US 20200271481A1

a9y United States

a2y Patent Application Publication (o) Pub. No.: US 2020/0271481 Al

Albrecht et al. 43) Pub. Date: Aug. 27, 2020
(54) PLUG GAUGE AND ASSOCIATED SYSTEM (52) US. CL
AND METHOD FOR TAKING MULTIPLE CPC ... GOID 5/2291 (2013.01); GOID 5/34746
SIMULTANEOUS DIAMETRIC (2013.01)
MEASUREMENTS
(71) Applicant: The Boeing Company, Chicago, 1L 1)) ABSTRACT
(US)
(72) Inventors: Mark Albrecht, Lake Stevens, WA A plug gauge includes a housing, defining an internal
US): Kwok Tung Chan. Seattle, WA volume, first openings, and second openings. The plu,
(US); g ; : pening pening plug
(US); Tanni Sisco, Seattle, WA (US); gauge includes first contact elements, each at least partially
Everette D. Grav. Seattle. WA (US received in a respective one of the first openings. The plug
8 » WA (US)
gauge includes a first plunger in the internal volume and
(73) Assignee: The Boeing Company, Chicago, 1L movable relative to the housing. The first plunger is biased
(as) to urge the first contact elements radially outward through
the first openings. The plug gauge includes a first sensor
(21) Appl. No.: 16/287,142 sensing movement of the first plunger. The plug gauge
) includes second contact elements, each at least partially
(22) Filed: Feb. 27, 2019 received in a respective one of the second openings. The
.. . . plug gauge includes a second plunger in the internal volume
Publication Classification and movable relative to the housing. The second plunger is
(51) Imt. ClL biased to urge the second contact elements radially outward
GO01D 5/22 (2006.01) through the second openings. The plug gauge includes a
GO01D 5/347 (2006.01) second sensor sensing movement of the second plunger.
AH 1z o
102
N T D % f
[ | /ig
SR | ~101
1741
~N BIASING 100
ST
! )2—154
L Ap2
: W 142
y | 160
i SENSOR 2 ¢
SENSOR 1 L 106 A 1
S A WA -
Y - 14
a KT\_/%
| [\e
W=
[T 122
72N | “’_\l;; Apt

|
170




Patent Application Publication Aug. 27,2020 Sheet 1 of 18 US 2020/0271481 A1

8
Y
o0 7 H

\
SUPPORT

T (ROBOTIC ARM | 22

4 |

20
\

[ COUPLING PORTION] "

_____ TN 12
PROCESSOR MEMORY 10I\—1"

__________ —I 160-—\\ ‘L/IOO

L { SENSOR 21
ispLay | F—————- R S — ~SENSCR 21

\/’3\}62 > 10

COMPUTER SYSTEM

——————————— - SENSOR 11 | 114
112\/—\ T ~<

FIG. 1



Patent Application Publication Aug. 27,2020 Sheet 2 of 18 US 2020/0271481 A1

AH~

| 12 10

102
| A
: |~ 101

174~
\_| BIASING 100
ELEVENT| |1

b

\

|-~ ,A p2

/
\

r—142
! sy | (SENSOR2
104 SSSRI] Y 106 Ac

(o Ni/=eN

2~ .77 N 114
17 \}/126
e 118
il 1
120" o122

72N | Apt

N7 "]

/.V

170




Patent Application Publication Aug. 27,2020 Sheet 3 of 18 US 2020/0271481 A1

| -
|

174~

A

H™U

12 10
102
§/\/\4\/\/E/ % f

: | ~101

ELEMENT

-154

\
|
L

\.
A

L 152
2148

N

AR MO Aco

,

142 A\ \_/ \/\144

160—

A

e

—150

1264

112
\Ljog

[

NLog

[

L_, PN
i Apl

Y

=172




Patent Application Publication Aug. 27,2020 Sheet 4 of 18 US 2020/0271481 A1

BD 12 10
y/\/\/\/§ % f

17470\ [BASNG | [-[~101
2oveNT| | 100

1541 40

NI
—_—
AN

144

1057§ SNSoR2 | (9]0

H SENSR? |
T =130
(e
Y, N2

\ 24
| ——=p
170—%%%
S A




Patent Application Publication Aug. 27,2020 Sheet 5 of 18 US 2020/0271481 A1

FIG. 5



Patent Application Publication Aug. 27,2020 Sheet 6 of 18 US 2020/0271481 A1

12 10
102 f
§/\/\/\/E/
}7
174~
\_| BIASING 100
ELEVENT| |
154N | 1| <160
1= 20r
T
L 206
LN\-204
@ 142

LN 204
)|} L éiﬂ
2021 LT Ne206
/yr “““ 4
200 124
1207 ==
4/%
=
170

FIG. ©



Patent Application Publication  Aug. 27,2020 Sheet 7 of 18

NS

1741\ [BIASING
ELEMENT

|
\

J
NAZNN

<N [
X

4

N

| g |
NI
_————i

200, 202

r———
!
I

5
/
P

204\
2006 ";ﬁ ™
200,202 —= ]

1207 | Fleed

%

4/.7 —

A
170

US 2020/0271481 Al

10

H



Patent Application Publication Aug. 27,2020 Sheet 8 of 18 US 2020/0271481 A1

12 10
102 f
§/\/\/\/E/
A

174
ELEMENT| [

160

154N 200, 502

0000 0000{0000

0000 0000 0000

@ 142

FIG. &



Patent Application Publication Aug. 27,2020 Sheet 9 of 18 US 2020/0271481 A1

12 10

102 f

174
ELEMENT| [

54—

304\ _ 200,202

=

124

508 130

200, 202—S
206N

4/.7 —
e

0000 0000 0000

i
0000 Qoo‘o 0000




Patent Application Publication  Aug. 27,2020 Sheet 10 of 18  US 2020/0271481 A1l




Patent Application Publication Aug. 27,2020 Sheet 11 of 18  US 2020/0271481 A1l

12 10
102 f
§/\/\/\/E/
)F/7
174~
ELEMENT| [
412 il
406| 154
408"\___" :E:_J _J/
410—\3 =
400, 402, 404" |«

&
/ 142
160

il :}}}: | 406
400, 402, 404~ | || 1"V

&

AV

. N 104

ot
s
170

FIG. 11



Patent Application Publication

1745

1545
406
N

Aug. 27,2020 Sheet 12 of 18

BIASING
ELEMENT

| |-

412

406+
410

400, 402, 404

/]
150

ot
s
170

S
e

-

~l

US 2020/0271481 Al

102

s

AN

| 100
| 160

~7

400, 402, 404

/A

:

{

s
]
~ 10

\/\144

- 112

—124




Patent Application Publication Aug. 27,2020 Sheet 13 of 18  US 2020/0271481 A1l

12 10

102 f
NS %

174
ELEMENT| [

154

= |\-124

170

FIG. 15



Patent Application Publication Aug. 27,2020 Sheet 14 of 18  US 2020/0271481 A1l

12 10
102 f
*/\/\/\/E/ %
e

174~
\_| BIASING 100
ELEVENT| [

-

=112

1\ 104
—
%
%

e
170

jg‘\ﬂ




Patent Application Publication Aug. 27,2020 Sheet 15 of 18

150

n2

| 116

- 500

US 2020/0271481 Al



Patent Application Publication Aug. 27,2020 Sheet 16 of 18  US 2020/0271481 A1l

12 10
102 f
NS %
e

174
ELEMENT| [

- 154

N\

= |\-124

170

FIC. 16



Patent Application Publication Aug. 27,2020 Sheet 17 of 18  US 2020/0271481 A1l

12 150 N4

©00

PROVIDE PLUG GAUGE | ~0610
HAVING A LONGITUDINAL AXIS

[ INSERT PLUG GAUGE NTO BoRE. |~ ©2©

ROTATE PLUG GAUGE ABOUT | ~©20
LONGITUDINAL AXIS

[ RENOVE PLUG GAUGE FROW BORE |~ ©4©

FIG. 18



Patent Application Publication  Aug. 27,2020 Sheet 18 of 18  US 2020/0271481 A1l

1000
SPECIFICATION | ~1004
AND DESIGN
MATERIAL | ~1006
PROCUREMENT
COMPONENT AND ] 1008
SUBASSEMBLY NFG,
SYSTEM | ~1010
INTEGRATION
CERTIFICATION | ~1012
AND DELIVERY
[ wemiee PO
MANTENANCE | ~1016
AND SERVICE
FIG. 19
1002
AIRCRAFT e A 1020
1024~ SYSTEMS H
1016 ] ARRAVE || [ PROPULSION | [ ELECTRICAL |2 q1026
| |
| |
1022°N{__INTRIR | | [__HYORAULC | [ ENVROWVENTAL |-~ 1050
L% _________________________ J
1026



US 2020/0271481 Al

PLUG GAUGE AND ASSOCIATED SYSTEM
AND METHOD FOR TAKING MULTIPLE
SIMULTANEOUS DIAMETRIC
MEASUREMENTS

FIELD

[0001] This application relates to bore metrology and,
more particularly, to plug gauges and associated systems and
methods for taking multiple simultaneous diametric mea-
surements of a bore.

BACKGROUND

[0002] There are a variety of measuring tools used for
determining the diameter of a cylindrical bore. Measuring
tools of this type normally include a device that functions by
contacting diametrically opposite points within the bore.
Examples of measuring tools of this type include a caliper,
a combination of a caliper with a dial indicator, a tubular
inside micrometer, and a plug gauge or comparator. While
being satisfactory for some uses, traditional measuring tools
suffer from certain drawbacks. Some measuring tools are
incapable of taking measurement deep within a bore. Other
measuring tools often cannot be maintained in a proper
position to enable accurate measurements. Other measuring
tools do not fulfill tolerance requirements for specific appli-
cations. Still other measuring tools are incapable of collect-
ing sufficient data to fully characterize the dimensions of the
bore. These difficulties are often magnified when a number
of different measurements are required, for example, to
determine if the bore is tapered, eroded, damaged, or uneven
in some other manner. Gathering a sufficient number of
measurements often adds undesired time to production.
Accordingly, those skilled in the art continue with research
and development efforts in the field of internal bore mea-
suring devices and, as such, apparatuses and methods,
intended to address the above-identified concerns, would
find utility.

SUMMARY

[0003] The following is a non-exhaustive list of examples,
which may or may not be claimed, of the subject matter
according to the present disclosure.

[0004] In an example, a disclosed plug gauge includes a
housing defining an internal volume and a longitudinal axis
A,,. The housing includes a plurality of first openings into
the internal volume and a plurality of second openings into
the internal volume. The plug gauge also includes a plurality
of first contact elements. Each first contact element of the
plurality of first contact elements is at least partially received
in a respective one of the plurality of first openings in the
housing. The plug gauge further includes a first plunger
received in the internal volume of the housing and defining
a first plunger axis Ap, that is aligned with the longitudinal
axis A, of the housing. The first plunger is movable relative
to the housing along the first plunger axis Aj,. The first
plunger is biased into engagement with the plurality of first
contact elements to urge the plurality of first contact ele-
ments radially outward through the plurality of first open-
ings. The plug gauge additionally includes a first sensor
sensing movement of the first plunger relative to the hous-
ing. The plug gauge also includes a plurality of second
contact elements. Each second contact element of the plu-
rality of second contact elements is at least partially received
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in a respective one of the plurality of second openings in the
housing. The plug gauge further includes a second plunger
received in the internal volume of the housing and defining
a second plunger axis A, that is aligned with the longitu-
dinal axis A of the housing 100. The second plunger is
movable relative to the housing along the second plunger
axis Ap,. The second plunger is biased into engagement with
the plurality of second contact elements to urge the plurality
of second contact elements radially outward through the
plurality of second openings. The plug gauge additionally
includes a second sensor sensing movement of the second
plunger relative to the housing.

[0005] In an example, a disclosed plug gauge includes a
housing defining an internal volume and a longitudinal axis
A;,. The housing includes a pair of first openings into the
internal volume and a pair of second openings into the
internal volume. The pair of second openings are displaced
a pre-defined non-zero distance D along the longitudinal
axis AH from the pair of first openings. The plug gauge also
includes a pair of first contact elements aligned along a first
contact element axis A, that is generally perpendicular to
the longitudinal axis A,,. Each first contact element of the
pair of first contact elements is received in an associated one
of' the pair of first openings. The plug gauge further includes
a first plunger received in the internal volume of the housing
and defining a first plunger axis A, that is aligned with the
longitudinal axis A, of the housing. The first plunger is
movable relative to the housing along the first plunger axis
Ap,. The first plunger is biased into engagement with the
pair of first contact elements. The plug gauge additionally
includes a first sensor received in the internal volume of the
housing to sense movement of the first plunger relative to the
housing. The plug gauge also includes a pair of second
contact elements aligned along a second contact element
axis A_, that is generally perpendicular to the longitudinal
axis A, and disposed at a non-zero angle © relative to the
first contact element axis A,. Each second contact element
of the pair of second contact elements is received in an
associated one of the pair of second openings. The plug
gauge further includes a second plunger received in the
internal volume of the housing and defining a second
plunger axis A, that is aligned with the longitudinal axis A,
of'the housing. The second plunger is movable relative to the
housing along the second plunger axis Ap,. The second
plunger is biased into engagement with the pair of second
contact elements. The plug gauge additionally includes a
second sensor sensing movement of the second plunger
relative to the housing.

[0006] In an example, a disclosed system for taking mul-
tiple simultaneous diametric measurements of a bore formed
in a structure includes a plug gauge, sized to be received in
the bore, and a support connected to the plug gauge.
[0007] In an example, a disclosed method for taking
multiple simultaneous diametric measurements of a bore
formed in a structure includes steps of: (1) inserting a plug
gauge into the bore while the plug gauge is at a first
orientation with respect to the longitudinal axis Ay (2)
rotating the plug gauge about the longitudinal axis A, to a
second orientation with respect to the longitudinal axis A
and (3) withdrawing the plug gauge from the bore.

[0008] Other examples of the disclosed plug gauge, sys-
tem, and method will become apparent from the following
detailed description, the accompanying drawings and the
appended claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 depicts one example of the disclosed plug
gauge and associated system for taking multiple simultane-
ous diametric measurements;

[0010] FIG. 2 is an elevational view, in cross-section, of
the probe portion of the plug gauge shown in FIG. 1;
[0011] FIG. 3 is an elevational view, in cross-section, of
the probe portion of FIG. 2 shown rotated ninety degrees
from the orientation shown in FIG. 2;

[0012] FIG. 4 is an elevational view, in cross-section,
depicting the probe portion of FIG. 3 inserted into a bore
formed in a structure;

[0013] FIG. 5 is a top plan view of the probe portion and
structure shown in FIG. 4;

[0014] FIG. 6 is an elevational view, in cross-section, of
one variation in which the probe portion of the disclosed
plug gauge includes a linear potentiometer;

[0015] FIG. 7 is an elevational view, in cross-section, of
the probe portion of FIG. 6 shown rotated ninety degrees
from the orientation shown in FIG. 6;

[0016] FIG. 8 is an elevational view, in cross-section, of
another variation in which the probe portion of the disclosed
plug gauge includes a linear variable differential trans-
former;

[0017] FIG. 9 is an elevational view, in cross-section, of
the probe portion of FIG. 8 shown rotated ninety degrees
from the orientation shown in FIG. 8;

[0018] FIG. 10 is a perspective view of a detailed portion
of the probe portion shown in FIG. 9;

[0019] FIG. 11 is an elevational view, in cross-section, of
another variation in which the probe portion of the disclosed
plug gauge includes a linear encoder;

[0020] FIG. 12 is an elevational view, in cross-section, of
the probe portion of FIG. 11 shown rotated ninety degrees
from the orientation shown in FIG. 11;

[0021] FIG. 13 is an elevational view, in cross-section, of
another variation in which the probe portion of the disclosed
plug gauge includes a strain sensor in a first arrangement;
[0022] FIG. 14 is an elevational view, in cross-section, of
the probe portion of FIG. 13 shown rotated ninety degrees
from the orientation shown in FIG. 13;

[0023] FIG. 15 is an elevational view of a detailed portion
of the probe portion shown in FIG. 14;

[0024] FIG. 16 is an elevational view, in cross-section, of
yet another variation in which the probe portion of the
disclosed plug gauge includes a strain sensor in a second
arrangement;

[0025] FIG. 17 is an elevational view of a detailed portion
of the probe portion shown in FIG. 16;

[0026] FIG. 18 is a flow diagram depicting one example of
the disclosed method for taking multiple simultaneous dia-
metric measurements;

[0027] FIG. 19 is a flow diagram of an aircraft manufac-
turing and service methodology; and

[0028] FIG. 20 is a block diagram of an aircraft.
DETAILED DESCRIPTION
[0029] The following detailed description refers to the

accompanying drawings, which illustrate specific examples
described by the present disclosure. Other examples having
different structures and operations do not depart from the
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scope of the present disclosure. Like reference numerals
may refer to the same feature, element, or component in the
different drawings.

[0030] Illustrative, non-exhaustive examples, which may
be, but are not necessarily, claimed, of the subject matter
according the present disclosure are provided below. Ref-
erence herein to “example” means that one or more feature,
structure, element, component, characteristic, and/or opera-
tional step described in connection with the example is
included in at least one embodiment and/or implementation
of the subject matter according to the present disclosure.
Thus, the phrases “an example,” “another example,” “one or
more examples,” and similar language throughout the pres-
ent disclosure may, but do not necessarily, refer to the same
example. Further, the subject matter characterizing any one
example may, but does not necessarily, include the subject
matter characterizing any other example. Moreover, the
subject matter characterizing any one example may be, but
is not necessarily, combined with the subject matter char-
acterizing any other example.

[0031] Referring to FIGS. 1-17, examples of a plug gauge
10 are disclosed. The plug gauge 10 is configured to be used
to take multiple simultaneous diametric measurements of a
bore 42 formed in a structure 40, as illustrated in FIGS. 1,
4, and 5. The structure 40 may include, or take the form of,
any solid body having any shape and dimensions, depending
on the particular purpose of the structure 40. The structure
40 may be made of any one of various suitable materials,
such as a metallic material, a plastic material, a composite
material, and the like. The structure 40 may be monolithic (a
single piece of continuous material) or may be a consoli-
dated laminate of a plurality of material layers. The bore 42
may extend through a portion of or an entirety of a through
thickness of the structure 40. The bore 42 may be formed in
the structure 40 by any one of various feature-forming
techniques, such as machining (e.g., drilling or boring),
other subtractive manufacturing operations, or during for-
mation such as during an additive manufacturing process.
[0032] As illustrated in FIG. 4, the bore 42 has a number
of bore-dimensions BD. As used herein, “a number of”
identified items refers to one or more of those identified
items. The bore-dimension BD is defined by a linear dis-
tance between two diametrically opposed points on an
interior surface defining the bore 42. In some circumstances,
the bore-dimensions BD may be constant along a longitu-
dinal-central axis of the bore 42, such as for a cylindrical
bore. In some circumstances, the bore-dimensions BD may
vary along the longitudinal-central axis of the bore 42, such
as for a tapered, worn, or damaged bore. In some circum-
stances, the bore dimensions BD may be constant at a given
location along longitudinal-central axis of the bore 42, such
as for a bore having a circular cross-section, viewed along
the longitudinal-central axis. In some circumstances, the
bore dimensions BD may vary at a given location along
longitudinal-central axis of the bore 42, such as for a bore
having an ovular or elliptical cross-section, viewed along the
longitudinal-central axis.

[0033] Referring to FIGS. 1-9, 11-14, and 16, in one or
more examples, the plug gauge includes a housing 100. The
housing 100 defines an internal volume 102 (FIGS. 2-4) and
has a longitudinal axis A,. The housing 100 includes a
plurality of first openings 104, 106 (FIG. 2) into the internal
volume 102. The housing 100 includes a plurality of second
openings 108, 110 (FIG. 3) into the internal volume 102.



US 2020/0271481 Al

[0034] As illustrated in FIGS. 1, 4, and 5, the housing 100
is configured to be inserted at least partially within the bore
42 formed in the structure 40 for the purpose of taking
multiple simultaneous diametric measurements of the bore
42 using the plug gauge 10. As illustrated in FIGS. 2-4, 6-9,
11-14, and 16, the housing 100 internally houses and pro-
tects at least a portion of the various operating components
of the plug gauge 10 within the internal volume 102. As
illustrated in FIGS. 4 and 5, the housing 100 has external
dimensions approximating, but being less than, the bore-
dimensions BD of the bore 42 so that the housing 100 freely
fits within the bore 42.

[0035] Asillustrated in FIGS. 1-9, 11-14, and 16, in one or
more examples, the plug gauge 10 includes a plurality of
first contact elements 112, 114. Each first contact element
112, 114 of the plurality of first contact elements 112, 114 is
at least partially received in a respective one of the plurality
of first openings 104, 106 in the housing 100.

[0036] As illustrated in FIGS. 4 and 5, the plurality of first
contact elements 112, 114 are configured to engage the
interior surface defining the bore 42 when the housing 100
is inserted within the bore 42. Each first contact element 112,
114 of the plurality of first contact elements 112, 114 is
moveable within the respective one of the plurality of first
openings 104, 106 relative to the housing 100. As illustrated
in FIG. 2, first contact element 112 is at least partially
received in and is moveable within first opening 104 and first
contact element 114 is at least partially received in and is
moveable within first opening 106.

[0037] Referring to FIGS. 2-4, 11-14, and 16, in one or
more examples, the plug gauge 10 includes a first plunger
124 received in the internal volume 102 of the housing 100.
As illustrated in FIGS. 2 and 3, the first plunger 124 defines
a first plunger axis Ap, that is aligned with the longitudinal
axis A, of the housing 100. As illustrated in FIG. 4, the first
plunger 124 is movable relative to the housing 100 along the
first plunger axis A,. The first plunger 124 is biased into
engagement with the plurality of first contact elements 112,
114 to urge the plurality of first contact elements 112, 114
radially outward through the plurality of first openings 104,
106.

[0038] As used herein, the term “aligned,” in reference to
two or more axes being aligned with each other refers to the
two or more axes being parallel to each other or coincident
with each other.

[0039] The first plunger 124 includes, or takes the form of,
any suitable reciprocating body configured to move within
the housing 100 along the first plunger axis A,;. As illus-
trated in FIG. 2, with the first plunger 124 biased into
engagement with the plurality of first contact elements 112,
114, a portion of each first contact element 112, 114 pro-
trudes radially outward from the housing 100 through the
respective one of the plurality of first openings 104, 106.
[0040] As illustrated in FIGS. 4 and 5, the first plunger 124
urges the plurality of first contact elements 112, 114 through
the plurality of first openings 104, 106 a sufficient distance
so that each first contact element 112, 114 is positioned to
engage the interior surface defining the bore 42 when the
housing 100 is inserted within the bore 42. In other words,
with the first plunger 124 biased into engagement with the
plurality of first contact elements 112, 114, a linear distance
between ends of diametrically opposed ones of the plurality
of first contact elements 112, 114 is greater than the bore-
dimensions BD (FIG. 4) of the bore 42.
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[0041] As illustrated in FIG. 4, when the housing 100 of
the plug gauge 10 is inserted within the bore 42, engagement
with the interior surface defining the bore 42 moves (e.g.,
pushes) the plurality of first contact elements 112, 114
radially inward through the plurality of first openings 104,
106 relative to the housing 100. The first plunger 124
linearly moves along the first plunger axis AP1 relative to
the housing 100 in response to the radially inward move-
ment of the plurality of first contact elements 112, 114, as
depicted by the directional arrow in FIG. 4.

[0042] Referring to FIGS. 1-4, 11-14, and 16, in one or
more examples, the plug gauge 10 includes a first sensor 130
for sensing movement of the first plunger 124 relative to the
housing 100. In one or more examples, the first sensor 130
is configured to alternatively or additionally sense move-
ment of the plurality of first contact elements 112, 114
relative to the housing 100.

[0043] The first sensor 130 includes any one of various
devices capable of directly or indirectly detecting relative
movement of the first plunger 124, a change in relative linear
location of the first plunger 124 along the first plunger axis
Ap,, movement of the plurality of first contact elements 112,
114, or a change in relative radial location of the plurality of
first contact elements 112, 114. The first sensor 130 mea-
sures a physical quantity associated with movement of the
first plunger 124 and/or movement of the plurality of first
contact elements 112, 114 and converts the measurement
into a signal that can be read by an observer or by an
instrument. The signal generated by the first sensor 130
corresponds to the bore-dimension BD of the bore 42 at a
given location of the plurality of first contact elements 112,
114 along the longitudinal-central axis of the bore 42.
[0044] Referring to FIGS. 1-9, 11-14, and 16, in one or
more examples, the plug gauge 10 includes a plurality of
second contact elements 142, 144. Each second contact
element 142, 144 of the plurality of second contact elements
142, 144 is at least partially received in a respective one of
the plurality of second openings 108, 110 in the housing 100.
[0045] As illustrated in FIGS. 4 and 5, the plurality of
second contact elements 142, 144 are configured to engage
the interior surface defining the bore 42 when the housing
100 is inserted within the bore 42. Each second contact
element 142, 144 of the plurality of second contact elements
142, 144 is moveable within the respective one of the
plurality of second openings 108, 110 relative to the housing
100. As illustrated in FIG. 3, second contact element 142 is
at least partially received in and is moveable within second
opening 108 and second contact element 144 is at least
partially received in and is moveable within second opening
110.

[0046] Referring to FIGS. 2-4, 6-9, 11-14, and 16, in one
or more examples, the plug gauge 10 includes a second
plunger 154 received in the internal volume 102 of the
housing 100. As illustrated in FIGS. 2 and 3, the second
plunger 154 defines a second plunger axis A, that is aligned
with the longitudinal axis A of the housing 100. As illus-
trated in FIG. 4, the second plunger 154 is movable relative
to the housing 100 along the second plunger axis AP2. The
second plunger 154 is biased into engagement with the
plurality of second contact elements 142, 144 to urge the
plurality of second contact elements 142, 144 radially out-
ward through the plurality of second openings 108, 110.
[0047] The second plunger 154 includes, or takes the form
of, any suitable reciprocating body configured to move
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within the housing 100 along the second plunger axis A ,.
As illustrated in FIG. 3, with the second plunger 154 biased
into engagement with the plurality of second contact ele-
ments 142, 144, a portion of each second contact element
142, 144 protrudes radially outward from the housing 100
through the respective one of the plurality of second open-
ings 108, 110.

[0048] As illustrated in FIGS. 4 and 5, the second plunger
154 urges the plurality of second contact elements 142, 144
through the plurality of second openings 108, 110 a suffi-
cient distance so that each second contact element 142, 144
is positioned to engage the interior surface defining the bore
42 when the housing 100 is inserted within the bore 42. In
other words, with the second plunger 154 biased into
engagement with the plurality of second contact elements
142, 144, a linear distance between ends of diametrically
opposed ones of the plurality of second contact elements
142, 144 is greater than the bore-dimensions BD (FIG. 4) of
the bore 42.

[0049] As illustrated in FIG. 4, when the housing 100 of
the plug gauge 10 is inserted within the bore 42, engagement
with the interior surface defining the bore 42 moves (e.g.,
pushes) the plurality of second contact elements 142, 144
radially inward through the plurality of second openings
108, 110 relative to the housing 100. The second plunger 154
linearly moves along the second plunger axis A, relative to
the housing 100 in response to the radially inward move-
ment of the plurality of second contact elements 142, 144, as
depicted by the directional arrow in FIG. 4.

[0050] Referring to FIGS. 1-4, 6-9, 11-14, and 16, in one
or more examples, the plug gauge 10 includes a second
sensor 160 for sensing movement of the second plunger 154
relative to the housing 100. In one or more examples, the
second sensor 160 is configured to alternatively or addition-
ally sense movement of the plurality of second contact
elements 142, 144 relative to the housing 100.

[0051] The second sensor 160 includes any one of various
devices capable of directly or indirectly detecting relative
movement of the second plunger 154, a change in relative
linear location of the second plunger 154 along the second
plunger axis A,,, movement of the plurality of second
contact elements 142, 144, or a change in relative radial
location of the plurality of second contact elements 142,
144. The second sensor 160 measures a physical quantity
associated with movement of the second plunger 154 and/or
movement of the plurality of second contact elements 142,
144 and converts the measurement into a signal that can be
read by an observer or by an instrument. The signal gener-
ated by the second sensor 160 corresponds to the bore-
dimension BD of the bore 42 at a given location of the
plurality of second contact eclements 142, 144 along the
longitudinal-central axis of the bore 42.

[0052] In an example, the first sensor 130 and the second
sensor 160 are the same type of sensor device. In another
example, the first sensor 130 and the second sensor 160 are
different types of sensor devices.

[0053] Referring to FIGS. 2 and 3, in an example, the
plurality of second openings 108, 110 is displaced a pre-
defined non-zero distance D along the longitudinal axis A
from the plurality of first openings 104, 106. Similarly, the
plurality of second contact elements 142, 144 is displaced
the pre-defined non-zero distance D along the longitudinal
axis A, from the plurality of first contact elements 112, 114.
The displacement distance D between the plurality of second
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openings 108, 110 and the plurality of first openings 104,
106 (and between the plurality of second contact elements
142, 144 and the plurality of first contact elements 112, 114)
enables simultaneous diametric measurements of the bore 42
to be taken at a plurality (e.g., two) different linear mea-
surement locations of the bore 42 along the longitudinal-
central axis of the bore 42. The linear measurement locations
are linearly spaced apart by a distance substantially equal to
the displacement distance D.

[0054] Referring to FIG. 5, in an example, the plurality of
second openings 108, 110 is displaced a non-zero angle ®
about the longitudinal axis A, relative to the plurality of first
openings 104, 106. Similarly, the plurality of second contact
elements 142, 144 is displaced the non-zero angle ® about
the longitudinal axis A, relative to the plurality of first
contact elements 112, 114. The displacement angle ©
between the plurality of second openings 108, 110 and the
plurality of first openings 104, 106 (and between the plu-
rality of second contact elements 142, 144 and the plurality
of first contact elements 112, 114) enables simultaneous
diametric measurements of the bore 42 to be taken at a
plurality (e.g., two) different angular measurement locations
of the bore 42 along a circumference of the bore 42. The
angular measurement locations are angularly spaced apart
by a non-zero angle substantially equal to the displacement
angle ©.

[0055] As illustrated in FIG. 5, in an example, the non-
zero angle © is about 90 degrees. The non-zero angle ©
being about 90 degrees enables diametric measurements of
the bore 42 to be simultaneously taken at angular intervals
of 90 degrees relative to each other. Other values for the
non-zero angle © are also contemplated.

[0056] Referring to FIGS. 1-5, in an example, the housing
100 is generally tubular. The tubular shape of the housing
100 defines the internal volume 102 of the housing 100 and
enables at least some of the components of the plug gauge
10 (e.g., the plurality of first contact elements 112, 114, the
first plunger 124, the plurality of second contact elements
142, 144, and the second plunger 154) to be enclosed by and
protected within the housing 100. The tubular shape of the
housing 100 also enables the housing 100 to be inserted
within (at least partially through) the bore 42 having a
generally circular shape in cross-section, viewed along the
longitudinal-central axis of the bore 42.

[0057] Referring to FIGS. 1-9, 11-14, and 16, in one or
more examples, the housing 100 defines an outer surface
101. Portions of the plurality of first contact elements 112,
114 and portions of the plurality of second contact elements
142, 144 protrude radially outward beyond the outer surface
101. An external dimension of the outer surface 101 approxi-
mates, but is less than, the bore-dimensions BD of the bore
42 so that the housing 100 freely fits within the bore 42.
[0058] As illustrated in FIG. 2, with the first plunger 124
biased into engagement with plurality of first contact ele-
ments 112, 114, a larger portion of each first contact element
112, 114 protrudes radially outward beyond the outer surface
101. As illustrated in FIGS. 4 and 5, with the housing 100
inserted within the bore 42, a smaller portion of each first
contact element 112, 114 protrudes radially outward beyond
the outer surface 101. As illustrated in FIG. 2, with the
second plunger 154 biased into engagement with plurality of
second contact elements 142, 144, a larger portion of each
second contact element 142, 144 protrudes radially outward
beyond the outer surface 101. As illustrated in FIGS. 4 and
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5, with the housing 100 inserted within the bore 42, a smaller
portion of each second contact element 142, 144 protrudes
radially outward beyond the outer surface 101.

[0059] In an example, the outer surface 101 is substan-
tially cylindrical. The cylindrical shape of the outer surface
101 enables the housing 100 to be inserted within (at least
partially through) the bore 42 having a generally circular
shape in cross-section, viewed along the longitudinal-central
axis of the bore 42.

[0060] Referring to FIGS. 1-9, 11-14, and 16, in one or
more examples, the plurality of first contact elements 112,
114 consists of two first contact elements 112, 114 that are
aligned along a first contact element axis A, (FIGS. 2 and
5). The first contact element axis A, is generally perpen-
dicular to the longitudinal axis A,,. As illustrated in FIGS. 2
and 5, the two first contact elements 112, 114 being aligned
along the first contact element axis A, enables a first
dimension measurement to be taken between two diametri-
cally opposed points on the interior surface defining the bore
42 at a given location along longitudinal-central axis of the
bore 42.

[0061] In another example, the plurality of first contact
elements 112, 114 consists of four, six, or eight first contact
elements 112, 114, each pair being aligned along the respec-
tive first contact element axis A.,.

[0062] Referring to FIGS. 1-9, 11-14, and 16, in one or
more examples, the plurality of second contact elements
142, 144 consists of two second contact elements 142, 144
that are aligned along a second contact element axis A,
(FIGS. 3 and 5). The second contact element axis A, is
generally perpendicular to the longitudinal axis A,. As
illustrated in FIGS. 3 and 5, the two second contact elements
142, 144 being aligned along the second contact element
axis A, enables a second dimension measurement to be
taken between two diametrically opposed points on the
interior surface defining the bore 42 at a given location along
longitudinal-central axis of the bore 42.

[0063] In another example, the plurality of second contact
elements 142, 144 consists of four, six, or eight second
contact elements 142, 144, each pair being aligned along the
respective second contact element axis A,,.

[0064] As illustrated in FIGS. 2 and 3, in an example, the
second contact element axis A ., is displaced the pre-defined
non-zero distance D along the longitudinal axis A, from the
first contact element axis A,. The displacement distance D
between second contact element axis A., and the first
contact element axis A, enables the first dimension mea-
surement and the second dimension measurement to be
taken at a different locations along the longitudinal-central
axis of the bore 42.

[0065] As illustrated in FIG. 5, in an example, the second
contact element axis A, is disposed at a non-zero angle ©
relative to the first contact element axis A,. The displace-
ment angle ® between second contact element axis A, and
the first contact element axis A, enables the first dimension
measurement and the second dimension measurement to be
taken at a different angular locations along the circumfer-
ence of the bore 42. In an example, the non-zero angle © is
about 90 degrees. Other values for the non-zero angle © are
also contemplated.

[0066] Referring to FIGS. 2-4, 6-9, 11-14, and 16, in one
or more examples, each first contact element 112, 114 of the
plurality of first contact elements 112, 114 is substantially
spherical. Similarly, in an example, each second contact
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element 142, 144 of the plurality of second contact elements
142, 144 is substantially spherical. The substantially spheri-
cal shape of the plurality of first contact elements 112, 114
and the plurality of second contact elements 142, 144
provides a smooth, contoured contact surface to engage an
edge of the structure 40 defining an end of the bore 42 when
inserting the housing 100 within the bore 42. The smooth,
contoured contact surface prevents the plurality of first
contact elements 112, 114 and the plurality of second contact
elements 142, 144 from catching on the edge of the bore 42.
[0067] In another example, each first contact element 112,
114 of the plurality of first contact elements 112, 114 and/or
each second contact element 142, 144 of the plurality of
second contact elements 142, 144 has any one of various
other shapes. For example, each first contact element 112,
114 and/or each second contact element 142, 144 include a
generally cylindrical shape with rounded or semi-spherical
ends.

[0068] Referring to FIGS. 2-4, 6-9, 11-14, and 16, in one
or more examples, each first contact element 112, 114 of the
plurality of first contact elements 112, 114 is connected to
the housing 100 by a retainer 116, 118 (FIG. 2) associated
with the respective first contact element 112, 114. Similarly,
in an example, each second contact element 142, 144 of the
plurality of second contact elements 142, 144 is connected
to the housing 100 by a retainer 146, 148 (FIG. 3) associated
with the respective second contact element 142, 144.
[0069] As illustrated in FIGS. 2, 6, 8, 11, 13, and 16, each
first retainer 116, 118 connects the respective first contact
element 112, 114 to the housing 100 and holds the respective
first contact element 112, 114 within the associated first
opening 104, 106. Each first retainer 116, 118 includes, or
takes the form of, any suitable flexible body configured to
support the respective first contact element 112, 114 within
the associated first opening 104, 106 while allowing radially
inward and outward movement of the respective first contact
element 112, 114 through the associated first opening 104,
106.

[0070] As illustrated in FIGS. 3, 4, 7, 9, 12, and 14, each
second retainer 146, 148 connects the respective second
contact element 142, 144 to housing 100 and holds the
respective second contact element 142, 144 within the
associated second opening 108, 110. Each second retainer
146, 148 includes, or takes the form of, any suitable flexible
body configured to support the respective second contact
element 142, 144 within the associated second opening 108,
110 while allowing radially inward and outward movement
of the respective second contact element 142, 144 through
the associated second opening 108, 110.

[0071] In an example, one end of each first retainer 116,
118 is coupled to an internal surface of the housing 100 and
an opposing end of each first retainer 116, 118 is coupled to
the respective first contact element 112, 114. Similarly, in an
example, one end of each second retainer 146, 148 is
coupled on the internal surface of the housing 100 and an
opposing end of each second retainer 146, 148 is coupled to
the respective second contact element 142, 144. In an
example, each first retainer 116, 118 is coupled to the
housing 100 by a respective first mechanical fastener 120,
122 (FIG. 2). Similarly, in an example, each second retainer
146, 148 is coupled to the housing 100 by a respective
second mechanical fastener 150, 152 (FIG. 3).

[0072] Referring to FIGS. 2-4, 6-9, 11-14, and 16, in one
or more examples, the plug gauge 10 includes a first biasing
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element 170 positioned to bias the first plunger 124 into
engagement with the plurality of first contact elements 112,
114. The first biasing element 170 is configured to exert a
biasing force on the first plunger 124 along the first plunger
axis AP1 in a direction toward the plurality of first contact
elements 112, 114 so that the first plunger 124 urges each
first contact element 112, 114 radially outward through the
respective first opening 104, 106. The biasing force of the
first biasing element 170 is overcome in response to a
radially inward force applied to the plurality of first contact
elements 112, 114 by the interior surface defining the bore
42 when the housing 100 is inserted within the bore 42,
which in turn linearly moves the first plunger 124 in a
direction opposite to the direction of the biasing force.
[0073] As illustrated in FIGS. 2-4, 6-9, 11-14, and 16, in
an example, the first biasing element 170 includes, or takes
the form of, a spring 172. In other examples, the first biasing
element 170 includes any one of various types of suitable
biasing mechanisms.

[0074] Referring to FIGS. 2-4, 6-9, 11-14, and 16, in one
or more examples, the plug gauge 10 includes a second
biasing element 174 positioned to bias the second plunger
154 into engagement with the plurality of second contact
elements 142, 144. The second biasing element 174 is
configured to exert a biasing force on the second plunger 154
along the second plunger axis A, in a direction toward the
plurality of second contact elements 142, 144 so that the
second plunger 154 urges each second contact element 142,
144 radially outward through the respective second opening
108, 110. The biasing force of the second biasing element
174 is overcome in response to a radially inward force
applied to the plurality of second contact elements 142, 144
by the interior surface defining the bore 42 when the housing
100 is inserted within the bore 42, which in turn linearly
moves the second plunger 154 in a direction opposite to the
direction of the biasing force.

[0075] In an example, the second biasing element 174
includes, or takes the form of| a spring. In other examples,
the second biasing element 174 includes any one of various
types of suitable biasing mechanisms. In an example, the
first biasing element 170 and the second biasing element 174
are the same type of biasing mechanism. In another
example, the first biasing element 170 and the second
biasing element 174 are different types of biasing mecha-
nism. In an example, at least one of the first biasing element
170 and the second biasing element 174 is positioned in the
internal volume 102 of the housing 100. In an example, both
the first biasing element 170 and the second biasing element
174 are positioned in the internal volume 102 of the housing
100.

[0076] Referring to FIGS. 2 and 3, in an example, the plug
gauge 10 includes a set screw 176 threaded into engagement
with the housing 100. The first biasing element 170 is
positioned between the set screw 176 and the first plunger
124. The set screw 176 enables selective adjustment of the
biasing force applied to the first plunger 124 by the first
biasing element 170. For example, rotation of the set screw
in a first rotational direction compresses the spring 172 to
increase the biasing force and rotation of the set screw in a
second rotational direction, opposite the first rotational
direction, decompresses the spring 172 to decrease the
biasing force.

[0077] Referring to FIGS. 2 and 3, in an example, the first
plunger 124 includes a head portion 126 that engages the
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plurality of first contact elements 112, 114. The head portion
126 includes an angled surface 128. The angled surface 128
of the head portion 126 of the first plunger 124 provides a
smooth, contoured contact surface to engage each first
contact element 112, 114. The angled surface 128 prevents
the head portion 126 of the first plunger 124 from catching
on the plurality of first contact elements 112, 114 when the
first plunger 124 moves along the first plunger axis Az, .
[0078] Although not explicitly identified, in an example,
the second plunger 154 includes a head portion that engages
the plurality of second contact elements 142, 144. The head
portion includes an angled surface. The angled surface of the
head portion of the second plunger 154 provides a smooth,
contoured contact surface to engage each second contact
element 142, 144. The angled surface prevents the head
portion of the second plunger 154 from catching on the
plurality of second contact elements 142, 144 when the
second plunger 154 moves along the second plunger axis
P2
[0079] Referring to FIG. 1, in an example, the housing
100, the plurality of first contact elements 112, 114, the first
plunger 124, the first sensor 130, the plurality of second
contact elements 142, 144, the second plunger 154, and the
second sensor 160 include, or form, a probe portion 12 of the
plug gauge 10. The plug gauge 10 further includes a
coupling portion 14 connected to the probe portion 12. The
probe portion 12 of the plug gauge 10 is formed by the
portion of the plug gauge 10 that intended to be inserted
within the bore 42. The coupling portion 14 is configured to
enable the probe portion 12 to be coupled to a support 20.
[0080] Referring to FIGS. 1-4, 6-9, 11-14, and 16, in one
or more examples, at least one of the first sensor 130 and the
second sensor 160 is positioned in the internal volume 102
of the housing 100. In one or more examples, both the first
sensor 130 and the second sensor 160 are positioned in the
internal volume 102 of the housing 100. Positioning the first
sensor 130 and/or the second sensor 160 within the internal
volume 102 of the housing 100 provides an enclosed opera-
tive environment and protects the first sensor 130 and the
second sensor 160 during use of the plug gauge 10. Posi-
tioning the first sensor 130 and/or the second sensor 160
within the internal volume 102 of the housing 100 also
enables the plug gauge 10 to simultaneously take two
discrete measurements of the bore 42 at two different
locations along the longitudinal-central axis of the bore 42
using two discrete measuring assemblies: (1) the plurality of
first contact elements 112, 114, the first plunger 124, and the
first sensor 130; and (2) the plurality of second contact
elements 142, 144, the second plunger 154, and the second
sensor 160.
[0081] Referring generally to FIGS. 1-4 and particularly to
FIGS. 6-12, in an example, at least one of the first sensor 130
and the second sensor 160 includes a linear position sensor
200, 300, 400. In an example, both the first sensor 130 and
the second sensor 160 comprise a linear position sensor 200,
300, 400. The linear position sensor 200, 300, 400 includes
any one of various devices capable of measuring a position
of a respective one of the first plunger 124 and the second
plunger 154. The linear position sensor may be an absolute
position sensor or a relative position sensor (e.g., a displace-
ment sensor).
[0082] Asillustrated in FIG. 4, in an example, engagement
with the interior surface defining the bore 42 moves the
plurality of first contact elements 112, 114 radially inward
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through the plurality of first openings 104, 106. Radially
inward movement of the plurality of first contact elements
112, 114 moves the first plunger 124 and, thereby, changes
the position of the first plunger 124. As illustrated in FIGS.
6-12, in one or more examples, the linear position sensor
200, 300, 400 of the first sensor 130 detects the linear
position or displacement of the first plunger 124. The linear
position sensor 200, 300, 400 of the first sensor 130 converts
the position or linear displacement of the first plunger 124
from a reference (e.g., a zero or null position) into a
proportional electrical signal. The signal generated by the
linear position sensor 200, 300, 400 represents the bore-
dimension BD of the bore 42 at a given location of the
plurality of first contact elements 112, 114 along the longi-
tudinal-central axis of the bore 42.

[0083] As illustrated in FIG. 4, in an example, engagement
with the interior surface defining the bore 42 moves the
plurality of second contact elements 142, 144 radially
inward through the plurality of second openings 108, 110.
Radially inward movement of the plurality of second contact
elements 142, 144 moves the second plunger 154 and,
thereby, changes the position of the second plunger 154. As
illustrated in FIGS. 6-12, in one or more examples, the linear
position sensor 200, 300, 400 of the second sensor 160
detects the linear position or displacement of the second
plunger 154. The linear position sensor 200, 300, 400 of the
second sensor 160 converts the position or linear displace-
ment of the second plunger 154 from a reference (e.g., a zero
or null position) into a proportional electrical signal. The
signal generated by the linear position sensor 200, 300, 400
represents the bore-dimension BD of the bore 42 at a given
location of the plurality of second contact elements 142, 144
along the longitudinal-central axis of the bore 42.

[0084] Referring generally to FIGS. 1-4 and particularly to
FIGS. 6 and 7, in an example, the first sensor 130 includes,
or takes the form of, a linear potentiometer 202. Use of the
linear potentiometer 202 as the first sensor 130 provides a
small, simple, and economical means for measuring the
bore-dimension BD of the bore 42 by measuring the position
or displacement of the first plunger 124.

[0085] As illustrated in FIGS. 6 and 7, in an example, the
linear potentiometer 202 includes a resistive element 204
connected to one of the housing 100 and the first plunger
124. The linear potentiometer 202 also includes a wiper 206
operatively engaged (e.g., in contact) with the resistive
element 204. The wiper 206 is connected to another one of
the housing 100 and the first plunger 124.

[0086] For the purpose of the present disclosure, when
connected to the housing 100, the resistive element 204 or
the wiper 206 may be referred to as a fixed member and
when connected to the first plunger 124, the resistive ele-
ment 204 or the wiper 206 may be referred to as a moving
member. Linear movement of the first plunger 124 along the
first plunger axis A, relative to the housing 100, in response
to radially inward movement of the plurality of first contact
elements 112, 114, moves the moving member relative to the
fixed member. Relative movement of the wiper 206 along
the resistive element 204 generates an electric potential
(voltage). The linear potentiometer 202 measures the volt-
age and generates an output signal that is ratiometric with
respect to the measured voltage. The output signal generated
by the linear potentiometer 202 represents the bore-dimen-
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sion BD of the bore 42 at a given location of the plurality of
first contact elements 112, 114 along the longitudinal-central
axis of the bore 42.

[0087] Referring generally to FIGS. 1-4 and particularly to
FIGS. 6 and 7, in an example, the second sensor 160
includes the linear potentiometer 202. Use of the linear
potentiometer 202 as the second sensor 160 provides a
small, simple, and economical means for measuring the
bore-dimension BD of the bore 42 by measuring the position
or displacement of the second plunger 154.

[0088] As illustrated in FIGS. 6 and 7, in an example, the
linear potentiometer 202 includes the resistive element 204
connected to one of the housing 100 and the second plunger
154. The linear potentiometer 202 also includes the wiper
206 operatively engaged (e.g., in contact) with the resistive
element 204. The wiper 206 is connected to another one of
the housing 100 and the second plunger 154. Linear move-
ment of the second plunger 154 along the second plunger
axis AP2 relative to the housing 100, in response to radially
inward movement of the plurality of second contact ele-
ments 142,144, moves the moving member relative to the
fixed member. Relative movement of the wiper 206 along
the resistive element 204 generates an electric potential
(voltage). The linear potentiometer 202 measures the volt-
age and generates an output signal that is ratiometric with
respect to the measured voltage. The output signal generated
by the linear potentiometer 202 represents the bore-dimen-
sion BD of the bore 42 at a given location of the plurality of
second contact elements 142,144 along the longitudinal-
central axis of the bore 42.

[0089] Referring generally to FIGS. 1-4 and particularly to
FIGS. 8-10, in an example, the first sensor 130 includes a
linear variable differential transformer 302. Use of the linear
variable differential transformer 302 as the first sensor 130
provides a robust, versatile, and reliable means for measur-
ing the bore-dimension BD of the bore 42 by measuring the
position or displacement of the first plunger 124.

[0090] As illustrated in FIGS. 8-10, in an example, the
linear variable differential transformer 302 includes a first
secondary coil 304 and a second secondary coil 306, both
positioned in the housing 100 and received over the first
plunger 124. The linear variable differential transformer 302
also includes a primary coil 308 positioned in the housing
100 and received over the first plunger 124. The primary coil
308 is disposed between the first secondary coil 304 and the
second secondary coil 306 along the first plunger axis A,,.

[0091] An alternating current drives the primary coil 308
and causes a voltage to be induces in the first secondary coil
304 and the second secondary coil 306. When the first
plunger 124 moves along the first plunger axis A, an
inductance link between the primary coil 308 and the first
secondary coil 304 and the second secondary coil 306
changes and causes the induced voltage to change. The
linear variable differential transformer 302 measures the
voltage differential and generates an output signal. The
output signal generated by the linear variable differential
transformer 302 represents the bore-dimension BD of the
bore 42 at a given location of the plurality of first contact
elements 112,114 along the longitudinal-central axis of the
bore 42.

[0092] Referring to FIGS. 8-10, in an example, the first
plunger 124 includes a ferromagnetic material. In an
example, the first plunger 124 is made of the ferromagnetic
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material (e.g., an iron-nickel alloy). In another example, the
ferromagnetic material is coupled to an exterior of the first
plunger 124.

[0093] Referring generally to FIGS. 1-4 and particularly to
FIGS. 8-10, in an example, the second sensor 160 includes
the linear variable differential transformer 302. Use of the
linear variable differential transformer 302 as the second
sensor 160 provides a robust, versatile, and reliable means
for measuring the bore-dimension BD of the bore 42 by
measuring the position or displacement of the second
plunger 154.

[0094] As illustrated in FIGS. 8-10, in an example, the
linear variable differential transformer 302 includes the first
secondary coil 304 and the second secondary coil 306, both
positioned in the housing 100 and received over the second
plunger 154. The linear variable differential transformer 302
also includes the primary coil 308 positioned in the housing
100 and received over the second plunger 154. The primary
coil 308 is disposed between the first secondary coil 304 and
the second secondary coil 306 along the second plunger axis
A,,. When the second plunger 154 moves along the second
plunger axis Ap,, an inductance link between the primary
coil 308 and the first secondary coil 304 and the second
secondary coil 306 changes and causes the induced voltage
to change. The linear variable differential transformer 302
measures the voltage differential and generates an output
signal. The output signal generated by the linear variable
differential transformer 302 represents the bore-dimension
BD of the bore 42 at a given location of the plurality of
second contact elements 142,144 along the longitudinal-
central axis of the bore 42.

[0095] Referring generally to FIGS. 1-4 and particularly to
FIGS. 11 and 12, in an example, the first sensor 130 includes
a linear encoder 402. Use of the linear encoder 402 as the
first sensor 130 provides a reliable and precise means for
measuring the bore-dimension BD of the bore 42 by mea-
suring the position or displacement of the first plunger 124.

[0096] Referring generally to FIGS. 1-4 and particularly to
FIGS. 11 and 12, in an example, the second sensor 160
includes the linear encoder 402. Use of the linear encoder
402 as the second sensor 160 provides a reliable and precise
means for measuring the bore-dimension BD of the bore 42
by measuring the position or displacement of the second
plunger 154.

[0097] Referring generally to FIGS. 1-4 and particularly to
FIGS. 11 and 12, in an example, the first sensor 130 includes
an optical linear encoder 404. The optical linear encoder 404
includes a scale 406 on the first plunger 124. The optical
linear encoder 404 also includes a light source 408 posi-
tioned in the internal volume 102 of the housing 100 to
illuminate at least a portion of the scale 406. The optical
linear encoder 404 further includes a light detector 410
positioned in the internal volume 102 of the housing 100 to
receive light reflected from the scale 406.

[0098] When the first plunger 124 moves along the first
plunger axis A,,, the optical linear encoder 404 uses the
light detector 410 to read linear graduations formed on the
scale 406 from the light reflected from the scale 406. The
optical linear encoder 404 measures the displacement of the
first plunger 124 based on the graduations differential and
generates an output signal. The output signal generated by
the optical linear encoder 404 represents the bore-dimension
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BD of the bore 42 at a given location of the plurality of first
contact elements 112, 114 along the longitudinal-central axis
of the bore 42.

[0099] In an example, the second sensor 160 includes the
optical linear encoder 404. The optical linear encoder 404
includes the scale 406 on the second plunger 154. The
optical linear encoder 404 also includes the light source 408
positioned in the internal volume 102 of the housing 100 to
illuminate at least a portion of the scale 406. The optical
linear encoder 404 further includes the light detector 410
positioned in the internal volume 102 of the housing 100 to
receive light reflected from the scale 406.

[0100] When the second plunger 154 moves along the
second plunger axis A ., the optical linear encoder 404 uses
the light detector 410 to read linear graduations formed on
the scale 406 from the light reflected from the scale 406. The
optical linear encoder 404 measures the displacement of the
second plunger 154 based on the graduations differential and
generates an output signal. The output signal generated by
the optical linear encoder 404 represents the bore-dimension
BD of the bore 42 at a given location of the plurality of
second contact elements 142, 144 along the longitudinal-
central axis of the bore 42.

[0101] Referring to FIGS. 11 and 12, in an example, the
light source 408 includes an optical fiber 412. In other
examples, the light source 408 is any one of a laser, a hollow
tube bore scope, a back-lit encoder with a photo sensor, and
the like.

[0102] Referring generally to FIGS. 1-4 and particularly to
FIGS. 13-17, in an example, at least one of the first sensor
130 and the second sensor 160 includes a strain gauge 500.
In an example, both the first sensor 130 and the second
sensor 160 include the strain gauge 500. Use of the strain
gauge 500 as at least one of the first sensor 130 and the
second sensor 160 provides a small, accurate, and economi-
cal means for measuring the bore-dimension BD of the bore
42 by measuring an external force exerted on the plurality of
first contact elements 112,114 and/or the plurality of second
contact elements 142,144, respectively.

[0103] Referring generally to FIGS. 2-4 and particularly to
FIGS. 13 and 15, in an example, each first contact element
112, 114 of the plurality of first contact elements 112, 114 is
connected to the housing 100 by the associated retainer 116,
118 of the plurality of retainers 116, 118. As illustrated in
FIGS. 13 and 15, in an example, the first sensor 130 includes
at least one strain gauge 500 connected to the retainer 116,
118 of the plurality of retainers 116, 118. Use of the strain
gauge 500 as the first sensor 130 provides a small, accurate,
and economical means for measuring the bore-dimension
BD of the bore 42 by measuring deflection in the associated
retainer 116, 118 of the plurality of retainers 116, 118.
[0104] Although FIG. 15 illustrates an example of the first
sensor 130 including the strain gauge 500 connected to the
first retainer 116, FIG. 15 is also illustrative of an example
of the first sensor 130 including the strain gauge 500
connected to the first retainer 118.

[0105] Radially inward movement of the plurality of first
contact elements 112, 114 exerts a force on the associated
retainer 116, 118 of the plurality of retainers 116, 118. The
strain gauge 500 converts the force (e.g., tension) applied to
the associated retainer 116, 118 into a change in electrical
resistance. The strain gauge 500 measures a resistance
differential that varies with the applied force and generates
an output signal. The output signal generated by the strain
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gauge 500 represents the bore-dimension BD of the bore 42
at a given location of the plurality of first contact elements
112, 114 along the longitudinal-central axis of the bore 42.
[0106] Referring generally to FIGS. 2-4 and particularly to
FIGS. 14 and 15, in an example, each second contact
element 142, 144 of the plurality of second contact elements
142, 144 is connected to the housing 100 by the associated
retainer 146, 148 of the plurality of retainers 146, 148. As
illustrated in FIGS. 14 and 15, in an example, the second
sensor 160 includes at least one strain gauge 500 connected
to the retainer 146, 148 of the plurality of retainers 146, 148.
Use of the strain gauge 500 as the second sensor 160
provides a small, accurate, and economical means for mea-
suring the bore-dimension BD of the bore 42 by measuring
deflection in the associated retainer 146, 148 of the plurality
of retainers 146, 148.

[0107] Although FIG. 15 illustrates an example of the first
sensor 130 including the strain gauge 500 connected to the
first retainer 116, FIG. 15 is also illustrative of examples of
the second sensor 160 including the strain gauge 500 con-
nected to the second retainer 146 and the second sensor 160
including the strain gauge 500 connected to the second
retainer 148.

[0108] Referring generally to FIGS. 1-4 and particularly to
FIGS. 16 and 17, in an example, the first sensor 130 includes
the strain gauge 500 connected to two first contact elements
112, 114 of the plurality of first contact elements 112, 114.
Use of the strain gauge 500 as the first sensor 130 provides
a small, accurate, and economical means for measuring the
bore-dimension BD of the bore 42 by measuring relative
displacement of the two first contact elements 112, 114.
[0109] Radially inward movement of the two first contact
elements 112, 114 exerts a force on strain gauge 500. The
strain gauge 500 converts the force (e.g., compression) into
a change in electrical resistance. The strain gauge 500
measures a resistance differential that varies with the applied
force and generates an output signal. The output signal
generated by the strain gauge 500 represents the bore-
dimension BD of the bore 42 at a given location of the two
first contact elements 112, 114 along the longitudinal-central
axis of the bore 42.

[0110] Referring generally to FIGS. 1-4 and particularly to
FIGS. 16 and 17, in an example, the second sensor 160
includes the strain gauge 500 connected to two second
contact elements 142, 144 of the plurality of second contact
elements 142, 144. Use of the strain gauge 500 as the second
sensor 160 provides a small, accurate, and economical
means for measuring the bore-dimension BD of the bore 42
by measuring relative displacement of the two second con-
tact elements 142, 144.

[0111] Radially inward movement of the two second con-
tact elements 142, 144 exerts a force on strain gauge 500.
The strain gauge 500 converts the force (e.g., compression)
into a change in electrical resistance. The strain gauge 500
measures a resistance differential that varies with the applied
force and generates an output signal. The output signal
generated by the strain gauge 500 represents the bore-
dimension BD of the bore 42 at a given location of the two
second contact elements 142, 144 along the longitudinal-
central axis of the bore 42.

[0112] Referring to FIGS. 1-17, in one particular example,
the disclosed plug gauge 10 includes the housing 100
defining the internal volume 102 and the longitudinal axis
A;,. The housing 100 includes a pair of first openings 104,
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106 into the internal volume 102 and a pair of second
openings 108, 110 into the internal volume 102. The pair of
second openings 108, 110 is displaced a pre-defined non-
zero distance D along the longitudinal axis A from the pair
of first openings 104, 106. The plug gauge 10 also includes
a pair of first contact elements 112, 114 aligned along the
first contact element axis A, that is generally perpendicular
to the longitudinal axis A, Each first contact element 112,
114 of the pair of first contact elements 112, 114 is received
in an associated one of the pair of first openings 104, 106.
The plug gauge 10 further includes the first plunger 124
received in the internal volume 102 of the housing 100 and
defining the first plunger axis A, that is aligned with the
longitudinal axis A,, of the housing 100. The first plunger
124 is movable relative to the housing 100 along the first
plunger axis A,,. The first plunger 124 is biased into
engagement with the pair of first contact elements 112, 114.
The plug gauge 10 additionally includes the first sensor 130
received in the internal volume 102 of the housing 100 to
sense movement of the first plunger 124 relative to the
housing 100. The plug gauge 10 also includes a pair of
second contact elements 142, 144 aligned along the second
contact element axis A, that is generally perpendicular to
the longitudinal axis A and disposed at a non-zero angle ©
relative to the first contact element axis A.,. Each second
contact element 142, 144 of the pair of second contact
elements 142, 144 is received in an associated one of the pair
of second openings 108, 110. The plug gauge 10 further
includes the second plunger 154 received in the internal
volume 102 of the housing 100 and defining the second
plunger axis Ap, that is aligned with the longitudinal axis A,,
of the housing 100. The second plunger 154 is movable
relative to the housing 100 along the second plunger axis
A,. The second plunger 154 is biased into engagement with
the pair of second contact elements 142, 144. The plug
gauge 10 additionally includes the second sensor 160 sens-
ing movement of the second plunger 154 relative to the
housing 100.

[0113] Referring to FIGS. 1-4, 6-9, 11-14, and 16, in one
or more examples, the second sensor 160 is received in the
internal volume 102 of the housing 100. Positioning both the
first sensor 130 and the second sensor 160 within the internal
volume 102 of the housing 100 provides a compact and
enclosed assembly capable of taking multiple simultaneous
diametric measurements of the bore 42 formed in the
structure 40 (FIG. 1).

[0114] Referring generally to FIGS. 1-4 and particularly to
FIGS. 6-17, in one or more examples, the first sensor 130
includes at least one of the linear position sensor 200, 300,
400 and the strain gauge 500. In one or more examples, the
second sensor 160 includes at least one of the linear position
sensor 200, 300, 400 and the strain gauge 500.

[0115] Referring to FIG. 1, examples of a system 8 for
taking multiple simultaneous diametric measurements of a
bore 42 formed in a structure 40 are disclosed. In one or
more examples, the system 8 includes the plug gauge 10.
The plug gauge 10 is sized to be received in the bore 42. The
system 8 also includes the support 20 connected to the plug
gauge 10. In an example, the housing 100, the plurality of
first contact elements 112, 114, the first plunger 124, the first
sensor 130, the plurality of second contact elements 142,
144, the second plunger 154, and the second sensor 160 form
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the probe portion 12 of the plug gauge 10. The coupling
portion 14 is configured to connect the probe portion 12 to
the support 20.

[0116] Referring to FIG. 1, in an example, the support 20
includes a robotic arm 22. The robotic arm 22 is configured
to automatically insert the plug gauge 10 (e.g., the probe
portion 12) within the bore 42 for taking multiple simulta-
neous diametric measurements of the bore 42. In an
example, the robotic arm 22 positions the plug gauge 10
within the bore 42 (at a stationary position along the
longitudinal-central axis of the bore 42) for taking two
simultaneous diametric measurements of the bore-dimen-
sion BD of the bore 42 at two measurement locations of the
plurality of first contact elements 112, 114 and the plurality
of second contact elements 142, 144. In an example, the
robotic arm 22 linearly moves the plug gauge 10 through the
bore 42 (e.g., along the longitudinal-central axis of the bore
42) for taking a plurality of simultaneous diametric mea-
surements of the bore-dimension BD of the bore 42 along
the longitudinal-central axis of the bore 42 as the plurality of
first contact elements 112, 114 and the plurality of second
contact elements 142, 144 move linearly through the bore
42. In an example, the robotic arm 22 rotationally moves the
plug gauge 10 within the bore 42 (e.g., about the longitu-
dinal-central axis of the bore 42) for taking a plurality of
simultaneous diametric measurements of the bore-dimen-
sion BD of the bore 42 along the circumference of the bore
42 at two measurement locations along the longitudinal-
central axis of the bore 42. In an example, the robotic arm
22 linearly moves the plug gauge 10 along the longitudinal-
central axis of the bore 42 while also generally simultane-
ously rotationally moving the plug gauge 10 about the
longitudinal-central axis of the bore 42 for taking a plurality
of simultaneous diametric measurements of the bore-dimen-
sion BD of the bore 42 along both the circumference of the
bore 42 and the longitudinal-central axis of the bore 42.

[0117] In an example, the robotic arm 22 includes or
serves as the second biasing element 174. For example, one
end of the housing 100 is open so that, when the plug gauge
10 is coupled to the robotic arm 22, a portion of the robotic
arm 22 or a component of the robotic arm 22 is operatively
coupled with the second plunger 154 to bias the second
plunger 154 into engagement with the plurality of second
contact elements 142, 144.

[0118] Referring to FIG. 1, in an example, the system 8
includes a computer system 30. The computer system 30 is
in communication with the first sensor 130, the second
sensor 160, and the robotic arm 22. The computer system 30
is operable to control the robotic arm 22 to automatically
position and move the plug gauge 10 relative to the bore 42.
The computer system 30 is also operable to analyze and/or
display the output signals and/or measurements generated by
the first sensor 130 and the second sensor 160 representing
the multiple simultaneous diametric measurements of the
bore-dimension BD of the bore 42.

[0119] Referring generally to FIGS. 1-17 and particularly
to FIG. 18, examples of a method 600 for taking multiple
simultaneous diametric measurements of a bore 42 formed
in a structure 40 are disclosed. In one or more example, the
method 600 includes a step of (block 610) providing the plug
gauge 10 having the longitudinal axis A,,. For the purpose
of the present disclosure, the term “providing,” in reference
to the step of (block 610) providing the plug gauge 10,
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means to make available or ready for use and does not imply
a requirement to make or otherwise supply.

[0120] Referring to FIG. 18, in one or more example, the
method 600 includes a step of (block 620) inserting the plug
gauge 10 into the bore 42 while the plug gauge 10 is at a first
orientation with respect to the longitudinal axis A,. The
method 600 also includes a step of (block 630) rotating the
plug gauge 10 about the longitudinal axis A to a second
orientation with respect to the longitudinal axis A. The
method 600 further includes a step of (block 640) withdraw-
ing the plug gauge 10 from the bore 42.

[0121] Asillustrated in FIGS. 1-5, in an example, with the
plug gauge 10 located within the bore 42 and positioned at
the first orientation, the plurality of first contact elements
112, 114 engage first diametrically opposed measuring loca-
tions on the interior surface defining the bore 42 to take a
first bore measurement and the plurality of second contact
elements 142, 144 engage second diametrically opposed
measuring locations on the interior surface defining the bore
42 to simultaneously take a second bore measurement. As
illustrated in FIGS. 2 and 3, in an example, the first bore
measurement and the second bore measurement are taken at
different locations along the longitudinal-central axis of the
bore 42, which are linearly displaced by the displacement
distance D. As illustrated in FIG. 5, in an example, the first
bore measurement and the second bore measurement are
taken at different angular locations about the longitudinal-
central axis of the bore 42, which are angularly displaced by
the displacement angle ©.

[0122] Following rotation of the plug gauge 10 to the
second orientation, the plurality of first contact elements
112, 114 engage third diametrically opposed measuring
locations on the interior surface defining the bore 42 to take
a third bore measurement and the plurality of second contact
elements 142, 144 engage fourth diametrically opposed
measuring locations on the interior surface defining the bore
42 to simultaneously take a fourth bore measurement. In an
example, the third bore measurement and the fourth bore
measurement are taken at different locations along the
longitudinal-central axis of the bore 42, which are linearly
displaced by the displacement distance D. In an example, the
third bore measurement and the fourth bore measurement
are taken at different angular locations about the longitudi-
nal-central axis of the bore 42, which are angularly displaced
by the displacement angle ©.

[0123] In an example, the method 600 includes a step of
linearly moving the plug gauge 10 through the bore 42,
along the longitudinal-central axis of the bore 42, while
maintaining the plug gauge 10 at one of the first orientation
or the second orientation. In an example, the method 600
includes a step of linearly moving the plug gauge 10 through
the bore 42, along the longitudinal-central axis of the bore
42, while rotating the plug gauge 10 from the first orienta-
tion to the second orientation.

[0124] Referring generally to FIGS. 1-17 and particularly
to FIG. 18, in one or more example, according to the method
600, the steps of (blocks 620, 630, and 640) inserting,
rotating, and withdrawing are performed by the robotic arm
22 controlled by the computer system 30.

[0125] In another example, the steps of (blocks 620, 630,
and 640) inserting, rotating, and withdrawing are performed
manually, for example, by a human operator.

[0126] Referring to FIG. 1, in accordance with one or
more examples of the plug gauge 10, the system 8, and the
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method 600, the computer system 30 includes a bus or other
communication mechanism for communicating information,
and a processor coupled with bus for processing informa-
tion. The computer system 30 also includes a memory,
which may be a random access memory (RAM) or other
dynamic storage device, coupled to bus for storing instruc-
tions to be executed by processor. The memory may also be
used for storing intermediate information during execution
of instructions to be executed by processor. The memory
may include, for example, flash memory. The memory also
includes a read only memory (ROM) or other static storage
device coupled to bus for storing static information and
instructions for processor. For example, a storage device,
such as a magnetic disk or optical disk, may be provided and
coupled to bus for storing information and instructions. The
computer system 30 additionally includes a display for
displaying information to a computer user and an input
device for communicating information and command selec-
tions to the processor.

[0127] The computer system 30 is configured to perform
at least some of the operations described herein. Consistent
with certain implementations of the disclosed examples,
results are provided by the computer system 30 in response
to the processor executing one or more sequences of one or
more instructions contained in the memory. Such instruc-
tions may be read into the memory from another computer-
readable medium, such as the storage device. Execution of
the sequences of instructions contained in the memory
causes the processor to perform the operational steps and/or
processes described herein. Alternatively hard-wired cir-
cuitry may be used in place of or in combination with
software instructions to implement the disclosed examples.
Thus implementations of the disclosed examples are not
limited to any specific combination of hardware circuitry
and software. The term “computer-readable medium” as
used herein refers to any media that participates in providing
instructions to the processor for execution. Such a medium
may take many forms, including but not limited to, non-
volatile media, volatile media, and transmission media.
Non-volatile media includes, for example, optical or mag-
netic disks, such as the storage device. Volatile media
includes dynamic memory, such as the memory. Transmis-
sion media includes coaxial cables, copper wire, and fiber
optics, including the wires that form the bus.

[0128] Examples of the plug gauge 10, the system 8, and
the method 600 disclosed herein may find use in a variety of
potential applications, particularly in the transportation
industry, including for example, aerospace applications.
Referring now to FIGS. 19 and 20, examples of the plug
gauge 10, the system 8, and the method 600 may be used in
the context of an aircraft manufacturing and service method
1000, as shown in the flow diagram of FIG. 19 and an
aircraft 1002, as shown in FIG. 20. Aircraft applications may
include taking multiple simultaneous diametric measure-
ments of a bore formed in a structure or other component
used in the manufacture of aircraft using the plug gauge 10,
the system 8, and/or the method 600 disclosed herein.

[0129] FIG. 20 is an illustrative example of the aircraft
1002. The aircraft 1002 includes an airframe 1018, a plu-
rality of high-level systems 1020, and an interior 1022.
Examples of the high-level systems 1020 include one or
more of a propulsion system 1024, an electrical system
1026, a hydraulic system 1028, and an environmental sys-
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tem 1030. In other examples, the aircraft 1002 may include
any number of other types of systems.

[0130] The aircraft 1002 illustrated in FIG. 20 is an
example of an aircraft having one or more structures or
components that include any number of bores, for example,
used for fastening purposes, which may be measured using
the plug gauge 10, the system 8, and/or the method 600
disclosed herein. In an example, the structure 40 (FIG. 1) is
a component of the aircraft 1002 or is an element of a larger
assembly of the aircraft 1002. In an example, the structure
40 forms a part of the airframe 1018 of the aircraft 1002,
such as a fuselage, a wing, a vertical stabilizer, a horizontal
stabilizer, another structure of the aircraft 1002, such as a
skin panel, a stringer, a spar, a rib, a wing box, a stiffener,
or a part of the interior 1022, such as an interior panel.
[0131] As illustrated in FIG. 19, during pre-production,
the method 1000 may include specification and design of
aircraft 1002 (block 1004) and material procurement (block
1006). During production of the aircraft 1002, component
and subassembly manufacturing (block 1008) and system
integration (block 1010) of the aircraft 1002 may take place.
Thereafter, the aircraft 1002 may go through certification
and delivery (block 1012) to be placed in service (block
1014). Implementation of the plug gauge 10, the system 8,
and the method 600 may form a portion of component and
subassembly manufacturing (block 1008) and/or system
integration (block 1010). Routine maintenance and service
(block 1016) may include modification, reconfiguration,
refurbishment, etc. of one or more systems of the aircraft
1002.

[0132] Each of the processes of the method 1000 illus-
trated in FIG. 19 may be performed or carried out by a
system integrator, a third party, and/or an operator (e.g., a
customer). For the purposes of this description, a system
integrator may include, without limitation, any number of
aircraft manufacturers and major-system subcontractors; a
third party may include, without limitation, any number of
vendors, subcontractors, and suppliers; and an operator may
be an airline, leasing company, military entity, service
organization, and so on.

[0133] Examples of the plug gauge 10, the system 8, and
the method 600 shown or described herein may be employed
during any one or more of the stages of the manufacturing
and service method 1000 shown in the flow diagram illus-
trated by FIG. 19. For example, components or subassem-
blies, such as those that include the structure 40 having any
number of bores 42, corresponding to component and sub-
assembly manufacturing (block 1008) may be fabricated or
manufactured in a manner similar to components or subas-
semblies produced while the aircraft 1002 (FIG. 20) is in
service (block 1014). Also, one or more examples of the plug
gauge 10, the system 8, and the method 600 described herein
may be utilized during production stages (block 1010 and
block 1012). Similarly, one or more examples of the plug
gauge 10, the system 8, and the method 600 described herein
may be utilized, for example and without limitation, while
the aircraft 1002 is in service (block 1014) and during
maintenance and service (block 1016).

[0134] Although an aerospace example is shown, the
examples and principles disclosed herein may be applied to
other industries, such as the automotive industry, the space
industry, the construction industry, and other design and
manufacturing industries. Accordingly, in addition to air-
craft, the examples and principles disclosed herein may
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apply to other vehicle structures (e.g., land vehicles, marine
vehicles, space vehicles, etc.) and stand-alone structures.
[0135] As used herein, a system, apparatus, device, struc-
ture, article, element, component, or hardware “configured
to” perform a specified function is indeed capable of per-
forming the specified function without any alteration, rather
than merely having potential to perform the specified func-
tion after further modification. In other words, the system,
apparatus, device, structure, article, element, component, or
hardware “configured to” perform a specified function is
specifically selected, created, implemented, utilized, pro-
grammed, and/or designed for the purpose of performing the
specified function. As used herein, “configured to” denotes
existing characteristics of a system, apparatus, structure,
article, element, component, or hardware that enable the
system, apparatus, structure, article, element, component, or
hardware to perform the specified function without further
modification. For purposes of this disclosure, a system,
apparatus, device, structure, article, element, component, or
hardware described as being “configured to” perform a
particular function may additionally or alternatively be
described as being “adapted to” and/or as being “operative
to” perform that function.

[0136] Unless otherwise indicated, the terms “first”, “sec-
ond”, etc. are used herein merely as labels, and are not
intended to impose ordinal, positional, or hierarchical
requirements on the items to which these terms refer. More-
over, reference to a “second” item does not require or
preclude the existence of lower-numbered item (e.g., a
“first” item) and/or a higher-numbered item (e.g., a “third”
item).

[0137] For the purpose of this disclosure, the terms
“coupled,” “coupling,” and similar terms refer to two or
more elements that are joined, linked, fastened, connected,
put in communication, or otherwise associated (e.g.,
mechanically, electrically, fluidly, optically, electromagneti-
cally) with one another. In various examples, the elements
may be associated directly or indirectly. As an example,
element A may be directly associated with element B. As
another example, element A may be indirectly associated
with element B, for example, via another element C. It will
be understood that not all associations among the various
disclosed elements are necessarily represented. Accordingly,
couplings other than those depicted in the figures may also
exist.

[0138] As used herein, the phrase “at least one of”, when
used with a list of items, means different combinations of
one or more of the listed items may be used and only one of
each item in the list may be needed. For example, “at least
one of item A, item B, and item C” may include, without
limitation, item A or item A and item B. This example also
may include item A, item B, and item C, or item B and item
C. In other examples, “at least one of” may be, for example,
without limitation, two of item A, one of item B, and ten of
item C; four of item B and seven of item C; and other
suitable combinations.

[0139] As wused herein, the terms ‘“approximately,”
“about,” and “generally” refer to or represent a condition
that is close to, but not exactly, the stated condition that still
performs the desired function or achieves the desired result.
As an example, the terms “approximately,” “about,” and
“generally” refer to a condition that is within an acceptable
predetermined tolerance or accuracy. For example, the terms
“approximately,” “about,” and “generally” refer to a condi-
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tion that is within 10% of the stated condition. However, the
terms “approximately,” “about,” and “generally” do not
exclude a condition that is exactly the stated condition. As
used herein, the term “substantially” refers to or represents
a condition that is the same as the stated condition to an
extent that it may be perceived as being exact. For example,
the term “substantially” encompasses conditions that are
exactly the same or that are within a predetermined allow-
able variance, such as within +/-5%, +/-2%, or +/-1%.
[0140] Unless otherwise explicitly stated, the schematic
illustrations of examples depicted in FIGS. 1-17, referred to
above, are not meant to imply structural limitations with
respect to the illustrative example. Rather, although one
illustrative structure is indicated, it is to be understood that
the structure may be modified when appropriate. Accord-
ingly, modifications, additions and/or omissions may be
made to the illustrated structure. Additionally, those skilled
in the art will appreciate that not all elements described and
illustrated herein need be included in every example and not
all elements described herein are necessarily depicted in
each illustrative example.

[0141] In FIGS. 18 and 19, referred to above, the blocks
may represent operations, steps, and/or portions thereof and
lines connecting the various blocks do not imply any par-
ticular order or dependency of the operations or portions
thereof. Blocks represented by dashed lines, if any, indicate
alternative operations and/or portions thereof. Dashed lines,
if any, connecting the various blocks represent alternative
dependencies of the operations or portions thereof. It will be
understood that not all dependencies among the various
disclosed operations are necessarily represented. FIGS. 18
and 19 and the accompanying disclosure describing the
operations of the disclosed methods set forth herein should
not be interpreted as necessarily determining a sequence in
which the operations are to be performed. Rather, although
one illustrative order is indicated, it is to be understood that
the sequence of the operations may be modified when
appropriate. Accordingly, modifications, additions and/or
omissions may be made to the operations illustrated and
certain operations may be performed in a different order or
simultaneously. Additionally, those skilled in the art will
appreciate that not all operations described need be per-
formed.

[0142] Further, references throughout the present specifi-
cation to features, advantages, or similar language used
herein do not imply that all of the features and advantages
that may be realized with the examples disclosed herein
should be, or are in, any single example. Rather, language
referring to the features and advantages is understood to
mean that a specific feature, advantage, or characteristic
described in connection with an example is included in at
least one example. Thus, discussion of features, advantages,
and similar language used throughout the present disclosure
may, but do not necessarily, refer to the same example.
[0143] The described features, advantages, and character-
istics of one example may be combined in any suitable
manner in one or more other examples. One skilled in the
relevant art will recognize that the examples described
herein may be practiced without one or more of the specific
features or advantages of a particular example. In other
instances, additional features and advantages may be rec-
ognized in certain examples that may not be present in all
examples. Furthermore, although various examples of the
plug gauge 10, the system 8, and the method 600 have been
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shown and described, modifications may occur to those
skilled in the art upon reading the specification. The present
application includes such modifications and is limited only
by the scope of the claims.

1. A plug gauge comprising:

a housing defining an internal volume and a longitudinal
axis, said housing comprising a plurality of first open-
ings into said internal volume and a plurality of second
openings into said internal volume;

a plurality of first contact elements, wherein each first
contact element of said plurality of first contact ele-
ments is at least partially received in a respective one
of said plurality of first openings in said housing;

a first plunger received in said internal volume of said
housing and defining a first plunger axis that is aligned
with said longitudinal axis of said housing, said first
plunger being movable relative to said housing along
said first plunger axis, wherein said first plunger is
biased into engagement with said plurality of first
contact elements to urge said plurality of first contact
elements radially outward through said plurality of first
openings;

a first sensor sensing movement of said first plunger
relative to said housing;

a plurality of second contact elements, wherein each
second contact element of said plurality of second
contact elements is at least partially received in a
respective one of said plurality of second openings in
said housing;

a second plunger received in said internal volume of said
housing and defining a second plunger axis that is
aligned with said longitudinal axis of said housing, said
second plunger being movable relative to said housing
along said second plunger axis, wherein said second
plunger is biased into engagement with said plurality of
second contact elements to urge said plurality of second
contact elements radially outward through said plural-
ity of second openings; and

a second sensor sensing movement of said second plunger
relative to said housing.

2. The plug gauge of claim 1 wherein said plurality of
second openings are displaced a pre-defined non-zero dis-
tance along said longitudinal axis from said plurality of first
openings.

3. The plug gauge of claim 1 wherein said plurality of
second openings are displaced a non-zero angle ® about said
longitudinal axis relative to said plurality of first openings.

4. The plug gauge of claim 3 wherein said non-zero angle
is about 90 degrees.

5. (canceled)

6. The plug gauge of claim 1 wherein said housing defines
an outer surface, and wherein portions of said plurality of
first contact elements and portions of said plurality of second
contact elements protrude radially outward beyond said
outer surface.

7. (canceled)

8. The plug gauge of claim 1 wherein said plurality of first
contact elements consists of two first contact elements
aligned along a first contact element axis that is generally
perpendicular to said longitudinal axis.

9. The plug gauge of claim 8 wherein said plurality of
second contact elements consists of two second contact
elements aligned along a second contact element axis that is
generally perpendicular to said longitudinal axis, and

Aug. 27, 2020

wherein said second contact element axis is disposed at a
non-zero angle relative to said first contact element axis.

10. (canceled)

11. The plug gauge of claim 1 wherein each first contact
element of said plurality of first contact elements is sub-
stantially spherical.

12-13. (canceled)

14. The plug gauge of claim 1 further comprising a first
biasing element positioned to bias said first plunger into
engagement with said plurality of first contact elements.

15. (canceled)

16. The plug gauge of claim 14 further comprising a
second biasing element positioned to bias said second
plunger into engagement with said plurality of second
contact elements.

17-19. (canceled)

20. The plug gauge of claim 1 wherein at least one of said
first sensor and said second sensor is positioned in said
internal volume of said housing.

21. (canceled)

22. The plug gauge of claim 1 wherein at least one of said
first sensor and said second sensor comprises a linear
position sensor.

23. (canceled)

24. The plug gauge of claim 1 wherein said first sensor
comprises a linear potentiometer.

25. The plug gauge of claim 24 wherein said linear
potentiometer comprises:

a resistive element connected to one of said housing and

said first plunger; and

a wiper operatively engaged with said resistive element,
said wiper being connected to another one of said
housing and said first plunger.

26. (canceled)

27. The plug gauge of claim 1 wherein said first sensor

comprises a linear variable differential transformer.

28. The plug gauge of claim 27 wherein said linear
variable differential transformer comprises:

a first secondary coil and a second secondary coil, both
positioned in said housing and received over said first
plunger; and

a primary coil positioned in said housing and received
over said first plunger, wherein said primary coil is
disposed between said first secondary coil and said
second secondary coil along said first plunger axis.

29. The plug gauge of claim 28 wherein said first plunger
comprises a ferromagnetic material.

30. (canceled)

31. The plug gauge of claim 1 wherein said first sensor
comprises a linear encoder.

32. (canceled)

33. The plug gauge of claim 1 wherein said first sensor
comprises an optical linear encoder comprising:

a scale on said first plunger;

a light source positioned in said internal volume of said
housing to illuminate at least a portion of said scale;
and

a light detector positioned in said internal volume of said
housing to receive light reflected from said scale.

34. (canceled)

35. The plug gauge of claim 1 wherein at least one of said

first sensor and said second sensor comprises a strain gauge.

36. (canceled)
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37. The plug gauge of claim 1 further comprising a
plurality of retainers, wherein each first contact element of
said plurality of first contact elements is connected to said
housing by an associated retainer of said plurality of retain-
ers.

38. The plug gauge of claim 37 wherein said first sensor
comprises at least one strain gauge connected to a retainer of
said plurality of retainers.

39. (canceled)

40. A plug gauge comprising:

a housing defining an internal volume and a longitudinal
axis, said housing comprising a pair of first openings
into said internal volume and a pair of second openings
into said internal volume, wherein said pair of second
openings are displaced a pre-defined non-zero distance
along said longitudinal axis from said pair of first
openings;

apair of first contact elements aligned along a first contact
element axis that is generally perpendicular to said
longitudinal axis, each first contact element of said pair
of first contact elements being received in an associated
one of said pair of first openings;

a first plunger received in said internal volume of said
housing and defining a first plunger axis that is aligned
with said longitudinal axis of said housing, said first
plunger being movable relative to said housing along
said first plunger axis, wherein said first plunger is
biased into engagement with said pair of first contact
elements;

a first sensor received in said internal volume of said
housing to sense movement of said first plunger relative
to said housing;

a pair of second contact elements aligned along a second
contact element axis that is generally perpendicular to
said longitudinal axis and disposed at a non-zero angle
relative to said first contact element axis, each second
contact element of said pair of second contact elements
being received in an associated one of said pair of
second openings;
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a second plunger received in said internal volume of said
housing and defining a second plunger axis that is
aligned with said longitudinal axis of said housing, said
second plunger being movable relative to said housing
along said second plunger axis, wherein said second
plunger is biased into engagement with said pair of
second contact elements; and

a second sensor sensing movement of said second plunger
relative to said housing.

41. The plug gauge of claim 40 wherein said second

sensor is received in said internal volume of said housing.

42. The plug gauge of claim 40 wherein said first sensor
comprises at least one of a linear position sensor and a strain
gauge.

43. The plug gauge of claim 42 wherein said second
sensor comprises at least one of a linear position sensor and
a strain gauge.

44. A system for taking multiple simultaneous diametric
measurements of a bore formed in a structure, said system
comprising:

said plug gauge of claim 1 sized to be received in said
bore; and

a support connected to said plug gauge.

45. The system of claim 44 wherein said support com-
prises a robotic arm.

46. The system of claim 45 further comprising a computer
system in communication with said first sensor, said second
sensor and said robotic arm.

47. A method for taking multiple simultaneous diametric
measurements of a bore formed in a structure, said method
comprising:

inserting said plug gauge of claim 1 into said bore while
said plug gauge is at a first orientation with respect to
said longitudinal axis;

rotating said plug gauge about said longitudinal axis to a
second orientation with respect to said longitudinal
axis; and

withdrawing said plug gauge from said bore.

48. (canceled)



