wo 2018/093871 A1 | 00000 0K

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property 3

Organization
=

International Bureau

(43) International Publication Date

(10) International Publication Number

WO 2018/093871 Al

24 May 2018 (24.05.2018) WIPOI|PCT
(51) International Patent Classification: (74) Agent: SPIELBAUER, Thomas M., et al.; 3M Center Ot-
GOIN 27/20 (2006.01) GOIR 27/08 (2006.01) fice of Intellectual Property Counsel Post Office Box 33427,
(21) International Application Number: Saint Paul, Minnesota 55133-3427 (US).
PCT/US2017/061763  (81) Designated States (unless otherwise indicated, for every
. 1. . kind of national protection available). AE, AG, AL, AM,
(22) International Filing Datel.5 November 2017 (15.11.2017) AO, AT, AU, AZ. BA, BB, BG, B, BN, BR, BW, BY, BZ
o CA,CH,CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
(25) Filing Language: English DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
e . HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
(26) Publication Language: English KR.KW,KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME,
(30) Priority Data: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
62/422.,908 16 November 2016 (16.11.2016) US OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
. SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
(71) Applicant: 3M INNOVATIVE PROPERTIES COM- TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM. ZW.
PANY [US/US]; 3M Center, Post Office Box 33427, Saint
Paul, Minnesota 55133-3427 (US). (84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
(72) Inventors: REDINGER, David H.; 3M Center, Post Of-

fice Box 33427, Saint Paul, Minnesota 55133-3427 (US).
YUNGERS, Christopher R.; 3M Center, Post Oftice Box
33427, Saint Paul, Minnesota 55133-3427 (US). SCHU-
MACHER, Jennifer F.; 3M Center, Post Office Box
33427, Saint Paul, Minnesota 55133-3427 (US). BONI-
FAS, Andrew P.; 5380 Terwillegar Boulevard, Unit 214,
Edmonton, Alberta T6R 3T9 (CA).

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IF, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SF, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

(54) Title: METHOD AND APPARATUS FOR DETECTING A CRACK OR DEFECT IN A CONDUCTIVE OR SEMICONDUC-

TIVE MATERIAL

22

Apply an electrical signal
to a first electrode pair

v 24

Determine voltage
between a second,
different electrode pair

| 26

Determine whether the
material includes a crack
or other defect based
on the voltage

FIG. 2

(57) Abstract: The disclosure describes techniques for detecting a crack or defect
in a material. The technique may include applying an electrical signal to a first
electrode pair electrically coupled to the material. The method also may include,
while applying the electrical signal to the first electrode pair, determining a volt-
age between a second, different electrode pair, where at least one electrode of the
second, different electrode pair is electrically coupled to the material. The method
further may include determining whether a crack or other defect is present in the
material based on the voltage.

[Continued on next page]



WO 2018/093871 A1 { NI /0P A0 O

Declarations under Rule 4.17:

— as to applicant’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

— as to the applicant’s entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:
—  with international search report (Art. 21(3))



10

15

20

25

30

35

WO 2018/093871 PCT/US2017/061763

METHOD AND APPARATUS FOR DETECTING A CRACK OR DEFECT IN A
CONDUCTIVE OR SEMICONDUCTIVE MATERIAL

TECHNICAL FIELD
The disclosure relates to techniques for verifying structural integrity of conductive or

semiconductive materials.

BACKGROUND

Many materials are useful when their mechanical properties remain intact, but less useful when
damaged, such as when cracked. Thus, detection whether these materials are damaged is important. As
one example, ceramic body plating is used to protect soldiers, police officers, and other security personnel
from projectiles. Ceramic body plating may be useful when undamaged, but may be replaced after being
damaged, ¢.g., after cracking.

X-ray scanning, including X-ray radiography and X-ray computed tomography (CT scanning)
may be used to detect cracks or other defects in materials. However, such techniques may utilize large
and heavy scanners, which may not be easily portable. Further, X-ray scanning and X-ray CT scanning

may be relatively expensive, relatively slow, or both.

SUMMARY

In general, this disclosure describes systems and techniques for verifying structural integrity of a
material. The techniques may utilize a four-point voltage measurement to determine whether the material
includes a crack or other defect. In the four-point voltage measurement, a power source may apply an
electrical signal to the material via a pair of drive electrodes and the resulting voltage may be determined
(e.g., measured or determined from another measured electrical parameter) via a pair of measurement
electrodes. One or both electrodes of the pair of measurement electrodes is electrically coupled to the
material. In examples in which both electrodes of the pair of measurement electrodes are electrically
coupled to the material, the determined voltage is the voltage difference between the first and second
measurement electrodes electrically coupled to the material. In examples in which one ¢lectrode of the
pair of measurement electrodes is electrically coupled to the material, the other electrode of the pair of
measurement electrodes may be at a reference voltage, such as ground. In such examples, the determined
voltage is the voltage difference between the first measurement electrode electrically coupled to the
material and the second measurement electrode at the reference voltage. By comparing the resulting
voltage to a control voltage corresponding to the same measurement electrode pair when the material or a
similar material or set of materials is known to be intact (undamaged) or a predetermined threshold
voltage, the four-point voltage measurement may be used to determine whether the material is damaged
or intact.

In some examples, the disclosure describes a method for detecting a crack or defect in a material.
The method may include applying an electrical signal to a first electrode pair electrically coupled to the

material. The method also may include, while applying the electrical signal to the first electrode pair,
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determining voltage between a second, different electrode pair, wherein at least one electrode of the
second, different electrode pair is electrically coupled to the material. The method further may include
determining whether the material includes a crack or other defect based on the voltage.

In some examples, the disclosure describes a method for detecting a crack or defect in a material.
The method may include, for each respective pair of drive electrodes of a plurality of respective pairs of
drive electrodes electrically coupled to the material, applying an electrical signal to the respective pair of
drive electrodes. The method also may include, for each respective pair of drive electrodes, determining a
respective voltage between each respective pair of measurement electrodes of a plurality of pairs of
measurement electrodes while applying the electrical signal to the respective pair of drive electrodes,
wherein at least one ¢lectrode of each respective pair of measurement electrodes is electrically coupled to
the material. The method further may include determining whether the material includes a crack or other
defect based on the respective voltages.

In some examples, the disclosure describes system including a set of N electrodes electrically
coupled to a material; an electrical signal source; and a computing device. The computing device may be
configured to cause the electrical signal source to apply an electrical signal to a first pair of drive
electrodes. The first pair of drive electrodes are from the set of N electrodes. The computing device also
may be configured to determine a voltage between a first pair of measurement electrodes. At least one
clectrode from the first pair of measurement electrodes is from the set of N electrodes and both electrodes
of the first pair of measurement electrodes are different than the first pair of drive electrodes. The
computing device additionally may be configured to determine whether the material includes a crack or
other defect based on the voltage.

The techniques described herein may provide one or more advantages. For example, a four-point
voltage measurement may offer improved accuracy and sensitivity for detecting cracks or other defects in
a material compared to a two-point voltage measurement. As another example, a four-point voltage
measurement system may offer improved portability and cost compared to an X-ray radiography or X-ray
computed tomography system, while offering sufficient accuracy and detail to enable detection of cracks
or other defects in a material being used in the field.

The details of one or more examples are set forth in the accompanying drawings and the
description below. Other features, objects, and advantages will be apparent from the description and

drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a conceptual and schematic diagram block illustrating an example system for
determining whether a material includes a crack or other defect using a four-point voltage measurement.

FIG. 2 is a flow diagram illustrating an example technique for determining whether a material
includes a crack or other defect using a four-point voltage measurement.

FIG. 3 is a conceptual and schematic block diagram illustrating an example system for

determining whether a material includes a crack or other defect using a four-point voltage measurement.
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FIG. 4 is a flow diagram illustrating an example technique for determining whether a material
includes a crack or other defect using a four-point voltage measurement.

FIG. 5 is a diagram illustrating an example finite element model of a material that includes a
simulated crack or other defect.

FIG. 6 is a diagram illustrating an example false color model output overlaid on an example finite
clement model of a material that includes a simulated crack or other defect.

FIG. 7 is a diagram illustrating an example false color output of a finite element model of a
material that includes a simulated crack or other defect.

FIG. 8 is a drawing illustrating an example ceramic sample including a sixteen element electrical
contact array and a flex circuit.

FIG. 9 is a drawing illustrating the example ceramic sample of FIG. 8 attached to a flex circuit, a
breakout board, and a sct of leads.

FIG. 10 is a drawing illustrating the example ceramic sample of FIG. 8 including an electrode
array and a location of a crack.

FIG. 11 is a diagram illustrating an example false color output of the EIDORS algorithm for the

example ceramic sample of FIG. 10.

DETAILED DESCRIPTION

The disclosure describes systems and techniques for verifying structural integrity of a material.
The techniques may utilize a four-point voltage measurement to determine whether the material includes
a crack or other defect. In the four-point voltage measurement, a power source may apply an electrical
signal to the material via a pair of drive electrodes and the resulting voltage may be determined (e.g.,
measured or determined based on another measured electrical parameter) via a pair of measurement
electrodes. One or both electrodes of the pair of measurement electrodes is electrically coupled to the
material. In examples in which both electrodes of the pair of measurement electrodes are electrically
coupled to the material, the determined voltage is the voltage difference between the first and second
measurement electrodes electrically coupled to the material. In examples in which one ¢lectrode of the
pair of measurement electrodes is electrically coupled to the material, the other electrode of the pair of
measurement electrodes may be at a reference voltage, such as ground. In such examples, the determined
voltage is the voltage difference between the first measurement electrode electrically coupled to the
material and the second measurement electrode at the reference voltage.

By comparing the resulting voltage to a control voltage or a predetermined threshold voltage, the
four-point voltage measurement may be used to determine whether the material is damaged or intact. In
some examples, the control voltage may be determined for the same material via the same pair of
measurement electrodes when the material is known to be intact (undamaged), the control voltage may be
determined using a model of the material in an intact (undamaged) state, or the control voltage may be
determined as an average (¢.g., mean) of a plurality of similar materials (¢.g., in geometry and

composition) that are known to be intact (undamaged). In some examples, the predetermined threshold
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voltage may be selected so that a voltage below the threshold voltage value is indicative of a crack or
other defect and a voltage above the threshold voltage value is not indicative of a crack or other defect.

A four-point voltage measurement for verifying structural integrity may provide advantages
compared to two-point voltage measurements and other techniques for verifying structural integrity. A
two-point voltage measurement may be affected not only by electrical property variations in the material
under test, but also in any electrical connections between the measurement apparatus and the material,
such as within electrical leads, in electrical contacts between the leads and the material, or the like. In
some examples, variations in electrical properties of these components may complicate measurement of
voltage across the material under test, as these electrical properties may vary differently (in magnitude,
direction, or both) than the electrical properties of the material under test. In some examples, one or more
of these electrical properties may actually vary to a greater extent than the change in electrical properties,
such as resistivity, conductivity, or other related electrical properties, in the material due to a crack, which
may obscure the change in electrical properties in the material due to a crack. By using a four-point
voltage measurement, the contributions of the electrical leads coupling the pair of measurement
electrodes to the measurement device and any contact-related error sources (€.g., contact resistance)
between the pair of measurement electrodes and the material may be reduced or substantially eliminated,
as little current flows to the measurement device. Hence, a four-point voltage measurement may facilitate
measurement of voltage differences in the material and detection of cracks due to changes in electrical
properties.

Other techniques also may be used to detect cracks in a material. For example, X-ray
radiography or X-ray computed tomography (CT) may be used to detect cracks in a material. However,
X-ray radiography and X-ray CT utilize relatively large, relatively expensive equipment to perform the
crack detection. This may prevent X-ray radiography and X-ray CT from being portable, such as being
used to test materials in the environments in which they are used. Moreover, X-ray radiography and X-
ray CT may be relatively time consuming.

In contrast, a four-point voltage measurement utilizes relatively smaller, relatively less expensive
equipment. As such, the equipment may enable portable crack detection systems, which may be used to
detect cracks in materials in sifu rather than requiring removing the materials to be tested to the testing
equipment.

FIG. 1 is conceptual and schematic diagram block illustrating an example system 10 for
determining presence of a crack or other defect in a material 16 using a four-point voltage measurement.
The system 10 of FIG. 1 includes a computing device 12, an electrical signal source 14, and a plurality of
clectrodes 18A—18D (collectively, “electrodes 187). Electrodes 18 are electrically coupled to material 16,
which is being tested using a four-point voltage measurement.

Material 16 may be any material for which detection of a potential crack or other defect is
desired. In some examples, material 16 may be an electrically conductive or an electrically
semiconductive material. For example, material 16 may include a metal, an alloy, a metalloid, a

semiconductor, an ¢lectrically conductive or semiconductive ceramic, or the like. In some examples,
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material 16 may include a ceramic such as boron carbide (B4C), silicon carbide (SiC), alumina (Al,O;),
composites thereof, or the like.

Material 16 may be used in any one of a wide variety of applications. For example, material 16
may be a ceramic that has relatively high hardness, a relatively high Young’s modulus, a relatively high
tensile strength, and may be used in ceramic armor plating. Ceramic armor plating may be used in body
armor for military and police personnel, vehicle armor, or the like. Example materials for ceramic armor
plating include boron carbide (B4C), silicon carbide (SiC), alumina (Al,Os3), composites thereof, or the
like.

Material 16 may define any geometry, and the geometry of material 16 may be based at least in
part on the intended use for material 16. For example, ceramic armor plating may have a geometry
defined by the surface that the armor plating will be applied to. Example geometries for material 16
include, but are not limited to, polygonal solids, such as rectangular solids or solids with more sides.

Electrical signal source 14 may include any device configured to output an electrical signal to
electrodes 18. The electrical signal may include an alternating current (AC) signal or a direct current
(DC) signal. In some examples, electrical signal source 14 may output a current signal; in other
examples, clectrical signal source 14 may output a voltage signal. In some examples, electrical signal
source 14 may include a power source, such as a battery, a capacitor, a supercapacitor, a transformer
electrically connected to a mains voltage, or the like. In some examples, in addition to the power source,
electrical signal source 14 may include analog or digital circuitry configured to receive the electrical
signal from the power source and modify the electrical signal into a format suitable for output to
clectrodes 18.

Electrodes 18 include a plurality of electrodes electrically coupled to material 16. In some
examples, as shown in FIG. 1, electrodes 18 may include a pair of drive electrodes 18A and 18B each
electrically coupled to electrical signal source 14, e.g., by a respective lead wire, and a pair of
measurement electrodes 18C and 18D each electrically connected to computing device 12, ¢.g., by a
respective lead wire. Each of electrodes 18 may be ¢lectrically connected to material 16 using any
suitable type of electrical connection, including, for example, an electrically conductive adhesive, an
electrically conductive solder, embedding electrodes 18 in material 16, or the like.

In some examples, rather than both measurement electrodes 18C and 18D being electrically
coupled to material 16, only one of the measurement electrodes (e.g., measurement electrode 18C) of the
pair of measurement electrodes is electrically coupled to the material. The other measurement electrode
of the pair of measurement electrodes may be at a reference voltage, such as ground or a selected offset
voltage. In such examples, the determined voltage is the voltage difference between the first
measurement electrode electrically coupled to the material and the second measurement electrode at the
reference voltage.

In some examples, electrodes 18 may include more than one pair of drive electrodes, more than
ong pair of measurement electrodes, or both. In some examples, as described below with respect to FIG.

3, electrodes 18 may include a plurality of electrodes connected to a switch network, which allows any
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electrode of the plurality of electrodes to be selectively coupled to electrical signal source 14 or
computing device 12.

Electrodes 18 may be attached to any surface of material 16. The surface to which electrodes 18
are attached may affect the direction in which the electrical field extends and current flows within
material 16. Cracks or other defects may affect the magnitude of the voltage more significantly when the
electrical field and current flow extends across a plane of the crack (e.g., normal to a surface of the crack).
As such, in some examples, the likely locations of cracks or other defects and the likely orientation of
cracks or other defects within material 16 may be predicted based on the use for material 16. In some of
these examples, electrodes 18 may then be attached to material 16 so that the electrical field and current
flow within material 16 extends substantially normal to a predicted orientation of the crack or other
defect.

In some examples, rather than predicting a location of the crack or other defect within material 16
and placing ¢lectrodes 18 based on the prediction, electrodes 18 may be attached to more than one surface
of material 16. For example, if material 16 is in the shape of a cube, electrodes 18 may be attached to
three orthogonal surfaces of the cube. By attaching a respective electrode of electrodes 18 to three
orthogonal surfaces, the clectrical field and current flow may be caused to extend in one of three
orthogonal directions depending on the electrodes 18 through which the electrical signal is applied. This
may increase a likelihood that induced the electrical field and current flow will extend within material 16
normal to the plane of any crack in material 16. Other examples are possible for other shapes.

Computing device 12 is configured to control operation of system 10, including electrical signal
source 14. Computing device 12 may include any of a wide range of devices, including computer servers,
desktop computers, notebook (i.e., laptop) computers, tablet computers, and the like. In some examples,
computing device 12 may include a processor. The processor may include one or more microprocessors,
digital signal processors (DSP), application specific integrated circuits (ASIC), field programmable gate
arrays (FPGA), or other digital logic circuitry. In some examples, computing device 12 may include an
analog-to-digital converter (ADC), or system 10 may include an ADC separate from computing device
12. In examples in which the ADC is separate from computing device 12, the ADC may be electrically
coupled between measurement electrode 18C and computing device 12 and between measurement
clectrode 18D and computing device 12. The ADC may measure the voltage across measurement
electrodes 18C and 18D, e.g., under control of computing device 12.

Computing device 12 is electrically coupled to the pair of measurement electrodes 18C and 18D,
and communicatively coupled to electrical signal source 14. Computing device 12 may be configured to
cause clectrical signal source 14 to apply an electrical signal (e.g., a voltage signal or current signal) to
the pair of drive electrodes 18A and 18B. Computing device 12 also may be configured to determine a
voltage across the pair of measurement electrodes 18C and 18D in response to the electrical signal,
regardless of whether one or both of measurement electrodes 18C and 18D are electrically coupled to
material 16. In some examples, computing device 12 includes an ADC that measures the voltage across

the pair of measurement electrodes 18C and 18D. In other examples, computing device 12 controls an
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external ADC to measure the voltage across the pair of measurement electrodes 18C and 18D. In other
examples, computing device 12 may measure or control another device to measure another electrical
parameter (¢.g., current) and may determine the voltage based on the measured electrical parameter.

By using a four-point voltage measurement, the contributions of the electrical leads coupling the
pair of measurement electrodes 18C and 18D to computing device 12 and any contact resistance between
measurement electrodes 18C and 18D and material 16 may be reduced or substantially eliminated, as
little current flows to computing device 12. Hence, a four-point voltage measurement may facilitate
measurement of voltages in material 16 and detection of cracks due to changes in electrical properties,
such as resistivity, conductivity, or other related electrical properties.

In some examples, to determine whether material 16 includes a crack or other defect, computing
device 12 may determine a control voltage. The control voltage may be based on material 16, a model, or
an average of a plurality of materials that are similar to or substantially the same as material 16. For
example, computing device 12 or another similar computing device may determine the control voltage at
a time at which material 16 is manufactured, or a time at which an independent measurement (e.g., X-ray
radiology or X-ray CT scan) may be used to verify that material 16 is intact, undamaged, or does not
include a crack. Computing device 12 or the other similar computing device may determine by control
voltage by applying the electrical signal to the pair of drive electrodes 18A and 18B and determining the
voltage across the measurement electrodes 18C and 18D.

In other examples, the control voltage may be determined using a model of the material in an
intact (undamaged) state. For example, computing device 12 may execute the model of material 16 and
determine the control voltage based on the model. In some examples, the model may include a physics-
based model of the electrical properties of material 16, such as the physics-based model described below.
In some other examples, the control voltage may be determined as an average (e.g., mean) of a plurality
of similar materials (¢.g., in geometry and composition) that are known to be intact (undamaged). This
control voltage may be stored (¢.g., in a memory device associated with computing device 12) for later
use.

At a later time, system 10 then may be used to determine a measurement voltage using the four-
point measurement test described above. For example, computing device 12 may control electrical signal
source 14 to apply an electrical signal (e.g., a voltage signal or a current signal) to a pair of drive
electrodes 18A and 18B and measure a voltage across the pair of measurement electrodes 18C and 18D or
determine the voltage across the pair of measurement electrodes 18C and 18D based on another electrical
parameter measured across the pair of measurement electrodes 18C and 18D (e.g., current). Computing
device 12 may then determine whether material 16 includes a crack or other defect based on the
measurement voltage, for example, by comparing the measurement voltage to the control voltage. As one
example, computing device 12 may determine a difference between a magnitude of the measurement
voltage and a magnitude of the control voltage. Computing device 12 then may compare this difference
to a threshold voltage value, and may determine that material 16 includes a crack or other defect in

response to the difference being greater than the threshold voltage value. As another example, computing
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device 12 may compare the measurement voltage to a threshold voltage value, and may determine that
material 16 includes a crack or other defect in response to the measurement voltage being less than the
threshold voltage value.

In this way, a four-point voltage measurement may offer improved accuracy and sensitivity for
detecting cracks or other defects in material 16 compared to a two-point voltage measurement.
Additionally, a four-point voltage measurement system 10 may offer improved portability and cost
compared to an X-ray radiography or X-ray computed tomography system, while offering sufficient
accuracy and detail to enable detection of cracks or other defects in material 16 while material 16 is being
used in the field.

FIG. 2 is flow diagram illustrating an example technique for determining presence of a crack or
other defect in a material using a four-point voltage measurement. The technique of FIG. 2 will be
described with reference to system 10 and computing device 12 of FIG. 1 for clarity. However, it will be
appreciated that the technique of FIG. 2 may be performed by other systems and computing devices, and
that system 10 and computing device 12 may be used to perform other techniques.

The technique of FIG. 2 includes applying an electrical signal to a first electrode pair, such as the
pair of drive electrodes 18A and 18B, ¢lectrically coupled to a material 16 (22). For example, computing
device 12 may control electrical signal source 14 to generate a predetermined electrical signal. The
predetermined electrical signal may include an AC signal or a DC signal, and may be a current or a
voltage. In some examples, the type of electrical signal may depend on the composition of material 16.
For example, a DC signal may be used to measure a voltage of an electrically conductive or electrically
semiconductive material, while an AC signal may be used to measure a voltage of an electrically
conductive material, an electrically semiconductive material, or a diclectric material. Computing device
12 also may control electrical signal source 14 to generate the predetermined electrical signal with a
selected amplitude, duration, frequency, and other signal characteristics.

The technique of FIG. 2 also includes, while applying the electrical signal to the first electrode
pair, such as the pair of drive electrodes 18A and 18B, determining voltage between a second, different
electrode pair, such as the pair of measurement electrodes 18C and 18D, electrically coupled to material
16 (24). For example, computing device 12 may measure or cause another device (e.g., an external ADC)
to measure a voltage across the pair of measurement electrodes 18C and 18D or determine the voltage
across the pair of measurement electrodes 18C and 18D based on another electrical parameter measured
across the pair of measurement electrodes 18C and 18D (e.g., current).

The technique of FIG. 2 further includes determining whether a crack or other defect is present in
material 16 based on the voltage (26). For example, computing device 12 may compare the measurement
voltage to a control voltage. In some examples, the control voltage may have been measured by system
10 or another similar system by applying a similar electrical signal to the pair of drive electrodes 18A and
18B and measuring the voltage across the pair of measurement electrodes 18C and 18D. However, the
control voltage may have been measured at a time when material 16 was known to be defect-free. In

other examples, the control voltage may be determined using a model of the material in an intact
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(undamaged) state, or the control voltage may be determined as an average (e.g., mean) of a plurality of
similar materials (e.g., in geometry and composition) that are known to be intact (undamaged).

In some examples, computing device 12 may determine whether material 16 includes a crack or
other defect based on the voltage (26) by first determining a difference between a magnitude of the
measurement voltage to a magnitude of the control voltage. For example, computing device 12 may
subtract the magnitude of the control voltage from the magnitude of the measurement voltage to
determine the difference. Computing device 12 then may compare this difference to a threshold voltage
value. The threshold voltage value may be selected so that a voltage difference above the threshold
voltage value is meaningful (e.g., indicative of a crack or other defect) and a voltage difference below the
threshold voltage value is not meaningful (¢.g., is not indicative of a crack or other defect). In some
examples, the threshold voltage value may be selected to be a voltage value that is slightly greater than a
noise floor of the measurement, such that any voltage difference that exceeds the noise floor is
determined by computing device 12 to be indicative of a crack or other defect. In this way, in some
examples, computing device 12 may compare the difference between the measurement voltage and the
control voltage to a threshold voltage value, and may determine that material 16 includes a crack or other
defect in response to the difference being greater than the threshold voltage value.

As another example, computing device 12 may compare the measurement voltage to a threshold
voltage value, and may determine that material 16 includes a crack or other defect in response to the
measurement voltage being less than the threshold voltage value. In some examples, the threshold
voltage may be selected so that a voltage below the threshold voltage value is indicative of a crack or
other defect and a voltage above the threshold voltage value is not indicative of a crack or other defect.

In some examples, rather than directly utilizing the measured voltages to determine whether
material 16 includes a crack or other defect based on the voltage (26), computing device 12 may derive a
parameter from the voltage, then utilize the derived parameter to determine whether material 16 includes
a crack or other defect. As the derived parameter is derived based on the measurement voltages, such a
determination is still based on the voltage. For example, computing device 12 may determine a resistance
based on an applied current and the voltage, and may determine whether material 16 includes a crack or
other defect based on the derived resistance.

In some examples, rather than including a single pair of drive electrodes 18A and 18B and a
single pair of measurement electrodes 18C and 18D, a system may include a plurality of electrodes
electrically coupled to a material to be tested. By including more electrodes, the system may utilize more
data for determining whether the material includes a crack or other defect, which may provide more
accuracy or precision, and, in some examples, may allow the system to estimate a position of the crack or
other defect within the material.

For example, FIG. 3 is conceptual and schematic block diagram illustrating an example system
30 for determining presence of a crack or other defect in a material 36 using a four-point voltage
measurement. System 30 of FIG. 3 includes a computing device 32, an electrical signal source 34, a

plurality of electrodes 38A-38L (collectively, “clectrodes 387), and a switch network 40. Plurality of
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electrodes 38 are electrically coupled to material 36, which is being tested using a four-point voltage
measurement.

Material 36 may include any material for which detection of a potential crack or other defect is
desired. For example, material 36 may include any of the materials described above with reference to
material 16 of FIG. 1. In some examples, material 36 may include an electrically conductive or
electrically semiconductive material, such as a ceramic. Example ceramics include boron carbide (B4C),
silicon carbide (SiC), alumina (Al,Os), composites thereof, or the like.

Electrical signal source 34 may include any device configured to output an electrical signal to
electrodes 38. The electrical signal may include an AC signal or a DC signal. In some examples,
electrical signal source 34 may output a current signal; in other examples, electrical signal source 34 may
output a voltage signal. In some examples, electrical signal source 34 may be similar to or substantially
the same as ¢lectrical signal source 14 of FIG. 1.

In the example shown in FIG. 3, each electrode of plurality of electrodes 38 is electrically
coupled to material 36 using any suitable type of electrical connection, including, for example, an
electrically conductive adhesive, an electrically conductive solder, embedding electrodes 38 in material
36, diclectrically coupled via capacitive coupling, or the like. Each electrode of plurality of electrodes 38
is electrically coupled to switch network 40 using a respective electrically conductive lead. In some
examples, the plurality of electrodes 38 are distributed across a surface area of material 36, as shown in
FIG. 3. In other examples, the plurality of electrodes 38 are distributed around a perimeter of material 36.
In some examples, plurality of electrodes 38 may be referred to as a set of N electrodes 38.

In some examples, one or more electrodes may not be electrically coupled to material 36 and may
be used as a reference electrode for single-ended voltage measurements between one electrode or
plurality of electrodes 38 and the reference electrode. The reference electrode may be at a selected
voltage, such a ground or an offset voltage. In some examples, the single-ended voltages may be used in
the techniques described herein to determine whether material 36 (or material 16) includes a crack or
other defect. In other examples, differential voltages between two electrodes electrically coupled to
material 36 (or material 16) may be determined by comparing (¢.g., subtracting) single ended voltages
associated with the two electrodes, and these differential voltages may be used in the techniques described
herein to determine whether material 36 (or material 16) includes a crack or other defect.

Switch network 40 includes a plurality of inputs and a plurality of outputs, with respective inputs
electrically coupled to each respective output by the network of switches. For example, switch network
40 may include a pair of inputs electrically coupled to electrical signal source 34, and at least a pair of
inputs electrically coupled to computing device 32. Switch network 40 may include at least as many
outputs are there are electrodes 38. For example, in the example shown in FIG. 3, system 30 includes
twelve electrodes, and switch network 40 thus includes at least twelve outputs. Each ¢lectrode of
electrodes 38 is electrically coupled to a respective output of switch network 40.

Computing device 32 is configured to control operation of system 30, including electrical signal

source 34 and switch network 40. Computing device 32 may include any of a wide range of devices,
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including computer servers, desktop computers, notebook (i.e., laptop) computers, tablet computers, and
the like. In some examples, computing device 32 may include a processor. The processor may include
ong or more microprocessors, digital signal processors (DSP), application specific integrated circuits
(ASIC), field programmable gate arrays (FPGA), or other digital logic circuitry. In some examples,
computing device 32 may include an ADC or system 30 may include a separate ADC. In examples in
which the ADC is separate from computing device 12, the ADC may be electrically coupled between
switch network 40 and computing device 12. The ADC may measure the voltage across respective pairs
of measurement electrodes.

Computing device 32 is communicatively coupled to electrical signal source 34 and electrically
coupled to switch network 40, ¢.g., either directly or indirectly via an external device, such as an ADC.
Computing device 32 may be configured to control electrical signal source 34 to output an electrical
signal, and may be configured to control switch network 40 to connect a selected pair of electrodes 38 to
electrical signal source 34 to serve as a pair of drive electrodes, such that the electrical signal output by
electrical signal source 34 is output to the pair of drive electrodes.

Computing device 32 is also configured to cause switch network 40 to connect a selected pair of
clectrodes 38 to computing device to serve as a pair of measurement electrodes. In this way, computing
device 32 may determine a voltage across material 36 in response to the electrical signal output by
electrical signal source 34. Further details regarding an example technique performed by system 30 are
described below with respect to FIG. 4.

FIG. 4 is flow diagram illustrating an example technique for determining presence of a crack or
other defect in a material using a four-point voltage measurement. The technique of FIG. 4 will be
described with reference to system 30 of FIG. 3 for clarity. However, it will be appreciated that the
technique of FIG. 4 may be performed by other systems and computing devices, and that system 30 may
be used to perform other techniques.

The technique of FIG. 4 includes applying an electrical signal to a first pair of drive electrodes
electrically coupled to material 36 (42). For example, computing device 32 may cause switch network 40
to electrically couple electrical signal source 34 to a selected pair of electrodes 38, which serves as a pair
of drive electrodes. The selected pair of electrodes 38 may include any two ¢lectrodes of electrodes 38.
In some examples, the selected pair of electrodes 38 may be adjacent to each other; in other examples, the
selected pair of electrodes may be spaced apart. For example, in some instances, the selected pair of
electrodes 38 may be substantially opposite each other in the array of electrodes, ¢.g., electrode 38A and
electrode 38L or electrode 38F and electrode 38G.

Computing device 32 then may cause ¢lectrical signal source 34 to apply the electrical signal to
the first pair of drive electrodes electrically coupled to material 36 (42), ¢.g., via switch network 40. The
electrical signal may include an AC signal or a DC signal, and may include a current signal or a voltage
signal. In some examples, the type of electrical signal may depend on the composition of material 36.
For example, a DC signal may be used to measure a voltage of an electrically conductive or electrically

semiconductive material, while an AC signal may be used to measure a voltage of an electrically
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conductive material, an electrically semiconductive material, or a diclectric material. Computing device
32 also may control electrical signal source 34 to generate the predetermined electrical signal with a
selected amplitude, duration, frequency, and other signal characteristics.

The technique of FIG. 4 also includes, while applying the electrical signal to the first pair of drive
electrodes, determining a voltage between a pair of measurement electrodes electrically coupled to
material 36 (44). For example, computing device 32 may cause switch network 40 to electrically couple
computing device 32 to a selected pair of measurement electrodes. The selected pair of measurement
electrodes may be any two electrodes from electrodes 38, neither of which is being used as one of the
electrodes in the drive pair of electrodes. In some examples, the two electrodes in the pair of
measurement electrodes may be adjacent to each other, ¢.g., electrode 38B and electrode 38C, or
electrode 38D and electrode 38J. In other example, the two electrodes in the pair of measurement
electrodes may be spaced each other with one or more electrodes between, ¢.g., electrode 38B and
electrode 38D, or electrode 38E and electrode 38H. Using adjacent electrodes as the pair of measurement
electrodes may result in a higher signal-noise-ratio in the voltage measurement, but may reduce an area of
material 36 for which the voltage is measured. Regardless of the particular electrodes coupled to
computing device 32, computing device 32 may determine a voltage between the pair of measurement
clectrodes (44) while electrical signal source 34 is applying the electrical signal to the selected pair of
drive electrodes (42).

In some examples, computing device 32 may be configured to determine a respective
measurement voltage for a plurality of pairs of measurement electrodes for each pair of drive electrodes.
Hence, in some examples, the technique of FIG. 4 further includes determining whether there is an
additional pair of measurement electrodes at which to determine a measurement voltage (46) for the
selected pair of drive electrodes. In some examples, each pair of measurement electrodes is a unique pair
of electrodes (e.g., for the purposes of this the electrode pair 38A, 38B is the same as the electrode pair
38B, 38A). In some examples, no two pairs of measurement electrodes share a common electrode. For
example, a third, different electrode pair (a second pair of measurement electrodes) may not share any
clectrodes with a second, different electrode pair (a first pair of measurement electrodes).

In other examples, different pairs of measurement electrodes may include one common electrode.
For example, a third, different electrode pair (a second pair of measurement electrodes) may share exactly
one ¢lectrode with the second, different electrode pair (a first pair of measurement electrodes).

In response to determining that there is an additional pair of electrodes to be used as a pair of
measurement electrodes (the “YES” branch of decision block 46), computing device 32 may control
switch network 40 to couple the selected additional pair of electrodes to computing device 32.

Computing device 32 then may determine a measurement voltage across the selected additional pair of
clectrodes.

Computing device 32 may repeat this determination (46), coupling of selected pairs of
measurement electrodes, and determination of a respective measurement voltage (44) until computing

device 32 determines there are no more additional pairs of electrodes 38 to be used as a pair of
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measurement electrodes for the selected pair of drive electrodes (the “NO” branch of decision block 46).
Computing device 32 then may determine whether there is an additional pair of drive electrodes to apply
the electrical signal to (48). For example, computing device 32 may be configured to utilize each unique
pair of electrodes as a pair of drive electrodes.

Upon selecting a new pair of drive electrodes (the “YES” branch of decision block 48),
computing device 32 may control switch network 40 to electrically couple the selected pair of drive
electrodes to electrical signal source 34. Computing device 32 then may cause electrical signal source 34
to apply the electrical signal to the new selected pair of drive electrodes (42). Computing device then
may cause switch network 40 to electrically couple computing device 32 to a selected pair of
measurement electrodes, and may determine a respective measurement voltage between the selected pair
of measurement electrodes (44). Again, computing device 32 may determine whether there is an
additional pair of measurement electrodes at which to measure a measurement voltage (46) for the
selected pair of drive electrodes. In response to determining that there is an additional pair of electrodes
to be used as a pair of measurement electrodes (the “YES” branch of decision block 46) for the selected
pair of drive electrodes, computing device 32 may control switch network 40 to couple the selected
additional pair of electrodes to computing device 32. Computing device 32 then may determine a
measurement voltage across the selected additional pair of electrodes. Computing device 32 may repeat
this determination (46), coupling of selected pairs of measurement electrodes, and determination of a
respective measurement voltage (44) until computing device 32 determines there are no more additional
pairs of electrodes 38 to be used as a pair of measurement electrodes for the selected pair of drive
electrodes (the “NO” branch of decision block 46).

Computing device 32 then may determine whether there is an additional pair of electrodes 38 to
be used as a pair of drive electrodes (48). Computing device 32 may repeat this algorithm until
computing device 32 determines there are no more additional pairs of electrodes 38 to be used as a pair of
drive electrodes (the “NO” branch of decision block 48).

Once computing device 32 has determined that there are no more additional pairs of electrodes 38
to be used as a pair of drive electrodes (the “NO” branch of decision block 48), computing device 32 may
determine whether a crack or other defect is present in material 36 based on the respective voltages (50).
In some examples, similar to the technique of FIG. 2, computing device 32 may determine whether
material 36 includes a crack or other defect based on a comparison between voltages. For example,
computing device 32 or another computing device may perform steps (42)—(48) of the technique of FIG. 4
on material 36 at a first time at which it 1s known that material 36 is intact, 1.¢., does not include a crack
or other defect. For example, the first time may be a time at which material 36 is manufactured, or a time
at which an independent measurement (¢.g., X-ray radiology or X-ray CT scan) may be used to verify that
material 36 is intact, undamaged, or does not include a crack. These respective control voltages may be
stored (¢.g., in a memory device associated with computing device 32) for later use. For example, the
respective control voltages may be stored in a data structure in which each respective control voltage is

associated with a pair of drive electrodes to which the electrical signal was applied during the voltage
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measurement and a pair of measurement electrodes with which the respective control voltage was
measured. In other examples, the control voltage may be determined using a model of the material in an
intact (undamaged) state, or the control voltage may be determined as an average (e.g., mean) of a
plurality of similar materials (e.g., in geometry and composition) that are known to be intact
(undamaged).

Computing device 32 then may compare the respective measurement voltages to respective
control voltages and determine whether the crack or other defect is present in material 36 based on the
voltage based on the comparison. For example, computing device 32 may compare each respective
measurement voltage with a corresponding (i.¢., associated with the same pair of drive electrodes and the
same pair of measurement electrodes) control voltage. As an example, computing device 32 subtract the
corresponding control voltage form the respective measurement voltage. In some examples, computing
device 32 may compare the respective voltage difference (between the respective measurement voltage
and the respective control voltage) to a threshold voltage value.

The threshold voltage value may be selected so that a voltage difference above the threshold
voltage value is meaningful (e.g., indicative of a crack or other defect) and a voltage difference below the
threshold voltage value is not meaningful (¢.g., is not indicative of a crack or other defect). In some
examples, the threshold value may be selected to be a voltage value that is slightly greater than a noise
floor of the measurement, such that any voltage difference that exceeds the noise floor is determined by
computing device 32 to be indicative of a crack or other defect.

In some examples, after comparing each respective measurement voltage against a corresponding
control voltage and comparing the difference to the threshold voltage value to determine if the respective
measurement voltage is indicative of a crack or other defect, computing device 32 may determine whether
a crack or other defect is present in material 36 based on the plurality of indications. For example,
computing device 32 may determine a number of differences that are indicative of a crack and compare
this number of differences to a threshold number of differences to determine if material 36 includes a
crack or other defect.

As another example, computing device 32 may determine whether material 36 includes a crack or
other defect based on the respective measurement voltages (50) by comparing each respective
measurement voltage to a threshold voltage value. For example, computing device 32 may compare the
respective measurement voltage to the threshold voltage value, and may determine that the respective
measurement voltage indicates that material 16 includes a crack or other defect in response to the
respective measurement voltage being less than the threshold voltage value. In some examples, the
threshold voltage may be selected so that a measurement voltage below the threshold voltage value is
indicative of a crack or other defect and a measurement voltage above the threshold voltage value is not
indicative of a crack or other defect. In some examples, after comparing each respective measurement
voltage to the threshold voltage value to determine if the respective measurement voltage is indicative of
a crack or other defect, computing device 32 may determine whether material 36 includes a crack or other

defect based on the plurality of indications. For example, computing device 32 may determine a number
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of measurement voltages that are indicative of a crack and compare this number of measurement voltages
to a threshold number of measurement voltages to determine if material 36 includes a crack or other
defect.

In some examples, rather than utilizing differences between respective measurement voltages and
respective control voltages or threshold voltage values directly, computing device 32 may calculate an
approximate impedance distribution within material 36 to determine whether material 36 includes a crack
or other defect (50). In some examples, reconstruction of the impedance distribution may be achieved by
minimizing difference between the output of a physics-based simulation tool with the respective control
voltages, and the respective measurement voltages. For example, computing device 32 may be
programmed with a finite element model (FEM) of material 36 which implements the physics-based
simulation. The FEM of material 36 may include substantially accurate (¢.g., accurate or approximately
accurate) geometry of material 16 (¢.g., the shape and volume of material 36), and also may include
substantially accurate (e.g., accurate or approximately accurate) locations of electrodes 38 attached to
material 36. In some examples, the FEM of material 36 may additionally include representative
properties of material 36, including, for example, conductivity, resistivity, other related electrical
properties, and the like. The FEM of material 36 may include representative properties of material 36 for
cach respective node representing material 36.

Calculating the approximate impedance distribution to determine whether material 36 includes a
crack of other defect is an ill-posed inverse problem, in which the outputs (the respective measurement
voltages) are known but the properties of material 36 that produce the outputs are unknown. Moreover,
more than one set of properties of material 36 may produce the outputs. Hence, computing device 32
may utilize a regularization technique to constrain the solution to solutions more likely to represent the
properties of material 36 that would produce the respective measurement voltages.

In particular, computing device 32 may generate an objective function which combines outputs of
the physics-based model, respective control voltages, the respective measurement voltages, and the

regularization term. For example:

argmin ¢ F(x) = || f(x) — ¥|
X | | 27

where x is the approximate change in impedance distribution, fis an operator calculating the simulated
difference in voltages based on input x utilizing the physics-based simulation, y is the measured
difference in voltages, /; is a chosen norm, R is the regularization matrix, and A is the chosen weight of
the regularization or regularization parameter. Computing device 32 may determine respective model
control voltages based on the physics-based model and inputs representative of the electrical signal(s)
applied to the respective pairs of drive electrodes. The respective model control voltages may be
associated with respective pairs of measurement electrodes for each respective pair of drive electrodes
used to collect the control voltages from material 36. Computing device 32 then may determine, using
the physics-based model and inputs representative of the electrical signal(s) applied to the respective pairs
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of drive electrodes, respective model measurement voltages. The respective model measurement voltages
may be associated with respective pairs of measurement electrodes for each respective pair of drive
clectrodes used to collect the measurement voltages from material 36. For each respective model
measurement voltage, computing device 32 may determine a respective difference between the respective
model measurement voltage and the respective model control voltage (f(x) in the equation above).

Computing device 32 also may determine a respective difference between the respective
measurement voltage and the respective control voltage for each respective measurement voltage
measured using material 36 to generate a set of actual voltage differences (y in the equation above).

Computing device 32 then may minimize the objective function by updating one or more
parameters of the physics-based model. Computing device 32 may continue to iterate the model until a
stopping criterion is reached. Computing device 32 then may determine the approximate impedance
distribution (or approximate change in impedance distribution) that is representative of the condition of
material 36. When iteration completes the input to the model is the approximate impedance distribution.

Computing device 32 may then determine whether material 36 includes a crack or other defect
based on the approximate change in impedance distribution. For example, computing device 32 may
determine whether material 36 includes a crack or other defect based on the magnitude and location of the
approximate impedance change within the material. In some examples, only the real portion of the
impedance—the conductivity or resistivity—may be used by computing device 32 to determine whether
material 36 includes a crack or other defect.

In some examples, rather than utilizing respective control voltages and respective model control
voltages, computing device 32 may determine an approximate impedance distribution using an absolute
form of the objective function, in which x is the impedance distribution, fis an operator calculating a set
of the simulated voltages based on input x utilizing the physics-based simulation, y is a set of the
measured voltages, /> is a chosen norm, R is the regularization matrix, and A is the chosen weight of the
regularization or regularization parameter.

Computing device 32 may output a representation of the determination of whether material 16
includes a crack or other defect. In some examples, the representation may include a simplified output,
such as an indication of “Yes” or “No,” “Crack” or “No Crack,” “Damaged” or “Intact,” or the like. The
representation may be textual, icon-based, color-based, or the like. For example, the representation may
include a green light to represent that material 16 is still intact or a red light to represent that material 16
is damages or includes a crack or other defect.

As another example, computing device 32 may output a visual representation of the
determination of whether material includes a crack or other defect. For example, in instances in which
computing device 32 utilizes image reconstruction to determine the existence of a crack or other defect,
computing device 32 may output a visual representation of material 16 and locations of the crack or other
defect. For example, computing device 32 may output a false-color representation of conductivity or
resistivity overlaid on a representation of material 16. Examples of such outputs are shown below in

FIGS. 6 and 7.
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In this way, computing device 32 may perform a four-point voltage measurement, which may
offer improved accuracy and sensitivity for detecting cracks or other defects in material 36 compared to a
two-point voltage measurement. Additionally, a four-point voltage measurement system 30 may offer
improved portability and cost compared to an X-ray radiography or X-ray computed tomography system,
while offering sufficient accuracy and detail to enable detection of cracks or other defects in material 36
while material 36 is being used in the field.

The techniques described in this disclosure may be implemented, at least in part, in hardware,
software, firmware, or any combination thereof. For example, various aspects of the described techniques
may be implemented within one or more processors, including one or more microprocessors, digital
signal processors (DSPs), application specific integrated circuits (ASICs), field programmable gate arrays
(FPGAs), or any other equivalent integrated or discrete logic circuitry, as well as any combinations of
such components. The term “processor” or “processing circuitry” may generally refer to any of the
foregoing logic circuitry, alone or in combination with other logic circuitry, or any other equivalent
circuitry. A control unit including hardware may also perform one or more of the techniques of this
disclosure.

Such hardware, software, and firmware may be implemented within the same device or within
separate devices to support the various techniques described in this disclosure. In addition, any of the
described units, modules or components may be implemented together or separately as discrete but
interoperable logic devices. Depiction of different features as modules or units is intended to highlight
different functional aspects and does not necessarily imply that such modules or units must be realized by
separate hardware, firmware, or software components. Rather, functionality associated with one or more
modules or units may be performed by separate hardware, firmware, or software components, or
integrated within common or separate hardware, firmware, or software components.

The techniques described in this disclosure may also be embodied or encoded in an article of
manufacture including a computer-readable storage medium encoded with instructions. Instructions
embedded or encoded in an article of manufacture including a computer-readable storage medium
encoded, may cause one or more programmable processors, or other processors, to implement one or
more of the techniques described herein, such as when instructions included or encoded in the computer-
readable storage medium are executed by the one or more processors. Computer readable storage media
may include random access memory (RAM), read only memory (ROM), programmable read only
memory (PROM), erasable programmable read only memory (EPROM), electronically erasable
programmable read only memory (EEPROM), flash memory, a hard disk, a compact disc ROM (CD-
ROM), a floppy disk, a cassette, magnetic media, optical media, or other computer readable media. In
some examples, an article of manufacture may include one or more computer-readable storage media.

In some examples, a computer-readable storage medium may include a non-transitory medium.
The term “non-transitory” may indicate that the storage medium is not embodied in a carrier wave or a
propagated signal. In certain examples, a non-transitory storage medium may store data that can, over

time, change (e.g., in RAM or cache).
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Clause 1: A method for detecting a crack or defect in a material, the method comprising:
applying an electrical signal to a first electrode pair electrically coupled to the material; while applying
the electrical signal to the first electrode pair, determining a voltage between a second, different electrode
pair, wherein at least one electrode of the second, different electrode pair is electrically coupled to the
material; and determining whether the material includes a crack or other defect based on the voltage.

Clause 2: The method of clause 1, wherein the electrical signal is a voltage signal or a current
signal.

Clause 3: The method of clause 1, wherein both electrodes of the second, different electrode pair
are electrically coupled to the material.

Clause 4: The method of any one of clauses 1 to 3, wherein determining whether the material
includes the crack or other defect based on the voltage comprises determining whether the material
includes the crack or other defect by at comparing the voltage to a control voltage.

Clause 5: The method of any one of clauses 1 to 4, wherein: the voltage is a first voltage; the
method further comprises determining a second voltage between a third, different electrode pair while
applying the electrical signal to the first electrode pair, wherein at least one electrode of the third,
different electrode pair is electrically coupled to the material, and determining whether the material
includes the crack or other defect based on the voltage comprises determining whether the material
includes the crack or other defect based on the first voltage and the second voltage.

Clause 6: The method of clause 5, wherein the third, different electrode pair shares exactly one
clectrode with the second, different electrode pair.

Clause 7: The method of clause 5, wherein the third, different electrode pair does not share any
clectrodes with the second, different electrode pair.

Clause 8: The method of any one of clauses 1 to 7, wherein the second, different electrode pair
does not share any electrodes with the first electrode pair.

Clause 9: The method of any one of clauses 1 to 8, wherein a plurality of electrodes are
distributed across a surface area of the material, and wherein the plurality of electrodes include the first
clectrode pair and the at least one electrode of the second, different electrode pair.

Clause 10: The method of any one of clause 1 to 8, wherein a plurality of electrodes are
distributed around a perimeter of the material, and wherein the plurality of electrodes include the first
clectrode pair and the at least one electrode of the second, different electrode pair.

Clause 11: A method for detecting a crack or defect in a material, the method comprising: for
cach respective pair of drive electrodes of a plurality of respective pairs of drive electrodes electrically
coupled to the material, applying an ¢lectrical signal to the respective pair of drive electrodes; for cach
respective pair of drive electrodes, determining a respective voltage between each respective pair of
measurement electrodes of a plurality of pairs of measurement electrodes while applying the electrical
signal to the respective pair of drive electrodes, wherein at least one electrode of each respective pair of
measurement electrodes is electrically coupled to the material; and determining whether the material

includes a crack or other defect based on the respective voltages.
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Clause 12: The method of clause 11, wherein the electrical signal is a voltage signal or a current
signal.

Clause 13: The method of clause 12, wherein both electrodes of each respective pair of
measurement ¢lectrodes are electrically coupled to the material.

Clause 14: The method of any one of clauses 11 to 13, wherein determining whether the material
includes the crack or other defect based on the respective voltages comprises determining whether the
material includes the crack or other defect by at least comparing the respective voltages to respective
control voltages.

Clause 15: The method of any one of clauses 11 to 13, wherein determining whether the material
includes the crack or other defect based on the respective voltages comprises: calculating an approximate
change in impedance distribution within the material based on a physics-based simulation, inputs
representative of the electrical signal(s) applied to the respective pairs of drive electrodes, the respective
voltages, and respective control voltages; and determining that the material includes the crack or other
defect based on the approximate change in impedance distribution.

Clause 16: The method of clause 15, wherein calculating the approximate change in impedance

distribution within the material comprises minimizing an output of an objective function:
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wherein x is the approximate change in impedance distribution, f is an operator calculating a set of
simulated difference in voltages based on input x utilizing the physics-based simulation, y is a set of
differences between the respective voltages and the respective control voltages, /> is a chosen norm, R is a
regularization matrix, and A is a chosen weight of the regularization or a regularization parameter.

Clause 17: The method of any one of clauses 11 to 13, wherein determining whether the material
includes the crack or other defect based on the respective voltages comprises: calculating an approximate
impedance distribution within the material based on a physics-based simulation, inputs representative of
the electrical signal(s) applied to the respective pairs of drive electrodes, and the respective voltages; and
determining that the material includes the crack or other defect based on the approximate impedance
distribution.

Clause 18: The method of clause 17, wherein calculating the approximate impedance distribution

within the material comprises minimizing an output of an objective function:
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wherein x is the approximate impedance distribution, fis an operator calculating a set of simulated
voltages based on input x utilizing the physics-based simulation, y is a set of the respective voltages, /> is

a chosen norm, R is a regularization matrix, and A is a chosen weight of the regularization.
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Clause 19: The method of any one of clauses 11 to 18, wherein a plurality of electrodes are
distributed across a surface area of the material, and wherein the plurality of electrodes include the
plurality of respective drive electrode pairs and the at least one electrode of each of the plurality of
respective measurement electrode pairs.

Clause 20: The method of any one of clauses 11 to 18, wherein a plurality of electrodes are
distributed around a perimeter of the material, and wherein the plurality of electrodes include the plurality
of respective drive electrode pairs and the at least one electrode of each of the plurality of respective
measurement electrode pairs.

Clause 21: A system comprising: a set of N electrodes electrically coupled to a material; an
clectrical signal source; and a computing device configured to: cause the electrical signal source to apply
an electrical signal to a first pair of drive electrodes, wherein the first pair of drive electrodes are from the
set of N electrodes; cause a voltage between a first pair of measurement electrodes to be determined,
wherein at least one ¢lectrode from the first pair of measurement electrodes is from the set of N electrodes
and both ¢lectrodes of the first pair of measurement electrodes are different than the first pair of drive
electrodes; and determine whether the material includes a crack or other defect based on the voltage.

Clause 22: The system of clause 21, wherein the electrical signal is a voltage signal or a current
signal.

Clause 23: The system of clause 21, wherein both electrodes of the first pair of measurement
clectrodes are from the set of N electrodes.

Clause 24: The system of any one of clauses 21 to 23, wherein the computing device is
configured to determine whether the material includes the crack or other defect by at least comparing the
voltage to a control voltage.

Clause 25: The system of any one of clauses 21 to 24, wherein: the voltage is a first voltage; the
computing device is further configured to: measure a second voltage between a second pair of
measurement electrodes while applying the electrical signal to the first pair of drive electrodes, wherein at
least one electrode from the second pair of measurement electrodes is from the set of N electrodes; and
determine whether the material includes the crack or other defect based on the first voltage and the second
voltage.

Clause 26: The system of clause 25, wherein the second pair of measurement electrodes shares
exactly one electrode with the first pair of measurement electrodes.

Clause 27: The system of clause 25, wherein the second pair of measurement electrodes does not
share any electrodes with the first pair of measurement electrodes.

Clause 28: The system of any one of clauses 21 to 27, wherein the first pair of measurement
electrodes does not share any electrodes with the first pair of drive electrodes.

Clause 29: The system of any one of clauses 21 to 28, wherein the set of N electrodes are
distributed across a surface area of the material.

Clause 30: The system of any one of clauses 21 to 28, wherein the set of N electrodes are

distributed are distributed around a perimeter of the material.
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Clause 31: The system of any one of clauses 21 to 30, wherein the computing device is
configured to: for each respective pair of drive electrodes of a plurality of respective pairs of drive
electrodes, apply an electrical signal to the respective pair of drive electrodes, wherein each respective
pair of drive electrodes is from the set of N ¢lectrodes; for each respective pair of drive electrodes,
measure a respective voltage between each respective pair of measurement electrodes of a plurality of
pairs of measurement electrodes while applying the electrical signal to the respective pair of drive
electrodes, wherein at least one electrode from each respective pair of measurement electrodes is from the
set of N electrodes; and determine whether the material includes the crack or other defect based on the
respective voltages.

Clause 32: The system of clause 31, wherein the computing device is configured to determine
whether the material includes the crack or other defect based on the respective voltages by at least:
calculating an approximate change in impedance distribution within the material based on a physics-based
simulation, inputs representative of the electrical signal(s) applied to the respective pairs of drive
electrodes, the respective voltages, and respective control voltages; and determining whether the material
includes the crack or other defect based on the change in impedance distribution.

Clause 33: The system of clause 32, wherein calculating the approximate change in impedance

distribution within the material comprises minimizing an output of an objective function:
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wherein x is the approximate change in impedance distribution, f is an operator calculating a set of
simulated difference in voltages based on input x utilizing the physics-based simulation, y is a set of
differences between the respective voltages and the respective control voltages, /5 is a chosen norm, R is a
regularization matrix, and A is a chosen weight of the regularization or a regularization parameter.

Clause 34: The system of clause 31, wherein the computing device is configured to determine
whether the material includes the crack or other defect based on the respective voltages by at least:
calculating an approximate impedance distribution within the material based on a physics-based
simulation, inputs representative of the electrical signal(s) applied to the respective pairs of drive
electrodes, and the respective voltages; and determining whether the material includes the crack or other
defect based on the approximate impedance distribution.

Clause 35: The system of clause 34, wherein calculating the approximate impedance distribution
within the material comprises minimizing an output of an objective function:

e Ty f P l A1 \} Rx|
arg uin If"& = S — ¥, + A5]IRx|

by

It

5

e,

X 2

>

wherein x is the approximate impedance distribution, f is an operator calculating a set of simulated

voltages based on input x utilizing the physics-based simulation, y is a set of the respective voltages, /> is
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a chosen norm, R is a regularization matrix, and A is a chosen weight of the regularization or a

regularization parameter.

EXAMPLES
Example 1

FIG. 5 is a diagram illustrating an example fine-grained FEM of a material 52 that includes a
simulated crack or other defect. The fine-grained FEM includes a thin ‘crack’ feature 54 of low
conductivity (compared to the rest of the sample) buried below the top surface of the sample and almost
touching the bottom. FIG. 5 also illustrates a set of sixteen electrodes 56 distributed around the upper
surface of material 52 (four of which are labeled in FIG. 5). A forward solution of ¢lectrical conductivity
using this fine-grained FEM was used to generate the measured voltages for the cracked material. A
forward solution of the same fine-grained FEM, but excluding the thin ‘crack™ feature 54 was used to
generate the control voltages.

A coarse-grained FEM, having a coarser mesh than the fine-grained FEM, was used to
reconstruct the fine-grained FEM including the crack. The electrode placement and geometry of the
coarse-grained FEM was the same as in the fine-grained FEM. The algorithm
inv_solve diff GN one_step in the package Electrical Impedance Tomography and Diffuse Optical
Tomography Reconstruction Software (EIDORS) was used to solve the reconstruction problem in
MATLAB®. MATLAB® is available from MathWorks®, Inc., Natick, Massachusetts, United States.
EIDORS is available at eidors3d.sourceforge net. An L-Curve method of hyperparameter selection and a
Laplace filter penalty function was utilized in the EIDORS package.

FIG. 6 is a diagram illustrating an example false color model output overlaid on an example finite
element model of a material that includes a simulated crack or other defect. The image shown in FIG. 6
is an output of the coarse-grained FEM with the physics-based model after solving the regularized least-
squares minimization problem. The image shown in FIG. 6 is shown looking up at the bottom of the
model. The defect is clearly detected in the sample in the center of the image. Cross-sectional images
can be taken at any location within the model. FIG. 7 is a cross-sectional diagram illustrating an example
false color output of a FEM that includes a simulated crack or other defect. This example utilized only
ong iteration of the Gauss-Newton algorithm and exhibits some noise surrounding the simulated crack.
These artifacts can be reduced by running multiple iterations to refine the solution further (at the cost of

computation time, for example between 2 and 20 iterations could be used).

Example 2

A ceramic sample included approximately 70% boron carbide and 30% silicon carbide. The back
side of the ceramic sample was coated with a fiberglass/epoxy resin to keep the pieces in intimate contact
after breaking. On the front side, sixteen approximately square electrical contacts were vapor deposited
through a shadow mask. The electrical contacts included a first layer of titanium with a thickness of

about 5 nanometers (nm) and a second layer of gold with a thickness of about 100 nm. A flex circuit was
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etched to match the locations of the electrical contacts, and a conductive silver-loaded epoxy was used to
make electrical connections between the flex circuit and gold contacts. The flex circuit then was
connected to a breakout board, which was connected to the switch matrixes. After the conductive epoxy
was cured and the flex circuit attached to the electrical contacts, the ceramic sample was wrapped in tape
to help further contain any pieces after breaking. FIG. 8 is a drawing illustrating the ceramic sample
including the sixteen element electrical contact array and the flex circuit. FIG. 9 is a drawing illustrating
an example ceramic material attached to a flex circuit, a breakout board, and a set of leads.

AC currents of 10mA were applied to pairs of electrodes. Electrical contacts were numbered 1-
16 and drive pairs were six electrical contacts apart (¢.g. 1 and 7, 2 and 9, etc.) using modulo 16 math.
Measurement pairs were adjacent (¢.g. 1 and 2) again modulo 16. For each drive pair, all possible
measurements were taken according to the following rule: the measurement pairs may not contain either
drive electrode. Frequencies of 50 kHz, 100 kHz, and 150 kHz were used.

A control dataset was taken prior to breaking the ceramic sample. After the initial dataset was
taken, the sample was hit in approximately the center with a hammer, resulting in a crack located through
the middle of the ceramic sample. FIG. 10 is a drawing illustrating the ceramic sample including an
electrode array and the location of a crack. FIG. 10 illustrates the location of the crack as the horizontal
line through the approximate center of the ceramic sample.

After breaking, a measurement data set was collected according to the rules described above. The
control dataset and measurement data set were analyzed using electrical impedance tomography image
reconstruction algorithms. In particular, the algorithm inv_solve diff GN _one_step in the package
EIDORS was used to determine the approximate impedance change within the sample. MATLAB® is
available from MathWorks®, Inc., Natick, Massachusetts, United States. EIDORS is available at
eidors3d.sourceforge .net. An L-Curve method of hyperparameter selection and a Laplace filter penalty
function was utilized in the EIDORS package.

FIG. 11 is a diagram illustrating an example false color output of the EIDORS algorithm for the
example ceramic sample of FIG. 10. The crack creates a region of higher resistance, and this is shown in
the figure below as a drop in conductivity (darker shading indicates lower conductivity than the initial
dataset).

Various examples have been described. These and other examples are within the scope of the

following claims.
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WHAT IS CLAIMED IS:

L. A method for detecting a crack or defect in a material, the method comprising:

applying an electrical signal to a first electrode pair electrically coupled to the material;

while applying the electrical signal to the first electrode pair, determining a voltage between a
second, different electrode pair, wherein at least one electrode of the second, different electrode pair is
electrically coupled to the material; and

determining whether the material includes a crack or other defect based on the voltage.

2. The method of claim 1, wherein the electrical signal is a voltage signal or a current signal.

3. The method of claim 1, wherein both electrodes of the second, different electrode pair are

electrically coupled to the material.

4, The method of claim 1, wherein determining whether the material includes the crack or other
defect based on the voltage comprises determining whether the material includes the crack or other defect

by at comparing the voltage to a control voltage.

5. The method of claim 1, wherein:

the voltage is a first voltage;

the method further comprises determining a second voltage between a third, different electrode
pair while applying the electrical signal to the first electrode pair, wherein at least one electrode of the
third, different electrode pair is electrically coupled to the material, and

determining whether the material includes the crack or other defect based on the voltage
comprises determining whether the material includes the crack or other defect based on the first voltage

and the second voltage.

6. The method of claim 5, wherein the third, different electrode pair shares exactly one electrode

with the second, different electrode pair.

7. The method of claim 5, wherein the third, different electrode pair does not share any electrodes

with the second, different electrode pair.

8. The method of claim 1, wherein the second, different electrode pair does not share any electrodes

with the first electrode pair.
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9. The method of claim 1, wherein a plurality of electrodes are distributed across a surface area of
the material, and wherein the plurality of electrodes include the first electrode pair and the at least one

clectrode of the second, different electrode pair.

10. The method of claim 1, wherein a plurality of electrodes are distributed around a perimeter of the
material, and wherein the plurality of electrodes include the first electrode pair and the at least one

clectrode of the second, different electrode pair.

11. A method for detecting a crack or defect in a material, the method comprising:
for each respective pair of drive electrodes of a plurality of respective pairs of drive electrodes
electrically coupled to the material, applying an electrical signal to the respective pair of drive electrodes;
for each respective pair of drive electrodes, determining a respective voltage between each
respective pair of measurement electrodes of a plurality of pairs of measurement electrodes while
applying the electrical signal to the respective pair of drive electrodes, wherein at least one electrode of
cach respective pair of measurement electrodes is electrically coupled to the material; and

determining whether the material includes a crack or other defect based on the respective

voltages.
12. The method of claim 11, wherein the electrical signal is a voltage signal or a current signal.
13. The method of claim 12, wherein both electrodes of each respective pair of measurement

electrodes are electrically coupled to the material.

14. The method of claim 11, wherein determining whether the material includes the crack or other
defect based on the respective voltages comprises determining whether the material includes the crack or

other defect by at least comparing the respective voltages to respective control voltages.

15. The method of claim 11, wherein determining whether the material includes the crack or other
defect based on the respective voltages comprises:

calculating an approximate change in impedance distribution within the material based on a
physics-based simulation, inputs representative of the electrical signal(s) applied to the respective pairs of
drive electrodes, the respective voltages, and respective control voltages; and

determining that the material includes the crack or other defect based on the approximate change

in impedance distribution.

16. The method of claim 15, wherein calculating the approximate change in impedance distribution

within the material comprises minimizing an output of an objective function:
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wherein x is the approximate change in impedance distribution, f is an operator calculating a set of
simulated difference in voltages based on input x utilizing the physics-based simulation, y is a set of
differences between the respective voltages and the respective control voltages, /> is a chosen norm, R is a

regularization matrix, and A is a chosen weight of the regularization or a regularization parameter.

17. The method of claim 11, wherein determining whether the material includes the crack or other
defect based on the respective voltages comprises:

calculating an approximate impedance distribution within the material based on a physics-based
simulation, inputs representative of the electrical signal(s) applied to the respective pairs of drive
electrodes, and the respective voltages; and

determining that the material includes the crack or other defect based on the approximate

impedance distribution.

18. The method of claim 17, wherein calculating the approximate impedance distribution within the

material comprises minimizing an output of an objective function:
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wherein x is the approximate impedance distribution, f is an operator calculating a set of simulated
voltages based on input x utilizing the physics-based simulation, y is a set of the respective voltages, /> is
a chosen norm, R is a regularization matrix, and A is a chosen weight of the regularization or a

regularization parameter.

19. The method of claim 11, wherein a plurality of electrodes are distributed across a surface area of
the material, and wherein the plurality of electrodes include the plurality of respective drive electrode

pairs and the at least one electrode of each of the plurality of respective measurement electrode pairs.

20. The method of claim 11, wherein a plurality of electrodes are distributed around a perimeter of
the material, and wherein the plurality of electrodes include the plurality of respective drive electrode

pairs and the at least one electrode of each of the plurality of respective measurement electrode pairs.

21. A system comprising:
a set of N electrodes electrically coupled to a material;
an electrical signal source; and
a computing device configured to:
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cause the electrical signal source to apply an electrical signal to a first pair of drive
electrodes, wherein the first pair of drive electrodes are from the set of N electrodes;
cause a voltage between a first pair of measurement electrodes to be determined, wherein
at least one electrode from the first pair of measurement electrodes is from the set of N electrodes
and both electrodes of the first pair of measurement electrodes are different than the first pair of
drive electrodes; and

determine whether the material includes a crack or other defect based on the voltage.

The system of claim 21, wherein the electrical signal is a voltage signal or a current signal.

The system of claim 21, wherein both electrodes of the first pair of measurement electrodes are

from the set of N electrodes.

24.

The system of claim 21, wherein the computing device is configured to determine whether the

material includes the crack or other defect by at least comparing the voltage to a control voltage.

25.

26.

The system of claim 21, wherein:
the voltage is a first voltage;
the computing device is further configured to:
measure a second voltage between a second pair of measurement electrodes while
applying the electrical signal to the first pair of drive electrodes, wherein at least one electrode
from the second pair of measurement electrodes is from the set of N electrodes; and
determine whether the material includes the crack or other defect based on the first

voltage and the second voltage.

The system of claim 25, wherein the second pair of measurement electrodes shares exactly one

electrode with the first pair of measurement electrodes.

27.

The system of claim 25, wherein the second pair of measurement electrodes does not share any

electrodes with the first pair of measurement electrodes.

28.

The system of claim 21, wherein the first pair of measurement electrodes does not share any

electrodes with the first pair of drive electrodes.

29.

The system of claim 21, wherein the set of N electrodes are distributed across a surface area of

the material.
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30. The system of claim 21, wherein the set of N electrodes are distributed are distributed around a

perimeter of the material.

31. The system of claim 21, wherein the computing device is configured to:

for each respective pair of drive electrodes of a plurality of respective pairs of drive electrodes,
apply an electrical signal to the respective pair of drive electrodes, wherein each respective pair of drive
electrodes is from the set of N clectrodes;

for each respective pair of drive electrodes, measure a respective voltage between each respective
pair of measurement electrodes of a plurality of pairs of measurement electrodes while applying the
electrical signal to the respective pair of drive electrodes, wherein at least one electrode from each
respective pair of measurement electrodes is from the set of N electrodes; and

determine whether the material includes the crack or other defect based on the respective

voltages.

32. The system of claim 31, wherein the computing device is configured to determine whether the
material includes the crack or other defect based on the respective voltages by at least:

calculating an approximate change in impedance distribution within the material based on a
physics-based simulation, inputs representative of the electrical signal(s) applied to the respective pairs of
drive electrodes, the respective voltages, and respective control voltages; and

determining whether the material includes the crack or other defect based on the change in

impedance distribution.

33. The system of claim 32, wherein calculating the approximate change in impedance distribution

within the material comprises minimizing an output of an objective function:
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wherein x is the approximate change in impedance distribution, f is an operator calculating a set of
simulated difference in voltages based on input x utilizing the physics-based simulation, y is a set of
differences between the respective voltages and the respective control voltages, 12 is a chosen norm, R is a

regularization matrix, and A is a chosen weight of the regularization or a regularization parameter.

34. The system of claim 31, wherein the computing device is configured to determine whether the
material includes the crack or other defect based on the respective voltages by at least:

calculating an approximate impedance distribution within the material based on a physics-based
simulation, inputs representative of the electrical signal(s) applied to the respective pairs of drive

electrodes, and the respective voltages; and
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determining whether the material includes the crack or other defect based on the approximate

impedance distribution.

35. The system of claim 34, wherein calculating the approximate impedance distribution within the
material comprises minimizing an output of an objective function:
argmin < F{x):= || fix
X
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wherein x is the approximate impedance distribution, fis an operator calculating a set of simulated
voltages based on input x utilizing the physics-based simulation, y is a set of the respective voltages, /> is
a chosen norm, R is a regularization matrix, and A is a chosen weight of the regularization or

regularization parameter.
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