wo 2018/093859 A1 | 0K 000 O

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

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date

(10) International Publication Number

WO 2018/093859 Al

24 May 2018 (24.05.2018) WIPOI|PCT
(51) International Patent Classification: (74) Agent: SPIELBAUER, Thomas M., et al.; 3M Center
GOIN 27/61 (2006.01) Office of Intellectual, Property Counsel Post Office Box
1) International Application Number: 33427, Saint Paul, Minnesota 55133-3427 (US).
PCT/US2017/061745  (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,
62/422,959 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). CHIN-
NOCK, Eric M.; 3M Center, Post Office Box 33427, Saint
Paul, Minnesota 55133-3427 (US). SCHUMACHER, Jen-
nifer F.; 3M Center, Post Office Box 33427, Saint Paul,
Minnesota 55133-3427 (US).

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: ELECTRODE PLACEMENT FOR VERIFYING STRUCTURAL INTEGRITY OF MATERIALS

E6

34—

e

E8

o

m

o

ES

E4

E3

£2

E1

EO

E15

FIG. 2

®

(57) Abstract: A technique may include applying a first electrical signal to
a first pair of drive electrodes, and, while applying the first electrical signal
to the first pair of drive electrodes, determining a first measured voltage
using a tirst measurement electrode. The technique further may include
applying a second electrical signal to a second pair of drive electrodes,
and, while applying the second electrical signal to the second pair of drive
electrodes, determining a second measured voltage using a second, differ-
ent measurement electrode. The first pair of drive electrodes, the second
pair of drive electrodes, the first measurement electrode, and the second,
different measurement electrode may from a set of N electrodes electri-
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ELECTRODE PLACEMENT FORVERIFYING STRUCTURAL INTEGRITY OF MATERIALS

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

semiconductive materials.

BACKGROUND

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

X-ray scanping, including X-ray radiography and X-ray computed tomography (CT scanning)
may be used to detect cracks or other defects in materials. However, such technigues 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, orboth.

SUMMARY

In some examples, the disclosure describes a method for detecting a crack or defect in a material.
The method may include applying a first electrical signal to a first pair of drive electrodes. The method
also may include, while applying the first electrical signal to the first pair of drive electrodes, determining
a first measured voltage using a first measurement clectrode. The method further mav include applying a
second clectrical signal to a second pair of drive electrodes. The method additionally may include, while
applving the second electrical signal to the second pair of drive electrodes, determining a second
measured voltage using a second, different measurement electrode. The first pair of drive electrodes, the
second pair of drive clectrodes, the first measurement electrode, and the second, differont measurement
¢lectrode may from a set of N electrodes clectrically coupled to the matenial. The method also may
inciude determining whether the material includes a crack or other defect based on a comparison between
the first measured voltage and the second measured voltage.

In some examples, the disclosure describes a method for detecting a crack or defect ina material.
The method may include. for cach respective pair of drive electrodes of at least onc pair of drive
clectrodes electrically coupled to the material, applving an electrical signal to the respective pair of drive
clectrodes. The method also may include, for cach respective pair of drive electrodes, determining a
respective measured voltage using a respective measurcment electrode of a plorality of measurement
electrodes while applyving the electrical signal 1o the respective pair of drive electrodes. Each respective
measurement clectrode may be substantially symmetrical to another measurement electrode with
reference to a symmetry of the material. The plurality of measurement electrodes are clectrically coupled

{0 the material. The method further may include determining whether the material includes a crack or
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other defect based on comparisons between the respective measured voltages associated with respective
measurement clectrodes that are substantially symmetrical with reference to the symumetry of the material,

In some examples, the disclosure deseribes a method for detecting a crack or defect in a material.
The method may include, for cach respective pair of drive electrodes of a plurality of pairs of drive
clectrodes electrically coupled to the material, applving a respective electrical signal to the respective pair
of drive electrodes. The method also may inchude, for each respective pair of drive ¢lectrodes,
determining a respective measured voltage using a respective measurement clectrode of a plurality of
measurement clectrodes while applyving the electrical signal to the respective pair of drive electrodes. The
geometric configuration of each respective combination of a respective pair of drive electrodes and a

cspective measurement electrode 15 selected so that, in the absence of a crack, cach respective measured
voltage is substantially the same as at least one other respective measured voltage.

In some examples, the disclosure describes a system including a set of N electrodes electrically
coupled to a material; an electrical signal source; and a compating device. The computing device may be
configured to cansc the electrical signal source to apply a first electrical signal to a first pair of drive
electrodes. The computing device also may be configured to, while the electrical signal source is
applying the first electrical signal to the first pair of drive electrodes, determine a first measured voltage
using a first measurement electrode. The computing device further may be configured to cause the
electrical signal source to apply a second electrical signal to a second pair of drive clectrodes, and, while
the electrical signal source is applying the second electrical signal to the second pair of drive electrodes,
determine a second measured voltage using a second, different measurement clectrode. The first pair of
drive electrodes, the second pair of drive clectrodes, the first measurernent electrode, and the second,
different measurement clectrode may be from the st of N electrodes. The computing device additionally
may be configured to determine whether the material includes a crack or other defect based on a
comparison between the first measured voltage and the second measured voltage.

In some examples, the disclosure describes a system inchuding a set of N electrodes electrically
coupled to a matenial; an clectrical signal source; and a computing device. The computing device may be
configurad to. for cach respective pair of drive electrodes of at least one pair of drive electrodes, cause the
¢lectrical signal source to apply an electrical signal to the respective pair of drive electrodes. The
computing device also may be configurad to, for cach respective pair of drive electrodes, determine a
respective measored voltage using a respective measurement electrode of a plurality of nweasurement
clectrodes while the clectnical signal source is applying the clectrical signal to the respective pair of drive
electrodes. Each respective measurement electrode is substantially symumetrical to another measurement
clectrode with reference to the symumetry of the material. The at least one pair of drive clectrodes and the
phurality of measorement electrodes are from the set of N clectrodes. The computing device further may
be configured to determine whether the material includes a crack or other defect based on comparisons
between the respective measured voltages associated with respective measurement clectrodes that are

substantially symmetrical with reference to the symmetry of the material.
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In some examples, the disclosure desciibes a system inchiding a set of N electrodes clectrically
coupled to a matenial; an electrical signal source; and a computing device. The computing device may be
contfigared to, for cach respective pair of drive electrodes of a plurality of pairs of drive electrodes
electrically coupled to the material, cause the clectrical signal source to apply a respective electrical
signal to the respective pair of drive electrodes. The plurality of pairs of drive clectrodes are from the set
of N electrodes. The computing device also may be configured to, for each respective pair of drive
clectrodes, determine a respective measured voltage using a respective measurcment ¢lectrode of a
plurality of measurement clectrodes while the clectrical signal source is applying the electrical signal to
the respective pair of drive electrodes. A geometric configuration of each respective combinationof a
pair of drive electrodes and a respective measuwrement electrode is selected so that, in the absence of a
crack, cach respective measured voltage is substantially the same as at least one other respective
measured voltage. The computing device additionally may be configured to determine whether the
material inchides a crack or other defect based on comparisons between the respective measured voltages,

The techniguoes descrnibed herein may provide one or more advantages. For example, using
comparisons between multipke voltage measurements from a material may allow determination of
whether a material inclodes a crack or other defect without previous measurcment of control voltages,
which may simplify determination of whether the material includes the crack or other defect. As another
exampie, a measurement system as described herein 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 ficld.

The details of one or more examples are sct 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 BDESCRIPTION OF DRAWINGS

FIG. 1 is a conceptual and schematic diagram block illustrating an example system for
determining whether a material inchides a crack or other defect based on a comparison between at least a
first measured voltage associated with the material and a second measured voltage associated with the
material.

FIG. 2 is a concepiual diagram illustrating an example material and arrangement of electrodes on
the material.

FI1G. 3 is a flow diagram illostrating an example technigoe for detenmining whether a material
includes a crack or other defect based on a comparison between at keast a first measured voltage
associated with the material and a second measured voltage associated with the material.

FIGS. 4 and 5 are flow diagrams illustrating example techniques for determining whether a
material includes a crack or other defect based on a comparison between at least a first measured voltage

associated with the material and a second measured voltage associated with the material.
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FIG. 6 is a diagram iHustrating an example finite elernent model of a material that includes

clectrodes positioned on the material.

DETAILED DESCRIPTION

The disclosure describes systems and techniques for verifving structural integrity of a material.
The techniques may inchide deteroining whether the material includes a crack or other defect based on a
comparison between at least a first measured voltage associated with the material and a second measured
voltage associated with the material. The first measured voltage may be determined by applying an
electrical signal to a first pair of drive electrodes electrically coupled to the matenal and measuring a
voltage using a first measurement clectrode electrically coupled to the material. The second voltage may
be determined by applyiong an electrical signal to a second pair of dave electrodes electrically coupled to
the material and measuring a voltage using a second nweasurement clectrode electrically coupled to the
material. The first measorement ¢lectrode nsed to measure the first measured voltage may be different
than the second measurerent electrode used to measure the second measured voltage. The first pair of
drive electrodes and the second pair of drive electrodes may be the same or may be different.

The positions of the pair of drive electrodes and the first and second measurernent electrodes may
be selected to allow meaningfid comparisons between the first and sccond measured voltages. For
example, electrodes may be positioned on the material based on a symmetry of the maternial, so that each
measured voltage is substantially the same when the material is intact, or both. As an example, a pair of
drive electrodes may be positioned on a symmetry of the material, and the first measurement electrode
and the second measurement clectrode may be located symnetrically with reference to the symmetry.
The symmetry may inchide, for example, a line, a plane, a curve, or a manifold for which a single
mathematical operation made with reference 1o the symmetry maps the first electrode to the second
electrode. As another example, a first pair of drive electrodes mav be used to apply the electrcal signal
used 10 measure the first measured voliage via the first electrode, and a second pair of drive ¢lecirodes
may be used to apply the electrical sigoal used to measure the second measured voltage via the second
electrode. The first pair of dave electrodes may be sypunetrical to the second pair of drive electrodes
with reference to the symmetry, and the first measurement electrode may be symmetrical to the second
measurement clectrode with reference to the symmetry. As ancther example, a geometric configuration
of the first pair of drive clectrodes and the first measurement clectrode, and the geometric configuration
of the second pair of dnve electrodes and the second, different measurement clectrode may be selected so
that, in the absence of a crack, the first measured voltage is substantially the same as the second measnred
voltage.

By utilizing comparisons between multiple voltage measurements from a material may allow
determination of whether a material includes a crack or other defect without previous measurement of
control voltages, which may simplify determination of whether the material includes the crack or other
defect. Further, as the multiple voltage measwrements are performed at substantially the same time (e.g.,

as part of a single sot of measurements), the material may be expected to be at substantially the same
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feraperature {(¢.g., the same temperature or nearly the same temperatore). Thus, teraperature may be less
of a factor in the comparisons. This may be important for some matenials, sach as semiconductors, whose
conductivity changes significantly as a function of temperature.

Other techniques also may be nsed to detect cracks in a material. For example, X-ray
radiography or X-rayv computed tomography (CT) may be used to detect cracks in a material. However,
X-ray radiography and X-rayv 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. Morcover, X-ray radiography and X-
ray CT may be relatively time consuming.

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

FIG. 1 is conceptual and schematic diagram block illvstrating an example systern 10 for
determining presence of a crack or other defect in a material 16 based on a comparison between at least a
first measured voltage associated with the material and a second measured voltage associated with the
material. System 10 of FIG. 1 includes a computing device 12, an electrical signal source 14, a plurality
of clectrodes 18A-18L (collectively, “electrodes 187), a switch network 20, and an optional reference
electrode 22. 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 clectrically
semiconductive material. For example, material 16 may include a metal, an alloy, a metalloid, a
semiconductor, an clectrically conductive or semiconductive ceramic, or the like. In some examples,
material 16 may include a ceramic such as boron carbide (B4(0), siticon carbide (8:C), alumina (ALGs),
composites thereof, or the like.

Material 16 may be used inany one of a wide vagety 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
argor for military and police personnel, vehicle armor, or the like. Exaraple materials for ceramic armor
plating inchude boron carbide (B4C), silicon carbide (SiC), alumina (ALGs), composites thercof, or the
tike.

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.

In some examples, material 16 may define a geometry that has a symumetry, 1., is symuetric. As

used herein, a symmetry is a point, line, plane, curve, or manifold, with reference to which a single
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mathematical operation maps each point of material 16 to another point of matenial 16. In the example of
FIG. 1, material 16 includes a plane of symmetry 24, across which there is mirror sviumetry. As
described in further detail below, in some examples in which material 16 includes a symmetry, computing
device 12 may compare voltages measured using electrodes or clectrode pairs that are symmnetrical with
refercnce to the symmetry, ¢.g., plane of symmeiry 24, to determine whether material 16 mchudes a crack
or other defect.

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

Switch network 20 inclodes a phurality of inpots and a plorality of outputs, with respective inputs
electrically coupled to each respective output by the network of switches. For example, switch network
20 may include a pair of inputs electrically coupled to electrical signal source 14, and at least a pair of
inputs electrically coupled to computing device 32. Switch network 20 may include at least as many
outputs are there are electrodes 18 and 22. For example, in the example shown in FIG. 1, system 10
includes thirteen eloctrodes, and switch network 20 thus includes at feast thirteen outputs. Each electrode
of clectrodes 18 and reference clectrode 22 is electrically coupled 1o a respective output of switch
network 20.

Computing device 12 is configured to control operation of system 10, including clectrical signal
source 14 and switch network 20, Conputing device 12 may include any of a wide range of devices,
inciuding computer servers, desktop conputers, notcbook (i.e., laptop) computers, tablet computers, and
the like. In some examples, computing device 12 may include a processor. The processor may include
ONe 07 MOre miCroprocessors, digital signal processors (DSP), application specific integrated circuits
{ASIC), ficld prograramable gate arrays (FPGA), or other digital logic circunitry. In some examples,
computing device {2 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 separale from computing
device 12, the ADC may be electrically coupled between a selected measurement electrode and
computing device 12. The ADC may measure the voltage using the selected measurement electrode, e.g.,
under control of computing device 12,

Computing device 12 is commmmcatively coupled to clectrical signal source 14 and electrically
coupled to switch network 20, e.g., either directly or indirectly via an external device, sach as an ADC.
Computing device 12 may be configured to control electrical signal source 14 to output an elecirical

signal, and may be configured to control switch network 20 to connect a selected pair of electrodes 18 to
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clectrical signal source 14 to scrve as a pair of drive electrodes, such that the electrical signal output by
clectrical signal source 14 1s output to the pair of drive electrodes.

Computing device 12 is also configured to cause switch network 20 to connect a selected pair of
clectrodes 18 or one of clectrodes 18 and reference clectrade 22 to computing device 12 to serve as a pair
of measurement clectrodes. In this way, computing device 12 may determine a voltage across a pair of
measurement clectrodes in response to the electrical signal output by clectrical signal source 14,

Electrodes 18 include a plurality of clectrodes electrically coupled to material 16, Insome
exampies, as shown in FIG. 1, each electrode of electrodes 18 is also clectrically coupled to switch
network 20, Each of electrodes 18 mav be electncally connected to material 16 using any suitable type of
electrical coupling, including, for example, an electrically conductive adbesive, an clectrically conductive
solder, embedding clectrodes 18 in material 16, a dielectric coupling via capacitive coupling, or the like.

Electrodes 18 may be attached to any surface of material 16. The surface to which electrodes 8
are attached may affect the direction in which the clectrical ficld extends and current flows within
material 16, Cracks or other defects may affect the magnitude of the voltage more significantly when the
electrical ficld and corrent flow extends across a planc of the crack {¢.g., normal to a surface of the crack).
As such, in some examples, the likely tocations 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 50 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 matenal 16
and placing electrodes 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, clectrodes 18 may be attached to
three orthogonal surfaces of the cube. By attaching a respective clectrode of clectrodes 18 to three
orthogonal surfaces, the electrical 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 likelibood that induced the electrical ficld and corrent flow will extend within material 16
normal 1o the planc of any crack in material 16, Other exarnples are possible for other shapes. Insome
exampies, clectrodes 18 are distributed across a surface arca of material 16, as shown in FIG. 1. Inother
examples, clectrades 18 are distributed around a perumeter of material 16, In some examples, plurality of
clectrodes 18 may be referred 1o as a set of N clectrodes 18.

In some examples, electrodes 18 may be positioned on matenal 16 according to a selected
geometric relationship, to achieve a selected relationship between voltages measured using electrodes 18,
or both. For exaraple, electrodes 18 may be positioned on material 16 so that cach electrode of clectrodes
18 is substantially symimetric to another one of electrodes 18 with reference to the symumetry of material
16. Inthe example of FIG. 1, first clectrode 18A is substantially symmetric to sixth electrode 18F with
reference to plane of svmmetry 24, second electrode 18B is substantially symmetric to {ifth electrode 18D

with reference to plane of symimetry 24, third electrode 18C is substantially symimetric to fourth electrode
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180 with reference to plance of symmetry 24, seventh electrode 18G is sobstantially symunetric to twelfth
electrode 181 with reference to plane of symmetry 24, eighth electrode 18H is substantially symmetric to
eleventh electrode 18K with reference to plane of svmmetry 24, and ninth electrode 181 is substantially
syoumnetric to tenth electrode 18] with reference to plane of symmetry 24,

As another example, electrodes 18 may be positioned on material 16 so that a respective pair of
clectrodes is substantially symmetric to another respective pair of electrodes 18 with reference 1o the
symmetry of material 16, For example, a first pair of clectrodes may include first clectrode 18A and
twelfth electrode 181 and a second pair of clectrodes may include sixth electrode 18F and seventh
electrode 18(. The first pair of electrades is symumetric to the second pair of electrodes with reference to
plane of symmetry 24, Similarly, a third pair of electrodes may include second electrode 18B and
eleventh electrode 18K and a fourth pair of electrodes may include fifth electrode 18F and eighth
electrode 18H. The third pair of electrodes is syrametric o the fourth pair of electrodes with reference to
plane of symmetry 24, Additionally, a fifth pair of clectrodes may include third clectrode 18C and tenth
electrode 18F and a sixth pair of electrodes may inclode fourth electrode 18D and minth clectrode 181
The fifth pair of electrodes 1s symmetric to the sixth pair of electrodes with reference to plane of
symmnetry 24.

In some examples, clectrodes 18 may be positioned on material 16 so that each respective pair of
electrodes is substantially symmetric to another respective pair of clectrodes 18 with reference to the
symmetry of material 16. This may be accomplished in examples in which each electrode of electrodes
18 is substantially symmetric to another one of clectrodes 18 with reference to the svinmetry of material
16, and a respective electrode of two symmetric electrodes is used in each respective pair of electrodes in
a symumetric pair of electrodes.

Although not shown in FIG. 1, in some examples, two clectrodes may be positioned on the
svmmetry of matedal 16, ¢.g., on plane of symmetry 24 shown in FIG. 1. For example, FIG. 2 isa
conceptual diagram iflustrating an example material 32 and arrangement of ¢lectrodes EG-E15 on
materal 32. Material 32 includes a plane of symmetry 34, Two electrodes, EO ansd E8, are positioned on
plane of syommetry 34 at opposite ends of material 32. The remainder of electrodes EO — E15 are
positioned on material 32 so that ao equal mumber of electrodes are on cach side of plane of symimetry 34
and each respective clectrade on one side of plane of symmetry 34 i sysumetic (o a respactive electrode
on the other side of plane of symimetry 34, For example, electrodes E7 and E9 are sypumetric with
reference to plane of symmetry 34, electrodes E6 and E10 are symunctnc with reference to plane of
symroetry 34, clectrodes ES and E11 are symmetric with reference to plane of symmetry 34, electrodes
E4 and E12 are symmetnic with reference to plane of svmumetry 34, electrodes E3 and E13 are symmetric
with reference to plane of syrmmetry 34, clectrodes E2 and E14 are symmctric with reference to plane of
symmetry 34, and electrodes E1 and E15 are symmetric with reference to planc of symmetry 34.

FiG. 2 also includes labels for gaps between respective electrodes of electrodes EO-E15. For
example, the gap from EO to D1 is labeled H, the gap from E1 to E2 is labeled G, the gap from E2 to E3
is labeled F, the gap from E3 to E4 is labeled E, the gap from E4 to ES is labeled D, the gap from E5 to
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E6 s labeled C, the gap from E6 to E7 is labeled B, and the bap from E7 o E8 is labeled A. The mirror
image gaps on the right side of plane of symmetry 34 are labeled with similar letters and a prime
designation. As electrodes EO-E15 are placed symmetrically with reference to plane of symmetry 34,
voltages measured for corresponding gaps on opposite sides of plane of symmetry 34 may be
substantially the same in the absence of a crack or defect in material 32, assuming that clectrodes EO and
EZ® arc used as the pair of drive electrodes, or that two pairs of drive clectrodes that are symmetric 1o cach
other with reference to line of symmetry 34 are used during measurement of the voltages.

Positioning clectrodes 18 to be exactly syvmmetrical may be difficult to achieve in practice.
Hence, clectrodes 18 may be positioned to be substantially symmetrical. As used here, substantially
syounetrical means that the electrodes are placed approximately syrmometrical with reference to a
syounetty of material 16, e.g., within about 0.5 pun of being symmetric, withia about 0.2 i of being
syounetric ar within about 0.1 own of being symmetric.

In some examples, rather than electrodes 18 being positioned based on symmetry of material,
electrodes 18 may be positioned to achieve a selected relationship between voltages measured using
electrodes 18, For example, clectrodes 18 may be positioned to achicve measarement of a substantially
similar voltage (e.g.. the same or nearly the same voltage) in the absence of a crack or other defect. In
some examples, this may include positioning respective groups of electrodes to achieve measurement of a
substantially sirmlar voltage (e.g., the same or nearly the same voltage) in the absence of a crack or other
defect. Each respective group of electrodes may include a pair of drive electrodes and one or two
measurement electrodes. For example, a group of electrodes may include a pair of drive electrodes
separated by one or two measurement electrodes. Using electrodes 18 shown in FIG. 1, an example of
this configuration may include a pair of drive electrodes that includes first electrode 18A and fourth
electrode 18D, and a pair of measuroment elecirodes that includes second electrode 18B and third
electrode 18C. Another example of this configuration may include a pair of drive electrodes that includes
first electrode 18A and third electrode 18C, and a measurement electrode that inchides second electrode
188 (to oeasure a single-ended voltage using second electrode 18B and reference electrode 22).

In some examples, each group of electrodes may not share any electrodes with each other group
of electrodes. Inother examples, cach group of clectrodes may share one or mose electrodes with another
group of clecteodes. For example, a fiest group of electrodes may include first electrode 18A and fourth
electrode I8P as a pair of drive electrades, and may include second electrode 88 and third electrode 18C
as a pair of drive electrodes. A second group of electrodes may inclode second clectrode 188 and fifth
electrode I8E as a pair of drive electrodes, and third electrode 18C and fourth clectrode 18D as a pair of
measurement clectrodes. In other words, each group of electrodes may include four clectrodes, the two
outer clectrodes being drive electrodes and the two inner electrodes being measurement electrodes. Each
respective group of electrodes may be formed by four adjacent electrodes, and cach subsequent group
may be formed by shifting the group to an adjacent electrode in a selected pattern {e.g., left or right,
clockwise or counterclockwise, or the like). In some examples, the number of groups of electrodes may

equal the mymber of clectrodes 18, In examples such as this, the placement of each electrode of
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clectrodes 18 may be selected so that the voltage measured using cach respective group of electrodes is
substantially the same as the voltage measured using each other respective group of clectrodes.

In some examples, positioning clectrodes 18 so that the voltage measured using each respective
group of clectrodes is exactly the same as the voltage measured nsing each other respective group of
clectrodes may be difficult to achieve in practice. Hence, electrodes 18 may be positioned to be so that
the voltage measured using cach respective group of clectrodes is substantially the same as the voltage
measured using each other respective group of electrodes. As used here, substantially the same means
that the clectrodes are placed so that the voltage measured using each respective group of clectrodes is
within a threshold amount as the voltage measured using each other respective group of electrodes in the
absence of a crack or defect in materiat 16. The threshold amount may be a predetermined percentage of
the measured voltage, such as, for example, 20%, 10%, 5%, or 1%.

In some examples, electrodes I8 may be positioned so that the voliage measured using cach
respective group of clectrodes is substantially the same as the voltage measured using cach other
respective group of clectrodes by using experimental iteration. For example, a first group of electrodes
may be positioned based on geometry of material 16 o accomphish corrent distribution within a selected
volurne of material 16, For instance, the first gronp of electrodes may be positioned near a comer or edge
of material 16 to improve uniform current distribution throughout material 16 near the corner or edge.
Each subsequent electrode 18 or group of electrodes 18 may be positioned so that the voliage measured
using the group or groups of clectrodes of which the clectrode is a part is substantially the same as the
voltage measured using the first group. If, on first positioning of the subsequent electrode 18 or group of
electrodes 18, the voltage measured using the subsequent electrode 18 or group of electrodes 18 is not
substantially the same as the voltage measured using the first group of clectrodes, the subsequent
electrode 18 or group of clectrodes 18 may be repositioned to achieve a more similar voltage
measurement. This process may be repeated for cach subscquent electrode of electrodes 18,

In other examples, instead of using experimental positioning, the placement of electrodes 18 may
be determmined {e.g., by computing device 12 or another computing device) using a physics-based
stmulation tool. For example, computing device 12 may be programmed with a finite element model
(FEM) of material [6 which implements the physics-based simulation. The FEM of material 16 may
include substantially accurate (¢.g., accurate or approximately accuraie) geonetry of material 16 (e.gz., the
shape and vohume of material 16), and also may inchude locations of electrodes 18 attached to material 16,
In some examples, the FEM of matenal 16 may addittonally include representative propertics of matenal
16, inchuding, for example, conductivity. resistivity, other related electrical propetties. and the ke, The
FEM of material 16 may include representative properties of material 16 for each respective node
representing material 16, For each group of electrodes, computing device 12 may simulate applving an
clectrical signal to a respective pair of drive electrodes and determine a simulated measured voltage using
a respective pair of measurement electrodes. Computing device 12 may compare measured voltages from
adjacent groups of clectrodes, and adjust positioning of one or more of electrodes 18 based on the

comparison. Computing device 12 may iterate this process until each measured voltage is within a

10



N

[
U

20

[¥S]
Ch

WO 2018/093859 PCT/US2017/061745

threshold amount, ¢.g., 20%, 10%, 5%, 1%, or the hke. The positions of electrodes 18 determined by
computing device 12 then may be used to place electrodes 18 on material 16.

In some examples, electrodes 18 may be positioned on matenial 16 to satisfy both symmetry and
substantially equal measured voltages. To accomplish this, the following technique may be nsed in some
exampies. The technigue may be implemented cither experimentally, ¢.g., using system 10 of FIG. 1, or
theoretically, e.g., using the physics-based model described above. First, two of electrodes 18 may be
positioned on the symmetry of material 16, e.g., on plane of symmetry 24 shown in FIG. 1. Ancqual
number of electrades 18 then may be positioned on either side of the symumetry of material 16, such that
the additional electrodes 18 result in symmetry of electrodes 18 with reference to the symmetry of
materiat 16,

Comaputing device 12 then may determine measured voltages for cach group of electrodes. In
some examples, electrades 18 may be nuobered sequeatially arouad the perumeter of material 16, e.g.,
first clectrode 18A s 1, sccond electrode 18B is 2, third electrode 18C is 3, and the like. Forcach integer
f to N, where N is the number of electrodes (12 in the example of FIG. 1), a group of ¢lectrodes may
inclnde a pair of drive electrodes X and X+43, and a pair of measurcment clectrodes X+1 and X42. There
may be the same nomber of groups of electrodes as electrodes 18, such that the groups of electrodes
eventually wrap around the perimeter of material 16. Thus, computing device may determine the same
nurber of measured voltages as there are electrodes 13 (12 in the example of FIG, 1).

Computing device 12 then may determine a minimum measured voltage for the 12 measured
voltages and determine the clectrode numbers of the pair of measurement electrodes associated with the
minimum voltage. Computing device 12 also may determine the measured voltages for the pairs of
measurement electrodes on either side of the pair of measurement electrodes associated with the
oxndroum measured voltage. For example, if the mininum measured voltage is between third electrode
18C and fourth electrode 18D, computing device 12 may deternuine the measured voltage between second
electrode [8B and third electrode 18C, and the measured voltage between fourth electrode 18D and fifth
electrode [8E. Computing device 12 may determine which voltage between the measured voltages on
either side of the minimum measured voltage is larger. Computing device 12 then may identify the
common electrode from the pair of electrodes associated with the oriniroum measured voltage and the pair
of electrodes associated with the larger measured voltage between the pairs of measurement electrodes on
¢ither side of the pair of measurement eloctrodes associated with the minimum measured voltage. In
exampies in which computing device 12 is determining the position of electrodes using the physics-based
model, computing device 12 may move the common electrode away from the other electrode in the pair
of electrodes associated with the mindmum value by a predetermined distance. In examples in which
positioning of electrodes 18 1s being detenmined expenmentally, computing device 12 may ouvtput the
measured voltages and associated pairs of measurement clectrodes determined in this technigque, or may
output an indication of the electrode to be moved, and an operator may move the electrode on material 16

by the predetermined distance. Further, as electrodes 18 are positioned symmetrically on material 16, the
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electrode that 1s symmetac to the electrode that is moved also may be moved to maintain sypumetry of
electrodes 18.

Computing device 12 mayv repeat these steps until all measured voltages are within a threshold
amount of each other (e.g., 20%, 10%, 3%, or 1%), or until improvement in similarity of the measured
voltages falls below a threshold amount (e.g., 0.1% or the like).

In some cxamples, system 10 may optionally include reference clectrode 22, which may not be
clectrically coupled to material 16 and may be used for single-ended voltage measurements between one
efectrode of pharality of clectrodes 18 and reference electrode 22. Reference electrode 22 may beata
selected voltage. such a ground or an offsct voltage. In some examples, computing device 12 may use the
single-ended voltages in the techniques described herein to determine whether material 16 includes a
crack or ather defect. In other examples, computing device 12 may determioe differential voltages
between two clectrodes ¢lectrically coupled to material 16 by comparing {(¢.g., subtracting) single ended
voltages associated with the two electrodes, and computing device 12 may use these differential voltages
in the techniques described herein to detenmine whether material 16 inchides a crack or other defect. In
still other examples, computing device 12 may determine a voltage between two of electrodes 18 directly,
e.g., without first determining two single-ended voltages.

By positioning clectrodes 18 according to a selected geometric relationship, to achieve a selected
relationship botween voltages measured using clectrodes 18, or both, computing device 12 may determing
whether material 16 includes a crack or other defect based on a comparison between at least a first
measured voltage associated with material 16 and a second measured voltage associated with material 16.
The first and second measured voltages may be measured during a single set of measurements, ¢.g., at
substantially the same time. This may optionally allow determination of whether material 16 includes a
crack or defect without previous measurement of control voltages, may, in some examples, provide a
large mumber of measured voltages to which any measured voltage may be compared, or the like. This
may simplify determination of whether material 16 includes the crack or other defect, may improve
accuracy (2.g., increase truc positives, increase true negatives, decrease false positives, decrcase false
negatives, or combinations thereof) of detection of cracks or other defects, or the like. Further, as the
multiple voliage measurements are performed at substantially the same tine (¢.g.. as patt of a single set of
measurements), the material may be expected to be at substantially the same temperature (¢.g., the same
temperature or nearly the same temperature). Thus, temperature mxay be less of a factor 1o the
comparisons. This may be important for some materials, such as semicondoctors. whose conductivity
changes significantly as a function of temperature.

FiG. 3 is a flow diagram illustrating an example technique for determining whether a material
includes a crack or other defect based on a comparison between at keast a first measured voltage
associated with the material and a second measured voltage associated with the material. The technique
of FIG. 3 will be described with concurrent reference to system 10 of FIG. 1, but it will be understood

that other systems that include more or fewer components than system 10 may perform the technigue of
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FIG. 3 {e.g.. a system that includes only computing device 12), and that systern 10 may be used to
perform other technigues (e.g., the techniques of FIGS. 4 and 5, among other technigues).

The technigue of FIG. 3 may include applving a first electrical signal to a first pair of drive
clectrodes (42). For example, computing device 12 may cause switch network 20 to electrically couple a
pair of clectrodes 18 to electrical signal source 14 as a pair of drive clectrodes. Computing device 12 then
may cause clectrical signal source 14 to oufput an clectrical signal, such as a current signal or a voltage
signal, which is conducted across material 16 between the pair of drive electrodes 18,

The technique of FIG. 3 also includes determining, by computing device 12, a first measured
voltage using a first measurement clectrode (44). To determine the first measured voltage using the first
measurement electrode (44), computing device 12 may cause switch network 20 to clectrically couple a
pair of electrodes to computing device 12 (or ancther device, such as an ADC) to be a pair of
measurement electrodes. As described above, in some examples, the patr of measurement clectrodes may
include two of clectrodes 18, each of which is not a drive electrode. In some examples, the two of
electrodes 18 may be physically adjacent to cach other on material 16,

In other examples, the pair of measurement electrodes may inclode reference clectrode 22 and
one of electrodes 18. In examples in which the pair of measorement electrodes includes reference
electrode 22 and one of clectrodes 18, computing device 12 may determine the first measured voltage
between reference electrode 22 and a first one of electrodes 18. In still other examples, computing device
12 may cause switch network 20 to connect a first electrode of electrodes 18 and reference electrode 22 to
computing device 12 (or another device, such as an ADC) to be a first pair of measurement electrodes,
may measure a first voltage using the first electrode and reference electrode 22, may cause switch
nctwork 20 to connect a second electrode of clectrodes 18 and reference electrade 22 to computing device
12 (or another device, such as an ADC) 1o be a second pair of measurement electrodes, may measure a
second voltage using the first electrode and reference clectrode 22, and may determine a difference
between the first voltage and the second voltage to determing the first measured voltage. Regardiess of
the particular troplementation, computing device 12 may determine a voltage between the mcasurersent
electrodes while electrical signal sonrce 14 is applying the electrical signal to material 16 via the pair of
drive electrodes.

The technigue of FIG. 3 also iocludes applyving a second electrical signal to a second pair of drive
electrodes (46). For example, computing device 12 may cause switch network 20 to electrically couple a
pair of clectrodes 18 to electrical signal sonrce 14 as a pair of drive electrodes. Computing device 12 then
may cause clectrical signal source 14 to output an clectrical signal, such as a current signal or a voltage
signal, which is conducted across material 16 between the pair of drive electrodes 18, In some examples,
the first pair of diive electrodes and the second pair of drive electrodes may be the same. For example,
both of the pairs of drive ¢lectrodes may be on a plane of svmmetry 24 of material 16 (e.g., as are
clectrodes EO and E8 in FIG. 2). In other examples, the first pair of drive clectrode and the second pair of

drive clectrodes may be different.
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The technique of FIG. 3 also includes determining, by computing device 12, a sccond measured
voltage using a second measurement electrode (44). The second measurement electrode may be different
than the first measurement clectrode. Computing device 12 may determine the second measured voltage
using anv of the techniques described above with reference 1o the first measured voliage.

In some examples, the geometrical configuration of the first pair of drive electrodes, the second
pair of drive clectrodes, the first measurement electrode, and the second measurement clectrode may be
sefected to allow meaningful comparisons between the first measured voltage and the sccond measured
voltage. For example, the first pair of dave electrodes and the sccond pair of drive electrodes may be the
same pair of electrodes, and may be positioned on the symmetry of material 6, e.g., on plane of
syounetry 24. The first measurement electrode and second measurement electrode may be positioned
syounetrically with reference to the symmetry of material 16, e.g., with reference to planc of symunetry
24. In soch example, the first measured voltage and the second measured voltage should be substantially
the same {¢.g., the same or nearly the samce) in the absence of a crack or other defect in material 16, For
example, 1n the absence of a crack or defect in material 16, the first voltage and the second vollage may
be within a predetermined percentage of cach other, such as, for example, within about 20%, 10%, 5%, or
1% of each other.

As another example, the first pair of drive electrodes and the second pair of drive electrodes may
be the different than each other. The first pair of drive electrodes and the first measurement electrode are
a first group of electrodes and the second pair of drive electrodes and the second measurement clectrode
are a second group of electrodes. The first and second group of electrodes mayv be symmetric with each
other relative to the symmetry of material 16, ¢.g., plane of svmmetry 24, For example, the first group of
electrodes may include a pair of drive clectrodes that includes first clectrode 184 and third electrode 18C
and a measurement electrode that is second electrode 18B, and the second group of electrodes may
inciude a pair of drive electrodes that includes fourth clectrode 18D and sixth electrode 18F and a
measurement clectrode that is fifth clectrode 18E. The first group of clectrodes is symmetric to the
second group of clectrodes with reference to plane of symumetry 24, As such, in the absence of a crack or
other defect in material 16 the first measured voltage and the second measored voltage should be
sabstantially the same (e.g., the same or neady the same).

As a further exarnple, electrodes 18 may be positioned so that, for each group that includes a pair
of drive electrodes and a measurement clectrode, the measured voliage in the absence of a crack or other
defect is substantially the same. The respective groups of clectrodes may or may not be symmetric (o
angther group of electrodes, and matenal 16 may or may not include a symmctry. As such, regardiess of
the groups of electrodes selected as the first group of clectrodes and the second group of clectrodes, in the
absence of a crack or other defect in material 16 the first measured voltage and the sccond measured
voltage may be substantially the same (e.g., the same or nearly the same).

The technigue of FIG. 3 also includes determining, by computing device 12, whether material 16
includes a crack or other defect based on the first and second measured voltages (50). As described

above, because of how clectrodes 18 are placed and how computing device 12 selects pairs of drive
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electrodes and measurerent electrodes, the first and second rmeasured voltages are spbstantially the same
in the absence of a crack or other defect in material 16, As such, computing device 12 may compare the
first measured voltage and the second measured voltage, and, in response to the first and second measured
voltages being substantially the same (c.g., within a throeshold amount of cach other) may detormine that
material 16 docs not include a crack or other defect. On the other hand, in response to the first and
second measured voltages not being substantially the same (¢.g.. different than cach other by more than a

threshold amount), computing device 12 may determine that material 16 includes a crack or other defect.

the position of electrodes 18. For example, the threshold amount may be [%, 5%, 10%, 20%, ot the like.
Computing device 12 may coopare the first and second measored voltages by subtracting one of the first
or second measured voltages from the other of the first or second measured voltages, by taking a tatio of
one of the first or second measured voltages from the other of the first or second measured voltages, or
the hke, and then determining a percentage difference between the first or second measured voltages.

In some examples, in addition to comparing the first and sccond measured voltages, computing
device 12 may utilize control voltages to determine whether material 16 includes a crack or other defect
based on the first and second measured voltages (50). The control voltage may represent the voltage
measured for a give combination of pair of drive electrodes and measurement clectrode when material 16
does not include a crack or other defect. The control voltage may be based on material 16, a model, oran
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 (¢.g., X-ray
radiology or X-ray CT scan) mav 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 bv applving the clectrical signal to a pair of drive electrodes from electrodes 18 and determining
the measured voltage using a measurement electrode. In some exaraples, the control voltages may be
determined using simdlar or substantially the same combinations of pairs of drive electrodes and
measurement clectrodes as are used to detenmine the measured voliages described above.

In other examples, the control voltage may be deteomined using a model of the material ip an
intact (undamaged) state. For exampie, 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 clecirical propertics of material 16, In some other examples, the control voltage may
be determined as an average (¢.g., mean) of a plarality of similar matenals (¢.g., in gecometry and
composition) that arc known to be intact (undamaged). This control voltage may be stored (e.g.. ina
memory device associated with computing device 12) for later use.

In examples in which computing device 12 utilizes control voltages, computing device 12 may
first compare the first measured voltage to a first control voltage and compare the sccond measured
voltage to a second control voltage. The first control voltage may be associated with the same

combination of drive electrodes and measurement electrode as the first measured voltage, and the second
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counlrol voltage may be associaled with the same combination of drive electrodes and measurcraent
clectrode as the second measured voltage. The comparison between the respective measured voltage and
the respective control voltage may inchude subtracting the respective control voltage from the respective
measured voltage or dividing by respective measured voltage by the respective control voltage. By
utilizing control voltages in this manner, the technigque may account for variations between the respective
voltages that exist even in the absence of cracks or other defects. For example, as described above, the
first and second voltage mayv be within a threshold amount of each other in the absence of a crack or other
defect, but this threshold amount may be, in some examples, as large as about 20%. Hence, there may
still be variations between voltages even if the absence of cracks or other defects. As the control voltages
represent electrical behavior of material 16 1n the absence of cracks or other defects, the contro] voltages
may help account for the variations in voltages between measurement ¢lectrodes or groups of electrodes.

After the respective measured voltages have been corapared to the respective control voltages, the
results of the respective comparisons {(e.g., the differences or ratios) may be compared to determing
whether material 16 includes a crack or other defect according o the techniques described above.

FIG. 4 is a flow diagram illustrating another example technique for determining whether a
material inchides a crack or other defect based on a comparison between at Ieast a first measured voliage
associated with the material and a second measured voltage associated with the material. The technique
of FIG. 4 will be described with concurrent reference to system 10 of FIG. 1, but it will be understood
that other systems that include more or fewer components than system 10 may perform the technique of
FIG. 4 (c.g.. a system that includes only computing device 12), and that system 10 mayv be used to
perform other technigues (¢.g., the technigues of FIGS. 3 and 5, among other techniques).

The technique of FIG. 4 inchudes applying an electrical signal 1o a first pair of drive electrodes
electrically coupled to material 16 (52). For example, computing device 12 may cause switch network 20
1o clectrically couple electrical signal source 14 to a selected pair of clectrodes 18, which serves as a pair
of drive electrodes. The sclected pair of electrodes 18 may inchide any two electrodes of electrodes 18,
In some examples, the sclected pair of clectrodes 18 may be adjacent to each other; in other examples, the
selected pair of clectrodes may be spaced apart. For example, in some instances, the sclected pair of
¢lectrodes 18 mav be substantially opposiie each other in the array of clectrodes, ¢.z., clectrode 18A and
electrode 8L or electrode 18F and electrode 138G, or may be separated by a predetermined nuoiber of
¢lectrodes 18, ¢.g., separated by two clectrades of clectrodes 18, In some examples, the pair of electrodes
18 may include two electrodes that are disposed on a symrmetry of material 10, ¢.g., electrodes EO and T8
disposed on plane of symmetry 34 i FIG. 2.

Computing device 12 then may cause clectrical signal source 14 to apply the electrical signal to
the first pair of diive electrodes clectnically coupled to material 16 (523, ¢.g., via swilch network 20, The
clectrical signal may include an AC signal or a DU signal, and may inchude a current signal or a voltage
signal. 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 clectrically

semiconductive material, while an AC signal may be used to measure a voltage of an electrically
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conductive material, an clectrically semiconductive material, or a diclectric matenal. Computing device
12 also may control electrical signal source 14 to generate the predetermined clectrical signal with a
sefected amplitude, duration, froquency, and other signal characteristics.

The technique of FIG. 4 also includes, while applving the clectrical signal to the first pair of drive
clectrodes, determining a measured voltage using a measurement electrode clectrically coupled to
material 16 (54). For example, computing device 12 may cause switch network 20 {o clectrically couple
computing device 12 to a selected pair of measurement electrodes. The sclected pair of measurement
electrodes may be any two clectrodes from cloctrodes 18, neither of which is being used as one of the
electrodes in the drive pair of clectrodes, or may be reference electrnde 22 and any one of electrodes 18
that 1s not being vsed as one of the clectrodes in the drive pair of clectrodes. In some examples, the two
electrodes in the patr of measurement clectrodes may be adjacent to each other, e.g., electrode 188 and
electrode 18C, or electrode 18D and electrode 181, o other examples, the two electrades in the pair of
measurement electrodes may be spaced each other with one or more electrodes between, ¢.g., clectrode
18 and electiode 18D, or ¢clectiode 18E and clectrode 18H. Using adjacent clectrodes as the pair of
measurement electrodes may result in a higher signal-noise-ratio in the voltage measurement, but may
reduce an arca of material 16 for which the voltage is measured. Regardiess of the particular clectrodes
coupled to computing device 12, computing device 12 may determine a voltage using the measurement
electrode (54) while electrical signal source 14 is applying the electrical signal to the selected pair of
drive electrodes (52).

In some examples, computing device 12 may be configured to determine a respective measured
voltage for a plurality of measurement clectrodes for cach pair of drive electrodes. Hence, in some
examples, the technique of FIG. 4 further includes determining whether there is an additional
measurement electrode for which to determine a measured voltage (56) for the sclected pair of drive
electrodes. In response to determining that there is an additional electrode to be used as a measurement
electrode (the “YES” branch of decision black 56), computing device 12 may canse switch netwark 20 1o
couple the selected clectrode to computing device 12, Computing device 12 then may determine a
measured voltage using the selected measorement electrode (54).

Computing device 12 may repeat this determination (36), coupling of a selected measurement
¢lectrode to computing device 12 using switch network 20, and determination of a respective measured
voltage (54) until computing device 12 determines there are no additional electrodes 18 o beused asa
measurement clectrode for the selected pair of drive clectrodes (the “NGO” branch of decision block 56).

In some examples, the techuigue of FIG. 4 optionally inchides determining, by computing device
12, whether there is an additional pair of drive clectrodes to which to apply the clectrical signal (58). For
example, computing device 12 may be configured to utilize each unigque pair of electrodes or each unigue
pair of clectrodes separated by a predetermined number of electrodes (e.g., two clectrodes) as a pair of
drive clectrodes. In other examples, only a single pair of electrodes 18 may be utilized as a pair of drive
electrodes, and the technigue of FIG. 4 may not include determining, by computing device 12, whether

there 1s an additional pair of drive electrodes to which to apply the electrical signal (38).
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In examples in which the technique of FIG. 4 includes determining, by computing device 12,
whether there 1s an additional pair of dnive clectrodes to which to apply the clectrical signal (58), upon
sefecting a new pair of drive electrodes (the “YES” branch of decision block 38), computing device 12
may control switch network 20 to clectrically couple the sclected pair of drive electrodes to electrical
signal source 14. Computing device 12 then may causc clectrical signal source 14 to apply the electrical
signal to the new sclected pair of drive electrodes (52). Computing device then may cause switch
network 20 to clectrically couple computing device 12 1o a selected measurement electrode, and may
determine a respective measured voltage using the selected measurement clectrode (54). Again,
computing device 12 may determine whether there is an additional measorement electrode with which to
measure a measured voltage (56) for the sclected pair of dave clectrodes. In response to determining that
there is an additional electrode to be used as a measurement electrode (the “YES” branch of decision
block 56} for the selected pair of drive clectrodes, computing device 12 may control switch network 20 1o
couple the selected electrode to computing device 12 as a measurcment clectrode. Computing device 12
then may determiine a measurcd voltage using the selected measurement electrode. Computing device 12
may repeat this determination (56}, conpling of selected measurement ¢clectrodes to computing device 12
using switch network 20, and determination of a respective measured voltage (54) until computing device
12 determines there are no addiional electrodes 18 to be used as measurement electrodes for the selected
pair of drive electrodes (the “NO” branch of decision block 56).

Computing device 12 then may determine whether there is an additional pair of clectrodes 18 to
be used as a pair of drive electrodes (58). Computing device 12 may repeat this algorithm until
computing device 12 determines there are no more additional pairs of electrodes 18 to be used as a pair of
drive electrodes (the “NO” branch of decision block 38).

Once computing device 12 has determined that there are no additional pairs of electrodes 18 to be
used as a pair of dave electrodes (the “NO” branch of decision block 58), computing device 12 may
determine whether material 16 includes a crack ot other defect based oun respective measured voltages
associated with respective measurement clectrodes that are substantially symmetrical with reference to
the symmetry of material 16 (60).

For example, referring to FIG. 2, electrodes EO and E8 may be used the only pair of drive
electrodes, and coraputing device 12 may deterroioe measurement voliages for each of electrodes E1-E7
and E9-E15. Computing device 12 may vtilize single-ended voltages assaciated with cach respective
clectrode of clectrodes B1-E7 and E9-E13, may determine differential voltages between adjacent
clectrodes of clectrodes E1-E7 and E9-E13, or may directly measure differential voltages between
adjacent electrodes of electrodes EI-E7 and E9-E15. In some examples, computing device 12 also may
measure or determing voliages between E15 and B}, between EO and E1, between E7 and ES, and
between B8 and E9.

Computing device 12 then may compare respective measured voltages associated with respective
measurement clectrodes or respective measurement clectrode pairs that are symmetric with reference to

plane of symmetry 34. For example, computing device 12 may compare the measured voltage associated
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with E] and the measured voliage associated with B35, as El and E15 are synumetric with reference to
plane of symmetry 34. Similarly, in examples in which computing device 12 measures or determines
differential voltages, computing device 12 may compare a measured voltage associated with electrode
pair E1 and E2 and a measured voliage associated with electrode pair E15 and E14. Material 32 includes
a mumber of symmetric clectrodes or electrode pairs, and computing device 12 mav compare at least some
voltages associated with symmetric electrodes or electrode pairs or all voltages associatod with symmetric
efectrodes or electrode pairs to determine whether material 16 or 32 inchudes a crack or other defect.

In some examples, rather than using only a pair of electrodes on the symmetry of material 16 as
drive electrodes, computing device 12 may cause a phurality of pairs of electrodes to be used as drive
electrodes, as described above. In some examples, computing device 12 may cause pairs of drive
electrodes that arc syrmmetric with reference to the symmetry of material 16 or 32 to be used as drive
electrodes, and for each pair of drive electrodes, may causce measurement elecirodes that are symoeinc 1o
be used to measure voltages. For example, again with reference to FIG. 2. computing device 12 may
cause electrodes E2 and ES to be used as a pair of drive electrodes. For E2 an E3 as the pair of drive
electrodes, compuling device 12 may cause one or more clectrodes or pairs of electrodes to be used as the
measurement electrode {or pair of measorement electrodes). For example, computing device 12 may
cause E3 and E4 to be used as a pair of measurement electrodes, and, optionally, may cause at least some
other (e.g.. all other) adjacent pairs of electrodes (other than pairs of adjacent clectrodes that include
electrodes E2 and E3) to be used as pairs of measurement electrodes. As computing device 12 caused
electrodes E2 and ES to be used as a pair of drive clectrodes, computing dovice 12 also may cause
electrodes E14 and E11 to be used as a pair of drive electrodes, since clectrodes E14 and E11 arce
svmmetric to clectrodes E2 and E3 with reference to plane of symmetry 34, Computing device 12 may
cause clectrodes or pairs of electrodes that are symmetric to those used to measure voltages when
electrodes E2 and ES were used as the pair of drive electrodes to be nsed as measurement electrodes or
pairs of nweasurement clectrodes.

In some examples, computing device 12 may repeat this technique for cach of a plurality of paus
of drive electrodes, each pair of drive electrodes being symmetric to another pair of drive electrodes with
reference to the symumetry of material 16 or 32 {e.g.. plane of symmetry 24 or 34). Cormputiog device 12
then may determine whether material 16 includes a crack or other defect by comparing respective
measured voltages associated with respective measurerent electrodes that are substantially symmetrical
with reference o the symmetry of material 16 and for which respective pairs of daive clectrodes that are
syrmmetric o each other with reference to the symmetry of material 16 were used.

For each respoctive comparison, computing device 12 may compare a first respective measured
voltage and a second respective measared voltage, and, in response to the first and second measured
voltages being substantially the same {(e.g., within a threshold amount of each other) may determine that
the comparison indicates that material 16 does not include a crack or other defect. On the other hand, in
response to the first and second measured voltages not being substantially the same (e.g., different than

each other by more than a threshold amount), computing device 12 may determine the comparison
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inchicates that material 16 includes a crack or other defect. The threshold amount may be the same or
slightly greater than the threshold amount used to determine the position of electrodes 18. For example,
the threshold amount may be 1%, 5%, 10%, 20%, or the like. Computing deviee 12 may compare the
first and second measured voltages by subtracting one of the first or second measured voltages from the
other of the first or second measured voltages, by taking a ratio of one of the first or second measured
voltages to the other of the first or second measured voltages, or the like, and then determining a
percentage difference between the first or second measured voltages. Computing device 12 then may
determine that material 16 includes a crack or other defect in response to at least onc of the comparisons
indicating that matenal 16 includes a crack or other defect or in resposnse to at least a threshold mumber of
the comparisons indicating that material 16 includes a crack or other defect.

In some examples, in addition to using the respective measured voltages to deteroine whether
material inchides a crack or other defect (60}, computing device 12 may utilize respective control
voltages as described above with reference to FIG. 3.

FI1G. 5 is another {low diagram illustrating another example technigue for determining whether a
material inchides a crack or other defect based on a comparison between at Ieast a first measured voliage
associated with the material and a second measured voltage associated with the matenial. The technique
of FIG. 5 will be described with concurrent reference to system 10 of FIG. 1, but it will be understood
that other systems that include more or fewer components than system 10 may perform the technique of
FIG. 5 (e.g.. a system that includes only computing device 12), and that system 10 may be used to
perform other technigues {¢.g., the techniques of FIGS. 3 and 4, among other techniques).

The technigue of FIG. 5 includes selecting a group of electrodes including a pair of drive
electrodes and a measurement clectrode (72). Each respective group of electrodes may be geometrically
configured to achieve measurcment of a substantially similar voltage (e.g., the same or neardy the same
voltage) in the absence of a crack or other defect. Each respective group of electrodes may include a pair
of drive electrodes and one or two measurement electrodes. For example, a group of electrodes may
include a pair of drive clectrodes separated by ong or two measurcment electrodes. Using electrodes 18
showe 1n FIG. 1, an example of this configuration may include a pair of drive electrodes that inclodes
first electrode 18A and fourth clectrode 18D, and a pair of measarement electrodes that inchudes second
electrode [8B and third electrode 18C. Another example of this configuration may inclede a pair of drive
clectrodes that includes first electrode 18A and third elecirode 18C, and a measurement electrode that
includes second electrode 18B (to measure a single-ended voliage using sccond electrode 18B and
reference electrode 22). Other geometric configurations of groups of clectrodes (¢.g., other spacings
between pairs of drive electrodes and, optionally, pairs of measurement electrode) are also possible.

In some examples, each group of electrodes may not share any electrodes with each other group
of electrodes. In other examples, each group of clectrodes may share one or more electrodes with another
group of clectrodes. For example, a first group of electrodes may include first electrode 18A and fourth
clectrode 18D as a pair of drive electrodes, and may include second electrode 8B and third electrode 18C

as a pair of dnive clectrodes. A second group of electrodes may include second clectrode 188 and fifth
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electrode I8E as a pair of drive electrodes, and third electrode 18C and fourth clectrode 18D as a pair of
measurement clectrodes. In other words, each group of electrodes may include four clectrodes, the two
outer electrodes being drive electrodes and the two inner electrodes being measurement electrodes. Each
respective group of electrades may be formed by four adjacent electrodes, and cach subsequent group
may be formed by moving one electrode 1o the right (or to the left). In some examples, the number of
groups of electrodes may cqual the number of clectrodes 18, In examples such as this, the placement of
cach clectrode of electrodes 18 may be so that the voltage measured using cach respective group of
efectrodes is substantially the same as the voltage measured nsing each other respective group of
electrodes.

Comaputing device 12 mayv select the group of clectrodes by causing switch network 20 to
electrically couple clectrical signal source 14 to a selected pair of electrodes 18, which serves as a pairof
drive electrodes. Computing device 12 also may cause switch network 20 to electrically couple
compting device 12 to a selected measurement clectrode or pair of measurcment electrodes. The
selected pair of measureiment clectrodes may be any two clectrodes from clectrodes 18, neither of which
is being used as one of the electrodes in the pair of drive electrodes, or may be reference electrode 22 and
any one of electrodes 18 that is not being used as one of the electrodes in the drive pair of electrodes.

Computing device 12 then may cause electrical signal source 14 to apply the electrical signal to
the first pair of drive clectrodes electrically coupled to material 16 (74), e.g., via switch network 20. The
electrical signal may include an AC signal or a DC signal, and may incluade a current signal or a voltage
signal. In some examples, the type of clectrical signal may depend on the composition of material 16.
For example, a DC signal may be used to measure a voltage of an clectrically conductive or electrically
semiconductive material, while an AC signal may be used to measure a voliage of an clectrically
conductive material, an clectrically semiconductive material, or a diclectric material. Computing device
12 also may control clectrical signal source 14 to generate the predetermined electrical signal with a
selected amplitude, duration, froquency, and other signal characteristics.

Computing device 12 also may, while applying the electrical signal to the pair of dave electrodes,
determine a measured voltage using the measurcment clectrode of the selected group (76}

The technique of FIG. 5 also includes determining, by computing device 12, whether there are
additional voltage measurcments to be performed (78). Computing device 12 may determine whether
there are additional voltage measurements o be performred (7%) by determining whether there additional
groups of ¢clectrodes to be sclected. For example, computing device 12 may be configured to utilize each
group of clectrodes (o determine a measured voltage.

Upon determimng that there is an additional voltage measurement to be performed (the “YES”
branch of decision block 78), computing device 12 may selact a new group of electrodes by causing
switch network 20 fo electrically couple the selected pair of drive clectrodes to electrical signal source 14
and causing switch network 20 to electrically couple the selected measurement electrode to computing
device 12. Computing device 12 then may cause electrical signal source 14 to apply the electrical signal

10 the new sclected pair of drive electrodes (74), and, while eloctrical signal source 14 is applying the
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clectrical signal to the sclected pair of drive electrodes (74), may determine a respective measured voltage
using the selected measurement electrode (76). Again, computing device 12 may determine whether
there is are additional measurements to be performed (78). In response to determining that there is an
additional voliage measurement to be performed (the “YES” branch of decision block 78), computing
device 12 may select a now group of clectrodes by causing switch network 20 1o electrically couple the
sefected pair of drive clectrodes to electrical signal source 14 and causing switch network 20 o
electrically couple the selected measurement electrode to computing device 12. Computing device 12
then mav canse electrical signal source 14 to apply the clectrical signal to the new selected pair of drive
electrodes (74), and, while electrical signal source 14 is applying the electrical signal to the selected pair
of drive clectrades (74), may determing a respective measured voltage using the sclected measurement
electrode (76). Computing device 12 may repeat this algorithro untit determuning that there are 0o
additional measurements 1o be perfermed (the “NG” branch of decision black 78).

Computing device 12 then may determine whether material 16 inchides a crack or other defect
based on the respective measured voltages (80). As described above, for cach group, the measored
voltage in the absence of a crack or other defect is substantially the same. As such, computing device 12
may compare any measured voltage fo any other measured vollage (or multiple other measured voltages)
to determine if the measured voltage indicates that material 16 inclades a crack or other defect. For
example, computing device 12 may comparc each measured voltage to each other measured voltage, and
determine if cach respective comparison indicates that material 16 includes a crack or other defect.

In response to a first respective measured voltage being substantially the same as a sccond
respective measured voltage (e.g., within a threshold amount of each other), computing device 12 may
determine that the comparison indicates that material 16 does not include a crack or other defect. Onthe
other hand, a first respective measured voltage not being substantially the same as a sccond respective
measured voltage (c.g.. different than each other by more than a threshold amount), computing device 12
may determine the comparison indicates that matenal 16 includes a crack or other defect. The threshold
amount mav be the sarse or slightly greater than the threshold amount used to determine the position of
electrodes 18, For example, the threshold amount may be 1%, 3%, 10%, 20%, orthe like. Corputing
device 12 may compare the respective measured voliages by subtracting one of the respective measured
voltages from the other of the respective measured voltages, by taking a ratio of one of the respective
measured voltages and the other of the respective measured voltages, or the like, and then determining a
percentage difference between the respective measured voltages. Compulting device 12 then may
determine that material 16 includes a crack or other defect in response to at least one of the comparisons
indicating that material 16 includes a crack or other defect or in response to at least a threshold number of
the comparisons indicating that matenal 16 inchides a crack or other defect.

In some examples, in addition to using the respective measured voltages to determine whether
material includes a crack or other defect (80), computing device 12 may utilize respective control

voltages as described above with reference to FIG. 3.
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In any of the technigoes described herein, computing device 12 may output a representation of
the determination of whether material 16 inchudes 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 “Ne
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.

In this way, utilizing comparisons between multiple voltage measurements from a material may
allow determination of whether a material inchades a crack or other defect without previous measurement
of control voltages, which may simplify determination of whether the material includes the crack or other
defect. Further, as the multiple voltage measurements are performed at substantially the same time (¢.g.,
as part of a single set of measurements), the material mav be expected i¢ be at sobstantially the sanke
temperature (¢.g.. the same temperature or nearly the same temperature). Thus, temperature may be less
of a factor in the comparisons. This may be important for some materials, such as semiconductors, whose
conductivity changes significantly as a function of temperatuge.

The techniguoes descnibed in this disclosure may be implemenied, at least in part, in hardware,
software, firmware, or any combination thercof. For example, varions aspects of the described techmques
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 circuitty” may generally refer to any of the
foregoing logic circuitry, alone or in combination with other logic circnitry, or any other equivalent
circuitry. A control wnit including hardware may also perforin one or more of the techniques of this
disclosure.

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

The techniques described in this disclosare may also be embodied or encoded in an asticle of
manufacture including a computer-readable storage medium encoded with instructions. Instructions
embedded or encoded in an article of manufactore including a computer-readable storage medivm
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 inchide random access memory (RAM), read only memory (ROM), programmable rcad only
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memory (PROM}, erasable programmable read only memory (EPROM), electronically erasabie
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 mav include one or more computer-readable storage media.

In some examples, a computer-readable storage medium may include a nos-transitory medinm.
The term “non~transitory” may indicate that the storage medium is not embodied in a carricr wave or a
propagated signal. In certain cxamples, a non-transitory storage medium mav store data that can, over
fime, change (¢.g., in RAM or cache).

Clause 1. A method for detecting a crack or defect in a matenal, the method comprising:
applying a first electrical signal to a first pair of drive electrodes, wherein the first pair of ddve clectrodes
is selected from a set of N clectrodes electrically coupled to the material; while applying the first
electrical signal to the first pair of drive electrodes, determining a first meeasured voltage using a first
measurement electrode, wherein the first measurement clectrode is from the set of N electrodes; applying
a sccond electrical signal to a scoond pair of drive electrodes, wherein the second pair of drive ¢lectrodes
is selected from the set of N electrodes; while applying the second electrical signal to the sccond pair of
drive electrodes, determining a second measured voliage using a second, different measurement electrode,
wherein the second, different measurement clectrode is from the set of N electrodes; and determining
whether the material inchudes a crack or other defect based on a comparison between the first measured
voltage and the second measured voltage.

Clanse 2: The method of clause 1, wherein the first electrical signal is substantially the same as
the sccond clectrical signal.

Clause 3: The method of clainy 1 or 2, whercin: the first pair of drive clectrodes and the second
pair of drive electrodes is the same pair of dave electrodes; the respective clectrodes of the pair of drive
electrodes is disposed on a symmetry of the material; and the first measurement electrode is substantially
syrareetrical to the second, different measurement electrode with reference to the symmetry of the
material.

Clause 4: The method of clause 3, wherein the symimetry of the material is a point, a line, a
plane, a cwrve, or a manifold, and wherein a single mathematical operation made with reference to the
syrareetry oaps each electrode of the set of N electrodes to anotber electrode of the set of N electrodes.

Clause 5: The method of clanse 1 or 2, wherein: the first pair of drive electrodes is different from
the second pair of drive electrodes; the first pair of drive ¢lectrodes is substantially symmetrical to the
second pair of drive clectrodes with reference to the symetry of the material; and the first measurement
clectrode is substantially symmetrical to the second, different measurement clectrode with reference to
the symmetry of the material.

Clause 6 The method of clause 5, wherein the symmetry of the material is a point, a line, a
plane, a curve, or a manifold, and wherein a single mathematical operation made with reference to

symmetry the maps cach electrode of the set of N clectrodes to another electrode of set of N electrodes.
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Clanse 7 The method of any one of clauses 1 to 6, wherein the geometric configaration of the
first pair of drive electrodes and the first measurement electrode, and the geometric configuration of the
second pair of drive electrodes and the second, different measurement electrode are selected so that, in the
absence of a crack or other defoct, the first measured voltage is substantially the same as the second
measured voltage.

Clause 8: The method of clause 7, wherein determining whether the material inchades the crack
or other defect based on the comparison between the first measured voltage and the sccond measured
voltage comprises deternuining that the material includes the crack or other defect in response to the first
measured voltage and the second measured voltage being different by more than a theeshold amount.

Clause 9. The method of any onc of clauses 1 10 8, wherein the electrical signal is a voltage
signal or a current signal.

Clause 10: The method of any one of clauses 1 to 9, further comprising, before determining
whether the material inchudes the crack or other defect based on the comparison between the first
measured voltage and the sccond measured voltage: determining a first adjusted measured voliage based
on the first measured voltage and a first control voltage associated with the first measarement electrode;
determining a second adjusted measured voltage based on the second measpred voltage and a second
control voltage associated with the second, different measurement electrode; wherein determining
whether the material inchudes the crack or other defect based on the comparison between the first
measured voltage and the second measured voltage comprises determining whether the material inclades
the crack or other defect based on a comparison between the first adjusted measured voltage and the
second adjusted measured voltage.

Clanse 11: The method of anv one of clauses 1 1o 10, wherein: a plurality of elecirodes are
distributed across a surface area of the material; and the plurality of clectrodes include the first pair of
drive electrodes, the second pair of drive clectrodes, the first measurement electrode, and the second,
different measurcrent electrode.

Clause 12: The method of any one of clauses 1 to 10, wherein: a plurality of clecirodes are
distributed awonnd a perimeter of the matenal; and the plarality of electrodes include the first pair of drive
¢lectrodes, the second pair of doive electrodes, the first measurement electrode, and the second
measurement electrode.

Clause §3: The method of any one of claims | to 12, wherein: determining the first measured
voltage using the first measurement clectrode comprises determining the first measured voltage between a
first pair of measurement electrodes; the first pair of measarement electrodes is selected from the set of N
clectrodes; determining the second measured voltage using the second, different measurement clectrode
comprises determining the second measorad voltage between a sccond, different pair of measarement
electrodes; and the second, different pair of measurement electrodes is from the set of N electrodes.

Clause §4: A method for detecting a crack or defect in a material, the method comprising: for
cach respective pair of drive electrodes of at least one pair of drive electrodes clectrically coupled to the

material, applying an elecirical signal to the respective pair of drive electrodes; for each respective pair of
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drive electrodes, determining a respective measured voltage using a respective measarement electrode of
a plurality of measurement electrodes while applying the clectrical signal to the respective pair of drive
clectrodes, wherein each respective measurement electrode is substantially symmetrical to another
measurement electrode with reference 1o a symunetry of the material, and wherein the plurality of
measurement clectrodes are electrically coupled to the material, and determining whether the material
includes a crack or other defect based on comparisons between the respective measured voltages
associated with respective measurement clectrodes that are substantially symmetrical with reference to
the symmetry of the material.

Clause 15: The method of clause 14, whercin: the at least one pair of drive clectrodes is a single
pair of drive electrodes; the respective electrodes of the single pair of drive electrodes are disposed on the
symmetey of the material,

Clause 16: The method of clause 13, wherein the symmetry of the material is a point, a hing, a
plane, a curve, or a manifold, and wherein a single mathematical operation made with reference to the
symmetry maps cach measurement clectrode of the plurality of measurement electrodes Lo another
measurement electrode of the plurality of measurcement electrodes.

Clause 17: The method of clause 14, whercin: the at least one pair of drive clectrodes inclades a
plurality of pairs of drive ¢lectrodes; and each respective pair of drive electrodes is substantially
symimetrical to another pair of drive electrodes with reference to a symmetry of the matenal.

Clanse 18: The method of clanse 17, wherein the symmetry of the material is a point, a ling, a
plane, a curve, or a manifold, and wherein a single mathematical operation made with reference to the
symimetry maps cach respective pair of drive electrodes of the phlurality of pairs of drive electrodes to
another respective pair of drive electrodes of the phurality of pairs of drive electrodes.

Clause 19: The method of anv one of clauses 14 to 18, wherein the clectrical signal is a voltage
signal o7 a current signal.

Clause 20: The method of any one of clauses 14 to 19, wherein determining whether the material
includes a crack or other defect based on comparisons between the respective measured voltages
associated with respective measurement clectrodes that are substantially symmetrical with reference to
the symumetry of the material comprises determining that the material includes the crack or other defect in
response {0 a respective measured voltage associated with a first neasurement electrode being different
by more than a threshold amount from a respective measured voltage associated with a second
measurement clectrode that is substantially symmetnical to the first measurement electrode.

Clapse 21: The method of any one of clauses 14 {o 28, further compnising, before determining
whether the material inchudes a crack or other defect based on comparisons between the respective
measured voltages associated with respective measurcment electrodes that are substantially symmetrical
with reference to the syvmmetry of the material: for each respective measured voltage, determining
respective adjusted measured voltage based on the respective measured voltage and a respective reference
voltage associated with the respective measurement electrode; and wherein determining whether the

material includes a crack or other defect based on comparisons between the respective measured voltages
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associated with respective measurement clectrodes that are sobstantially symmetrical with reference to
the symmetry of the maternial comprises determining whether the matenial includes the crack or other
defect based on comparisons botween the respective adjusted measured voltages associated with
respective measurement electrodes that are substantially symmetrical with reference to the svmmetry of
the material.

Clause 22: The method of any onc of clauses 14 to 21, wherein a plurality of clectrodes are
distributed across a surface arca of the material, and wherein the plurality of electrodes inclhnde the at least
one pair of drive clectrodes and the plurality of measurement clectrodes.

Clause 23: The method of any one of clauses 14 to 21, wherein a plurality of electrodes are
distnbuted around a perimeter of the material, and wherein the plurality of electrodes include the at least
one pair of deive electrodes and the plurality of measurement electrodes.

Clause 24: The method of any one of clauses 14 to 23, wherein determining the respective
measured voltage using the respective measurernent electrode of the plurality of measurerment electrodes
while applying the electrical signal o the respective pair of drive electrodes comprises determining a
respective measured voltage between a respective pair of measurement clectrodes of the plarality of
measureinent electrodes while applying the clectrical signal to the respective pair of drive electrodes.

Clanse 25: 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 pairs of drive electrodes electrically coupled to
the material, applving a respective electrical signal to the respective pair of drive electrodes; for each
respective pair of drive electrodes, determining a respective measured voltage using a respective
measurement electrode of a plurality of measurement electrodes while applyving the electrical signal to the
respective pair of drive electrodes, wherein the geometric configuration of each respective combination of
a respective pair of drive clectrodes and a respective measurement electrode is selected so that, inthe
absence of a crack, cach respective measured voltage is substantially the same as at least one other
respective measored voltage; and determining whether the material inchudes a crack or other defect based
on comparisons between the respective measured voliages.

Clause 26; The method of clause 25, wherein the geometric configuration of each respective
combination of a respective pair of dove electrodes and a respective measurerment electrade 1s selected so
that, in the absence of a crack, each respective mieasured voltage is substantially the same as each other
respective measored voltage.

Clanse 27: The method of clause 25 or 26, whercin determining the respective measured voltage
using the respective measurcmert electrode of the plurality of measarement electrodes while applying the
clectrical signal to the respective pair of drive clectrodes comprises determining a respective measured
voltage between a respective pair of measurement electrodes of the plurality of measurement electrodes
while applying the electrical signal to the respective pair of drive electrodes, wherein the geometric
configuration of each respective pair of drive electrodes and the respective pair of measurement
clectrodes is selected so that, in the absence of a crack, cach respective measured voltage is substantially

the same as all other respective measured voltages.
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Claose 28: The method of any one of clauses 25 to 27, further comprnising, before determining
whether the material inchudes the crack or other defect based on comparisons between the respective
measured voltages: for each respective measured voltage, determining a respective adjusted measured
voltage based on the respective measured voltage and a respective control voltage associated with the
respective measurement electrode; wherein determining whetber the material mciudes the crack or other
defect based on comparisons between the respective measured voltages conprises determining whether
the material includes a crack or other defect based on comparisons between the respective adjusted
measured voliages.

Clause 29: The method of any one of clauses 25 to 28, wherein the clecinical signal is a voltage
signal or a current signal.

Clause 30: The method of any one of clauses 25 to 29, wherein each respective applied electrical
signal is substantially the same.

Clause 31: The method of any one of clauses 25 to 3¢, wherein determining whether the matenal
includes the crack or other defect based on comparisons between the respective measured voltages
comprises determining that the material inchides the crack or other defect in response to a first respective
voltage being different than at least one other respective voltage by more than a threshold amount.

Clanse 32: The method of any one of clauses 25 to 31, wherein a plurality of electrodes are
distributed across a surface area of the material, and wherein the plarality of electrodes include the
plurality of pairs of drive ¢lectrodes and the plurality of measurement electrodes.

Clanse 33: The method of any one of clauses 25 to 31, wherein a plurality of electrodes are
distributed around a perimeter of the material, and wherein the plurality of electrodes include the plurality
of pairs of drive clectrodes and the plurality of measurement electrodes.

Clause 34: A system comprising: a set of N ¢lectrodes clectrically coupled to a material; an
electrical signal source; and a computing device configured to: cause the clectrical signal source to apply
a first clectrical signal to a first pair of drive electrodes, wherein the first pair of drive clectrodes is
selected from the set of N electrades; while the electrical signal source is applyving the first electrical
signal to the first pair of drive electrodes, deteroine a first measured voltage using a first measurement
electrode, wherein the first measurement electrode is from the set of N electrodes; cause the electrical
signal source 10 apply a second electrical signal to a second pair of drive electrodes, wherein the second
pair of drive clectrodes is selected from the set of N electrodes; while the clectrical signal source is
applying the second clectncal signal to the second pair of drive electrodes, determine a second measured
voltage using a second, different measurement electrode, wherein the second, different measurement
clectrode is from the set of N electrodes; and determine whether the material includes a crack or other
defect based on a comparison between the first measured voltage and the second measured voltage.

Claunse 35: The system of clanse 34, wherein the first electrical signal is substantially the same as
the second eloctrical signal.

Clause 36: The system of clause 34 or 35, wherein: the first pair of drive electrodes and the

second pair of drive electrodes is the same pair of drive electrodes; the respective electrodes of the pair of
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drive electrodes is disposed on a symunctry of the matenal; and the first measurement ¢lectrode 18
substantially symmetrical to the second, different measurement electrode with reference to the symmetry
of the material.

Clause 37: The svstem of clause 36, wherein the symmetry of the material is a point, a ling, a
plane, a curve, or a manifold, and wherein a single mathematical operation made with reference to the
syoumetty maps cach electrode of the set of N electrodes to another electrode of the set of N electrodes.

Clause 38: The svstem of clause 34 or 35, wherein: the first pair of drive electrodes is different
from the second pair of drive clectrodes; the first pair of drive electrodes is substantially svammetrical to
the secand pair of drive electrades with reference to the symmetry of the matenal; and the furst
measurement electrode is substantially symmetrical to the second, different measurement electrode with
refercnce to the symmetry of the material.

Clause 39: The system of clause 38, wherein the sysumctry of the material is a point, a line, a
plane, a curve, or a manifold, and wherein a single mathematical operation made with reference to the
symmetry maps cach electrode of the set of N electrodes to another electrode of set of N electrodes.

Clause 40: The system of any one of clauses 34 to 39, wherein the geometric configntation of the
first pair of diive electrodes and the first measurcment electrode, and the geometric configuration of the
second pair of drive electrodes and the second, different measurcment clectrode are selected so that, in the
absence of a crack, the first measured voltage is substantially the same as the second measured voltage.

Clanse 41: The system of clause 40, wherein the computing device is configured to determine
whether the material inchudes the crack or other defect based on the comparison between the first
measured voltage and the second measured voltage by at least determining that the material includes the
crack or other defect in response to the first measured voliage and the second measured voltage being
different by more than a threshold amount.

Clause 42: The system of any one of clauses 34 to 41, wherein the clectrical signal is a voltage
signal o7 a current signal.

Clause 43: The system of anv one of clanses 34 to 42, wherein the computing device is further
configurad to. before deteamining whether the matenal includes the crack or other defect based on the
comparison between the first measured voltage and the second measured voltage: determine a first
adjusted measured voltage based on the first measured voltage and a first control volage associated with
the first measurement electrode; and determing a second adjusted measured voltage based on the second
measured voltage and a second control voltage associated with the second, different measurement
clectrode; and wherein the coraputing device is confignred to determinge whether the material inchudes the
crack or other defect based on the comparison between the first measured voltage and the second
measured voltage by at least determining whether the matenal includes the crack or other defect based on
a comparison between the first adjusted measured voltage and the second adjusted measured voltage.

Clause 44: The system of any one of clauses 34 to 43, wherein the set of N electrodes is

distributed across a surface arca of the material.
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Claose 45: The system of any one of clanses 34 to 43, wherein the set of N electrodes i1s
distributed around a perimeter of the material.

Clause 46; The system of any one of clauses 34 to 45, wherein: the computing device is
configured to determine the first measured voltage between a first pair of measurement electrodes and
determine the second measured voltage between a sccond, different pair of measurement clectrodes; and
the first pair of measurement electrodes and the second, different pair of measurement electrodes are
selected from the set of N electrodes.

Clause 47: A system comprising: a set of N electrodes ¢lectrically coupled to a material; an
electrical signal source; and a computing device configured to: for each respective pair of drive clectrodes
of at least one pair of drive electrodes, cause the electrical signal source to apply an electrical signal to the

cspective pair of drive clectrodes, wherein the at least one pair of drive ¢lectrodes is from the set of N
electrodes; for cach respective pair of dave electrodes, detenming a respective measurad voltage using a
respective measurcment clectrode of a plurality of measorement electrodes while the clectncal signat
source is applying the electrical signal to the respective pair of drive electrodes, wherein each respective
measurement electrode is substantially symmetrical to another measurcrent electrode with reference (o
the symmetry of the matenal, and wherein the plorality of measurement electrodes are from the set of N
electrodes; and deterrmine whether the material inciudes a crack or other defect based on comparisons
between the respective measured voltages associated with respective measurement electrodes that are
substantially symmetrical with reference to the symmetry of the material.

Clanse 48: The system of clause 47, wherein: the at least one pair of drive clectrodes is a single
pair of drive electrodes; the respective electrodes of the single pair of drive electrodes are disposed on the
svmmetry of the material,

Clause 49: The system of clause 48, wherein the svmmetry of the material is a point, a line, a
plane, a curve, or a manifold, and wherein a single mathematical operation made with reference to the
syrareetry maps each measurement electrode of the phurality of measurement electrodes to another
measurement electrode of the plurality of measurement electrodes.

Clause 50: The system of clause 47, wherein: the at least one pair of drive electrodes includes a
plurality of pairs of drive electrode pairs; each respective pair of drive electrodes is substantially
syrargetrical to another pair of drive electrodes with reference to a symumetry of the material.

Clause 51: The system of clause 50, wherein the syrametry of the material is a point, a line, a
plane, a curve, or a manifold, and wherein a single mathematical operation made with reference to the
symraetry maps each respective pair of drive clectrodes of the plarality of pairs of drive electrodes {o
another respective pair of drive electrodes of the plurality of pairs of drive electrodes.

Clapse 52: The system of any one of clanses 47 to 51, wherein the electrical signal 1s a voltage
signal or a current signal.

Clause 53: The system of any one of clauses 47 to 52, wherein the computing device is
contigared to determine whether the material includes the crack or other defect by at least determining

that the matenal includes the crack or other defect in response to a respective measured voltage associated

30



N

[
U

20

L2
N

WO 2018/093859 PCT/US2017/061745

with a first measurement ¢lectrode being different by more than a threshold armount from a respective
measured voltage associated with a second measurement clectrode that is substantially symmetrical to the
first measurement electrode.

Clause 54: The svstem of any one of clauses 47 to 53, wherein: the computing device is further
condigured to, before determining whether the material inchides a crack or other defect, for each
respective measured voltage, determine respective adpsted measured voltage based on the respective
measured voltage and a rospective reference voltage associated with the respective measuroment
clectrode; and the computing device is configured to determine whether the material includes a crack or
other defect by at least determining whether the material includes the crack or other defect based on
comparisons between the respective adjusted measured voltages associated with respoctive measurement
electrodes that arc substantially symunetrical with reference to the symmetry of the material.

Clause 55: The system of any one of clauses 47 to 54, wherein the set of N electrodes is
distribuled across a surface area of the material,

Clause 56: The system of any one of clauses 47 to 34, wherein the set of N electrodes is
distnbuted around a perimeter of the material.

Clause 57: The system of any one of clauses 47 to 56, wherein the computing device is
confignred to determine a respective measured voltage between a respective pair of measurement
electrodes of the plurality of measurement electrodes while applyving the electrical signal to the respective
pair of drive electrodes.

Clanse 38: A system comprising: a set of N ¢lectrodes electrically coupled to a material; an
electrical signal source; and a computing device configured to: for each respective pair of drive clectrodes
of a plurality of pairs of drive electrodes clectrically coupled to the material, canse the clectrical signal
source 10 apply a respective clectrical signal to the respective pair of drive clectrodes, whercin the
plurality of pairs of drive electrodes are from the set of N clectrodes; for each respective pair of drive
¢lectrodes, determine a respective measured voltage using a respective measwrement clectrode of a
phurality of measurement ¢lectrodes while the clectnical signal source is applying the clectrical signal to
the respective pair of drive electrodes, wherein a geometric configuration of cach respective combination
of a pair of dave clectrodes and a respective measurement electrode is selected so that, in the absence of a2
crack, each respective measured voliage is substantially the same as at least one other respective
measured voltage; and deteemine whether the material inchades a crack or other defect based on
comparisons between the respective measured voltages.

Clanse 59: The system of ¢lause 58, wherein the geometric configuration of cach respective
combination of a pair of drive electrodes and a respective measurement electrode is selected so that, in the
absence of a crack, cach respective measared voltage is sobstantially the same as each other respective
measured voltage.

Clause 60: The system of claim 58 or 39, wherein the computing device is configured to
determine a respective measured voltage between a respective pair of measurement electrodes of the

phirality of measurement electrodes while applying the electrical signal to the respective pair of drive

31



N

20

25

L2
N

WO 2018/093859 PCT/US2017/061745

clectrodes, wherein the geometric configuration of cach respective pair of drive electrodes and the
respective pair of measurement electrodes is selected so that, in the absence of a crack, each respective
measured voltage is substantially the same as all other respective measured voltages.

Clause 61: The svstem of any one of clauses 58 to 60, wherein: the computing device is further
condigured to, before determining whether the material inchides the crack or other defect based on
comparisons between the respective measured voltages, for each respoctive measured voltage,
determining a respective adjusted measured voltage based on the respective measured voltage and a
respective control voltage associated with the respective measurement electrode; and the computing
device is configured to determine whether the material includes the crack or other defect by at least
determining whether the matenial inclodes a crack or other defect based on compatnisons between the

cspective adjusted measured voltages,

Clause 62: The system of any one of clauses 38 to 61, wherein the electrical signal is a voltage
signal or a current signal.

Clause 63: The system of any one of clauses 55 to 62, wherein cach respective applicd electrical
signal is substantially the same.

Clause 64: The system of any one of clauses 38 to 63, wherein the computing device is
configured to determine whether the material includes the crack or other defect by at least determining
that the material inchudes the crack or other defect in response to a first respective voltage being different
than at least one other respective voltage by more than a threshold amount,

Clause 65: The system of any one of clauses 58 to 64, wherein the set of N electrodes is
distributed across a surface area of the material.

Clause 66: The system of any one of clauses 58 to 64, wherein the sct of N electrodes is

distributed around a perimeter of the matenal.

EXAMPLE

A 2D model simulation was used o place ¢lectrodes. The initial CAD describing the material
was imported and using a combination of meshing tools (Gmsh, Netgen) and Electrical Impedance
Tomography and Diffuse Optical Tomography Reconstruction Software (EIDORS) functions, the mesh
shown in FIG. 6 was created and used in simulations. EIDORS is available at eidors3d.sourceforze.net.

The simulations for positioning the electrodes incluoded the following steps:

i Identify a plane of syrametry.
Z. Place two clectrodes on this planc of symmetry.
3. Place an equal number of electrodes on either side of the plane of svmmetry, such that the

additional electrodes result in symrnetry of the combined system.
4, For each integer 1:16, simulate an applicd current to a pair of drive electrodes X and
X+3, determine a simulated measured voltage at a pair of measurement electrodes X+1 and X+2. This

simulation was performed in MATLAB® using the algorithm fwd_solve in the package EIDORS was
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used to solve the reconstruction problem. MATLAB® i available from MathWorks®, Inc., Natick,
Massachusetts, United States.
5. Determine a minimum measured voltage for the 16 measured voltages, along with the

efectrode numbers of the pair of measurement electrodes associated with the minimum voltage.

N

6. Determine the measured voltages for the pairs of measurement electrodes on either side
of the pair of measurement clectrodes associated with the mintmnm measured voltage.
7. Determine which voltage between the measured voliages on either side of the minimum
measured voltage is larger.
3. Identify the commoun electrode from the pair of electrodes associated with the miniowm
{3 measured voliage and the pair of electrodes associated with the larger measured voltage between the pairs
of measurement clectrodes on either side of the pair of measurement electrodes asseciated with the
minigwm measured voltage.
9. Move the common electrode away from the other electrode in the pair of electrodes
associated with the minimum value by a predetermined distance.
i5 0. Move the electrode that is symmetric to the clectrode that is moved in step 9 to maintain
symimetry of the clectrodes.
i1 Iterate steps 4 to 10 unu the measured voltages fall within a specified tolerance.
FIG. 6 is a diagram illustrating an example finife element model of a maternial that inchudes

electrodes positioned on the material. The electrode positions determined by the simulation were (in units

20 of mm}:

Flectrode X V4
G 0 135
i 0 21.37041
2 54.21065 0
3 1132 0
4 159.6842 0
5 211.5059 O
6 275.1349 19.54934
7 3253673 58.61904
8 340 135
9 3253673 211381
10 275.1349 2504507
i1 211.5059 27
12 159.6842 270
i3 1i3.2 270
14 52.21065 270
i5 0 168.4296

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

following claims.
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WHAT IS CLAIMED IS:

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

applying a first clectrical signal to a first pair of drive clectrodes, wherein the first pair of duve
electrodes is sclected from a set of N electrodes clectrically coupled to the material;

while applying the first clectrical signal to the first pair of drive ¢lectrodes, determining a first
measured voltage using a first measurement clectrode, wherein the first measurement clectrode is from
the set of N electrodes;

applying a second electrical signal to a second pair of drive electrodes, wherein the second pair of
drive electrodes is selected from the set of N electrodes;

while applying the second electrical signal to the second pair of drive elecirodes, detormining a
second measured voliage using a second, different measurement clectrode, wherein the second, different
measurement electrode is from the set of N electirodes; and

determining whether the material inclades a crack or other defect based on a comparison between

the first measured voltage and the second measured vollage.

2. The method of claim I, wherein the first electrical signal is substantially the same as the second

electrical signal.

3. The method of claim 1, wherein:

the first pair of drive electrodes and the second pair of drive electrodes 1s the same pair of drive
clectrodes;

the respective electrodes of the pair of drive clectrodes is disposed on a symmetry of the material;
and

the first measurement electrode is substaotially symmetrical to the second, different measurement

electrode with reference to the syrametry of the material.

4, The method of claim 3, wherein the svmmetyy of the material is a point, a line, a plane, a curve,
or a manifold, and whercin a single mathematical operation made with reference to the syrametry maps

cach clectrode of the set of N electrodes to another electrode of the set of N electrodes.

i The method of claim 1, wherein:

the first pair of drive electrodes is different from the second pair of drive electrodes;

the first pair of drive electrodes is substantially symmetrical to the sccond pair of drive clectrodes
with reference to the symmetry of the material; and

the first measurement electrode is substantially symmetrical fo the second, different measurement

clectrode with reference to the symumetry of the material,
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6. The method of claim 5, wherein the symmetry of the material is a point, a line, a plane, a curve,
or a manifold, and wherein a single mathematical operation made with reference to symmetry the maps
cach electrode of the set of N electrodes to another electrode of set of N electrodes.

7. The method of claim 1, wherein the geometric configuration of the first pair of drive ¢lectrodes
and the first measurement electrode, and the geometric configuration of the second pair of drive
clectrodes and the sccond, different measurement electrode are selected so that, in the absence of a crack

or other defect, the first measured voltage is substantially the same as the second measured voltage.

8. The method of claim 7, wherein determining whether the material includes the crack or other
defect based on the comparson between the first measured voltage and the second measured voltage
comprises determining that the material includes the crack or other defect in response to the first

measured voltage and the sccond measured voltage being different by more than a threshold amount.

3. The method of claim |, wherein the electrical signal i a voltage signal or a current signal.

10. The method of claim 1, farther comprising, before determining whether the material inclhudes the
crack or other defect based on the comparison between the first measured voltage and the second
measured voltage:

determining a first adjusted measured voltage based on the first measured voltage and a first
control voltage associated with the first measurement electrode;

determining a sccond adjusted measured voltage based on the second measured voltage and a
second control voltage associated with the second, different measurement clectrode;

wherein determining whether the material inchudes the crack or other defect based on the
comparison between the first measured voltage and the second measured voltage comprises determining
whether the matenal includes the crack or other defect based on a comparison between the first adjusted

measured voltage and the second adjusted measured voltage.

1L The method of claim 1, wherein
a plurality of cloctrodes are distributed across a sudface area of the material; and
the plurality of electrodes include the first pair of dave electrodes, the second patr of drive

clectrodes, the first measurement electrode, and the second, different measurement electrode.

12. The method of claim 1, wherein:
a plurality of eloctrodes are distributed around a perimeter of the material;, and
the plurality of electrodes include the first pair of drive electrodes, the second pair of drive

clectrodes, the first measurement electrode, and the second measurement electrode.
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13, The method of claim 1, wherein:

determining the first measured voltage using the first measurement electrode comprises
determining the first measured voltage between a first pair of measurement electrodes;

the first pair of measurement electrodes is selected from the set of N electrodes;

determining the second measured voltage nsing the second, different measurement electrode
comprises determining the second measured voltage between a second, different pair of measurcrent
clectrodes; and

the sccond, different pair of measurement electrodes is from the set of N electrodes.

4. A method for detecting a crack or defoct in a material, the method comprising:

for each respective pair of drive electrodes of at least ane pair of drive electrodes electrically
coupled to the material, applying an electacal signal to the respective pair of drive electrades;

for cach respective pair of drive electrodes, determining a respective measured voliage using a
respective measurcment clectrode of a plurality of measurement electrodes while applying the electrical
signal to the respective pair of drive electrodes, wherein cach respective measurement electrode is
substantially symmetrical to another measurement electrode with reference to a symmetry of the material,
and wherein the pluarality of measurement electrodes are electrically coupled to the matenal; and

determining whether the material inclades a crack or other defect based on comparisons between
the respective measured voltages associated with respective measurement clectrodes that are substantially
symmetrical with reference fo the symmetry of the matenial
15, The method of claim 14, wherein:

the at feast one pair of drive clectrodes is a single pair of drive clectrodes;

the respective electrodes of the single pair of drive clectrodes are disposed on the svmmetry of

the material.

i6. The method of claim 15, wherein the symretry of the material is a point, a line, a plane, a curve,
or a manifold, and whercin a single mathematical operation made with reference to the syrametry maps
cach measnrement clectrode of the plurality of measurement electrodes to another measnrement electrode

of the plurality of mecasurement clectrades.

17. The method of claim 14, wherein:
the at least one pair of drive electrodes includes a plurality of pairs of drive electrodes; and
cach respective pair of drive electrodes is substantially symmetrical to ancther pair of drive

clectrodes with reference to a symmetry of the material.

i8. The method of claim 17, wherein the symametry of the material is a point, a line, a plane, a curve,

or a manifold, and wherein a single mathematical operation made with reference to the syrmmetry maps
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cach respective pair of diive electrodes of the plurality of pairs of drive electrodes to another respective

pair of drive clectrodes of the plurality of pairs of drive electrodes.

19. The method of claim 14, wherein the clectrical signal is a voltage signal or a current signal,

20. The method of claim 14, wherein determining whether the material includes a crack or other
defect based on comparisons between the respective measured voltages associated with respective
measurement electrodes that are substantially symmetrical with reference to the symmetry of the material
comprises determining that the material inchudes the crack or other defect in response to a respective
measured voltage associated with a first measurement electrode being different by more than a threshold
amount from a respective measured voltage associated with a second measurement clectrode that s

substantially symmetrical o the first measurement electrode.

21 The method of claim 14, further comprising, before determining whether the material inclides a
crack or other defect based on comparisons between the respective measured voliages associated with
respective measurcment clectrodes that are substantially symmcirical with reference to the symmetry of
the material:

for cach respective measured voltage, detormining respective adjusted measured voltage based on
the respective measured voltage and a respective reference voltage associated with the respective
measurement electrode; and

wherein determining whether the material includes a crack or other defect based on comparisons
between the respective measured voltages associated with respective measurement electrodes that are
substantially symmetrical with reference to the svametry of the material comprises determining whether
the material includes the crack or other defect based on comparisons between the respective adjusted
measured voltages associated with respective measurerent electrodes that are substantially symmetrical

with reference to the symmetty of the material.

22. The method of claim 14, wherein a plurality of electrodes are distributed across a surface arca of
the material, and wherein the plurality of electrodes include the at feast one pair of drive electrodes and

the plurality of measurement electrodes.

23. The method of claim 14, wherein a plurality of electrodes arc distributed around a perimeter of
the material, and wherein the plurality of electrodes include the at least one pair of drive electrodes and

the phurality of measurement electrodes.

24, The method of claim 14, wherein determining the respective measured voltage using the
respective measurement electrode of the plurality of measurement electrodes while applying the clectrical

signal to the respective pair of drive electrodes comprises dotermining a respective measured voltage

(98]
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between a respective pair of measurement clectrodes of the plurality of measurement clectrodes while

applying the electrical signal to the respective pair of drive electrodes.

o]
L

A method for dotecting a crack or defect in a material, the method conmprising:

for cach respective pair of drive cloctrodes of a plurality of pairs of drive clectrodes clectrically

coupled to the material, applving a respective electrical signal to the respective pair of drive electrodes;
for cach respective pair of drive electrodes, determining a respective measured voltage using a

respective measurement electrode of a plurality of measuroment electrodes while applying the clectrical

signal to the respective pair of drive electrodes, wherein the geometric coofiguration of cach respective

combination of a respective pair of drive electrodes and a wespective measorement electrode is selected so

that, in the absence of a crack, cach respective measored voltage is substantially the same as at least ong

other respective measured voltage, and

determining whether the material inclades a crack or other defect based on comparisons between

the respective measprad voltages.

26, The method of claim 25, wherein the geometric configuration of cach respective combinationof a
respective pair of drive electrodes and a respective measurement electrode is selected so that, in the
absence of a crack, each respective measured voltage is substantially the same as cach other respective

measured voltage.

27. The method of claim 25, wherein determining the respective measured voltage using the
respective measurement clectrode of the plurality of measurement electrodes while applving the clectrical
signal to the respective pair of drive clectrodes comprises determining a respective measured voltage
between a respective pair of measurement electrodes of the plurality of measurement electrodes while
applvioag the clectrical signal 1o the respective pair of drive clectrodes, wherein the geometric
configuration of each wespective pair of drive electrodes and the respective pair of measurement
electrodes is selected so that, in the absence of a crack, cach respective measured voltage is substantially

the same as all other respective measured voliages.

28, The method of claim 25, further comprising, before determining whetber the maternial inclodes the
crack or other defect based on comparisons between the respective measured voltages:

for each respective measured voltage, determining a respective adjosted measured voltage based
on the respective measured voltage and a respective control voltage associated with the respective
measurement clectrode;

wherein determining whether the material includes the crack or other defect based on
comparisons between the respective measured voltages comprises determining whether the maternial

includes a crack or other defect based on comparisons between the respective adjusted measured voltages.

(9%
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29, The method of claim 25, wherein the electrical signal {s a voltage signal or a current signal.
30. The method of claim 25, wherein ecach respective applied electrical signal is substantially the
same,

31 The method of claim 25, wherein determining whether the material includes the crack or other

defect based on comparisons botween the respective measured voltages comprises determining that the
material inchudes the crack or other defect in response to a first respective voltage being different than at

least one other respective voltage by more than a thresbold amount.

32. The method of claim 25, wherein a plurality of electrodes are distributed across a surface area of
the material, and wherein the pluraliy of electrodes include the plurality of pairs of drive electrades and

the plurality of measurcment electrodes.

33 The method of claim 25, wherein a plorality of clectrodes are distributed around a perimeter of
the material, and wherein the pharality of electrodes include the pluraltity of pairs of drive clectrodes and

the plurality of measurement clectrodes.

34. A system comprising;

a set of N clectrodes electrically coupled to a material;
an electrical signal source; and
a corputing device configured to:

cause the clectrical signal source to apply a first electrical signal to a first pair of drive
clectrodes, wherein the first pair of drive clectrodes is selected from the set of N electrodes;

while the electrical signal sowrce is applying the first electrical signal to the first pair of
drive electrodes, determine a first measured voltage using a first measurement ¢lecirode, wherein
the first measurement electrode is from the st of N electrodes;

cause the clectrical signal source to apply a second clectrical signal to a second pair of
drive electrodes, wherein the second pair of drive ¢lectrodes is selected from the set of N
electrodes;

while the electrical signal source is applying the sccond clectrical signal to the second
pair of drtve clectrodes, determine a second measnred voltage using a second, different
measurcment clectrode, wherein the second, different measurement electrode is from the sct of N
clectrodes; and

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

between the first measured voltage and the second measured voltage.



N

20

25

L2
N

WO 2018/093859 PCT/US2017/061745

35, The system of ¢laim 34, wherein the first electrical signal is substantially the same as the second

electrical signal.

36. The system of claim 34, wherein:

the first pair of drive electrodes and the sccond pair of drive electrodes is the same pair of drive
clectrodes;

the respective clectrodes of the pair of drive electrodes is disposed on a symmetry of the material;
and

the first measurement electrode 1s substantially symmetrical to the second, different measurement
electrode with reference to the sy munetty of the material.
37. The system of claion 36, wherein the symmetry of the matenal is a point, a line, a plane, a curve,
or a manifold, and wherein a single mathomatical operation made with reference to the symumetty maps

each clectrode of the set of N clectrodes to another clectrode of the set of N electrodes.

38. The system of claim 34, wherein:

the first pair of drive electrodes is different from the second pair of drive electrodes;

the first pair of drive electrodes is substantially symmetrical to the second pair of drive electrodes
with reference to the synmetry of the material; and

the first measurement clectrode is substantially symmetrical to the second, different measurement

electrode with reference to the symmetry of the material.

39, The system of claim 38, wherein the symmetry of the material is a point, a line, a plang, a curve,
3 ; )
or a manifold, and wherein a single mathomatical operation made with reference to the svrmametry maps

cach clectrode of the sct of N clectrodes to another clectrode of sct of N cloctrodes.

40, The system of claim 34, wherein the geometric configuration of the first pair of drive electrodes
and the first measurement clectrode, and the geometric configuration of the second pair of drive
clectrodes and the second, different measorement electrode are sclected so that, in the absence of a crack,

the first measured voliage is substantially the same as the second measured voltage.

4% The system of claim 40, wherein the computing device is configured to determine whether the
material inclades the crack or other defect based on the comparison between the first measured voltage
and the second measured voltage by at least determining that the material inchides the crack or other
defect in response to the first measured voltage and the second measured voliage being different by more

than a threshold amount.

42, The system of claim 34, wherein the electrical signal is a voltage signal or a current signal.
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43, The system of ¢laim 34, wherein the compating device is further configured to, before
determining whether the material inciudes the crack or other defect based on the comparison between the
first measured voltage and the second measured voltage:

determine a first adjusted measured voltage based on the first measured voltage and a first control
voltage associated with the first measnrement electrode; and

determine a second adjusted measured voltage based on the second measured voliage and a
second control voltage associated with the second, different measurement electrode; and

wherein the computing dovice is configured to determine whether the material includes the crack
or other defect based on the comparison between the first measured voltage and the sccond neasured
voltage by at least determining whether the material includes the crack or other defect based on a

comparison between the first adjusted measured voltage and the second adjusted measured voliage,

44 The system of claim 34, wherein the set of N electrodes is distribuled across a surface area of the

material.

45 The system of claim 34, wherein the set of N clectrodes 15 distabuled around a perirneter of the

material.

46. The system of claim 34, wherein:

the computing device 1s configured to determine the first measured voltage between a first pair of
measurement electrodes and determine the second measured voltage between a second, different pair of
measurement elecirodes; and

the first pair of measurement electrodes and the second, different pair of measurement electrodes

are selected from the set of N clectrodes,

47. A systecrn comprising:

a set of N electrodes clectncally coupled 1o a material;
an clectrical signal source; and
a corputing device configured to:

for each respective pair of drive clectrades of at least one pair of drive electrodes, cause
the electrical signal source to apply an electrical signal to the respective pair of drive electrodes,
wherein the at least onc pair of drive clectrodes is from the set of N clectrodes;

for each respective pair of drive electrodes, determine a respective measured voltage
using a respective measurcment clectrode of a plurality of measurement electrodes while the
clectrical signal source is applying the electrical signal to the respective pair of drive electrodes,
wherein cach respective measurement clectrode is substantially symmetrical to another
measurement clectrode with reference to the symmetry of the material, and wherein the plurality

of measurement clectrodes are from the set of N clectrodes; and
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determine whether the material inchudes a crack or other defect based on comparisons
between the respective measured voltages associated with respective measurcment electrodes that

arc substantially symmetrical with reference to the symimetry of the matenial.

48, The system of claim 47, wherein:
the at least one pair of drive clectrades ig a single pair of drive electrodes;
the respective electrodes of the single pair of drive clectrodes are disposed on the symmetiy of

the maierial.

49, The system of claion 48, wherein the symmetry of the matenal is a point, a line, a plane, a curve,
or a manifold, and wherein a single mathomatical operation made with reference to the symumetty maps
each measurement electrade of the plurality of measurerment clectrodes to another measurement electrode

of the phirality of measurement electrodes.

50. The system of claim 47, wherein:
the at least one pair of drive clectrodes inchudes a plorality of pairs of drive clectrode pairs;
each respective pair of drive electrodes is substantially symmetrnical to another pair of drive

electrodes with reference to a symmetry of the material.

51. The system of claim 30, wherein the symmetry of the material is a point, a line, a plane, a curve,
or a manifold, and wherein a single mathomatical operation made with reference to the symmetry maps
each respective pair of drive clectrodes of the pharality of pairs of drve electrodes to another respective

pair of drive electrodes of the plurality of pairs of drive electrodes.

52 The system of claim 47, wherein the electrical signal is a voltage signal or a current signal.

53. The system of claim 47, wherein the coraputing device is configured to determine whether the
material includes the crack or other defect by at least determining that the material inchudes the crack or
other defect in response to a respective measured voltage associated with a first measorement electrode
being different by more than a threshold amount from a respective measured voltage associated with a

second measorement electrode that is substantially symmetrical to the first measurement electrode.
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54. The system of clatra 47, wherein:

the computing device is further configured to, before determining whether the material includes a
crack or other defect, for cach respective measured voltage, determine respective adjusted measured
voltage based on the respective measured voltage and a respective reference voltage associated with the
respective measnrement electrode; and

the computing device is configured to determine whether the material inchudes a crack or other
defect by at least determining whether the material includes the crack or other defect based on
comparisons between the respective adjusted measured voltages associated with respective measurement

electrodes that arc substantially symunetrical with reference to the symmetry of the material.

35, The system of claion 47, wherein the set of N electrodes 1s distubuted across a surface area of the

material.

36. The system of claim 47, wherein the set of N clectrodes 15 distribuled around a perirneter of the

material.

57. The system of claim 47, wherein the computing device is configured to deternune a respective
measured voltage between a respective pair of measurement electrodes of the plurality of measurement

electrodes while applying the electrical signal to the respective pair of drive electrodes.

58. A system comprising;

a set of N clectrodes electrically coupled 1o a material;
an clectrical signal source; and
a corputing device configured to:

for each respective pair of drve electrodes of a plurality of pairs of drive elecirodes
clectnically coupled to the material, cause the ¢lectrical signal source to apply a respective
clectacal signal to the respective pair of drive electrodes, wherein the plurality of paics of drive
electrodes are from the set of N clectrodes;

for each respective pair of drive electrades, determine a respective measured voltage
using a respective measurement electrode of a plurality of measurement electrodes while the
clectrical signal source is applying the electrical signal to the respective pair of drive electrodes,
wherein a geometric configuration of each respective combination of a pair of drive electrodes
and a respective measurement clectrode is selected so that, in the absence of a crack, cach
respective measored voltage 1s substantially the same as at least one other respective measured
voltage; and

determine whethor the material includes a crack or other defect based on comparisons

between the respective measured voltages.
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59. The system of claira 58, wherein the geometric configuration of each respective combination of a
pair of drive electrodes and a respective measurement clectrode is selected so that, in the absence of a
crack, each respective measured voltage is substantially the same as ¢ach other respective measured

voltage.

60, The svstem of claim 38, wherein the computing device is configured to determine a respective
measured voltage between a respective pair of measurement clectrodes of the plurality of measurement
electrodes while applving the clectrical signal 1o the respective pair of drive clectrodes, wherein the
geometric configuration of cach respective pair of drive cloctrodes and the respective pair of
measurement electrodes is selecied so that, in the absence of a crack, ¢ach respective measured voltage is

substantially the same as all other respective measured voltages.

61. The system of claim 58, wherein:

the compuling device is farther configured Lo, before determining whether the material includes
the crack or other defect based on comparisons between the respective measured voltages, for cach
respective measured voltage, determining a respective adjusted measured voltage based on the respective
measured voltage and a respective control voltage associated with the respective measurement clectrode;
and

the computing device is configured to determine whether the material includes the crack or other
defect by at least determining whether the material includes a crack or other defect based on comparisons

between the respective adjusted measured voltages.

62. The system of claim 58, wherein the clectrical signal is a voltage signal or a curront signal.
63, The system of claim 58, wherein cach respective applied electrcal signal is substantially the
Same.

64. The system of claim 38, wherein the coraputing device is configured to determine whether the

material includes the crack or other defect by at least determining that the material inchudes the crack or
other defect in response to a first respective voltage being different than at least one other respective

voltage by more than a threshold amount.

65. The system of claim 58, wherein the set of N elecirodes is distributed across a surface arca of the

material.

66. The system of claim 58, wherein the set of N electrodes is disiributed around a penimeter of the

material.
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