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(57) Abréegée/Abstract:

A capacitive strain sensor for sensing strain of a structure. The sensor includes a first section attached to the structure at a first
location and a second section attached to the structure at a second location. The first section includes a capacitor plate electrically
Isolated from the structure and the second section includes two electrically isolated capacitive plates, both of the plates being
electrically isolated from the structure. A flexible connector connects the first section to the second section. The capacitor plate of
the first section Is separated from the two capacitive plates of the second section by at least one capacitive gap. VWhen strain Is
experienced by the structure, a change occurs in the capacitive gap due to relative motion between the first and second sections.
The first section includes a core and the second section includes a ring that receives the core.
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ABSTRACT OF THE DISCLOSURE

A capacitive strain sensor for sensing strain of a structure. The sensor includes a first
section attached to the structure at a first incation and a second section attached to the
structure at a second location. The first section includes a capacitor plate electrically isolated
from the structure and the second section includes two electrically isolated capacitive plates,
both of the plates being electrically 1solated trom the structure. A flexible connector connects
the first se:tion o tha soto2d section The sipaciior plate of the first section 1s separated
from the two capacitive plates of the second section by at least one capacitive gap. When

strain 1s experienced by the structure, a change occurs in the capacitive gap due to relative

motion between the first and second sections. 1The first section includes a core and the second

section includes a ring that receives the core.



SENSOR FOR MEASURING LARGE MECHANICAL STRAINS IN
SHEAR OR LATERAL TRANSLATION

BACKGROUND OF THE INVENTION

[0002] Arrcratt landing gear, amongst other support devices. can experience strains that
might lead to catastrophic failure. During landing, a landing gear strut can be deformed due to
stram 1 different directions. Subjcctive determination of when landing gear should be inspected
or replaced may be over- or under-reported. leading to unnecessary inspections or a missed

Opportunity to nspect.
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[0003] Strain is defined as the amount of deformation per unit length of an object
when a load is applied. Strain is calcuiated by dividing the total deformation of the original
length by the original length (L):

0004] Strainiel= (AL)/L

[0005] For a polvsilicon piezoresistive type of element, the resistance is changed
with load applied. When a strain is introduced, the strain sensitivity, which is also called the

oauge factor (GF). 1s given by:
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[0006] The most popular strain gauges are metal foil elements on polyimide film.
The ideal strain gauge would change resistance only due to the deformations of the surface to
which the gauge is attached. However. in real applications, temperature, material properties,
the adhesive that bonds the gauge to the surface, and the stability of the metal all affect the
detected resistance. Besides, the sensing rangs of usual strain gauges is limited by maximum
stress of the sensing elerent. For exam:ie, the maximum strain limitation of both types of
strain gauge and for silicon strain gauges is 3,000 micro-strain. FIGURE 1 shows tatigue
limits on foil gauges. Even at 3.000 micro-strain they will start to shift at less than 10,000
cycles.

SUMMARY OF vHE INVENTION

[0007] The present invention provides a capacitive strain sensor for sensing shear
strain or lateral displacement of a structure. The sensor includes a first section attached to the
structure at a first location and a second section attached to the structure at a second location.
The first section includes a capacitor plate clectrically isolated from the structure and the
second section includes two clectrically isolated capacitive plates, both of the plates being

electrically isolated from the structure. A flexible connector connects the first section to the



CA 02746162 2011-07-13

second section. The capacitor plate of the first section 1s separated from the two capacitive
plates of the second section by respective gaps between the first section and the two
individual capacitive piates. The gaps wouid preferably be equal i.e. the first section
concentric with the second section. When sirain is experienced by the structure, a change
occurs in the capacitive gap due to relative motion between the first and second sections.

[0008] In another aspect of the invention, the capacitor plate of the first section
includes a core that 1s at least partially covered with a metallic coating. The two capacitive
plates of the second scction include a ring having an inner diameter that 1s greater than an
outer diameter of the corc. The ring 1s at least partially covered with two mctallic coatings.

[0009] In another aspect of the invention. the core and ring have dimensions along
a longitudinal axis, wherein the dimension ¢i the core 1s greater than the dimension of the
ring.

[0010] In yet another aspect of the nvention, the ring is centered at a longitudinal
center of the sensor.

[0011] n a further aspect of the invention. the sensor includes a cavity located in at
least one of the first or second sections, a: lezst one circuit component located in the cavity,
and electrical leads that connect the at least ene circuit component to the capacitive plates.

BRIEF DESCRIPTION OF THE DRAWINGS

100121 Preferred and alternative exair.ples of the present invention are described in
detail below with refererc: to the following drawings:

[0013] FIGUEL 1 1s grepn of orior ac results;

j0014] I'IGURE 2 is a verspeciive vtew of a landing gear assembly with sensors
formed in accordance with the present invention;

0018} FIGURE 3 1s a sids view ot zn exemplary sensor formed 1n accordance with

the present invention:
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(0016] FIGURE 415 a cross-sections! view of the sensor of FIGURE 3;

(00i7] FIGUXE 5 is a horizon:al oross-sectional view of the sensor shown 1n
FIGURES 3 and 4; and

0018! FIGURES 6-1 through 7-3 iliustrate various attachment mechanisms for

attaching sensors to a device under iest.

DETAILED DESCRIPTION 03F THE PREFERRED KEMBODIMENT

[0019] The present invention provides a capacitance-based strain sensor 26 for
measuring shear strains o; a structure, such as aircraft landing gear 20 at a piston 22, torque
linkage 24 or other location (see FIGURE 2).

[0020] As shown in FIGURE 3. the sensor 26 1s a capsule having upper and lower
end caps 30. 32 that allow attachment to the structure where strains are to be measured. The
strain from the structure is transferred to internal upper and lower segments where capacitive
motion sensing occurs. The ends ot end caps 30, 32 are connected (e.g., welded) to a metal
bellows 34. The bellov/s 34 allow parallz! maoveraents (along X-axis) of the end caps 30, 32.
The bellows 34 also allow deflection in the exial (Y-axis) direction as the upper and lower
end caps 30, 32 move due {0 structure strain.

16021 As shoan in FIGURES 4 and 5. the sensor 26 includes three capacitive
plates 46, 56-1, 56-2. Ve first caracitor plate 46 1s attached to a solid core 44 that 1s attached
(e.g., by an epox:v besd 42) to the lower »nd czp 32. Other attachment means may be used.
The solid cere 44 includes a continuous coating of metal on a top surface and around 1ts
circumference some distance from the tor su-face. A metal post 48 1s attached to the solid
core 44 at the top surtzce and 1s electrically coennected to the metal coating.

[0GZ2! The second and thira capecitive plates 56-1, 56-2 are near half circles of a
metal coatiag on a ring 50 which are coatintous with near half circles of a metal coating

extending across a top surface. The kalf circles of the inner diameter and the halt circles on
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the top of the ring are disconnecied eiectricallv yvorming the two separate capacitor plates 56-
1, 56-2 on the inner diameter and connecting metal film on the top surface. The metal half
circles on the top surtace end short of the outer perimeter of the ring 50 such that no
electrical contact 1s permitted with the metal structure in which the ring 50 is mounted. The
metalized ring 50 1s attached to the upoer end cap 30 with an epoxy bead 52. Other
attachment means mayv be used. In one embodirnent, the ring 50 1s positioned with its center
along a longitudinal axis (i.e.. parpendicular “o the x-axis) matching that of the sensor 26.
Two metal posts 60, 62 are attached to the ring 50. One post 60 i1s positioned to electrically
connect to the first plate 56-1 by mounting on ¢ connected top surface. The other post 62 is
positioned to electrically connect the second plate 56-2 by the samc means on the respective
top surface. The ring 54 is separated from the core 44 by a capacitive gap 58. The core 44
and the ring 50 are msulators {e.g., ceramic glass, plastic or the like) before the metal
coatings are applied. The metallization of the wnsulators (the core 44, ring 50) is performed
by sputtering, thick filim metailizetion. or ¢coinpacable means well known in the art.

[00231  The v~acr cap 30 includes = cavity for receiving circuit components, such as
an Application-Specitic Integrated Circuit (481C) 66 or other circuit components. Other
components included = the cevity may inclids a battery, a radio telemetry module (i.e.,
wireless transmtter), ar antenna for wircless communications, or other comparable
components. Electrnic leads con-ect the ASiiC 66 or other components to the capacitive
plates 46, 56-1, 56-2. 'T'he zavity 1 the upper ¢nd cap 30 is sealed from the environment by a
cover (not shown). which is weld:d ro the upper surtace of the upper end cap 30.

10024} Under shear caused by the structure, the core 44 moves closer to one
capacitor plate 5¢-% cor 346-2 and farther -0 the opposing capacitor plate 56-2 or 56-1
respectively on the ring 50, The two capacitances from the capacitive plates on the ring 50

are read differentially bv the installed or r2mnte electronics. The solid core 44 is longer than
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the ring 50 (extends above and kbelow) sucy hat longitudinal axial movement effectively
does not change the capac.iance reading.

0025] The cire 50 1s mounted in the upper end cap 30 in such a manner that the
lateral movemernt of 142 two end caps Ju and 32 provides relative motion of the capacitor
plates in such a wav thet the solicd core 44 miowes toward one halt metalized circle (56-1) and
away from the other halt metalized circle {56-2). For this reason, the halt circles may be
termed Icft and right as depicted in FIGURE 5. [n this orientation the attachment points of
the end caps would be @ cither the 12 or 6 o’clock positions as depicted in FIGURE 5. The
motion of the solid corz would the~ be lef: or right relative to the half circles.

[0026] 7The rir2 50 and the solid core 44 are positioned such that the centroid of the
capacitive field is at the mid point between the end caps 30, 32. Such mounting allows for
relative rotation between the end cans. In this case, the change in spacing between films 58
and 56 due to rotation are balancad top aad bottom minimizing errors due to such rotational
displacemer:

[0027] FIGURHRS 6-1 and 6-2 shew one method for securing and aligning a strain
sensor (not showa) to . situcturs &1 te be wooasured for strain. A mounting plate/flange 82
that 1s directly attached to or int2 213! with ¢12 of the end caps includes two or more through-
holes with a taperad sevtion 94 at cne 2nad 0 cach through-hole. The structure 84 1includes
two pin-receiving cavities 96, each havin: o tanered section 98 flush with the surface of the
structure 84. The pin-recaiving eavities 96 line un with the through-holes in the mounting
plate/flange 82. A bolt/pin 86 15 raceived throuvh a washer 88. the through-hole, then through
an eccentric tapered busiirg 60 crd firaily & oirreceiving cavity 96. The tapered dowels 90
have an approximate 159 taper on ooth sides. iaciching the taper in the respective sections 94,
98. The two sides of each tapered dowe' 90 sre eccentric to each other, equivalent to the

possible meximum mismaich in tolirances 1 macnining the mating parts. When inserted 1in



CA 02746162 2011-07-13

the receiving cavities ¥4 and 98, the bushine < can be rotated changing the effective center
distance of the bushings reiative to each other. As the adjusting bushing cams over due to the
eccentricity to the twe tapers, the seceiving boles will settle on the new centers and be in
perfect alignment with the bushings. Prurther. the eccentric tapers are slightly larger in
diameter than the tapers in the receivinp cavities. This oversized condition generates an
effective press fit when the fasteners are torqued into place. One then has two dowel type
bushings that are in perfccl alignment as well as press fit into the receiving cavities providing
a secure lecking means to the structure 84. {his secure locking means will transfer any
motion perfectly to the mounted plaie/ilanve.

[0028] FEach of the dowels 86 has an Allen hex in the center. This allows rotation of
the dowel during instailation, providing fcr the self-centering of the system.

10029] FIGURER 7-1 through 7-3 show bonded mounting pads 102, 104, used to
position the sensor 26 cnfo a surface. such s the torque linkage 24. In the example shown,
each end cap requires two bushirgs to maintein squareness of the two ends. In this case, at
least one eccentric bushing 1s required o aliovs for ceater distance tolerance mismatch, as
shown above. The eccentriz bushings arz inserizd in the receiving cavities.

[0030] Ths twce mouming nair 17 and 104 with tapered recetving holes are
provided. The two mounting rads 102 zac¢ 04 are bonded to the torque link 24 or any
substrate with an adti-siv:. To a.ien the miov. ving pads relative to each other, first a single
locating pad 100 1s fastenad to the mounting pads 102 and 104. This combined mounting pad
assembly 1s broughit into positior on ihe torgue nkage 24 or some other substrate. Then, an
adhesive 1s applied between the mcuntin: nads 102 and 104 and the torque link 24, Once the
adhesive i3 cured, the locsting pad 109 12 removea and the mounting pads 102 and 104 are
ready to receive the strair censor The mourting pads 102 and 104 allow the sensor 26 to be

properly aligned with tae torgue link 24 As <hown in FIGURE 6-1, an exemplary locating
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pad 100 is trapezoia-shapad to 111 n olace witl.u the geometry of the torque link 24 or may
be aligned with any feature on anv subsivate. 3clts secure flanges of the upper and lower end
caps 30, 32 1o the surface ‘hrough the machined holes via the mounting pad holes and tapered

bushings (sce FIGURE 7-33.

1

[0031] 1n anciiier embodimert. e sensor device may be side mounted on the strut
piston as well or any suriace wicie shear maus. be measured.

[0032] Whie he preferred embodinient of the invention has been illustrated and
described. as noted =00 ve. many changes car te made without departing from the spirit and
scope of the inventicn. Accordingly, the scope of the invention is not lIimited by the

disclosure of the prefcriec embodimeant. insicad, the invention should be determined entirely

by refererce to the cla.ms that foliow,

i



CLAIMS:

|. A capacitive strain sensor for sensing strain of a structure, the sensor comprising:

a first section attached to the structure at a first location, the first scction
comprising a capacitor plate electrically 1solated from the structure, wherein the first
section 1s a core having an outer diameter, and wherein the capacitor plate 1s mounted
Lo the core;

a second section attached to the structure at a second location, the second
scction comprising two clectrically 1solated capacitive plates, both of the platcs being
electrically 1solated from the structure, wherein the second section 1s a ring having an
inner diameter greater than the outer diameter of the core and the two electrically
1solated capacitive plates are mounted to the ring; and

a component configured to flexibly connect the first section to the second
section,

wherein the capacitor plate of the first section is separated from the two
capacitive plates of the second section by at least one capacitive gap, and wherein the

lirst section 1s axially movable relative to the second section.

2. The sensor of claim 1, further comprising a device configured to flexibly connect
the first and second sections,
wherein strain experienced by the structure causes a change in the at least one

capacitive gap due to relative motion between the first and second sections.

3. The sensor of claim 2, wherein the device comprises at least onc of plcated or

convoluted expandable component.

4. The sensor of claim 3, whercin the first section, the second section, and the device
provide a hermetic scal of at Icast onc of the capacitive plates or the interior of the

SCNSOT.

5. The sensor of claim 3, wherein the device comprises at least two hinged metal

annull and the device is bonded by a weld to the first and second sections.

CAN_DMS: \109793433\1 Q-
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6. The sensor of any one of claims 1 to 5, wherein the capacitor plate of the first
section includes a metallic coating at least partially covering the core, wherein the two
capacitive plates of the sccond scction include two respective metallic coatings at

lcast partially covering the ring.

7. The sensor of claim 6, turther comprising:

a first structure attachment point connected to the first scction; and

a second structure attachment point connceted to the sccond scction,

wherein the first and second attachment points are connected at approximately
the same radial location on the first and second sections,

wherein the two metallic coatings on the ring are electrically 1solated from
each other and a first one of the two metallic coatings 1s located on a first half of the
ring with an cnd ncar the attachment points and the sccond of the two mctallic

coatings 1s located on a second half of the ring with an end near the attachment points.

8. The scnsor of claim 6, wherein the core and ring have dimensions along a
longitudinal axis, wherein the dimension of the core is greater than the dimension of

the ring,

9. The sensor of claim 6, wherein the ring is centered at a longitudinal center of the

SCNSOYT,

0. The sensor of any one of claims 1 to 9, further comprising:
a cavity located in at lcast one of the first or second sections:
at least one circuit component located in the cavity; and
clectrical lcads configured to connect the at Icast one circuit component to the

capacitive plates.

1 1. The sensor of any one of claims 1 to 10, further comprising a means for adjustably

attaching the first and second sections to the structure.

CAN_DMS: \109793433\1 10 -
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2. The sensor of claim 11, wherein the means for adjustably attaching comprises one
or more tapered eccentric dowels received by one of the first or second sections,
cavities within the structure, and a tapered dowel received within at least one cavity

within at least one of the first or sccond sections or the structure.

13. A landing gear assembly comprising:

a strut piston;

a torque linkage; and

a capacitive strain sensor for sensing strain of at least one of the strut piston or
the torque linkage, the sensor comprising:

a first section attached to the at least one of the strut piston or the torque
linkage at a first location, the first section comprising a capacitor plate electrically
isolated from the at least one of the strut piston or the torque linkage, wherein the first
section 1s a core having an outer diameter, and wherein the capacitor plate 1s mounted
to the corc;

a sccond scction attached to the at least one of the strut piston or the torque
linkage at a second location, the second section comprising two electrically isolated
capacitive plates. both of the plates being electrically isolated from the at least one of
the strut piston or the torque linkage, wherein the second section 1s a ring having an
mner diameter greater than the outer diameter of the core and the two electrically
1solated capacitive plates are mounted to the ring; and

a component configured to flexibly connect the first section to the second

section, wherein the first section i1s axially movable relative to the second section, and
wherein the capacitor plate ot the first scction is separated from the two capacitive

plates of the second section by at Icast one capacitive gap.

14. The landing gear assembly of claim 13, wherein the sensor further comprises a
device configured to flexibly connect the first and second sections,

wherein strain experienced by the at least one of the strut piston or the torque
linkage causes a change in the at least one capacitive gap duc to rclative motion

between the first and second sections.

CAN_DMS: \109793433\" 11 -
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5. The landing gear assembly of claim 14, wherein the device comprises pleated
expandable component, wherein the first section, the second section, and the device

provide a hermetic seal of the capacitive plates.

16. The landing gear assembly ol claim 135, wherein the device comprises at least two
hinged metal annuli and the device 1s bonded by a weld to the first and second

sections.

[7. The sensor of any one of claims 13 to 16, wherein the capacitor plate of the first
section includes a metallic coating at least partially covering the core, wherein the two
capacitive plates of the sccond scction include two respective metallic coatings at

lcast partially covering the ring.

| 8. The landing gear assembly of claim 17, wherein the sensor further comprises:

a first structure attachment point connected to the first section; and

a second structure attachment point connected to the second section,

wherein the first and second attachment points are connected at approximately
the same radial location on the first and sccond sections,

wherein the two metallic coatings on the ring are electrically isolated from
cach other and the two metallic coatings are located on a half of the ring starting on

opposite sides of the attachment points.

9. The landing gear assembly ofclaim 17, wherein the core and ring have
dimensions along a longitudinal axis, wherein the dimension of the core is greater
than the dimension ol the ring, wherein the ring is centered at a longitudinal center of

the sensor.

20. The landing gear assecmbly of any one of claims 13 to 19, whercin the scnsor
further comprises a means for adjustably attaching the first and second sections to the

at least one of the strut piston or the torque linkage.

CAN_DMG: \109793433\1 - 12 -
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