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1 Introduction nents using optical contouring. Results obtained with non-

Computational methodologies have recently reached levelsinVasive optical techniques are valuable information since
at which a mechanical component can be completely di- (€Y are a measure of the behavior of the actual object of
mensioned and analyzéd. With these methodologies, interest subjected to realistic operating conditions.

parametric studies of the effects of different boundary con- hAr! e;‘fectwe studty arr]wd Isdtrgctlurgl ?ﬁt'm'zat'?nb otfhme—
ditions, loadings, and material properties can be investi- chanical components should Include the use of both com-

gated. In addition, structural optimization can be performed Putational and experimental methodologies. Computational
through a computationally intensive iterative procedure us- investigations enable parametric studies and the determina-

ing methods such as the finite or boundary element com- 10N Of critical engineering design conditions, while experi-
bined with mathematical programming techniqdeSom- ”?e”ta' Investigations, espemaﬂy thosg using optical tech-
putational solutions depend on appropriate selection of MIUES: profvﬁe qtlan;utanvef ]nz‘orm?tlton thon thel_ %Ctl“al d
modeling parameters, such as material constants, boundar)ges%qnse 50 € structure ot interest to the applied loa
conditions, and loads. Therefore, solutions may lack any onditions.
significance if modeling parameters are not selected prop-
erly. 2 Hybrid Computational-Experimental Procedure
Experimental noninvasive optical measuring methodolo- . o
gies, such as electro-optic holograplBOH), are available ~ 2-1  Computational Investigations
to perform studies of mechanical components. EOH can Solutions of the partial differential equatiotBDE) used
provide qualitative information in real time through inter- for modeling different physical phenomena either cannot
ferograms and quantitative information can be obtained by always be found using analytical considerations, do not ex-
processing the interferograrfisQuantitative information  ist, or are limited to specific domains. For practical pur-
includes displacements and or deformations obtained afterposes, however, special techniques capable of solving these
the object of interest has been subjected to specific bound-PDE have been developed for a wide range of different
ary and loading conditions. In addition, it is possible to domains and boundary conditions. These techniques com-
perform geometrical measurements of mechanical compo-prise the computational methodologies. Computational
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Fig. 1 Domain D discretized into finite elements; a simplified mesh S2 S1
is shown for clarity.
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methodologies are computer-aided mathematical tech-rig. 2 optical setup for recording and processing of EOHs: BS,
niques for obtaining approximate numerical solutions to the beamsplitter; PS1, reference beam phase shifter; PS2, object beam
PDE that predict the response of physical systems subjectedhase shifter; S1 and S2, reference and illumination beamshutters;
to external influence$ Their applications extend to many fMO' microscope objective; FO, fiber optic cable; Sl, speckle inter-

. ; . . erometer; IL, object imaging lens; CCD, imaging device; IP, image
area?’ that 'nCIUd_e solid mechanics, heat transfer, fluid me'processing computer; BE, illumination beamexpander; OB, object
chanics, acoustics, and electromagnetism, as well as aunder investigation; and SH, piezoelectric transducer (PZT) shaker
coupled interaction of these phenomériBhree computa-  for object excitation.
tional methodologies have been used extensively for solv-
ing the PDE generated in many engineering and science
fields. These include the finite differen¢eED), finite ele-
ment(FE), and boundary elemeiBE) methods. The fun-  where ¢ and 7 are the natural coordinates {[ —1,1],
damental principle of these methodologies is based on the[ —1,1]}, and&; and »; are the nodal coordinates in the unit
reduction of governing PDE to an approximation in terms parametric space. Therefore, the response of the entire do-
of algebraic equations. This reduction replaces continuousmain is obtained by solving a system of equations that takes
PDE, whose solution space is generally infinite dimen- into consideration the effects of all the elements and has as
sional, with a finite set of algebraic equations whose solu- unknowns the nodal, or discrete, displacements instead of a
tion space is finite dimensional. In general, the reduction of continuous displacement function.
continuous PDE into a set of discrete algebraic equations is
performed by identifying a finite number of discrete points
within the domain of interest. These points are called nodes2.2  Experimental Investigations: EOH
and it is at these locations that approximations to the true
solution are computed. For instance, consider the FE
method in which the domain of interest is fully discretized
into finite elementgFig. 1). In the case of structural prob-
lems and a displacement formulation, the deformation field
on each element is written in terms of known interpolating
functions and unknown nodal displacements. By consider-

ing eI(_ameme in the doma_irl? of Fig. 1, coordinates>(,_y) ventional holographic interferometry, which makes it very
and displacementsi(v) within the element can be written,  gjitaple for on-site investigations. EOH is based on a com-

using 2-D isoparametric elements, as bined use of speckle interferometry, phase stepping, and
image acquisition and processing techniques. Figure 2 de-

EOH has been successfully applied to different fields of
nondestructive testing of mechanical comé)onents subjected
to static and dynamic loading conditioh3®® Being non-
invasive and providing qualitative and quantitative full-
field information are some of the main advantages of EOH
over other experimental techniques. In addition, it requires
much less mechanical stability than that required in con-

NN NN
B B picts a typical experimental setup for generation of inter-
X—Zl NiX;, Y—; Niyi, (1) ferograms using the EOH technique. In this system, the
laser output is divided into two separate beams by means of
and a beamsplittefBS). One of the beams is directed toward a

beamexpandefBE) to illuminate the object(OB) uni-
NN NN formly. This beam, modulated by interaction with an object
u=> Nuu, v=2, Nu;, 2 is transmitted by the object imaging le(i&) to the object
i=1 i=1 input of the speckle interferometé€sl). The other beam is
) ) directed toward a microscope objectifdO) and then to a
whereNN is the number of nodes in the element; ;) single-mode fiber optic cablécO), which is connected to
and (u;,v;) are the nodal coordinates and unknown nodal the reference input of the Sl. The object and reference
displacements, respectively; ah represents the interpo- beams are combined at the SI, which is capable of project-
lating or shape functions, which for a linear approximation ing the combined signal onto the charge-coupled device

can be written as (CCD) chip of the camera. The signal generated at the CCD
camera, due to the interaction of object and reference
Ni=3 (1+ &) (1+ nm), €)] beams, is directed to a pipeline image processor computer
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IP processing images at video rates. This computer is also
controlling phase shifter PS1 for introduction of phase steps
between consecutive captured frames.

2.2.1 Static investigations

In EOH, information is extracted from the interference pat-

tern of object and reference beams having complex light
fieldsF, andF, . After the BS, and considering phase step- M0 e i
ping, irradiancd , of the combined wavefronts, as recorded (a)

by thenth video frame, can be described by

Fig. 3 Typical interferograms obtained using the EOH: (a) static
l,=(Fo+F)(F,+F )* mode (double exposure) and (b) dynamic mode (time-averaged ex-
n o T rAton T posure).

=[Acl?+ A2+ 2A.A, cos[(do— ¢)+A 6], (4)

whereA, andA, are the amplitudes of the object and ref-
erence beams, respectivelg,, is the randomly varying
phase of the object beang; is the phase of the reference 5.4 3 sinusoidal image,

beam; and\ @ is the known phase step introduced between

the frame<:*° To facilitate static investigations, the argu- N = e4A2A2 sin Q) 9
ment of the periodic term of Ed4) is modified to include o '

the phase change due to static deformations of the object ofhich are processed simultaneously to produce quantitative
interest subjected to specific loading and boundary condi- egyits by computirfy

tions. This phase change is characterized by the fringe-

D=64A2%A? cos(Q), (8)

locus function(}, whose constant values define fringe loci N
on the surface of the object as Q=tan? 5). (10
Qxy)=2mn(xy)=K(x,y)-L(Xy), )

Figure 3a) depicts a typical interferogram obtained with

where n(x,y) is the interferometric fringe order at the e EOH system functioning in static display mode.

(x,y) location in the image spack, is the sensitivity vec-
tor, andL is the displacement vector. Therefore, the irradi- 2.2.2 Dynamic investigations

ance from a deformed object can be described as To perform dynamic investigations, or modal analysis, us-
, ing the EOH, it is necessary to take into consideration a

I =1g+1,+2AA, cos(Ap+Q+A0,), ®  time-varying fringe-locus functiofi,(x,y,t), which is re-

lated to periodic motion of the object under investigafion.

whereA ¢= ¢,— ¢, ; andl, andl, represent the intensities Using Eq.(6), it is possible to write

of the object and reference beanise., amplitudes
squaredl respectively. In Eq(6), I, is assumed to remain | (x,y,t)=1,(x,y)+1,(X,y) +2A,(X,Y)A(X,Y)
constant, and thex(y) arguments were omitted for clarity.

Since it isQ) that carries information pertaining to mechani- Xcos[Ag(x,y) + (XY, )] 11
cal displacements and/or deformations, the EOH'’s video ) . . :
frame processing algorithm eliminatésp from the argu- Since the CCD camera registers average intensity at the

ment of the periodic function of the irradiance distributions Video rate characterized by the periad, which, in the
given in Egs.(4) and(6), yielding an image that has inten- EOH system used in this study is equal to 1/30 s, the in-
sity modulated by a periodic function witll} as the tensity that is observed can be expressed mathematically as
argument:

The EOH can work in display and data mode. In display I [trat
mode, interference patterns are observed at video rate speeb(x’y): At J't L(x,y,0) dt,
and are modulated by a cosinusoidal function of the form

and, using phase stepping, the resultant intensity distribu-

8AA, cos( % ) @ tion for then’th frame can be written as

12

o _ _ B _ I (X, Y) =106, Y) +1r(X,Y) +2A4(X,Y) A (X,Y)
which is obtained by performing specific algebraic opera-
tions between frames acquired at the undeformed and de- X COS[Ap(X,y)+ A IM[Q(X,y)], (13
formed states, described by Edq4) and (6), respectively.
This mode is used to adjust the EOH system and for quali- whereM[,(X,y)] is known as the characteristic function
tative investigations. Data mode is used to perform quanti- determined by the temporal motion of the object. For the
tative investigations. In the data mode, two images are gen-case of sinusoidal vibrations with a period much shorter
erated: a cosinusoidal image, than the video framing time,
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MLQ(X,Y)]= o[ Q2e(X,Y)], (14

whereJg[ Q4(X,y)] is the zero-order Bessel function of the
first kind> Equation(13) contains four unknowns: irradi-
ancesl, andl,, phase differencd¢, and the fringe-locus
function Q.(x,y). The EOH'’s video frame processing al-
gorithm eliminates\ ¢ from the argument of the irradiance
function given by Eq.(13) using a set of four equations
obtained at a specific step size valueAaf.

For time-averaged investigations, the EOH can work in
display and data modes. In the display mode, interference
patterns are observed at video rate and are modulated by a
function of the form

4AA M ()] (15

Fig. 4 Single-illumination, single-observation fiber-optic-based EOH
. . . . system: LDD, laser diode driver; LD, laser diode; Ol, optical isolator;
This mode is used to adjust the EOH system and for quali- Mo, microscope objective; DC, directional coupler; PZT1 and PZT2,

tative investigations. Figure(B) shows a typical interfero-  piezoelectric fiber optic modulators; DR, PZT2 driver; IP, image pro-
gram of a sinusoidally excited plate, as recorded by the cessing computer; S, interferometer; OL, objective lens, and CCD,
EOH system functioning in the time-averaged display “@M¢&

mode. The data mo#é!!is used to perform quantitative

investigations. In the data mode, images of the form o . _ . _
titative analysis of time-averaged interferogram3his

1611, [M2(Q))], (16 setup occupies a minimum of space and can be readily
rearranged to obtain different experimental configurations.
are generated for quantitative processing and extraction of The EOH system shown in Fig. 4 uses the two-

Q. wavelength technigue to generate depth contours related to
the geometry of the object under investigation. The wave-
2.2.3 Shape measurements using EOH length of the LD used can be controlled either by modulat-

ing its injection current or by modifying the temperature of
and dvnamic investigations of mechanical components Sub_the thermally controlled stage of the diode. Contouring can
y 9 P be performed by using the EOH in static mode. This is

j_eg:ted foa Iarge variety of loading conditichin addlt_lon, done by acquiring a set of interferograms using wavelength
iLis also possible to measure the shape of mechanical cOM-~ |, representing a reference state, or undeformed state, and
ponents using optical contourift§.The combination of 1, fep 9 ' '

these capabilities makes the EOH a powerful engineering then acquiring the second set of mterferogfams after. the
tool that can be utilized to study and optimize mechanical Wavelength has been changediip, representing a modi-
components. Recent technological advances in computer€d State, or deformed state. The phase change related to
and fiber optic technologies can be applied to the EOH depth contoursy(x,y) obtained after performing this op-
system. These advances dramatically increase the versatilération is now equivalent to the fringe-locus function
ity of the EOH method and add the possibility of using itin €2(x.y) in static deformations, so Eq&) to (10) hold for
on-site investigations to study and diagnose problems in ¥(X,y). Figure 5 depicts some typical results obtained after
industrial environments. contouring a 3-D mechanical component: a jet engine tur-
Figure 4 depicts a currently operational EOH system bine blade. For this particular application, collimated ret-
used for static, dynamic, and shape measurement investigaroreflective conditions were utilized to obtain the fringe
tions. This system is based on a single illumination and separation of
single observation directions. The light source is a low-
power laser diod€LD) with thermoelectric cooling capa- 1 N
bilities driven by the controllefLDD), which provides the h= 2 NNy 17
LD with adequate current to generate light emission and
temperature control. The output of the LD is directed . -
through a Faraday optical isolaté®l), which reduces the ~ 2-3 Fringe Prediction
magnitude of back reflected light into the LD, to a micro- Fringe prediction(FP) is an important part of the hybrid,
scope objectivéMO) coupling it into a single-mode fiber  experimental and computational, approach presented in this
optic directional couplenDC). This directional coupler  paper. FP is used to interact between information provided
splits the light power into a 1:9 ratio. The higher power by computational and EOH investigations. This interaction
beam is used to illuminate the object of interest and the can provide valuable information that can be utilized to
lower power beam is used as a reference beam. Both beam#crease the degree of correlation between the computa-
are recombined in the interferome{@l) and the acquired tional and the experimental results.
irradiances are transmitted to an image processing com- FP can be used to specify the optimum EOH configura-
puter (IP) using a CCD camera. PZT1 is a piezoelectric tion for a specific application, before making the actual
fiber optic modulator for phase stepping, and PZT2 is simi- measurements. This is of particular importance, especially
lar to PZT1 but is used to introduce a bias signal for quan- for complicated mechanical components, since the magni-

With the EOH, it is possible to perform noninvasive static
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Fig. 5 Contouring the tip of a turbine blade with AN~0.1 nm: (a) object as used in the experimental
setup, (b) wrapped phase in the area of interest, and (c) wireframe representation of the unwrapped

phase in the area of interest.

tude and location of the experimentally applied loads is not jected to similar loading conditionffor each recording
easy to determine. The FP objective, in this case, is to These interferograms show substantially different fringe
specify loading conditions such that at areas of interest on patterns(for each setup the interpretation of which, with-
the object, phase change can be measured accurately andut taking into consideration of the specific recording ge-
reliably. This means that phase changes must be large withometry, will lead to erroneous results, and clearly demon-
respect to the sensitivity of the EOH system and small strate the importance of accurate knowledge of the
enough to prevent speckle decorrelation from reducing illumination/observation conditions when performing com-
phase measurements quality, since there is the requiremenparisons between experimental and computational results.

of a minimum number of pixels per fringe that are neces-
sary for successful phase unwrapping. Figures 6 to 8 show
representative applications of the FP.

Figure 6 shows a 15<15-mm, 110um-thick AL-2024
plate constrained along all four edges vibrating at its first
fundamental mode. This figure depicts overloadé&tl.
6(a)] and appropriately loadeldFig. 6(b)] condition levels
for quantitative EOH investigations.

FP can also be utilized to simulate different experimen-
tal arrangements characterized by the sensitivity veltor
[see Eq.5)], and, in this way, can lead to optimizing the
setup to facilitate specific applications of the EOH. In ad-
dition, FP is useful for effective comparison of experimen-
tal and computational results because it takes into consid-
eration the actual experimental illumination/observation
conditions while interpreting(displaying computational
data. Figure 7 shows typical interferograms recorded using
two different experimental setups, each characterized by a
different sensitivity vector, of the same component sub-

Fig. 6 Interferograms showing (a) specimen overloaded (difficult to
perform guantitative interpretation) and (b) specimen loaded at an
appropriate level (quantitative interpretation can be readily per-
formed).

1452 Optical Engineering, Vol. 37 No. 5, May 1998

FP can be performed by

1. theoretical/computational modeling using theoret-

ically/experimentally obtained boundary conditions
and/or loads, theoretically/experimentally obtained
geometry, and experimentally obtained material
properties

. use of computational nodal information at the object

boundary

. orientation of theoretical/computational geometry to

match experimental conditions

. evaluation of the fringe-locus functidn, or evalua-

tion of the time varying fringe-locus functiof},

. use of thecosineor Jg irradiance distributions while
considering optical configuration of the specific EOH
setup in which characteristics of optical components
affecting laser beam profil@.g., Gaussigrare taken
into consideration.

(b)

Fig. 7 Interferograms showing the effects of different sensitivity
vectors for the same loading conditions: (a) retroreflective
illumination/observation condition and (b) oblique illumination/
observation condition.
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Fig. 8 Fringe prediction based on computational simulations of a cantilever plate loaded under static
bending conditions: (a) FE solutions for displacement and stress and (b) predicted continuous (un-
wrapped) phase map corresponding to a double-exposure hologram assuming collimated retroreflec-
tive illumination/observation conditions and the resulting fringe pattern.

Figure 8 depicts FP on a computational cantilever plate  Figure 9 depicts the interaction of computational, EOH,
model, simulating static bending conditions and a double- and FP in hybrid experimental-computational investiga-

exposure hologram. tions. Quantitative and qualitative results provided by the
EOH methodology are utilized by, or compared with,
2.3.1 Use of computational-EOH-EP as a hybrid the computational predictions. FP is used as a complemen-
computational-experimental tool tary step for measuring the degree of correlation between

computational and EOH results and to provide feedback
to either method to improve the results of the hybrid
analysis.

Computational techniques are capable of predicting surface
and interior displacements of an object of interest subjected
to specific loading and boundary conditions. With these
techniques, it is possible to perform parametric
investigation$:*®> However, computational investigations
are only reliable if proper geometry, boundary conditions,
loading, and material properties are provided. Unexpected
defects in the object of interest may cause computational
simulations to deviate from the actual behavior of the ob-
ject.

Shape measurements using the EOH can be useful for
the description of the actual geometry of an object under
investigation. In addition, qualitative and quantitative infor-
mation obtained in static and dynamic EOH modes can be
utilized as boundary conditions in a computational model.
Also, a computational model can be used to predict the
interferometric fringes, which can be useful to determine
appropriate experimental parameters and setup as well as a

tool for V?rifying that realistic boundary conditions have Fig. 9 Interaction of computational methods (FEM/BEM), EOH, and
been applied accurately. FP in the hybrid, experimental, and computational investigations.
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Fig. 10 Flowchart of the hybrid experimental-computational procedure used in this paper.

2.4 Hybrid Computational and Experimental put parameters, e.g., boundary conditions, loads, and mate-
Procedure rial properties, are utilized. Experimental studies using

Figure 10 depicts a flowchart of the hybrid, computational- €léctro-optic techniques have the characteristic of being
experimental procedure used in this pa?)@rccording to able to obtain noninvasive measurements of the actual be-

Fig. 10, computational investigations are made on the inj- Navior of mechanical components subjected to specific

tial design to obtain the response of the structure before its/0@ds and boundary conditions. In this paper, computational
structural optimization is performed and the results com- investigations, EOH, and fringe prediction were discussed
pared with the response obtained from the EOH studies of &5 essential ingredients of a hybrid approach for an effec-
an equivalent initial design model. The comparisons be- V€ Study and structural optimization of mechanical com-
tween experimental and computational results are based orPOnents. Practical application of the hybrid approach is il-
FP. When discrepancies between computational and experi-UStrated by representative examples, which demonstrate
mental results are encountered, it is necessary to resolvgne Vviability of th's appfo?‘ch as an engineering tool for
them. We have found that one of the most effective ways to Structural analysis and optimization.

achieve such a resolution is by using experimentally ob-

tained boundary conditions in the computational model.
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