Office de la Propriete Canadian CA 2406281 A1 199/7/10/23

Intellectuell Intellectual P
du Canada Office o opery 2y 2 400 281
Fhdtiie Canads Indushy Ganada 12 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
(13) A1
(22) Date de depot/Filing Date: 1997/03/13 (51) Cl.Int.”/Int.Cl.Y GO1B 11/16, GO1L 1/24

(41) Mise a la disp. pub./Open to Public Insp.: 199//10/23 (71) Demandeur/Applicant:
MCDONNEL DOUGLAS CORPORATION, US

(62) Demande originale/Original Application: 2 251 735

g et (72) Inventeurs/Inventors:
(30) Prioritée/Priority: 1996/04/15 (08/631,955) US SCHANZE. KIRK. US:

MORRIS, MARTIN, US
(74) Agent: SIM & MCBURNEY

54) Titre : SYSTEME ET METHODE DE MESURE DES DEFORMATIONS
54) Title: SYSTEM AND METHOD FOR DETERMINING STRAIN

molecular excited state e
f 16 18
5 knr kr
&
LL] + light - heat - light
10
14

molecular ground state

K.. 1S non-radiative decay rate
K, IS radiative decay rate

(57) Abrége/Abstract:
A system (50) for determining strain includes: a stimulating light source (54, 56); a device (64) for placing stress on an object

(58); a number of local strain gauges (66) attached to the object (58): and en image capturing device (62. 64). A controller (52) Is
coupled to the stimulating light source (54, 56) and has a signal that turns on the stimulating light source (54, 56). The controller
(52) recelves a strain signal from each of the total strain gauges (66) located on the object (58). The controller (66) has an image

sighal that determines when the image capturing device (62, 64) captures an image.

EORUIORIOR . o
b gy

I*I ) . Pen, B N o
C an ad a http:/opic.ge.ca + Ottawa-Hull K1A 0C9 - atip.://eipo.ge.ca OPIC 48 & 7%% 110

- SRR RO S 2 A\-‘
OPIC - CIPO 191 -




CA 02406281 2002-10-30

PCT

WORLD INTELLECTUAL PROPERTY ORGANIZATION
international Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

| (51) International Patent Ciassification 0 : .
GOIL 1/24 | Al

(21) International Application Number: PCT/US97/03852

(22) International Filing Date: '3 March 1997 (13.03.97)

(30) Priority Data:

08/631,955 US

[5 Apnl 1996 (15.04.96)

| (71) Applicants (for all designated States excep: U/S): MCDON-
NELL DOUGLAS [US/US); P.O. Box 516, MC3061280,
St. Louis, MO 63166 (US). UNIVERSITY OF FLORIDA
fUS/US); 223 Grinter Hall, Gainesville, FLL 32611-5500

| (US).

(72) Inventors; and
(75) Inventors/Applicants (for US only): SCHANZE, Kirk [-/US];
5523 Southwes! 92nd Way, Gainesville, FL. 32608 (US).
MORRIS, Marnin [US/US); 309 Alexander Drive, Ed-
wardsville, IL 62025 (US).

(74) Agent: HALLING, Dale, B.; Law Office of Dale B. Halling,
Suite 202, 128 S. Tejon, Colorado Springs, CO 80903 (US).

e

(§7) Abstract

the image capturing device (62, 64) captures an image.

- - Wt

M (11) International Publication Number:

' (43) International Publication Date:

i

(54) Title: SYSTEM AND METHOD OF DETERMINING STRAIN

—h-'-uw.hﬂq.wv. MH-MM-«M-'-*“ [ BT . '

WO 97/39318

(81) Designated States: AL, AM, AT, AU, AZ BB, BG. BR. BY.
CA. CH. CN, CZ, DE, DK, ES.
JP, KE. KG. KP. KR, KZ, LR
MG. MK, MN,. MW _ MX,
SE, SG, SIL SK, TJ, ™, TR, TT
ARIPO patent (GH, KE, LS, MW, SD, 8Z, UG), Eurasian
patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European
patent (AT, BE, CH, DE, DK, ES, Fl, FR, GB, GR, IE. IT,
LU. MC. NL, PT. SE), OAPI patent (BF, B). CF, CG. C],
CM, GA, GN, ML, MR, NE, SN, TD, TG).

EE.
LK, LR, LS, LT, LU. LY, MD.
NO

-

U
S

Published
With international search report.
Before the expiration of the time limit for amending the
claims and 1o be republished in the event of the receipt of
amendments.

A system (50) for determining strain sncludes: 2 stimulating light source (54, 56), a device (64) for placing stress on an object (58);
| a number of local strain gauges (66) attached to the object (58); and an image capturing device (62, 64). A contyolier (52) is coupied to the |
stimulating light source (54, 56) and has a signal that turns on the stimulating light source (54, 56). The controller (52) receives a strain
signal from cach of the local strain gauges (66) located on the object (58). The controller (66) has an image signal that determines when

“it PO s A AN S I e I e s e et

. NZ, PL. PT. RO. RU. SD. |
A. UG, US, UZ. VN, |

|

23 October 1997 (23.10.97) :

F1, GB. GE, HU. IL. IS. !

|

k




AL

AT
AU
AZ
BA
BB
BE
BF

BR
BY
CA
CF
CG
CH
Cli
CM
CN
Cu

DE
DK
EE

Codes used to identify States parnty to the PCT on the front pages of pamphlets publishing intemationa) applications under the PCT.

Atbania
Armonia
Aulina
Australia
Azeroaian
Bosnia and Herzegovina
Barbados
Belgium
Burkma Faso
Buigans

Bemn

Brazil

Belarus

Canada

Central African Republic
Congo
Switzeriand
CiHte d'lvomre
Cameroon
China

Cubs

Czech Republxe
Germany
Denmark
Estonia

ES
Fl
FR
GA
GB
GE
GH
GN
GR
HU
1E
1L
IS
IT
L
KE
KG
KP

KR
KZ
LC
¥ |

LK
LR

CA 02406281 2002-10-30

FOR THE PURPOSES OF INFORMATION ONLY

Spain

Finland

Frmce

Gabon

United Kingdom
Georgis

Gharp

Gumes

Groece

Hungery

ireland

Israel

Iceiand

fealy

Jepan

Kenya

Kyrgyzstan
Democratxc Peopice's
Republic of Kores
Republic of Korea
Kazskstan

Saint Laucis
Liechtensicin

Sri Lanka

Libera

LS
LT
Lu
LY
MC
MD
MG
MK

ML
MN
MR
MW
MX
NE
NL
NO
NZ
PL
PT
RO
RU
SD
SE
SG

Lesotho

Lithuana
Luxemboury

Latvis

Monaco

Republic of Moldova
Madagascur

The (ormer Yugosiav
Republc of Macedonia
Mals

Mongolia

Mauritants

Mulawi

Mexico

Niger

Netheriands

Norway

New Zealand

Poland |

Portugal

Romania

Russian Federation
Sudan

Sweden

Singapore

S1
SK
SN
S$Z
™
TG
LY
™
TR
TT
UA
UG
US
uz
VN
YU
(AL

Slovenma

Slovakia

Senegal

Swaziland

Chad

Togo

Tapkmian
Turkmensian
Turkey

Trinidad and Tobago
Ukraine

Ugeoda

Unned States of America
Uzbekistan

Viet Nam
Yugosiavia
Zymbabwe




10

15

20

CA 02406281 2002-10-30

SYSTEM AND METHOD OF DETERMINING STRAIN
Field of the venti

The present invention relates to the field of strain
measurements and more particularly to a system and method of
determining strain.

Background of the Invention

Measuring surface strain is a common method of evaluating
local stresses and identifying stress concentrations on a structure.
A number of methods exist for measuring strain at a point,
including electrical resistance methods and electro-optic sensors.
These solutions are cumbersome and cannot determine the stresses
over the entire surface of the structure.

A number of full-field methods have been developed to
overcome these limitations. Some of the full field methods that
have been tried include brittle coatings, photoelastic coatings and
moiré methods. All of these solutions suffer from Iimited
sensitivity. In addition, the moiré method 1s restricted to flat
surfaces. The brittle coatings are based on lacquers that are
extremely toxic. The photoelastic coatings, while capable of being
used on curved surfaces, are cumbersome, time consuming and
yield only qualitative results.

Thus there exists a need for a method and system that can
quantitatively measure full field strain on complex shapes.
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Summary of the Invention

A system that overcomes these problems includes: a stimulating light source; a
device for placing stress on an object; a number of local strain gauges attached to the
object; and an 1mage capturing device. A controller 1s coupled to the stimulating light
source and has a signal that turns on the stimulating light source. The controller
receives a strain signal from each of the local strain gauges located on the object. The
controller has an image signal that determines when the 1mage capturing device
captures an 1mage.

According to an aspect of the invention, there is provided a method of
determining strain, comprising the steps of:

(a) applying a strain sensitive polymeric coating to an object to be tested
to form a coated object:

(b) capturing an 1mage of a non-zero luminescence intensity of the coated
object 1n an unstressed state, to form an unstressed 1mage:

(¢) capturing a stressed 1mage of the luminescence intensity of the coated
objected when a stress has been applied to the coated object where the luminescence
intensity varies as the strain of the object 1s increased and decreased: and

(d) comparing the unstressed image to the stressed image to determine the
strain on the object.

According to a further aspect of the invention, there is provided a method of
determining strain; comprising the steps of:

(a) painting a complex object with a strain sensitive polymeric coating to
form a painted object, where the luminescence intensity varies as the strain of the
object 1s increased and decreased.

(b) exposing the painted object to an excitation light;

(¢) capturing an image of a non-zero luminescence intensity of the painted
object to form an unstressed 1mage;

(d) stressing the painted object to form a stressed object;

(e) exposing the stressed object to the excitation light;

() capturing a stressed image of the luminescence intensity of the stressed

object; and
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(g2) comparing the stressed image to the unstressed image to determine the
strain of the object.

According to another aspect of the invention, there is provided a system for
determining strain on an object, the system comprsing a plurality of local strain
gauges on the object capable of transmitting a signal to a controller, the controller
being operationally coupled to 1) a device for placing stress on the object, i1) a
stimulating light source for 1lluminating said object and 111) an image capturing device
for capturing an 1image of said object wherein the controller has an image signal that

determines when the image capturing device captures an image.

Brief Description of the Drawings

FIG. 1 1s a schematic diagram of the energy states of a photoluminescent
probe molecule;

FIG. 2 is a block diagram of a system to determine strain;

FIG. 3 1s a flow chart of a process for determining strain; and

FIG. 4 1s another flow chart of a process for determining strain.

Detailed Description of the Drawings

A system and method of determining strain uses a photoluminescent coating.
The luminescence of the coating i1s dependent on the strain of the coating. When the
coating 1s applied to a structure the strain of the coating 1s due to the strain in the
structure.

The photoluminescent coating 1s made of a polymeric binder and a
photoluminescent probe molecule. The invention exploits the two alternate decay
mechanisms in the photoluminescent probe molecule to detect any changes 1n strain.
FIG. 1 1s a schematic diagram of the energy states of a photoluminescent probe

molecule.
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The photoluminescent probe molecule i1s excited 10 by a photon to
a higher energy state 12. This higher energy state 12 i1s a
metastable state and as a result the photoluminescent probe
molecule quickly decays back to its ground state 14. As shown in
FIG. 1, the photoluminescent probe molecule can either lose its
energy by a non-radiative decay 16 or by a radiative decay 18
mechanism. The radiative decay 18 results in a photon being
emitted causing the coating to luminescc. In the absence of strain
being applied to the coating there is a fixed relationship between
the probability of the non-radiative decay 16 and the probability of
the radiative decay 18. When a strain 1s applied to the coating the
free volume available to the photoluminescent probe molecule is
reduced. This reduces the probability that the photoluminescent
probe molecule will decay by the non-radiative mechanism 16 and
thereby increasing the probability that the photoluminescent probe
molecule will decay by the radiative mechanism 18. As a result.
the areas under strain will be brighter. In the preferred
embodiment the polymeric binder adheres to a wide variety of
surfaces and is a polydimethyl siloxane (i.e.., a silicone rubber). In
the preferred embodiment the photoluminescent probe molecule
can be excited with light in the visible spectrum and luminesces in
the visible spectrum. Examples of such photoluminescent probe
molecules are donor-acceptor substituted diarylethylenes.

FIG. 2 shows a system 50 that is capable of exploiting the
properties of the photoluminescent probe molecule to measure the
strain over the surface of a complex object. The system 50 has a
controller 52 that 1s coupled to a sumulating light source (excitation
light, stimulating light) 54, 56. The excitation lights 54, 56 are used
to raise the photoluminescent probe molecule to the excited state
12. Muluple excitation lights 54, 56 can be used to insure that all
surfaces of an object 58 are illuminated. The excitation lights 54,
56 are controlled by a signal from the controllier 52 that turns on
the hghts 54, 56 for a predetermined period of time. The controller
52 1s also coupled to an i1mage capturing device (electronic camera)
60, 62. In one embodiment the image capturing device 60, 62 is &
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CCD (charge coupled device) camera. The controller 52 has an
image signal that determines when the image capturing device 60,
62 captures an image (picture) of the luminescence intensity of the
coating on the object 58. The controller 52 has a strain signal that
controls a device for placing stress 64 on the object 58. In the
embodiment shown in FIG. 1 the device for placing stress 64 is a
wind generator. A plurality of local strain gauges 66 transmit a
strain signal to the controller 52. In one embodiment a plurality of
temperature sensors are also placed on the object 58. The
lemperature sensors can be co-located with the strain gauges. The
output signal of the temperature sensors is connected to the
controller.

In one embodiment the controller 52 has a piurality of
processing modules, including a digitizer (digitizing device) 68, a
calibration module 70, a temperature correction module 72. The
digitizer 68 1s used to digitize an analog picture from the electronic
camera 54, 56 to form a digitized image. The calibration module 70
1s used to convert the luminescence intensities of the images to
strain levels. The calibraunon module 70 uses the inputs from the
plurality of strain gauges 66 to form a conversion scale from
luminescence intensitv to strain level. The temperature correction
module 72 adjusts the luminescence intensities for any changes in
luminescence due to changes 1n the surface temperature of the
object 58. This 1s necessary becausc the luminescence intensity of
the coating 1s affected by changes 1s temperature. In one
embodiment the temperature correction module 72 holds the
temperature constant during the tests so that the images are
captured at a single temperature.

FIG. 3 1s a flow chart of a method for determining strain that
can be implemented by the system of FIG. 2. The process starts.
step 100, by applying the strain sensitive coating to the object at
step 102 to form a coated object (painted object). Next, an image of
the luminescence intensity of the object in an unstressed state is
captured, to form an unstressed image (unstressed picture) at step
104. At step 106 an 1mage of the luminescence intensity while the
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object is stressed 1s captured to form a stressed image (stressed
picture). The stressed image and the unstressed image are
compared at step 108 to determine the strain on the object, which
ends the process, step 110.

FIG. 4 is a flow chart of another embodiment of a method for
determining stress. The process starts. step 120, by painting the
object with the strain sensitive coating at step 122. This object 1s
then exposed to an excitation light for a predetermined period of
time at step 124. An image of the luminescence intensity of the
painted object 1s captured to form an unstressed image at step 126.

The object is placed under stress at step 128. The stressed object 1s

exposed to the excitation light for a predetermined period of time

at step 130. Next, a stressed image of the luminescence intensity of
the stressed object is captured at step 132. Both the stressed image

and the unstressed image are adjusted for pixel to pixel efficiency
variations at step 134. Next, a dark image 1s subtracted from both
images at step 136 to form a normalized stressed image and a
normalized unstressed image. The 1mages are adjusted for
differences In surface temperature (temperature of an object) and
the luminescence intensities are calibrated to strain levels at step
138. In one embodiment the images are next aligned to each other
on a pixel by pixel basis to form a pair of aligned images. Next, the
ratios of the luminescence intensities of the two images are
calculated (luminescence intensity ratios) at step 140 to form a
ratio image (strain image). Finally the ratio intensities are
converted to strain levels on the ratio image at step 142. Thus
using this process the full field strain of a complex curved object
can be determined quantitatively.

While the invention has been described 1n conjunction with
specific embodiments thereof, it 1s evident that many alterations,
modifications, and variations will be apparent 1o those skilled 1n
the art in light of the foregoing description. Accordingly, it is
intended to embrace all such alterations, modifications, and
variations in the appended claims.
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WHAT IS CLAIMED IS:

. A system for determining strain on an object, said system comprising a
plurality of local strain gauges on said object capable of transmitting a signal to a
controller, said controller being operationally coupled to 1) a device for placing stress
on said object, 1) a stimulating light source for illuminating said object and 1) an
image capturing device for capturing an image of said object wherein said controller

has an image signal that determines when the image capturing device captures an

Image.

2. The system for claim 1 further including a digitizing device that digitizes the
1mage.

3. The system of claim 2 wherein the object 1s covered with a strain sensitive
coating.

4. The system of claim 3 wherein the strain sensitive coating comprises a

photoluminescent probe molecule suspended in a polymeric binder.

5. The system of claim 4 wherein the image capturing device 1s a CCD camera.
0. The system of claim 5 wherein the controller includes a calibration module.
7. The system of claim 1 further including a plurality ot temperature sensors

attached to the object and each of the plurality of temperature sensors having an

output signal coupled to the controller.

8. The system of claim 7 wherein the controller further includes a temperature

correction module.
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