable PFP combines the advantages of the
A-PFP and the SHPFP. For this new type of transducer, the

orientation between the IDE and fibers must be changed
from 90° to 45° such that the IDEs are orientated parallel to
the sides of the rectangular patch, and individual IDE groups
can be connected separately by external contacts to the elec-
tronics. Therefore, horizontal stripe areas of the patch can
be excited (see Fig. 6, upper row). The width of the active
area of the patch can be affected by the number of finger
pairs connected to the electrical excitation. The possibility to
change the relative orientation between the piezofibers and
IDE electrodes from perpendicular to 45° has been reported

face-shear excitation

extensional excitation
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Fig.6 Schematic drawing of both layers for a MS-PFP (upper two
rows) with a group of two IDE pairs excited electrically. Arrows indi-
cate the force intensities generated in the layers under clamped condi-
tions. The drawings in the bottom row show the overlay of the lay-
ers above with resulting force intensities indicated by arrows. Left:

Shear excitation for the generation of SH modes, right: dilatational
excitation for the excitation of Lamb modes. The blue arrows in the
bottom row images indicate the width of the excited IDE group for
preferential excitation of the corresponding wave mode with half the
wavelength (Color figure online)
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Fig.7 Stresses generated in an MS- PFP when two successive IDE
groups are excited with an inverse phase. Left picture: SH wave gen-
eration corresponding to the dual SHPFP transducer; picture on the

right: excitation of Lamb waves in the vertical direction with wave-
length A (Color figure online)
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in [21] (see Fig. 7 herein) but not yet realized experimen-
tally. We do not have evidence that both arrangements are
equivalent but rely on the simple argument that the gener-
ated electric fields will follow the fibers. This will occur
because of the high ratio between the dielectric constants of
PZT and epoxy. The new electrode layout might be slightly
less effective compared with the original one, as the electric
field path from one electrode to the next is increased by a
factor of 1/2 owing to the 45° arrangement. This results in
a correspondingly reduced field. The electric field can be
increased again, e.g., by reducing the distance of the IDE
correspondingly; however, such an optimization is out of the
scope of this paper and is subject to further investigations.

In Fig. 6, the upper two rows show both layers of the stack
individually, whereas the lower row shows an overlay. Only
one group of IDE fingers in the lower part of the layer is
charged to demonstrate selective excitation.

In the left column of Fig. 6, the two layers of the stack
are excited to obtain a shear excitation. This is equivalent
to the SHPFP operation but restricted to a part of the trans-
ducer. The blue arrow with A/2 annotation indicates that the
excitation of a shear wave will be the most efficient when
the width of the excited area matches half the wavelength of
the excited shear wave mode.

Several variants of the proposed design can be obtained.
Individual IDE fingers can be combined to a number of elec-
trode groups and connected to external electronics. When
these electronics have several independent channels, the
transducer can be operated as an array SHPFP. The exci-
tation can be selected freely. Furthermore, the unidirec-
tionality and shear wave mode selectivity can be attained
similar to those described in Sect. 2.2.2. for the Lamb wave
array PFP. This is at the disadvantage of a high electronic
equipment expenditure. However, simpler options exist at
the expense of giving up the unidirectionality option, e.g.,
fixating the wave mode more strictly by prescribing a spatial
excitation pattern. The wavelength can be changed simply
by reconnecting the finger pairs to smaller or larger groups.
The left drawing of Fig. 7 shows an example where a full
wavelength A is inscribed instead of only half of the wave-
length. Our new design includes the double SHPFP of [22]
with all the advantages reported in that previous publication.

In addition to the abovementioned options from the array-
like IDE grouping, the new PFP design enables a switch
between face-shear and extensional excitation. This is dem-
onstrated in the right column of Fig. 6. If the polarity of
the excitation in one layer is changed, the signature of the
forces generated in that layer changes; hence the vector sum
of forces generated in both layers changes its orientation
by 90°. It is noteworthy that all forces are perpendicular to
the excited area (see bottom right drawing of Fig. 6). The
force field corresponds to a pure lateral extension; therefore,
it will excite (symmetric and antisymmetric) Lamb modes.

@ Springer

However, a simple change in polarity in one layer allows
switching between shear and Lamb mode excitations. This
property justifies the use of the term “mode-switchable PFP”
(MS-PFP) for the proposed design. All the array considera-
tions discussed for the face-shear excitation apply for the
extensional excitation as well.

3 Experimental Realization and First Proof
of Operation

3.1 Design and Realization of the Mode-Switchable
PFP

PFPs can be produced using various methods following the
concepts mentioned in the preceding section, which differ
in their realization details. We herein describe only one of
them, which was realized for the basic demonstration of
the MS-PFP operation. The drawing in Fig. 8 (left) shows
the setup. The two layers of PZT fibers are mechanically
connected without a layer of electrodes between them. The
electrodes controlling the fibers are immediately above and
below this fiber compound. This drawing only demonstrates
the main principle; in fact, the number of external connec-
tions differs from the actual layout. A photograph of one
of the PFPs produced by Smart Material is shown in Fig. 8
(right). The solder pads visible on both sides of the patch
clearly indicate the endpoints of the electrodes. Each of the
two layers contain 16 electrode pairs. Each electrode pair
connects two couples of IDE fingers.

3.2 First Measurement Results

The mode-switchable PFP was attached to a steel plate of
thickness 2 mm. The orientation in space was such that the
IDE electrodes were orientated vertically. The four furthest
left electrode pairs were connected to the IKTS electron-
ics MAS2. This IDE group excited an area of width 7 mm,
corresponding to approximately % of the full PFP width
of 31 mm. The electrical excitation was performed using a
RC3 pulse with center frequency 150 kHz and peak-to-peak
voltage 150 V. The waves generated in the steel plate were
detected by a Polytec 3D laser Doppler vibrometer. Figure 9
shows the entire measurement setup.

The PFP was coupled to the steel plate by the viscous
medium honey and then pressed to it by magnets. Releas-
able viscous coupling was used such that the patch remained
intact for other configurations. No coupling medium was
introduced between magnets and the PFP that could transfer
shear forces to the magnets. Therefore, we do not expect any
significant generation of unwanted waves in the magnets. For
subsequently practical applications, the patch will be glued
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Fig.8 Scheme of one possible layer setup of the MS-PFP (left); a photograph of one of the mode-switchable PFP produced according to that
design (right); two layers of electrodes can be recognized by the solder pads on each side (Color figure online)

Fig. 9 Photograph of the setup for the wave propagation measurements by 3D laser Doppler vibrometry (Color figure online)

to the substrate to ensure reliable mechanical coupling and
to avoid the need for magnets.

Figure 10 presents measurements proving that the new
PFP design can preferentially excite both SH and Lamb
modes, by only reconnecting (switching) some electrodes.
The left column of Fig. 10 shows the X, y, and z particle
velocities at time t=32 ps after excitation. It is clear that
the y-component, v, of the velocity is much larger than v,
and v,. The wave packet traveling to the left is farther from
the center of the PFP as the packet travels to the right. This

is in accordance with the excitation of the left quarter of the
patch only.

In the measurement displayed in the right column of
Fig. 10, the contacts of the upper layer were switched to
change the polarity in one of the layers. Instead of shear
excitation, an extensional excitation was obtained as dis-
cussed in Sect. 2.3. Therefore, the x-velocity component
is now the largest and shows a clear wave packet. Hence,
we present an earlier snapshot (t=25 ps), where the wave
packet is still in the scan field. This is in accordance with the
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Shear excitation t = 32 us
um/s

Fig. 10 Snapshots of the wave propagation generated in the plate by
one group of IDE, switched between SH wave excitation (left col-
umn) and extensional Lamb wave excitation (right column). The
IDEs are orientated vertically (compare with Fig. 8). The excited IDE

higher wave speed of the SO mode, which is expected to be
observed. The assumption that SO is displayed is supported
by the larger wavelength in the right column compared with
the left one.

B-scans generated from the same measured dataset are
displayed in Fig. 11. The scan line selected is in the mid-
dle of the left scan field, as indicated by the dashed line
in Fig. 10. For the shear excitation, a strong v, compo-
nent was observed (left column, graph in the middle). As
shown, a time of 27 ps is estimated for a travel distance
of 90 mm. This yields a wave speed of 3.3 mm/us fitted
to the velocity of the SHO mode in the plate. The appar-
ent dispersion free behavior of the wave—recognizable
as the individual phases moves as fast as the entire wave

@ Springer

Extensional excitation t =25 pus
pm/s

group is the furthermost left one. It is noteworthy that the times when
the snapshots were captured were different: left column, 32 us and
right column, 25 ps. In addition, the color bar is scaled slightly differ-
ently (Color figure online)

packet—supports this interpretation. This is different for
the waves visible in the B-scan of the v, component (left
column bottom graph). A weak wave packet is identified
therein, which is enclosed by dashed green lines with a
wave speed of approximately 2.57 mm/us. The points of
equal phase move with a different velocity of 1.55 mm/
ps. Both values are close to that of the A0 mode phase
and group velocities obtained from the dispersion dia-
gram of a steel plate of thickness 2 mm at a frequency of
f=150 kHz. The x-component of the velocity (left col-
umn, top graph) shows an almost dispersion-free wave
with a velocity of approximately 5.6 mm/us. This fits
the SO wave in the plate. This wave is more pronounced
when an extensional excitation is applied (right column
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Shear excitation
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Fig. 11 B-scans generated from the same measurement as shown in
Fig. 10. The scan line for the B-scans is indicated in the v, snapshot
of the shear excitation (upper left image) in Fig. 10. The geometrical
arrangement of the different B-scans in the figure is the same as that

top graph). For an extensional excitation, the SHO wave is
visible but with a much smaller amplitude. The A0 wave
trains are visible again in the out-of-plane displacement
graph (left column, bottom graph). Having identified it in
the out-of-plane component (v,) once, the A0 wave trace
is easily recognizable in the graph of the v, component
as well.

Extensional excitation
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for the arrangement of the snapshots in Fig. 10. In all images, the lin-
ear gray scale represents the same displacement velocity range from
—6x10*to 6x 10 m/s (Color figure online)

4 Summary and Discussion

Existing PFP transducers can excite Lamb waves and
shear horizontal waves bidirectionally. Additionally,
by controlling IDE groups in a timely or phase-shifted
manner, Lamb waves can be excited unidirectionally and
mode selectively. We herein proposed a new concept, the
MS-PFP, which combines all mentioned features into one
design. The additional advantage is that a change between
shear horizontal and Lamb wave excitation can be realized
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by switching the electrical connections. This connection
switching can be performed using multiplexer electronics
with only moderate effort. In addition to the idea and basic
layout description, a realization was presented together
with first measurements of the generated wave fields
obtained by 3D laser Doppler vibrometry. The measure-
ments demonstrated the validity of the ideas although they
could be further improved. The shear wave was clearly
dominant for the shear excitation, while the SO wave was
the strongest in terms of extensional excitation but not
as dominant as expected. This momentary drawback was
likely because the size of the excited transducer area of
7 mm had not yet matched the half wavelength of the SO
mode, which was estimated to be 19 mm.

We discussed the main operation principles of the MS-
PFP and proved its ability to generate waves. However, in
practice, the transducer must also function as a receiver.
Therefore, all the considerations and experimental work
should be repeated for the receiver case, in principle.
However, this is not necessary owing to the reciprocity
theorem [39]. To be more precise, the theorem has to
be adapted to each specific situation, e.g., by specifying
the electrical termination and defining what is measured
exactly on both the electrical and mechanical sides of the
transducer. Depending on the deviations from the neces-
sary conditions, slight differences in the transmission and
reception properties are expected. However, we agree with
many scholars, in that the reciprocity is fulfilled to a high
approximation under normal operating conditions; further-
more, we assumed that this applied to our specific situ-
ation. Therefore, in the present study, the investigations
were restricted to the excitation case without an explicit
consideration of the receiving case.

The MS-PFP has more potential than we could dem-
onstrate in this first paper. We have already discussed the
ability to excite groups of elements separately as in an
ultrasonic phased array. We did not yet demonstrate the
advantage of this array PFP (A-PFP) e.g. in generating
unidirectionally directed pure wave modes. However, cor-
responding experimental and simulation work is in pro-
gress and the results will be included in a future paper.
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