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ABSTRACT

Computational and experimenta methodol ogies have unique features for the analysis and solution of awide variety of engineering
problems. Computations provide results that depend on sdlection of input parameters such as geometry, materia constants, and boundary
conditionswhich, for correct modeling purposes, have to be gppropriately chosen. In addition, it isrelatively easy to modify theinput
parametersin order to computationdly investigate different conditions. Experiments provide solutions which characterize the actud
behavior of the object of interest subjected to specific operating conditions. However, it isimpractica to experimentdly perform
parametric investigations. This paper discusses the use of ahybrid, computationa and experimental, approach for study and optimization
of mechanica components. Computationa techniques are used for modeling the behavior of the object of interest whileit is experimentaly
tested using noninvasive optica techniques. Comparisons are performed through afringe predictor program used to facilitate the correlation
between both techniques. In addition, experimentally obtained quantitative information, such as displacements and shape, can be gpplied in
the computationa model in order to improve this corrdation. The result isavalidated computational model that can be used for performing
quantitative analyses and structura optimization. Practical application of the hybrid gpproach isillustrated with a representative example
which demongtrates the viahility of the approach as an engineering tool for structura analysis and optimization.

Keywor ds: hybrid methodol ogies, structura optimization, eectro-optic holography, shape measurements, displacement
measurements, fringe prediction.

1. INTRODUCTION

Computationa methodol ogies have recently resched levels in which amechanica component can be completely dimensioned and
analyzed!. With these methodologies, parametric studies of the effects of different boundary conditions, loadings, and materia properties
can beinvestigated. In addition, structural optimization can be performed through a computationaly intensive iterative procedure using
methods such as the finite or boundary dement combined with mathematical programming techniques?. Computationa solutions depend
on gppropriate selection of modding parameters, such as materia congtants, boundary conditions, and loads. Therefore, solutions may lack
any sgnificance if modeling parameters are not selected properly.

Experimenta noninvasive optical measuring methodologies, such as eectro-optic holography (EOH), are available for performing
studies of mechanica components. EOH can provide qudlitative information in red-time through interferograms and quantitative
information can be obtained by processing the interferograms3.  Quantitative information includes displacements and or deformations
obtained after the object of interest has been subjected to specific boundary and loading conditions. In addition, it is possible to perform
geometrical measurements of mechanical components using optica contouring. Results obtained with noninvasive optica techniques are
vauableinformation since they are a measure of the behavior of the actua object of interest subjected to redistic operating conditions.

An effective study and structural optimization of mechanica components should include the use of both computationa and
experimenta methodologies. Computationa investigations permit parametric studies and determination of critical engineering design
conditions while experimenta investigations, especidly those using optica techniques, provide quantitetive information on the actual
response of the structure of interest to the applied load conditions?.



2. EXPERIMENTAL-COMPUTATION PROCEDURE
2.1. Computational investigations

Solutions of the partid differentiad equations (PDE) used for modding different physica phenomenaeither cannot dways be found
using andytical consderations, or do not exist, or are limited to specific domains. For practical purposes, however, specid techniques
cgpable of solving these PDE have been deve oped for awide range of different domains and boundary conditions. These techniques
comprise the computational methodologies. Computationa methodol ogies are computer-aided mathematical techniques for obtaining

approximate numerica solutions to the PDE that predict the response of physica systems subjected to external influencesS. Their
applications extend to many areas that include solid mechanics, heet transfer, fluid mechanics, acoudtics, and dectromagnetism, aswell asa
coupled interaction of these phenomenal. Three computational methodologies have been used extensively for solving the PDE generated in
many engineering and sciencefidds. These include thefinite differences (FD), finite dement (FE), and boundary ement (BE) methods.
Thefundamenta principle of these methodologiesis based on the reduction of governing PDE to an gpproximation in terms of agebraic
equations. This reduction replaces continuous PDE, whose solution spaceis generdly infinite dimensiond, with afinite set of agebraic
equations whose solution spaceisfinite dimensional. In generd, the reduction of continuous PDE into aset of discrete dgebraic equations
is performed by identifying afinite number of discrete points within the domain of interest. These points are called nodes 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 dements, Fig. 1. Inthe case of structura problems and a displacement formulation, the deformation field on
each dement iswritten in terms of known interpolating functions and unknown noda displacements. By considering dementeinthe
domain D of Fig. 1, coordinates (X,y) and displacements (u,v) within the dement can be written, using two-dimensiond isoparametric
dements as
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where NN isthe number of nodesin the dement, (X;,y;) and (u;,v;) are the noda coordinates and unknown noddl displacements,
respectively, and N; represents the interpolating or shape functions which for alinear goproximation can be written as
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with xand h being the natural coordinates {[-1,1],[-1,1]} and % and hj being the nodal coordinatesin the unit parametric space.
Therefore, the response of the entire domain is obtained by solving a system of equations that takes into consideration the effects of al the
elements and has as unknowns the nodal, or discrete, displacementsinstead of a continuous displacement function.
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Fig. 1. Domain D discretized into finite dements, asimplified mesh is shown for clarity.
2.2. Experimental investigations: electr o-optic holography (EOH)

EOH has been successfully applied to different fields of nondestructive testing of mechanica components subjected to atic and

dynamic loading conditions3.4.7.8, Being noninvasive and providing quditative and quantitative full field information are some of the main
advantages of EOH over other experimenta techniques. In addition, it requires much less mechanica stability than that required in
conventiona holographic interferometry which makesit very suitable for on-site investigations. Electro-optic holography isbased on a



combined use of speckle interferometry, phase stepping, and image acquisition and processing techniques. Figure 2 depicts atypica
experimenta setup for generation of interferograms using the EOH technique. In this system, the laser output is divided into two separate
beams by means of abeam splitter BS. One of the beamsis directed towards a beam expander BE to illuminate the object OB uniformly.
This beam, modulated by interaction with an object is tranamitted by the object imaging lens 1L to the object input of the speckle
interferometer Sl. The other beam is directed toward a microscope objective MO and then to a single mode fiber optic probethat is
connected to the reference input of Sl. The object and reference beams are combined at the S which is capable of projecting the combined
signd onto the charge-coupled device (CCD) chip of the camera. The signd generated a the CCD camera, dueto the interaction of object
and reference beams, is directed to a pipdine image processor computer processing images at video rates. This computer is aso controlling
the phase shifter PS1 for introduction of phase steps between consecutive captured frames.
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Fig. 2. Optica setup for recording and processing of eectro-optic holograms. BSisthe
beam olitter, PS1 isthe reference beam phase shifter, PS2 is the object beam phase
shifter, Sland S2 are the reference and illumination beams shutters, MO is the microscope
objective, Sl isthe speckle interferometer, IL isthe object imaging lens, CCD istheimaging

device, IPistheimage processng computer, BE istheillumination beam expander, OB is
the object under investigation, and SH isthe PZT shaker for object excitation.

2.2.1. Staticinvestigations

In EOH, information is extracted from the interference paitern of object and reference beams having complex light fieldsF and Fy.
After the beam splitter, and considering phase stepping, irradiance of the combined wavefronts as recorded by the n-th video frameis
described by

In=(Fo+F)Fo+FR)",
2 2
n=|al +|a ] +2a.A cos[(fo- f)+ [111] , @)
where Ag and A, arethe amplitudes of the object and reference beams, f; isthe randomly varying phase of the object beam, f; isthe phase

of the reference beam, and Dyji's the known phase step introduced between the frames3.9. To facilitate static investigations, the argument of
the periodic term of Eq. 4 is modified to include the phase change due to static deformations of the object of interest subjected to specific
loading and boundary conditions. This phase changeis characterized by the fringe-locus function VA whose constant values define fringe
loci on the surface of the object as

WX, y) = 2pn(x,y) = KL ©)

where n(x,y) isthe interferometric fringe order at the (x,y) location in theimage soace, K isthe sengitivity vector, and L the displacement
vector. Therefore, the irradiance from a deformed object can be described as

'y = 1o+ 1, + 2A0AcoqF + WA+ Oo,) (6)



where ¥ =fg - f; ,and 1 and |, represent the intengities of the object and reference beams, respectively. In Eq. 6, | isassumed to
remain congtant and the (x,y) arguments were omitted for clarity. Sinceit is V\Mwhich carriesinformation pertaining to mechanica
displacements, the EOH'’ s video frame processing agorithm eliminates CF from the argument of the periodic function of theirradiance

distributions given in Eqgs 4 and 6, yielding an image which has intensity modulated by a periodic function with Was the argument 3.

The EOH can work in display and datamode. In display mode, interference patterns are observed et video rate speed and are
modulated by a cosinusoidd function of the form

8A0Acos§é—2/ % , ()

which is obtained by performing specific agebraic operations between frames acquired at the undeformed and deformed States, described by
Eqgs4 and 6, repectively. Thismodeis used for adjusting the EOH system and for qudlitetive
invedigations. Datamodeis used for performing quantitative investigetions. In the datamode, two images are generated: a cosinusoida

imege,

D = 64AZA%coqW , (8)
and asnusoidd image,
N = 64AZ AZsin(W , )
which are processed simultaneoudy to produce quantitative results by computing3,10
aNo
= tan- le—2=
W= tan 8Db . (10)

Figure 3adepicts atypica interferogram obtained with the EOH system functioning in static display mode.

2.2.2. Dynamicinvestigations

For performing dynamic investigations, or moda analysis, using the EOH, it is necessary to take into consideration atime varying
fringe-locus function W which is related to periodic motion of the object under investigation3:4. Using
Eq. 6, it ispossible to write
le(xyit) = To(xY) + 1 (X Y) + 2A(X, y)A(x,y)COS[Df (xy) +W; (x,y,t)] : 1)

Sincethe CCD cameraregisters average intensity at the video rate characterized by the period D which, in the EOH system used in this
sudy isequd to 1/30-th of a second, the intensity that is observed can be expressed mathematicaly as

lt+Dt
I(x,y)=—= :(xybdt , 12
(xy) 5 gt( y.t) (12
and, using phase stepping, the resultant intensity distribution for the n-th frame can be written as

n(%Y) = 1o(xY) + 11 (% y) + 28 (% Y) A (X yY)cog D (xy) + Da| M[We(x,y)] (13
where M [Wt(x, y)] isknown asthe characterigtic function determined by the tempora motion of the object. For the case of sinusoidal
vibrations with the period much shorter than the video framing time

MW ()] = o[ W y)] (14

where Jo[\M(X, y)] isthe zero order Bessdl function of thefirst kind3. Equation 13 contains four unknowns: irradiances|, and I, phase

difference Cf, and the fringe-locus function W, The EOH'’ s video frame processing agorithm diminates CF from the argument of the
irradiance function given by Eq. 13, using aset of four equations obtained a specific tep size vaue Dy



(b)
Fig. 3. Typicd interferograms obtained using the EOH: (8) static mode (double-exposure),
(b) dynamic mode (time-average exposure).

For time-average investigations, the EOH can work in display and datamodes. 1n the display mode, interference petterns are observed
at video rate and are modulated by afunction of theform

4 A MWL) (15)

thismodeis used for adjusting the EOH system and for quditative investigations. Figure 3b showsatypica interferogram of asnusoidally
excited plate, asrecorded by the EOH system functioning in the time-average display mode. The datamodeis used for performing

guantitative investigations34:10, |n the datamode, images of the form

1611, M2(WY) (16)
are generated for quantitative processing and extraction of W,

2.2.3. Shape measurementsusing EOH

With the EOH, it is possible to perform noninvasive static and dynamic investigations of mechanical components subjected to alarge
variety of loading conditions3. In addition, it is also possible to measure shape of mechanica components using optica contouringtl. The
combination of these capabilities makes the EOH a powerful engineering tool that can be utilized for the study and optimization of
mechanica components. Recent technologica advancesin computer and fiber optic technologies can be applied to the EOH system. These
advances dramaticaly increase the versatility of the EOH method and add the possibility of using it in on-site investigationsin order to
study and diagnose problemsin industrid environments.

Figure 4 depicts a currently operational EOH system used for static, dynamic, and shape messurement investigetions. Thissystemis
based on asingleillumination and single observation directions. Thelight sourceisalow power laser diode LD with thermo-dectric cooling
capatilities driven by the controller LDD which provides the laser diode with the adequiate current for generation of light emission and
temperature control. The output of the laser diodeis directed through a Faraday optical isolator Ol, which reduces the magnitude of back
reflected light into the LD, to amicroscope objective MO coupling it into a single mode fiber optic directiond coupler DC. Thisdirectiond
coupler splitsthelight power into a1:9 ratio. The higher power beam is used for illumination of the object of interest and the lower power
beam is used as a reference beam. Both beams are recombined in the interferometer S and the acquired irradiances transmitted to an image
processing computer |P through the use of aCCD camera. PZT1 isa piezo-electric fiber optic modulator for phase stepping, and PZT2 is
similar to PZT1 but used for introduction of abias signd for quantitative analysis of time-average interferograms. This setup occupiesa
minimum space and can be reedily rearranged to obtain different experimenta configurations.



Fig. 4. Singleillumination, single observation fiber optic based EOH system: LDD isthe laser diode driver, LD is
the laser diode, Ol isthe optical isolator, MO is the microscope objective, DC isthe directional coupler, PZT1
and PZT2 arethe piezo-electric fiber optic modulators, DR isthe PZT2 driver, IPit theimage processng
computer, S istheinterferometer, OL isthe objective lens, and CCD isthe camera

The EOH system shown in Fig. 4 uses the two-wave ength technique for generation of depth contours rdated to the geometry of the
object under investigation. The wavelength of the laser diode used can be controlled either by modulating itsinjection current or by
modifying the temperature of the thermally controlled stage of the diode. Contouring can be performed by using the EOH in static mode.
Thisisdone by acquiring aset of interferograms using wavdength |, representing a reference state, or undeformed state, and then acquiring
the second set of interferograms after wavelength has been changed to | , representing amodified state, or deformed state. The phase change
related to depth contours g(x,y) obtained after performing this operation is now equivaent to the fringe-locus function VWMx,y) in static
deformations, so Eqs 6 to 10 hold for g(x,y). Figure 5 depicts sometypica results obtained after contouring a 3D mechanical component: a
jet engineturbine blade. For this particular application, collimated retro-reflective conditions were utilized in order to obtain the fringe

separetion of
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2.3. Fringeprediction

Fringe prediction (FP) is an important part of the hybrid, experimental and computationa, approach presented in this paper. FPis
used for interacting between information provided by FE and EOH invegtigations. Thisinteraction can provide vauable information theat
can be utilized for increasing the degree of correlation between the computationd and the experimentd results.

FP can be used to specify the appropriate parameters for performing successful EOH investigations before making the actud
measurements. Thisis of particular importance, specidly for complicated mechanica components, since the magnitude and location of the
experimentaly gpplied loadsis not easy to determine. The objective of FP, in this case, isto specify loading conditions such that a areas
of interest on the object, phase change can be measured accurately. This meansthat phase changes must be large with respect to the
sengitivity of the EOH system and small enough to prevent speckle decorre ation from ruining the messurements, since there is requirement
of aminimum number of pixels per fringe needed for successful phase unwrapping. Figures 6 to 8 show representative applications of the
FP.

Figure 6 shows an AL-2024 plate of 15x15 mm and 110 nm thick constrained dong al four edges vibrating at itsfirst fundamental
mode. Thisfigure depicts overloaded (Fig. 6a) and appropriate loading (Fig. 6b) condition levelsfor quantitative EOH investigations.
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Fig. 5. Contouring thetip of aturbine blade with CI »0.1nm: (a) object as used in the experimentd setup,
(b) wrapped phase in the area of interest, () wireframe representation of the unwrapped phase in the area of interest.

@ (b)
Fig. 6. Interferograms showing: (a) specimen overloaded - difficult to perform quantitative interpretetion
(b) specimen loaded at an appropriate level - quantitative interpretation can be readily performed.

(b)

Fig. 7. Interferograms showing the effects of different sengitivity vectors. (a) retro-reflective
illumination/observation condition, (b) oblique illumination/observation condition.

FP can dso be utilized for smulation of different experimental arrangements characterized by the sensitivity vector K, see Eq. 5, and,
in thisway, lead to optimization of the setup in order to facilitate specific applications of the EOH. In addition, FPis useful for effective
comparison of experimenta and computationa results because it takes into consideration the actua experimental illumination/observation
conditions while interpreting (displaying) computationa data. Figure 7 showstypicd interferograms of acomponent loaded under similar
conditions, but using two experimental setups with different sengitivity vectors, and demonstrates the importance of taking into
consideration the illumination/observation conditions when performing comparisons between experimenta and computationa results.

FP can be performed by:

(@ theoreticd/computationa modeling using theoretically/experimentally obtained boundary conditions and/or loads,
theoretically/experimentally obtained geometry, and experimentaly obtained materia properties,



(b) useof computational noda information at the object boundary,

(c) orientation of theoretica/computationa geometry to match experimental condiitions,

(d) evauation of thefringe-locus function VW or evauation of thetime varying fringe-locus function W,

(6) useof the cosine or J, irradiance distributions while considering optica configuration of the specific EOH satup in which
characteritics of optica components affecting laser beam profile (e. g., Gaussian) are taken into consideration.

Figure 8 depicts FP on a cantilever beam loaded under static bending conditions.

Uz = 1.25e-3 mm e Sym = 290e3 Pa
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Fig. 8. Fringe prediction based on computationa smulations of a cantilever beam
loaded under gtatic bending conditions: () finite element solutions for displacement
and stress, (b) predicted continuous (unwrapped) phase map corresponding to a
double-exposure hologram assuming collimated retro-reflective illuminetion/observation
conditions and the resulting fringe pattern.

2.3.1. Useof EOH-FEM-FP asahybrid experimental - computational tool

Computationa techniques are capable of predicting surface and interior digplacements of an object of interest subjected to specific
loading and boundary conditions. With these techniques, it is possible to perform parametric investigations’. However, computational
investigations are only reliableif proper geometry, boundary conditions, loadings, and materia properties are provided. Unexpected defects
on the object of interest may cause computationa simulationsto deviate from the actud behavior of the object.

For the description of the actual geometry of an object under investigation, shape measurements using the EOH may be useful. In
addition, quditative and quantitetive information obtained in static and dynamic EOH modes can be utilized as boundary conditionsina
computational modd. Also, acomputational mode can be used for prediction of interferometric fringes which can be useful for
determination of gppropriate experimenta parameters and setup aswell asatool for verifying that redistic boundary conditions have been
applied accurately.



Figure 9 depicts the interaction of EOH, FEM, and FP in hybrid experimentd - computationa investigations. Quantitative and
qualitative results provided by the EOH methodology are utilized by or compared with the FE predictions?. FPisused asa
complementary step for measuring the degree of correlation between EOH and FE results and to provide feedback to either method in order

to improve the results of the hybrid analysis.

Fig. 9. Interaction of EOH, FEM, and FPin the hybrid,
experimental and computationd, investigations.

2.4. Hybrid, experimental and computational, procedure

Figure 10 depicts aflowchart of the hybrid, experimental-computationa, procedure used in this paper”. According to
Fig. 10 computationd investigetions are performed on theinitia design in order to obtain the response of the structure before its structural
optimization is performed and the results compared with the response obtained from the EOH studies of an equivaent initia design moddl.
The comparisons between experimenta and computationa results are based on FP. When discrepancies between computationa and
experimentd results are encountered it is necessary to resolve them. These authors have found that one of the mogt effective waysto
achieve such aresolution is by the use of experimentally obtained boundary conditionsin the computational modd. Verificationsaso
include characterization of material congtants, geometric modeling accuracy, and mechanica and optica setups. The results of these
comparisons provide information on the accuracy of the computationa anayses with respect to modeling the experimenta behavior of the
dructure. When an acceptable degree of accuracy is obtained the computational model is applied to perform sengtivity analyses of the
objective function with respect to the pecified design variables as well as shape optimization of theinitid design. The geometry obtained
from the shape optimization analyses is used to manufacture a prototype which is experimentally tested in order to obtain computationa
and experimental comparisons through the FP operation.

3. REPRESENTATIVE APPLICATION OF THE HYBRID, EXPERIMENTAL
AND COMPUTATIONAL, APPROACH

The hybrid gpproach was applied to the study of the fundamenta mode of vibration of an Al-2024 plate, 15x15 mm and 110 mm thick
condrained at the edges. Anaysiswas performed using classicd plate theory and modded with acommercidly available FE package:
COSMOS/M. The FE modd used 256 thin shell dementswith Six degrees of freedom per node. Since it was expected to obtain amode
shape with amaximum displacement at the center of the plate, higher ement density was used at thislocation. Perfect zero displacements

applied at the edges of the plate were used as boundary conditions and elastic material constants were obtained from experimental datel?2.

Thefundamental mode of vibration was obtained after solving the corresponding characteristic eigenvaue problem with the inverse power
iteration method. Thisyidded anatura frequency of 6.92 kHz. Figure 11a depicts the corresponding mode shape.
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Fig. 10. Howchart of the hybrid, experimenta and computationa, procedure used in this paper.

Experimental moda andysis was performed using the EOH system in the time-average mode. The sample was mounted on a pecid
fixture and excited with a piezo-dectric shaker which in turn was driven by a frequency generator. The EOH system displayed time-
average interferograms at video speed when the excitation frequency was modulated. This procedure alowed the determingtion of the
fundamenta natura frequency and mode shape of interest. Figure 11b depicts the observed fundamenta mode of the plate obtained et 6.52
kHz. Collimated retro-reflective conditions were held.

Using displacement information obtained from theoretical and computationd results, FP was performed using collimated retro-
reflective conditions. Figure 12 depicts predicted double-exposure and time-average interferograms. Comparisons between observed and
predicted interferograms show mode shape discrepancies. In addition, theoretical solutions show that the mode shape w(x,y) should have
theform

wW(X,Y) —8003@ 19%93032;” 1O , (18)

wherea and b arethe plate dimensonsand xi [0,a] andyl [0,b]. Equation 18 predicts asymmetrical mode shape which is not observed
experimentally, therefore, attention was concentrated on the experimenta investigations. In addition, Eq. 18 indicates that mode shape
depends on the plate dimensions as well as on correct gpplication of boundary conditions, i. e, zero displacements e dl of the edges. With
this observation, aswell asinformation provided by the FP of time-average interferograms, Fig. 12b, experimenta boundary conditions
were verified. Results of these verifications provided a new observed mode shape, Fig. 13, and aresonance frequency of 7.06 kHz. The
result shown in Fig. 13 should be compared with that shown in Fig. 11b to redlize differences between the mode shape based on the hybrid
gpproach versus that without the experimental verification/vaidation, respectively.
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Fig. 11. Typicd results obtained without using the hybrid experimental-computationa
gpproach: (a) analytical/computationa solution, (b) time-average interferogram.

(a) (b)

Fig. 12. Predicted fringe patterns based on andytica/computationad solutions:
(a) datic (double-exposure), and (b) dynamic (time-average).

Fig. 13. Interferogram obtained after verification of the boundary conditions.
4. CONCLUSIONSAND RECOMMENDATIONS
Computationa techniques are very powerful methods for analysis of structural components and parametric investigations for

determination of critica conditions. However, these techniques may lack any significanceif incorrect input parameters, e. g., boundary
conditions, loads, and materia properties, are utilized. Experimental studies using e ectro-optic techniques have the characterigtic of being



able to obtain noninvasive measurements of the actua behavior of mechanical components subjected to specific loads and boundary
conditions. Inthis study, computationa investigations, € ectro-optic holography, and fringe prediction was discussed as a hybrid approach
for an effective study and structural optimization of mechanical components. Practical application of the hybrid approach isillustrated by
arepresentative example, which demonstrates viability of this approach as an engineering tool for structural analysis and optimization.
5. ACKNOWLEDGMENTS
This study was supported by the Flight Dynamics Directorate, Wright Laboratory, Aeronautica Systems Division (AFSC), United
States Air Force, Wright-Patterson AFB, OH 45433-6553. The authors would also like to thank al members of the CHSLT for ther
helpful discussions and assistance during preparation of this paper.
6. REFERENCES
1. ProMECHANICA user’sguidev. 16, Parametric Technology Corporation, Waltham, MA, 1996.

2. T.Haftkaand R. V. Grandhi, "Structura shape optimization-asurvey,” Comp. Meth. in App. Mech. and
Eng., 57:91-106, 1986.

3. R.J Pryputniewicz, “Quantitetive determination of displacements and strains from holograms” Ch. 3in P. K. Rastogi,
ed., Holographic interferometry, Springer-Verlag, Berlin, pp. 33-72, 1994.

4. R.J Pryputniewicz and K. A. Stetson, “Measurement of vibration patterns using eectro-optic holography,” Proc. SPIE,
1162:456-467, 1989.

5. COSMOSM user’squidev. 1.70, Structural Research and Analysis Corporation, SantaMonica, CA, 1993.

6. O.C.ZenkiewiczandR. L. Taylor, The finite element method: solid and fluid mechanics, dynamics, and nonlinearities,
Val. 2, McGraw-Hill, New Y ork, 1991.

7. C.Furlongand R. J. Pryputniewicz, “ Opto-mechanica study and optimization of a cantilever plate dynamics,”
Proc. SPIE, 2545:192-203, 1995.

8. C.Furlongand R. J. Pryputniewicz, “New opto-mechanical approach to quantitative characterization of fatigue behavior
of dynamically loaded structures,” Proc. SPIE, 2544:45-56, 1995.

9. B.E A.Sdehand M. C. Teich, Fundamentals of photonics, Wiley, New Y ork, 1991.

10. T.W. Bushman, Automated fringe unwrapping by energy minimization, MS Thes's, Worcester Polytechnic
Ingtitute, Worcester, MA, 1993.

11. C. M. Ved, Holographic interferometry, Wiley, New Y ork, 1979.

12. C. Furlongand R. J. Pryputniewicz, “ Study of the eastic-plastic behavior of the spherica nanoindentation process;”
Proceedings of the 1995 SEM Spring Conference, 1:727-734, Grand Rapids, MI, 1995.



