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Description
FIELD OF THE INVENTION

[0001] The invention generally relates to the field of
damage detection and structural health monitoring sys-
tems defused in aerospace, automotive, naval, civil or
other applications.

BACKGROUND OF THE INVENTION

[0002] Known methods of laboratory non-destructive
structural testing (NDT) methods, such as X-ray detec-
tion and C-scans, are impractical for service inspection
of built-up structures due to the size and complexity of
their infrastructure. Structural Health Monitoring (SHM)
involves the incorporation of non-destructive test meth-
ods into a structure to provide continuous remote moni-
toring for damage. SHM systems are systems with the
ability to detect and interpret adverse changes in a struc-
ture, such as an airplane or other aircraft, automobiles,
and naval applications, for example. SHM systems that
have been implemented in diverse industries generally
include the adhesion of strain gauges or thermocouples
to monitor changes in strain, frequency and temperature.
Known forms of SHM are"black- boxes"on aircraft that
collect critical flight data. Current SHM efforts have fo-
cused on sensing methods and sensor physics for dam-
age detection, however, the sensor node needed to em-
ploy the methods has been largely unaddressed.
[0003] International publication no. WO90/12296 de-
scribes a semi-conductor transducer or actuator which
uses corrugated supports.

[0004] US patentno. 6,370,964 describes a diagnostic
layer and methods for detecting structural integrity of
composite and metallic materials using sensors.

[0005] International publication no.: WO03/055063 de-
scribes a composite member for a resonator having an
active piezoelectric element and a passive piezoelectric
element whose electromechanical coupling is altered to
alter the resonance of the composite member.

SUMMARY OF THE INVENTION

[0006] The invention relates to a damage detection
sensor to provide packaged components to facilitate
damage detection using a variety of sensors and sensing
methods. Embodiments of the invention provide a device
for use in detecting structural damage. The device in-
cludes at least one piezoelectric wafer, the wafer includ-
ing a sensor, and an actuator in-plane with the sensor,
wherein at least one of the sensor and the actuator at
least partially surrounds the other of the sensor and the
actuator such that the piezoelectric wafer provides radial
detection of structural occurrences.

[0007] Implementations of the invention may include
one or more of the following features. The device may
include a flexible circuit configured to provide power to
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the at least one piezoelectric wafer. The flexible circuit
can be configured to provide a communication connec-
tion to the sensor to collect data from the sensor. The
flexible circuit can be configured to provide shielding for
the sensor and for the actuator. The device can include
a housing constructed and arranged to encapsulate the
sensor and actuator. The housing may include an outer
cylindrical ring and a lid. The sensor and the actuator can
be positioned in the cylindrical ring. The device can fur-
ther include coaxial connectors constructed and ar-
ranged to provide a strain relief for the sensor and the
actuator. The coaxial connectors can include miniature
coaxial connectors that provide connection between the
atleastone piezoelectric waferand atleast one electronic
component in the housing.

[0008] Implementations of the invention may furtherin-
clude one or more of the following features. The sensor
can be at least one of a geometry including triangular,
circular, semi-circular, square, rectangular, octagonal,
hexagonal, and pie-shaped. The actuator can be at least
one of a geometry including triangular, circular, semi-
circular, square, rectangular, octagonal, hexagonal, and
pie-shaped. The actuator can substantially completely
surround the sensor. The sensor can substantially com-
pletely surround the actuator. The device can include a
plurality of sensors co-located on the at least one piezo-
electric wafer, wherein the plurality of sensors are col-
lectively atleast partially surrounded by the actuator. The
device can include a plurality of actuators co-located on
the at least one piezoelectric wafer, wherein the plurality
of actuators are collectively at least partially surrounded
by the sensor. The at least one piezoelectric wafer may
provide substantially a 360-degree radial detection of
structural occurrences in a material.

[0009] Other embodiments of the invention provide a
damage detection node for detecting structural damage.
The node includes a housing, a flexible circuit positioned
in the housing, a piezoelectric wafer positioned in the
housing and having a sensor and an actuator, at least
one of the sensors and the actuator positioned to at least
partially surround the other of the sensor and the actua-
tor. The flexible circuit provides a communication con-
nection to the piezoelectric wafer.

[0010] The invention provides one or more of the fol-
lowing capabilities. The damage detection device can be
mass-produced at a low cost, and customized for any
application in software. The device can be broadly de-
fused in aerospace, automotive, naval and civil applica-
tions, or any field in which a single sensor or a distributed
network of sensors is

required to collect data. The device can be integrated
into ageing structures or integrated into newly designed
structures. The invention can enable the elimination of
scheduled inspections. Structural design can be im-
proved with increased reliability and reduced life- cycle
costs. Embodiments of the invention can be constructed
without the use of solder and exposed wires. Fewer sen-
sors can accomplish detection without limiting the range
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over which detecting is desired. Embodiments of the in-
vention can be implemented as a continuously monitor-
ing system, which can require less human intervention.
Other capabilities will be apparent upon a review of the
Figures and Detailed Description that follows.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011]

FIG. 1 is a perspective view of a damage detection
device.

FIG. 2 is an assembly drawing of the piezoelectric
stack contained in the casing of a damage detection
device.

FIG. 3is atop perspective view of the internal portion
of an assembled damage detection device.

FIG. 4 is a cross sectional view of the internal portion
of an assembled damage detection device.

FIG. 5Ais a portion of the piezoelectric stack of Fig. 2.
FIG. 5B is a side perspective view of a portion of the
piezoelectric stack of Fig. 2.

FIG. 6A includes alternative geometries for a sensor
substantially surrounded by an actuator.

FIG. 6B includes alternative geometries for an actu-
ator substantially surrounded by a sensor.

FIG. 7 is a flow chart of a process of using a damage
detection device.

DETAILED DESCRIPTION OF THE INVENTION

[0012] The features and other details of the invention
will now be more particularly described. It will be under-
stood that particular embodiments described herein are
shown by way of illustration and not as limitations of the
invention. The principal features of this invention can be
employed in various embodiments without departing
from the scope of the invention.

[0013] Embodiments of the invention are directed to
concentrically positioned sensors and actuators. Embod-
iments of the invention can be directed to a piezoelectric-
based sensor and actuator for use in facilitating damage
detection, non-destructive testing ("NDT") and structural
health monitoring ("SHM") using a variety of sensors and
sensing methods.

[0014] Embodiments of the invention caninclude dam-
age detection systems employing one or more than one
piezoelectric damage detector. Embodiments of the in-
vention relate to a collection of electrical and mechanical
components necessary to conduct in-situ damage detec-
tion methods. Embodiments of the invention can be im-
plemented as wired systems or as wireless systems. Em-
bodiments of the invention can be used in SHM of aircraft,
spacecraft, naval vessels and automobiles. Embodi-
ments of the invention may be used in other structures
using sensor networks and to conduct testing procedures
otherthan NDT and SHM procedures. For example, em-
bodiments of the invention can be used for non-destruc-
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tive evaluation, data measurement, usage monitoring
(HUMS), security, surveillance or quality control. Embod-
iments of the invention can be used for other applications.
[0015] Referringto FIGS. 1, a sensor node 5, or patch,
includes a housing 10, a connector 12 and a connector
14. The housing includes a cylinder body 16 and a top
lid 18. The cylinder 16 and the top lid 18 seal to form an
encapsulation, or housing 10. The housing 10 encapsu-
lates electronic components of the sensor node 5. As
used herein, the node 5 refers to a single sensor unit.
[0016] Inanexpandedview,inFIG.2, the piezoelectric
stack 30 contained in the housing 10 includes a copper-
coated KaptonTM shield 40, an adhesive film 42, a cop-
per-coated Kapton electrode 44, an electrically conduc-
tive adhesive 46, a second film adhesive layer 48, the
piezoelectric sensor 50 and actuator 51, a third film ad-
hesive layer 52 having an electrically conductive portion
53, a polyester film layer 54 and a fourth film adhesive
layer 56. For purposes of the following, the sensor 50/ac-
tuator 51 pair may be referred to as a piezoelectric wafer
29. The copper-coated Kapton shield 40 is a layer of cop-
per-coated Kapton that provides an insulating surface on
the topside and an electromagnetic interference (EMI)
shield on the underside. The adhesive film 42 can be an
insulator capable of bonding to copper-coated Kapton.
For example, the adhesive film 42 can be 3mm 3132 film
adhesive. The flexible circuit electrode 44 is a layer of
copper-coated Kapton. The electrode pattern can be cre-
ated using Ferric Chloride. The copper-coated Kaptolfrm
electrode 44 provides contacts to both the sensor 50 and
the actuator 51. The copper-coated Kapton electrode 44
can also provide a shielding ground loop between the
sensor 50 and the actuator 51. The ground loop can pre-
vent in-plane parasitic noise. The electrically conductive
adhesive 46 and the second film adhesive layer 48 con-
nect the leads to the piezoelectric sensor 50 and actuator
51. The adhesive 46 and the second film adhesive layer
48 can be provided to avoid a short circuit. The third film
adhesive layer 52 provides an electrically conductive lay-
er of adhesive and is positioned beneath the sensor
50/actuator 51 layer to provide a common ground. The
film layer 54 and the fourth film adhesive layer 56 provide
a semi-rigid backing for mounting to a structure that the
sensor node 5 is monitoring.

[0017] The copper-coated Kapton electrode 44 pro-
vides ground and signal traces from the sensor 50, to be
connected to a printed circuit board via the micro-con-
nectors 12 and 14, such as MMCX connectors, for ex-
ample, to provide an interface for assembly. The copper-
coated Kapton electrode 44 also provides in-and out-of-
plane shielding for the analog sensor signal by creating
a copper Faraday cage surrounding the trace.

[0018] The sensor 50/actuator 51 is controlled by the
flexible circuit electrode 44. Adhesive layers between the
electrode 44 and the sensor 50/actuator 51 connect each
layer of the piezoelectric stack 30. Adhesive layers can
be electrically conductive. Alternatively, adhesive layers
can connect other layers without electrical conductivity.
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The piezoelectric sensor 50 measures reflected waves
in a material on which the sensor is positioned. Sensors
can record, for example, phenomenon such as strain,
acceleration, sound waves, electrical or magnetic imped-
ance, pressure or temperature. The piezoelectric actua-
tor 51 excites waveforms in a material to create reflected
waves that the sensor 50 measures.

[0019] The housing 10 provides an interface between
the sensor 50 and the structure to which the node 5 is
connected for monitoring. When assembled, the node 5
is capable of providing an integrated sensing unit for con-
veying information about a structure. Referring to FIGS.
3 and 4, the sensor node including the piezoelectric wafer
29 is assembled in the housing 10. The housing 10 is
comprised of the cylinder 16 and the top lid 18. The cyl-
inder 16 includes the inner o-ring 20 and an o-ring groove
32, a grounding ring 34, MMCX connector apertures 36
and flex brackets 38. The apertures 36 are positioned to
accept micro- connectors, such as connector 12 and con-
nector 14. For example, the connectors can be MMCX
connectors that provide strain relief and co-axial connec-
tions for power and data collection. The MMCX connector
apertures 36 accept MMCX connectors that complete
mating connection with the internal portion of the housing
10 and extend to an external portion of the node 5. The
apertures 36 can be positioned on opposite sides of the
cylinder 16. The o-ring groove 32 is positioned on a top
face of the cylinder 16 and accommodates an o-ring 20.
The o-ring 20 provides a seal that is preferably watertight
to keep moisture from entering the housing 10.

[0020] A top portion of the cylinder 16 can be threaded
on an internal face of the cylinder 16, for example. The
top lid 18 can be a flat portion having a threaded rim to
engage with the threads of the cylinder 16. Alternatively,
the top lid 18 and the cylinder 16 can be fitted in a number
of known means of closure. The lid 18 can be alternatively
designed to complete the housing 10 including glue-on
press fits, screw top, and cam-lock, preferably incorpo-
rating o- rings to provide a seal.

[0021] The housing 10 provides a barrier for the elec-
tronic components of the node 5. The housing 10 can
include a low moisture absorbing plastic casing. For ex-
ample, a low density, low moisture absorbing and mold-
able plastic such as an Acetal (e. g. Delrin) can be used
as a casing material. The housing 10 provides an enclo-
sure to package each component of the infrastructure of
the node 5, protecting the components againstincidental
impact damage, sealing the components from moisture,
and isolating the sensor 50 from large induced strains on
the structure or cables. The housing 10 can provide ad-
ditional protections or barriers for node 5. Nominal di-
mensions for this housing 10 can be, for example, ap-
proximately 1. 5" in diameter and 0. 3"in height with a 0.
1 "wall thickness, however

depending on the nature of the application, the housing
10 can be smaller or larger in any dimension. Preferably,
the housing 10 of the detection device has an outer di-
ameter of approximately 1.6 inches and a total volume
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less than 1 cubic inch. The height of the housing can be
approximately 0.5 inches.

[0022] The housing 10 is survivable to a large variety
of common solvents, including fuels, oils, paint, acetone
and cleaning solutions, as well as other chemicals. The
housing 10 can operate under thermal conditions be-
tween-50 F and 250 F. The housing 10 may be designed
to operate under thermal conditions below-50 F or above
250 F. The housing 10 containing the node 5 can be
adhered to a structure using a thermoset or thermoplastic
film adhesive, or by using a traditional epoxy. Other ad-
hesives are possible. The housing 10is further preferably
constructed to withstand a strain of 2000 microstrain and
can have a vibration resonance tolerance of 66 Hz or
greater.

[0023] FIG 5A is an exploded assembly view showing
each of the layers of the flexible circuit surrounding the
piezoelectric elements. Included are conducting layer on
top with ashield layer above that, and a bottom grounding
layer. Also displayed are the layered wings that carry the
power and sensor signal with shields on either side. FIG
5B is a collapsed assembled version of FIG 5A.

[0024] The electrode flexible circuit 180, shown in FIG.
5A, controls the sensor 50 and actuator 51. The electrode
flexible circuit is positioned above the sensor 50/actuator
51 layer. Each of the layers of the flexible circuit is con-
nected by the contact of the side tabs, shown in FIG. 5B.
The flexible circuit 180 provides electrical connections.
A copper-coated Kapton element is printed so that there
are separate grounds for the actuator and sensor, and
separate ground traces to provide in and out-of-plane
signal shielding. Wings on the side of the flexible circuit
180 fold up. The wings can provide an electrical connec-
tion in a substantially convenient location during manu-
facture and integration. The wings are shielded in and
out-of-plane. The wings terminate in heat bonded or sol-
dered MMCX connectors.

[0025] The connectors provide a rigid support for the
electronic connections, and have a flange to provide a
strain relief to the sensing node 5. The copper casing
provides a Faraday cage for the sensor signal contain
therein. External to the device, standard co-axial cables
and the complementary MMCX adaptors are used to con-
nect the device to electronic equipment to provide actu-
ator excitation and data acquisition.

[0026] The sensor 50/actuator 51 layer of the node 5
comprises a concentric, circular sensor 50 having an out-
er ring comprising the actuator 51. The sensor 50 and
the actuator 51 are in- plane components capable of con-
nection to the circuit without the use of wires. Referring
to FIG. 6A, the in-plane sensor 50 and actuator 51 can
be a number of alternative shapes. For example, the sen-
sor 50 can be circular, semicircular, square, triangular,
rectangular, pie- shaped, hexagonal, octagonal, and any
of a number of other shapes. The actuator 51 can also
be any of a number of shapes configured to substantially
surround the sensor 50. The substantially concentric de-
sign of the sensor 50 and actuator 51 provide omni-di-
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rectional operation of the node 5. The substantially con-
centric design of the sensor 50 and actuator 51 provide
a pulse/echo method of sensing. By having an actuator
that surrounds a sensor or set of sensors (or vice versa)
this allows excited signals (electrical, magnetic, acoustic,
vibrational or otherwise) to be emanated omnidirection-
ally from a nearly point source, and for response meas-
urements to be taken from nearly that same location.
[0027] Each of the sensor 50 and the actuator 51 can
surround, or substantially surround the other. In each of
the alternative configurations shown in FIG. 6B, the cent-
er portion can be the actuator 51, surrounded by one or
more than one sensor 50. Thus, a sensor or a set of
sensors can be surrounded by an actuator or a set of
actuators. Alternatively, an actuator or a set of actuators
can be surrounded by a sensor or a set of sensors in the
concentric design. In some systems, at least one of the
piezoelectric nodes includes a sensor 50 surrounded by
anactuator 51, and at least one of the piezoelectricnodes
includes an actuator 51 surrounded by a sensor 50 where
each of the nodes works in tandem with the other or oth-
ers to accomplish material sensing.

[0028] The in-plane configuration of the actuator
51/sensor 50 pair achieves contact with a material to be
monitored or tested using thermoset or thermoplastic
tape, epoxy, using a couplant material, or with an exter-
nally applied force. Other room temperature or elevated
cure methods of contact are possible and envisioned. In
some applications, the sensor 50 and actuator 51 pair
are not encapsulated in a housing 10, but are substan-
tially directly positioned on a material or structure for use.
The actuator 51/sensor 50 pair can be actuated with an
electrical or magnetic field being applied so as to excite
through-thickness, axial, shear or radial modes in the ac-
tuator. This field can be applied to a parallel face of the
actuator 51, or using interdigitated electrode patterns.
Sensor voltage data can be measured using any of these
fields. Preferably, the sensor 50 and actuator 51 are con-
structed of a piezo-ceramic material. Other known ma-
terials can be used, however, such as other piezoelectric
materials (PVDF, PMA, etc), piezoresistive materials or
magnetorestrictive materials, for example.

[0029] The particular piezoelectric material used for
the wafer 29 can be PZT-5A in order to reduce the de-
pendency of performance on temperature, however oth-
er grades of PZT such as PZT-5H would also be accept-
able. The piezoelectric elements are either injection
molded, machined or micro-fabricated in either addition
or subtraction processes into the desired geometry, typ-
ically less than 1 "in diameter. Other dimensions are pos-
sible and envisioned, and may vary depending on opti-
mizing an application.

[0030] Damage detection methods use the actuator
51/sensor 50 pair to determine the presence of damage
in a structure. Damage detection methods may also be
used to determine the size, shape, type, location and
extent of damage in a structure or material, as well as
the criticality of maintenance, repair or replacement. For
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example, methods include lamb waves, modal analysis,
acoustic emission, strain/stress monitoring, temperature
and acceleration measurement. Each of the damage de-
tection methods can use a single actuator 51/sensor 50
pair measuring at different frequencies and time sam-
ples. Methods of detection can be accomplished by
changing frequency of actuation, frequency of acquisition
and filters.

[0031] Further, the use of passive methods (such as
strain and/or acoustic emission) to trigger active methods
(such as frequency response and lamb waves) can be
used to conserve power.

[0032] Active modes can be used at set intervals or
upon user command tests. Methods of detection can in-
clude intermittent active methods, which can seek de-
tailed information. Passive methods can be listening for
events that can trigger active methods of detection.
[0033] Inoperation, referring to FIG. 7, with further ref-
erence to FIGS. 1-6, a process 100 for detecting damage
in a material or structure using a node 5 includes the
stages shown. The process 100, however, is exemplary
only and not limiting. The process 100 may be altered,
e. g., by having stages added, removed, or rearranged.
[0034] Atstage 102, a node 5 is positioned on the sur-
face of a material or a structure for which structural in-
tegrity is to be tested or monitored. The node 5 can al-
ternatively be embedded in a material or structure to con-
duct detection. Although the system can operate contin-
uously, the system can be accessed by individuals to
perform inspections on demand.

[0035] At stage 104, the node 5 collects data related
to the structure to which it is affixed.

[0036] The node 5 can collect data passively, for ex-
ample, using strain and acoustic emission methods. Pas-
sive damage detection methods can be used continu-
ously to sense the presence of damage in the structure.
Passive methods are generally those that operate by de-
tecting responses due to perturbations of ambient con-
ditions. Strain monitoring is used to record strains over
design limits, and can also be used to trigger more so-
phisticated detection methods. By analyzing the data at
smaller time scales, acoustic emission can be performed
passively to detectand record impact events and approx-
imate the energy of impact. The nodes 5 pass the col-
lected information to a local processing unit at stage 106.
[0037] Abnormal strain and/or acoustic events are re-
corded, as shown at stage 108.

[0038] Conditions that differ from the ambient condi-
tions of a structure can be recorded and further analyzed.
To determine damage, comparisonis made with baseline
measurement.

[0039] Where abnormal events have been detected,
an active sensing method is triggered atthe node 5, stage
110. When abnormal data is encountered, active meth-
ods such as frequency response and Lamb wave tech-
niques are initiated. Active methods are used to give
more information about the type, severity and location of
damage. Active methods, for example, use an externally
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supplied energy in the form of a stress or electromagnetic
wave to function.

[0040] Examples of active methods include, but are
not limited to, electrical and magnetic impedance meas-
urements, eddy currents, optical fibers that use a laser
light source, modal analysis and Lamb wave propaga-
tion. Active methods can be triggered by an event de-
tected by the passive methods. Alternatively or concur-
rently, active methods can be performed at pre-set time
intervals or initiated by an operator.

[0041] Atstage 112, datafrom the active sensingmode
is collected to verify damage. In a system that employs
more than one node 5 for detection, once a single node
5 has collected damage, data is collected by nearby
nodes in order to help confirm the presence and severity
of damage, stage 114. At stage 116, the data is passed
from node 5 to node 5, and to a central processing unit
to be interpreted. For example, all of the data can be
passed from each node 5. The damage type, severity,
and location can be communicated to other individuals,
as can suggested actions.

[0042] Insome methods of the invention, fixed spacing
between the actuator 51 in a first node 5 and the sensor
50 in a second node 5 can be used to calculate wave
speed in a material at the material’'s present state. The
wave speed calculation self-calibrates the system and
may reduce the need for analytically derived wave speed
calculations to be determined. The calibration process
118 can take place prior to each test measurement.
Based on the calibration process 118, the system is self-
compensating for the effects of temperature, humidity,
strain or creep. For example, the fixed distance between
the actuator and the sensor divided by the time of flight
of the wave between the actuator and the sensor deter-
mines wave speed. The wave can be, for example, a
surface, shear, Raleigh, Lamb or other type of wave for
use in calculating wave speed. Self-compensation can
be used to determine the state of the structure, e. g.,
thermal, hygral or strain. Also, by measuring the imped-
ance and other signature data such as total energy and
frequency spectrum of the actuator while being excited,
a self-diagnostic can be performed to detect irregular op-
eration.

[0043] Active Damage detection methods can be per-
formed by using either a single damage detection node
5, or a network of several devices 5 working independ-
ently or in collaboration. When using a single node 5, a
pulse-echo type of operation is used, where the structure
being monitored or tested is excited by an actuator, and
a response or reflections are measured by a co-located
sensor. In the case of using multiple nodes 5, damage
detection can also be performed by pulse-echo, whereas
each node 5 independently collects response or reflec-
tion data, which is fused together to map out damage
locations. Alternatively, when using more than one node
5, a pitch-catch method can also be used, whereas an
actuator from one node 5 excites the structures being
monitored or tested, and sensors from one or more other
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device nodes 5 measure the transmitted response to de-
termine the state of the structure.

[0044] The device 5 at which the actuation occurs is
referred to as the master node. When using the pitch-
catch method, the master node designation is iteratively
cycled through each of the various nodes 5 so that com-
binations of transfer functions can be collected. The pre-
ferred method is to employ both of the pulse-echo and
pitch-catch methods simultaneously. This case is similar
to the previously described pitch-catch only method,
however in this case reflected data from the master node
sensor is also collected to be fused with all of the other
data.

[0045] In embodiments of the invention, methods can
be facilitated in a number of ways. Tests can be initiated
by using a dedicated arbitrary signal generation device
such as an Agilent 33220A, a rack mounted source such
as offered by National Instruments, or a custom built
source. These sources serve to excite the actuatorin the
node 5, and can also be used to trigger data collection.
Data collection can be performed by using a variety of
dedicated or virtual oscilloscope devices that log voltage
measurements. Examples are the Tektronic 3024, sev-
eral PXI rack mounted devices offered by National In-
struments, or a custom built datalogger. Excitation and
data collection can be initiated manually, remotely using
a serial, GPIB, LAN or USB connection, or automated
using custom software. The preferred method of testing
is automated using integrated hardware control and anal-
ysis software such as LabVIEW or MATLAB. A designat-
ed arbitrary function generator unit can be commanded
to excite an actuator, trigger a designated oscilloscope
to collect data, analyze the data with a variety of pro-
grammed logic, and display graphical results to a user.
[0046] Once voltage data has been collected by one
of the methods previously described, there are a variety
of ways this data can be decomposed in order to ascer-
tain the state of the structure. First data can be filtered
and de-noised using bandpass filters in order to remove
high frequency electrical noise and low frequency drift
and mechanical vibrations.

[0047] Algorithms can be used that compare the inte-
grated energy levels received at the sensors to determine
if damage is present; increased reflected energy and de-
creased transmitted energy are both metrics of damage.
Thisis followed by an evaluation of reflection time offlight,
in order to determine the damage location by multiplying
these results by the wave velocity. A fast-Fourier-trans-
form can be performed to inspect the resulting frequency
bandwidth. The frequency bandwidth is used to deter-
mine the type of damage present in the structure. By
using three separate sensor physics to evaluate the dam-
age, for example, one can minimize the occurrence of
false positives.
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Claims

A device for detecting structural damage, the device
comprising:

an encapsulation (10) configured to connect to
a structure and containing at least one piezoe-
lectric wafer (29) and including:

asensor (50) configured to detect structural
damage in the structure;

an actuator (51) co-located with the sensor
in the encapsulation, the actuator being co-
planar with the sensor in the encapsulation,

characterised in that

at least one of the sensor and the actuator is
arcuate and at least partially surrounds the other
of the sensor and the actuator such that the de-
vice provides radial detection of structural oc-
currences from a point source.

The device of claim 1 further comprising a flexible
circuit (180) configured to provide power to the en-
capsulation.

The device of claim 2 wherein the flexible circuit is
further configured to provide a communication con-
nection to the sensor to collect data from the sensor.

The device of claim 2 or claim 3 wherein the flexible
circuit is further configured to provide shielding
(46,48) for the sensor and for the actuator.

The device of any preceding claim wherein the en-
capsulation is a housing (10) constructed and ar-
ranged to encapsulate the sensor and actuator.

The device of claim 5 wherein the housing includes
an outer cylindrical ring (16) and a lid (18), and
wherein the sensor and the actuator are positioned
in the cylindrical ring.

The device of any preceding claim further comprising
coaxial connectors constructed and arranged to pro-
vide a strain relief for the sensor and the actuator.

The device of claim 7 wherein the coaxial connectors
include miniature coaxial connectors (12,14) that
provide connection between the at least one piezo-
electric wafer and atleast one electronic component.

The device of any preceding claim wherein the sen-
sor is at least one of a geometry including triangular,
circular, semi-circular, square, rectangular, octago-
nal, hexagonal, and pie-shaped.

10. The device of any preceding claim wherein the ac-
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tuator is at least one of a geometry including trian-
gular, circular, semi-circular, square, rectangular,
octagonal, hexagonal, and pie-shaped.

The device of any preceding claim further comprising
a plurality of sensors co-located on the at least one
piezoelectric wafer, wherein the plurality of sensors
are collectively surrounded by the actuator.

The device of any preceding claim further comprising
a plurality of actuators co-located on the at least one
piezoelectric wafer, wherein the plurality of actuators
are collectively surrounded by the sensor.

The device of any preceding claim wherein the at
least one piezoelectric wafer provides substantially
a 360-degree radial detection of structural occur-
rences in a material.

A method for detecting structural damage, compris-
ing:

connecting an encapsulation (10) to a structure,
the encapsulation containing at least one piezo-
electric wafer (29), which includes

a sensor (50) and an actuator (51), the actuator
being co-planar with the sensor in the encapsu-
lation; and detecting structural damage in the
structure using the sensor, characterised in
that at least one of the sensor and the actuator
is arcuate and at least partially surrounds the
other of the sensor and the actuator, such that
the device provides radial detection of structural
occurences from a point source.

Patentanspriiche

1.

Vorrichtung zum Erkennen von struktureller Bescha-
digung, wobei die Vorrichtung Folgendes umfasst:

eine Verkapselung (10), konfiguriert zum Ver-
binden mit einer Struktur, die wenigstens einen
piezoelektrischen Wafer (29) enthalt und Fol-
gendes umfasst:

einen Sensor (50), konfiguriert zum Erken-
nen von struktureller Beschadigung der
Struktur;

einen Aktuator (51), der mit dem Sensor in
der Verkapselung kolokalisiert ist, wobei
der Aktuator koplanar mitdem Sensorin der
Verkapselung ist,

dadurch gekennzeichnet, dass

der Sensor und/oder der Aktuator bogenférmig
ist/sind und den anderen aus Sensor und Aktu-
ator wenigstens teilweise umgibt, so dass die
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Vorrichtung eine radiale Erkennung von struk-
turellen Auftretensfallen von einer Punktquelle
bereitstellt.

Vorrichtung nach Anspruch 1, die ferner einen fle-
xiblen Schaltkreis (180) umfasst, konfiguriert zum
Zufuhren von Strom zu der Verkapselung.

Vorrichtung nach Anspruch 2, wobei der flexible
Schaltkreis ferner zum Bereitstellen einer Kommu-
nikationsverbindung zu dem Sensor zum Sammeln
von Daten von dem Sensor konfiguriert ist.

Vorrichtung nach Anspruch 2 oder Anspruch 3, wo-
bei der flexible Schaltkreis ferner zum Bereitstellen
von Abschirmung (46, 48) fir den Sensor und fir
den Aktuator konfiguriert ist.

Vorrichtung nach einem vorherigen Anspruch, wobei
die Verkapselung ein Gehause (10) ist, das zum Ver-
kapseln des Sensors und des Aktuators konstruiert
und ausgelegt ist.

Vorrichtung nach Anspruch 5, wobei das Gehause
einen dufReren zylindrischen Ring (16) und einen De-
ckel (18) aufweist und wobei der Sensor und der
Aktuator in dem zylindrischen Ring positioniert sind.

Vorrichtung nach einem vorherigen Anspruch, die
ferner koaxiale Verbinder umfasst, konstruiert und
ausgelegt zum Bereitstellen einer Zugentlastung fiir
den Sensor und den Aktuator.

Vorrichtung nach Anspruch 7, wobei die koaxialen
Verbinder koaxiale Miniaturverbinder (12, 14) auf-
weisen, die eine Verbindung zwischen dem wenigs-
tens einen piezoelektrischen Wafer und wenigstens
einer elektronischen Komponente bereitstellen.

Vorrichtung nach einemvorherigen Anspruch, wobei
die Geometrie des Sensor wenigstens eines aus
dreieckig, kreisformig, halbkreisférmig, quadratisch,
rechteckig, oktagonal, hexagonal und tortenférmig
ist.

Vorrichtung nach einemvorherigen Anspruch, wobei
die Geometrie des Aktuators wenigstens eines aus
dreieckig, kreisformig, halbkreisférmig, quadratisch,
rechteckig, oktagonal, hexagonal und tortenférmig
ist.

Vorrichtung nach einem vorherigen Anspruch, die
ferner mehrere Sensoren umfasst, die auf dem we-
nigstens einen piezoelektrischen Wafer kolokalisiert
sind, wobei die mehreren Sensoren kollektiv vom
Aktuator umgeben sind.

Vorrichtung nach einem vorherigen Anspruch, die
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ferner mehrere Aktuatoren umfasst, die auf dem we-
nigstens einen piezoelektrischen Wafer kolokalisiert
sind, wobei die mehreren Aktuatoren kollektiv vom
Sensor umgeben sind.

Vorrichtung nach einem vorherigen Anspruch, wobei
der wenigstens eine piezoelektrische Wafer im We-
sentlichen eine radiale 360-Grad-Erkennung von
strukturellen Auftretensfallen in einem Material be-
reitstellt.

Verfahren zum Erkennen von struktureller Bescha-
digung, das Folgendes beinhaltet:

Verbinden einer Verkapselung (10) mit einer
Struktur, wobeidie Verkapselung wenigstens ei-
nen piezoelektrischen Wafer (29) enthalt, die
Folgendes umfasst:

einen Sensor (50) und einen Aktuator (51),
wobei der Aktuator mit dem Sensor kopla-
nar in der Verkapselung ist; und Erkennen
von struktureller Beschadigungin der Struk-
tur mit dem Sensor, dadurch gekenn-
zeichnet, dass der Sensor und/oder der
Aktuator bogenférmig ist/sind und wenigs-
tens teilweise den anderen aus Sensor und
Aktuator umgibt, so dass die Vorrichtung ei-
ne radiale Erkennung von strukturellen Auf-
tretensfallen von einer Punktquelle bereit-
stellt.

Revendications

1.

Dispositif de détection d’'un endommagement struc-
turel, le dispositif comprenant :

une encapsulation (10) configurée pour étre
connectée a une structure et contenant au
moins une tranche piézo-électrique (29) et
comportant :

un capteur (50) configuré pour détecter un
endommagement structurel dans la
structure ;

un actionneur (51) cositué avec le capteur
dans I'encapsulation, I'actionneur étant co-
planaire avec le capteur dans I'encapsula-
tion,

caractérisé en ce que

au moins I'un du capteur et de I'actionneur est
arqué et entoure au moins partiellement I'autre
du capteur et de I'actionneur de telle sorte que
le dispositif assure une détection radiale d’oc-
currences structurelles depuis une source ponc-
tuelle.
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Dispositif selon la revendication 1 comprenant en
outre un circuit souple (180) configuré pour fournir
une puissance a I'encapsulation.

Dispositif selon la revendication 2 dans lequel le cir-
cuit souple est configuré en outre pour fournir une
connexion de communication au capteur afin de col-
lecter des données depuis le capteur.

Dispositif selon larevendication 2 ou larevendication
3 dans lequel le circuit souple est configuré en outre
pour fournir un blindage (46,48) au capteur et a l'ac-
tionneur.

Dispositif selon 'une quelconque des revendications
précédentes dans lequel 'encapsulation est un boi-
tier (10) construit et agencé pour encapsuler le cap-
teur et l'actionneur.

Dispositif selon la revendication 5 dans lequel le boi-
tier comporte un anneau cylindrique externe (16) et
un couvercle (18), et dans lequel le capteur et I'ac-
tionneur sont positionnés dans I'anneau cylindrique.

Dispositif selon 'une quelconque des revendications
précédentes comprenant en outre des connecteurs
coaxiaux construits et agencés pour assurer un al-
légement des contraintes du capteur et de I'action-
neur.

Dispositif selon la revendication 7 dans lequel les
connecteurs coaxiaux comportent des connecteurs
coaxiaux miniatures (12,14) qui assurent la con-
nexion entre 'au moins une tranche piézo-électrique
et au moins un composant électronique.

Dispositif selon 'une quelconque des revendications
précédentes dans lequel le capteur est au moins 'un
d’'une géométrie comportant un triangle, un cercle,
un demi-cercle, un carré, un rectangle, un octogone,
un hexagone, et un coin.

Dispositif selon 'une quelconque des revendications
précédentes dans lequel I'actionneur est au moins
I'un d’'une géométrie comportant un triangle, un cer-
cle, un demi-cercle, un carré, un rectangle, un octo-
gone, un hexagone, et un coin.

Dispositif selon 'une quelconque des revendications
précédentes comprenant en outre une pluralité de
capteurs cositués sur I'au moins une tranche piézo-
électrique, dans lequel la pluralité de capteurs est
entourée collectivement par 'actionneur.

Dispositif selon 'une quelconque des revendications
précédentes comprenant en outre une pluralité d’ac-
tionneurs cositués sur I’au moins une tranche piézo-
électrique, dans lequel la pluralité d’actionneurs est
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entourée collectivement par le capteur.

Dispositif selon'une quelconque des revendications
précédentes dans lequel I'au moins une tranche pié-
zo-électrique assure une détection radiale sur sen-
siblement 360 degrés d’occurrences structurelles
dans un matériau.

Procédé de détection d’'un endommagement struc-
turel, comprenant :

la connexion d'une encapsulation (10) a une
structure, I'encapsulation contenant au moins
une tranche piézo-électrique (29) qui comporte
un capteur (50) et un actionneur (51), I'action-
neur étant coplanaire avec le capteur dans
I'encapsulation ; et la détection d'un endomma-
gement structurel dans la structure a I'aide du
capteur, caractérisé en ce qu’au moins I'un du
capteur et de I'actionneur est arqué et entoure
au moins partiellement I'autre du capteur et de
I'actionneur, de telle sorte que le dispositif as-
sure la détection radiale d’occurrences structu-
relles depuis une source ponctuelle.
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