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(57) Abréegée/Abstract:

A method for estimating a shape of a structure comprises selecting a structure comprising a plurality of strain sensors in operable
communication with the structure, each strain sensor configured to provide a measurement of strain experienced by the structure;
placing the structure in a borehole; recelving the measurement of strain from the plurality of strain sensors using a processing unit;
creating a mesh grid comprising nodes overlaid upon a surface of the structure using the processing unit, each node related to a
located of one strain sensor and assigned a strain value measured by the one strain sensor; creating an additional node overlaid
upon the surface of the structure for the mesh grid using the processing unit wherein a strain value assigned to the additional node
IS derived from a strain value corresponding to at least one adjacent node; and performing an inverse finite method using the mesh
grid with the assigned strain values to estimate the shape of the structure using the processing unit.
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ABSTRACT

A method for estimating a shape of a structure comprises selecting a structure
comprising a plurality of strain sensors in operable communication with the structure,
each strain sensor configured to provide a measurement of strain experienced by the
structure; placing the structure in a borehole; receiving the measurement of strain from
the plurality of strain sensors using a processing unit; creating a mesh grid comprising
nodes overlaid upon a surface of the structure using the processing unit, each node
related to a located of one strain sensor and assigned a strain value measured by the one
strain sensor; creating an additional node overlaid upon the surface of the structure for
the mesh grid using the processing unit wherein a strain value assigned to the additional
node 1s derived from a strain value corresponding to at least one adjacent node; and
performing an inverse finte method using the mesh grid with the assigned strain values

to estimate the shape of the structure using the processing unat.
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METHOD FOR ANALYZING STRAIN DATA
BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] This invention relates to structural damage detection systems for structures in a

borehole and, more particularly, to structural damage detection systems utilizing optical
fibers.

2. Description of the Related Art

10002] Exploration and production of hydrocarbons generally require a borehole be
drilled into a geologic formation. Various structures may be called upon to be inserted
into the borehole as part of the exploration and production. Examples of these structures

include a borehole casing and a sand screen.

10003] Due to 1nstabilities in the formation such as reservoir compaction, the formation
may exert a torce on a downhole structure high enough to deform the structure. If the
downhole structure is deformed, it is important to know the extent of the deformation.
By having knowledge of the deformation, mitigating or corrective actions can be

tnifiated.

[0004] One method to measure a deformation is to attach strain sensors to the downhole
structure prior to the structure being placed in the borehole. Each strain sensor provides a
measurement of the strain experienced by the structure at the location of the sensor. With
enough sensors, it is possible to determine a deformation and therefore a shape of the
downhole structure. Data from the sensors is processed using an algorithm to determine
the detormation. However, depending on the number of sensors, locations of the sensors,
and discontinuities in the data, it is possible for the algorithm not to converge on an

accurate solution and, therefore, not determine the shape.

[0005] Theretore, what are needed are various techniques to accurately determine the

shape of a structure downhole.
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BRIEF SUMMARY OF THE INVENTION

10006] Disclosed 1s one example of a method for estimating a shape, the method
including: selecting a structure comprising a plurality of strain sensors inoperable
communication with the structure, each strain sensor configured to provide a strain
measurement; placing the structure in a borehole; receiving the strain measurements
from the plurality of strain sensors; creating a mesh grid having nodes each node related
to a location of one strain sensor and assigned a strain value measured by the one strain
sensor; creating an additional node for the mesh grid, wherein a strain value assigned to
the additional node i1s derived from the strain value corresponding to at least one
adjacent node; and performing an inverse finite method using the mesh grid with the

assigned strain values to estimate the shape.

[0006a] Disclosed 1s another example of a method for estimating a shape of a structure,
the method comprising: selecting a structure comprising a plurality of strain sensors 1n
operable communication with the structure, each strain sensor configured to provide a
measurement of strain experienced by the structure; placing the structure in a borehole;
receiving the measurements of strain from the plurality of strain sensors using a
processing unit; creating a mesh grid comprising nodes overlaid upon a surface of the
structure using the processing unit, each node related to a location of one strain sensor
and assigned a strain value measured by the one strain sensor; creating an additional
node overlaid upon the surface of the structure for the mesh grid using the processing
unit, wherein a strain value assigned to the additional node 1s derived from a strain value
corresponding to at least one adjacent node; and performing an inverse finite method
using the mesh grid with the assigned strain values to estimate the shape of the structure

using the processing unit.

[0007] Also disclosed is an embodiment of a system for estimating a shape of a
downhole structure, the system including: the downhole structure, a plurality of strain
sensors in operable communication with the downhole structure, each strain sensor
providing a strain measurement; and a processing unit in operable communication with
the plurality a strain sensors where the processing unit: processes the stramn
measurements from the strain sensors; creates a mesh grid having nodes, each node

related to a location of one strain sensor and assigned a strain value measured by the one
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strain sensor; creates an additional node for the mesh grid, wherein a strain value
assigned to the additional node 1s derived from the strain value corresponding to at least

one adjacent node; and performs an inverse finite method using the mesh grid with the

assigned strain values to estimate the shape.

[0007a] Also disclosed 1s another embodiment of a system for estimating a shape of a
structure disposed downhole, the system comprising: a downhole structure; a plurality
of strain sensors in operable communication with the downhole structure, each strain
sensor providing a measurement of strain experienced by the downhole structure; and a
processing unit 1n operable communication with the plurality of strain sensors wherein
the processing unit: processes the measurements of strain from the strain sensors;
creates a mesh grid comprising nodes overlaid upon a surface of the downhole structure,
each node related to a location of one strain sensor and assigned a strain value measured
by the one strain sensor; creates an additional node overlaid upon the surface of the
downhole structure for the mesh grid, wherein a strain value assigned to the additional
node 1s derived from a strain value corresponding to at least one adjacent node; and
performs an imverse finite method using the mesh grid with the assigned strain values to

estimate the shape.

[0008] Further disclosed 1s an embodiment of a computer program product comprising
machine readable instructions stored on machine readable media for estimating a shape
of a downhole structure, the product having machine executable instructions for:
receiving strain measurements from a plurality of strain sensors in operable
communication with the downhole structure; creating a mesh grid having nodes, each
node related to a location of one strain sensor and assigned a strain value measured by
the one strain sensor; creating an additional node for the mesh grid, wherein a strain
value assigned to the additional nod’e 1s derived from the strain value corresponding to at
least one adjacent node; performing an inverse finite method using the mesh grid with
the assigned strain values to estimate the shape; and at least one of recording the shape

and displaying the shape to a user.

10008a] Further disclosed 1s another embodiment of a non-transitory computer readable
medium containing computer instructions stored therein for estimating a shape of a

structure disposed downhole by causing a computer processor to perform steps of:
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receiving strain measurements from a plurality of strain sensors 1n operable communication
with the structure, each strain sensor providing a measurement of strain experienced by the
structure; creating a mesh grid comprising nodes overlaid upon a surface of the structure,
each node related to a location of one strain sensor and assigned a strain value measured by
the one strain sensor; creating an additional node overlaid upon the surface of the structure
for the mesh grid, wherein a strain value assigned to the additional node 1s derived from a
strain value corresponding to at least one adjacent node; performing an inverse finite method
using the mesh grid with the assigned strain values to estimate the shape; and at least one of

recording the shape and displaying the shape to a user.
BRIEF DESCRIPTION OF THE DRAWINGS

-[0009] The subject matter, which 1s regarded as the invention, is particularly pointed out and
distinctly claimed 1n the claims at the conclusion of the specification. The foregoing and
other features and advantages of the invention are apparent from the following detatled
description taken 1n conjunction with the accompanying drawings, wherein like elements are

numbered alike, in which:

10010} FIG. 1 1s an exemplary embodiment of a structure disposed in a borehole penetrating

the earth;
(0011] FIG. 2 1s an exemplary embodiment of a fiber optic strain system:;

(0012] FIG. 3 1llustrates an optical fiber containing a plurality of fiber Bragg gratings

disposed upon the structure;

[0013] FIG. 4 illustrates a side view of an exemplary embodiment of the optical fiber

disposed upon the structure in a spiral fashion;

10014} FIG. 5 1llustrates a three dimensional view of the exemplary embodiment of the

optical fiber disposed upon the structure in a spiral fashion; and

[0015] FIG. 6 presents an example of a method for estimating a shape of a downhole

structure.
DETAILED DESCRIPTION OF THE INVENTION

[0016] Disclosed are exemplary techniques for accurately estimating a shape of a downhole
structure. The techniques, which include apparatus and method, us a plurality of strain

sensors. The strain sensors measure strains experienced by the downhole

3a
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structure at the locations of the sensors. A processing system uses an algorithm to

process measurements from the strain sensors to provide the shape (or deformation) of

the downhole structure.

[0017] Normally 1f a known load is applied to a structure, the resulting strain experienced
by the structure can be calculated via a finite element analysis. However, when the load
1s unknown such as in a downhole environment and the strains as measured by the strain
sensors are known, then an inverse finite element method is used to estimate the
deformation or the new shape resulting from the strains. The inverse finite element

method can be implemented with commercially available mathematics computer

programs such as MATLAB® from The MathWorks of Natick, Massachusetts.

[0018] With the inverse finite element method, a mesh grid similar to the mesh grid used
in finite method analysis is created. In one embodiment of the mesh grid, the mesh grid
1s created from interconnected nodes, which can form various shapes referred to as
“elements.” Examples of the elements include shapes with three sides or four sides.
Each side can be straight or curved. When a straight line with two nodes as end points is
used to define a side, the element is referred to as “linear.” When a line with three nodes
is used to define a side whether straight or curved, then the element is referred to as
“quadratic.” Similarly, when a line with four nodes is used to define a side, then the

element is referred to as “cubic.”

10019] The nodes generally correspond to the sensor locations. It is important for the
nodes to be spaced close enough together to insure that the inverse finite method
converges to an accurate solution and, therefore, provide an accurate shape of the
downhole structure. However, there may not be an adequate number of strain sensors
and, therefore, an adequate number of nodes with an appropriate spacing to converge on
an accurate solution. In this situation, the teachings provide for creating additional nodes
and assigning strain values to the additional nodes. Additional mesh elements may also
be created from the additional nodes. In general, the additional nodes are created for the

mesh grid before the inverse finite element method is executed.
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10020] When an additional node is created, the node does not correspond to a location of
a strain sensor. Therefore, a strain value is assigned to the additional node. The strain
value 1s determined using strain values from adjacent nodes that correspond to strain
sensor locations and an interpolation method. One example of the interpolation method
1s linear interpolation. With linear interpolation, the value is proportional to the distance
from the nodes with known strain values. For example, if node 1 has a strain value of 20
and node 2 has a strain value of 60, then if node 3 is created half way between node 1 and
node 2, node 3 will be assigned a strain value of 40 [((60-20)/2)+20=40]. Other
interpolation methods, including non-linear methods, can be used to smooth the

‘interpolated data between the known data.

[0021] For convenience, certain definitions are presented for use throughout the
specification. The term “strain sensor’” relates to a sensor attached to or embedded in a
structure wherein the sensor measures strain experienced by the structure. The term
“mesh grid” relates to a grid that discretizes the continuous domain of a structure into
many elements. The elements may take many forms such as triangles, rectangles,
parallelograms, etc. As used herein, a node forming an element or representing an
element 1s associated with a strain value either measured or assigned. The term “strain
sensors in operable communication with the structure” relates to strain sensors that can
measure a strain experienced by the structure. Measurements of strain are transmitted to
a processing unit as “strain data” or “strain measurements.” The term “smoothing”
relates to creating new nodes in locations that prevent or limit any discontinuity in the

lines formed by interconnected elements.

10022] A structure whose shape 1s estimated using the teachings herein is now presented.
Referring to FIG. 1, a structure 10 1s shown disposed in a borehole 2 penetrating the earth
7. In the embodiment of FIG. 1, the structure 10 is a borehole casing. In another
embodiment, the structure 10 can be a sand screen (i.e., a perforated casing surrounded
by a screen to keep sand from entering the casing). The structure 10 represents any

structure placed in the borehole 2 wherein it is desired to know if the structure undergoes

any deformation or change in shape.
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[0023] As discussed above, strain sensors are used to monitor strains experienced by the
structure 10. Each strain sensor may be attached to the structure 10, by adhesive for
example, or embedded into the structure 10. It is advantageous to use as many sensors as
possible 1n order to obtain a fine mesh grid. The finer the mesh grid, the more accurate
the estimated shape of the structure 10 will be. Hundreds or thousands of strain sensor

may be used with optical frequency domain reflectometry (OFDR)

10024] A simplified example of a Fiber Optic Strain System (FOSS) 20 using OFDR is
shown in FIG. 2. Referring to FIG. 2, the FOSS 20 includes an optical fiber 21. The
optical fiber 21 includes a plurality of fiber Bragg gratings 22 (or more generally strain
sensors 22) spaced periodically in the fiber 21. Each fiber Bragg grating 22 has a length,
L, and a periodic distance, D, to an adjacent grating 22. In one embodiment, L is about 5
mm and D is about 10 mm. As the structure 10 experiences strain, the grating 22 at a
strain location will expand or contract in accordance with the amount of strain. The
expansion or contraction will alter the optical path length between successive elements 23
within the grating 22, thereby shifting the wavelength of the light reflected by the grating
22. In other words, the wavelength of the reflected light corresponds to the strain
experienced by the structure 10 at the location of the grating 22. FIG. 3 illustrates an
embodiment of the optical fiber 21 disposed upon the structure 10.

[0025] Reterring to FIG. 2, a scanning laser 24 is used to illuminate the gratings 22. In
addition, a reference reflector 25 is used to form an interferometer with each of the
gratings 22. The light reflected from each grating 22 causes an interference in the
interferometer. The interference causes a signal (corresponding to the strain experienced
by the structure 10) from each grating 22 to be modulated at a unique frequency. The
signal from each grating 22 1s thereby mapped to the unique frequency on a spectrum of
frequencies corresponding to all the gratings 22. Each of the individual signals may be

retrieved from the spectrum of frequencies using a bandpass filter function.

[0026] Other multiplexing schemes may be used as known in the art to receive signals

from the fiber Brag gratings 22. Examples of other multiplexing schemes include time

domain, amplitude, phase, and polarization.
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10027] Again referring to FIG. 2, light emitted from the scanning laser 24 is transmitted
through a light coupler 26, and then enters the optical fiber 21. The light reflected by the
fiber Bragg gratings 22 is transmitted through the coupler 26, and is detected by light
detector 27. The light detector 27 is coupled to a processing unit 28. The processing unit
28 recetves strain measurements from the light detector 27 that are related to the strain

values measured by each grating 22.

[0028] Generally, the processing unit 28 includes components as necessary to provide for
the real time processing of data (strain measurements) from the light detector 27.
Exemplary components include, without limitation, at least one processor, storage,
memory, input devices, output devices and the like. As these components are known to

those skilled in the art, these are not depicted in any detail herein.

[0029] FIG. 4 1llustrates a side view of an exemplary embodiment of the optical fiber 21
disposed upon the structure 10 in a spiral fashion. Each dot on the fiber 21 represents one
grating 22 or strain sensor 22. FIG. 5 illustrates a three-dimensional view of the structure
10 depicted 1n FIG. 4. Referring to FIG. 5, a mesh grid 50 is shown overlaid upon the
structure 10. The mesh grid 50 includes a plurality of mesh elements defined by nodes
51. A side of each mesh element is defined by two or more of the nodes 51. In the
embodiment of FIG. 5, each mesh element is in the form of a triangle. A strain value

measured by one grating 22 is assigned to one node 51.

|0030] Reterring to FIG. 5, in order to insure that the inverse finite element method
converges on an accurate solution, additional nodes 52 and, therefore, additional mesh
elements are created for the mesh grid 50. A strain value assigned to one additional node
52 is derived from the strain values assigned to nodes of adjacent mesh elements. The
additional strain value can be derived using several methods. In one method, the
additional strain value i1s derived by linearly interpolating from the strain values assigned
to the nodes 51 of adjacent mesh elements. In another method, the additional strain value
1s derived by interpolating from the nodes 51 of the adjacent mesh elements using a least
squares analysis, also known as ordinary least squares analysis. The least squares

analysis 1s a method for linear regression that determines the values of unknown
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quantities 1n a statistical model by minimizing the sum of the squared residuals (the

difference between the predicted and observed values).

[0031] Once the strain values for the nodes 51 and the additional nodes 52 are assigned,
then the mesh grid 50 with the assigned strain values is input to the processing unit 28 to
execute the inverse finite element method. The inverse finite element method will then
calculate the displacements undergone by the structure 10 and, therefore, estimate the

new shape of the structure 10.

10032} FIG. 6 presents one example of a method 60 for estimating a shape of the
structure 10. The method 60 calls for (step 61) selecting the structure 10 that includes a
plurality of strain sensors 22 disposed upon the structure 10. Further, the method 60 calls
for (step 62) placing the structure 10 in the borehole 2. Further, the method 10 calls for
(step 63) receiving strain measurements from the plurality of strain sensors 22. Further,
the method 60 calls for (step 64) creating the mesh grid 50 including the nodes 51. Each
node 51 1s related to a location of one strain sensor 22 and assigned a strain value
measured by the one strain sensor 22. Further, the method 60 calls for (step 65) creating
the additional node 52 wherein a strain value assigned to the additional node 52 is
derived from the strain value corresponding to at least one adjacent node 51. Further, the
method 60 calls for (step 66) performing the inverse finite method using the mesh grid 50

that includes the nodes with the assigned strain values to estimate the shape.

10033] Generally, some of the teachings herein are reduced to an algorithm that is stored
on machine-readable media. The algorithm is implemented by the processing unit 28 and
provides operators with desired output. The output is typically generated on a real-time

basis.

[0034] The processing unit 28 may be used to provide real-time estimation of the shape
of the downhole structure 10. As used herein, generation of strain measurements in “real-
time” 1s taken to mean generation of strain measurements at a rate that is useful or
adequate for making decisions during or concurrent with processes such as production,
experimentation, verification, and other types of surveys or uses as may be opted for by a

user or operator. Accordingly, it should be recognized that “real-time” is to be taken in
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context, and does not necessarily indicate the instantaneous determination of data or
strain measurements, or make any other suggestions about the temporal frequency of data

collection and determination.

[0035] A high degree of quality control over the data may be realized during
implementation of the teachings herein. For example, quality control may be achieved
through known techniques of iterative processing and data comparison. Accordingly, it is
contemplated that additional correction factors and other aspects for real-time processing
may be used. Advantageously, the user may apply a desired guality control tolerance to
the data, and thus draw a balance between rapidity of determination of the data and a

degree of quality in the data.

[0036] In support of the teachings herein, various analysis components may be used,
including digital and/or analog systems. The digital and/or analog systems may be
included in the processing unit 28 for example. The system may have components such
as a processor, analog to digital converter, digital to analog converter, storage media,
memory, input, output, communications link (wired, wireless, pulsed mud, optical or
other), user interfaces, software programs, signal processors (digital or analog) and other
such components (such as resistors, capacitors, inductors and others) to provide for
operation and analyses of the apparatus and methods disclosed herein in any of several
manners well-appreciated 1n the art. It is considered that these teachings may be, but
need not be, implemented in conjunction with a set of computer executable instructions
stored on a computer readable medium, including memory (ROMs, RAMSs), optical (CD-
ROMs), or magnetic (disks, hard drives), or any other type that when executed causes a
computer to implement the method of the present invention. These instructions may
provide for equipment operation, control, data collection and analysis and other functions
deemed relevant by a system designer, owner, user or other such personnel, in addition to

the functions described in this disclosure.

0037} Further, various other components may be included and called upon for providing
for aspects of the teachings herein. For example, a power supply (e.g., at least one of a

generator, a remote supply and a battery), cooling component, heating component,



CA 02720495 2010-10-01
WO 2009/145997 PCT/US2009/038483

motive force, digital signal processor, analog signal processor, sensor, transmitter,
receiver, transceiver, controller, optical unit, optical connector, electrical unit or
electromechanical unit may be included in support of the various aspects discussed herein

or in support of other functions beyond this disclosure.

6, .29

10038] Elements of the embodiments have been introduced with either the articles “a” or
“an.” The articles are intended to mean that there are one or more of the elements. The
terms “including” and “having” are intended to be inclusive such that there may be
additional elements other than the elements listed. The term “or” when used with a list of

at least two elements is intended to mean any element or combination of elements.

[0039] It will be recognized that the various components or technologies may provide
certain necessary or beneficial functionality or features. Accordingly, these functions and
features as may be needed in suppbrt of the appended claims and variations thereof, are
recogmzed as being inherently included as a part of the teachings herein and a part of the

invention disclosed.

[0040] While the invention has been described with reference to exemplary
embodiments, it will be understood that various changes may be made and equivalents
may be substituted for elements thereof without departing from the scope of the
invention. In addition, many modifications will be appreciated to adapt a particular
instrument, situation or material to the teachings of the invention without departing from
the essential scope thereof. Therefore, it is intended that the invention not be limited to
the particular embodiment disclosed as the best mode contemplated for carrying out this
invention, but that the invention will include all embodiments falling within the scope of

the appended claims.

10
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What is claimed is:

1. A method for estimating a shape of a structure, the method comprising;

selecting a structure comprising a plurality of strain sensors in operable
communication with the structure, each strain sensor configured to provide a
measurement of strain experienced by the structure;

placing the structure in a borehole;

receiving the measurements of strain from the plurality of strain sensors using a
processing unit;

creating a mesh grid comprising nodes overlaid upon a surface of the structure
using the processing unit, each ndde related to a location of one strain sensor and
assigned a strain value measured by the one strain sensor;

creating an additional node overlaid upon the surface of the structure for the
mesh grid using the processing unit, wherein a strain value assigned to the additional
node is derived from a strain value corresponding to at least one adjacent node; and

performing an 1inverse finite method using the mesh grid with the assigned strain

values to estimate the shape of the structure using the processing unait.

2. The method of claim 1, wherein the plurality of strain sensors comprises fiber

Bragg gratings within an optical fiber.

3. The method of claim 1 or 2, wherein receiving the strain measurements

comprises using a multiplex method.

4. The method of claim 3, wherein the multiplex method comprises optical

frequency domain multiplexing.

5. The method of claim 3, wherein the multiplex method comprises time domain
multiplexing
6. The method of claim 3, wherein the multiplex method comprises at least one of

amplitude multiplexing, phase multiplexing, and polarization multiplexing.

i1
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7. The method of any one of claims 1 to 6, wherein the mesh grid comprises at

least one mesh element.

8. The method of claim 7, wherein the at least one mesh element has three sides.
9. The method of claim 7, wherein the at least one mesh element has four sides.
10. The method of claim 7, wherein the at least one mesh element 1s at least one of

linear, quadratic, and cubic.

11. The method of any one of claims 1 to 10, wherein the strain value assigned to
the additional node 1s derived from a linear interpolation of the strain value

corresponding to the at least one adjacent node.

12. The method of any one of claims 1 to 10, wherein the strain value assigned to
the additional node 1s derived from a least squares mterpolation of the strain value

corresponding to the at least one adjacent node.

13. The method of any one of claims 1 to 10, wherein the strain value assigned to
the additional node 1s derived from a smooth curve fit of the strain value corresponding

to the at least one adjacent node.

14. A system for estimating a shape of a structure disposed downhole, the system
comprising:

a downhole structure;

a plurality of strain sensors 1n operable communication with the downhole
structure, each strain sensor providing a measurement of strain experienced by the
downhole structure; and

a processing unit i operable communication with the plurality of strain sensors
wherein the processing unit:

processes the measurements of strain from the strain sensors;

12
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creates a mesh grid comprising nodes overlaid upon a surface of the
downhole structure, each node related to a location of one strain sensor and assigned a
strain value measured by the one strain sensor;

creates an additional node overlaid upon the surface of the downhole
structure for the mesh grid, wherein a strain value assigned to the additional node i1s
derived from a strain value corresponding to at least one adjacent node; and

performs an inverse finite method using the mesh grid with the assigned

strain values to estimate the shape.

15. The system of claim 14, wherein the plurality of strain sensors comprises fiber

Bragg gratings within an optical fiber.

16. The system of claim 15, wherein at least one grating is less than 5 millimeters

(mm) long and the space between two gratings 1s less than 10 mm.
17. The system of claim 14, further comprising a fiber optic strain system.

18. The system of any one of claims 14 to 17, wherein the strain value assigned to
the additional node 1s derived from the strain value corresponding to the at least one
adjacent node using at least one of linear interpolation, least squares interpolation, and

smooth curve fit.

19, The system of any one of claims 14 to 18, wherein the mesh grid comprises

mesh elements that are at least one of linear, quadratic, and cubic.

20. A non-transitory computer readable medium containing computer instructions
stored therein for estimating a shape of a structure disposed downhole by causing a
computer processor to perform steps ot:

receiving strain measurements from a plurality of strain sensors in operable
communication with the structure, each strain sensor providing a measurement of strain

expenenced by the structure;

13
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creating a mesh grid comprising nodes overlaid upon a surface of the structure,
each node related to a location of one strain sensor and assigned a strain value measured
by the one strain sensor;

creating an additional node overlaid upon the surface of the structure for the
mesh grid, wherein a strain value assigned to the additional node 1s derived from a strain
value corresponding to at least one adjacent node;

performing an inverse finite method using the mesh grid with the assigned strain
values to estimate the shape; and

at least one of recording the shape and displaying the shape to a user.

14
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