
1~~~~~AO32 087 OAKLAND UNIV ROCHESTER MICH SCHOOL OF ENGINEERING FIG 20/11 -

NEW OPTICAL METHOD TO DETERMINE VIBRATION—INDUCED STRAINS WITH ——ETC (U)
NOV 76 Y V HUNG, .J D HOVANESIAN. A .i DURELLI N0001’4 76 C—O487

UNCLASSIFIED ~41 NL

_ _ _  _ _  

P_ 1
_ _  

!!ll ~ii~i 
[4fltID

!iiI~I



NEW~ OPTICAL METHOD TO DETERMINE VIBRATION-INDUCED STRAINS
WITH VARIABLE SENSITIVITY AFTER RECORDING

BY

Y. Y. HUNG, J. D. HOVANESIAN AND A . J DURELLI

• OFFICE OF NAVAL RESEARCH
• DEPARTMENT OF THE NAVY

k ~ WASHINGTON , D.C . 20025
I ..L ON

• ~~) SPONSORED BY

O.U . PROJECT No. 38472-86O CONTRACT No. N00014-76-C-0487

REPORT No, 41
,

1 

NATIONAL SCIENCE FOUNDAT ION

~IJ WASHIN GTON, D.C. 20550

~~k A  ON
GRANT No. ENG 76-08751

O.U. PROJECT No. 38510-24

SCHOOL OF ENGINEERING
OAKLAND UNIVERSITY

ROCHESTER. MICHIGAN 48063

D D C
.—

~ r~ ~~ fl~f l
NOVEMBER 1976 U NOV 12 1916

WM1~~~!fTA 1I Approved ~~~~ ~~~~~ BL UA~tr~imd j



NEW OPTICAL METHOD TO DETERMINE VIBRATION—INDUCED STRAINS
WITH VARIABLE SENSITIVITY AFTER RECORDING

by

Y. V . Hung , J. D. Hovanesian and A. i. Durelli

Sponsored by

Office of Naval Research
Department of the Navy
Washington, D.C. 20025

on
Contract No. N00014—76—C-0487
O.U. Project No. 38472—86

Report No. 41

National Science Foundation
Wash ington, D.C. 20550

on H
Gran~ No. ENC 76—08751

O.tJ . Project No. 38510—24

School of Engineering
Oakland University

Rochester , Michigan 48063

November 1976



NEW OPTICAL METHOD TO DETER MiNE VIBRATION-INDUCED STRAINS

WITH VARIABLE SENSITIVITY AFTER RECORDING

by

Y. Y. Hung, J. D. Hovanesian and A. J. Durelli

ABSTRACT

A steady—state vibrating object is illuminated with coherent light and

its image is slightly misfocused in the film plane of a camera. The resulting

processed f ilm i~ called a “time—integrated specklegram .” When the speckle—

gram is Fourier f iltered , it exhibits fringes depicting derivatives of the

vibrational amplitude . The direction of the spatial derivative, as well as

the fringe sensitivity may be easily and continuously varied during the

Fourier filtering process. Besides the above mentioned advantages , this

new method is also much less demanding than holographic interferometry with

respect to vibration isolation , optical set—up time, ill uminating source

coherence , required film resolution, etc.
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)et~ rmi::e ~~~~~~~~~ and f tr a i ns  in Solid Propellant Grains ” —— Jun e 1962.

D~’ve 1o~ m ent s  in t t~~ :~:~nu fc c tu r ir i ~ of grain—propellant models are
r~ : c r t e c.  Two rne~ h e i . : are given : a)  cementing routed layers and
b )  :~~it i r 1~r .

2. A. J. ur~~Li i usc ‘1. J. ~~r k s , “he w Metr Aod to Determine Restrained
r i r ~ .ac e ft r e~ s~ s in Propellant crois aels ” ——October  1962.

The bi~~.c r i r ~~ence ext ibi ted in cur inc  process of a partially
r~ ; : i u i  r o d  sd retho:s~ rudhor  is used to determine :so stress associated
v ith  res~ r~~ineC shrinkage in socels sf solid pro~ ei iunt  A r a i r s  partially
bonded to the  case.

3. A. J. . crei li , ‘ Recent  Hvusce .; in t t s: A rp . L i s it i o n  cf :nc toelast i c ity  in
the  M i s s  in c u s tr y ” —~-u c r o bei ~u 2 .
Tw~~- .i r id th ree—di :  r H ~~ri~ i p h o to eJ c st i c  ~iru~~’i I:; of cr i i n s  i~~aUeJ by
:r . scro as’.I by tempera ture  are presented . Some e p n 1 i s a t i c n. .~ to the
opt l r i lzat ion  of f i l le t  contour s m d  to the  rec~- : i ’j . of . u:e ~o ir t c  ar c
elso included .

° . A. J. h s r41 i  55 V.  3. : urks , “ s x s or im o rt a i  1c ~on o~ cOO M ixed
Boundary Valu~ Prohleins ”--Aprii i ~~H4 .

~~~~~~ of a : s iy In~; known d i c : ta c em e r ~ts a n :  known s~ r• sses to the b ourdur ies
of moseL used is  experimental stre~~s aroL i s i .  are given. ~~~~~~ applica —
t ior i  of sore ~ thc se methods to the  ~rsi I i ~ is ~f s:r~~~~~s IS the fie ld
of sol i i  r r o po l l i s t  :~r -Lns i s  i llus~ r~~ted . T:. e : r ecencc  of the “pi:icsing
ef fec t ” is ‘J i scossed .

5. A .  . I u r ’eLi , “b r i e f  Review of the b t a t e  of the Art and Expected Advance
is h > : o e r r r T o r t s t  Hrecs  and Stra in Analysis of Solid Propellant Grains ” ——
A p r i l  i~~d4 .
A b r ief  rev~ ew is r1do of the state of the experimental stress and strain

~s~ 1ys i s of solid propellant grains. A discussion of the prospects for
the next  f i f teen years is added .

6. A. J.  crell i, “Experimental Strain and Stress Analysis of Solid Propellant
Rocket  Mot o r e ” --March 1965.
A review is sade of the  exper imental methods used to strain-analyze solid
propellant rocket motor snells and grains when subjected to different
loading condi t ions . Methods directed at the determination of strains in
actual  r ocket  are inc luded .

7. L . ~5-rrer , V . J. Parks and A. J . Durelli , “An Experimental Method to Analyze
( ‘ r avi t a t iona l  b t r e c s e s  in Two-Dimens ional Problems” —-Octob er 1965.
Photoe las t i c i ty  and moire methods are used to solve two-dimensional problems
in which gravity-stresses are present.
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8. A.  ~ . Uur ’ i~~i , V.  J. ~r~ : ‘and C. J. del Rio , “hti .e,~~~ in a Square f l a b
bc n u e i  sri :‘ne oce to a ‘H ‘tote ar id csr’unk”——I’Eovember 1965.
A square epoxy slal woo : onded to a r ’ igi l plate on one of i ts faces in
t u e  pro cess  of cur ing . In the  sur: e process the  photoelastic e f fec t s
associated wi t~. a e r at e  of restrained shrii~kage were “frozen-in .”
Three-dimensional photoelas t icity  was used in the analysis .

A.  J. l urei l l , V .  J . Pax ’ss  and C. 3. dcl Rio , “Exper imental Determinat ion
of Stresses and b isp lacements in Ti -r ick-Wal l  Cylinders of Complicated
‘I i ape ”--Asril ~~~~~
Photoelast ic i ty  and mo ire are used to o f l a i’/ZO  a three—dimensional rocket
shape w i t h  a star shared core subjec ted  to internal pressure.

i f .  ‘.‘ . J. Parks , A .  J .  Durelli and P . Ferrer , “Gravitational Stresses
J:eterrnined Using Immersion Techni ques ” --July 1966.
Th e me thods r r’esented in Technical Report  No. 7 above are extended to
:t r ce-d imens ions .  Immersion is used to increase response.

11. A. 3. Durelli and V. J. Parks . “Experimental Stress Analysis of Loaded
Boundaries in Two-Dimensional Second boundary Value Problem s”--
February 1967.
The p inch ing  e f fec t  that occur s in two-dimensional bonding problems ,
noted in Reports 2 and 4 above , is analyzed in some detail .

~~~~ A • J •  b’areilI , V. J .  Parks , H. C. Feng and P . Chiang , “Strains and
I t r~-~sr:es in M a t r i c e s  w i th  Inserts ,” —- May 1167.
: tresscs and strains along the interfaces , and near the fiber ends , for
: I if fe ren t  fiber end configurations, are studied in detail .

13 . A. J. hureili , V. J.  Parks and S. Uribe , “Optimizat ion of a Slot End
Confi gura t ion in a Fini te  Plate Subjected to Uniformly Distributed
Load ,” - — J u n e  1967.
Two-dimensional photoelast ici ty was used to study various elliptical ends
to a slot , and determine which would give the  lowest stress concentration
for a load normal to th~ slot length.

jO • f. J. Irjrelli, V . J . Parks and Han—Chow Lee , “Stresses in a Split
Cylinder Bonded to a Case and Subjec r~ d to Restrained Shrinkage ,” --
January 1968 .

A three—dimensional  p h ot o e l a st i c  stud y too t ae cr ih es  a method and
shows results for the st rer ses  on the free b o un da r i e s  and at the
bonded interface of a s~~1id propellant rocket .

15. A. J. Durelli, ‘Ixne r ’ imentai b t r ~’ r  Analysis  Act iv i t ies  in Selected
European Laboratorieo ” - - Au r u  l u h 3 .
This repor t has been r i L t .~r~ fo11owirr~ i t r i p conducted by the  author
torough several European c o u n t r i es .  A list is g iven of many of the
lab ora tories d o i n g  i m h e r t s r r . ex ’r i scntal stress analysis work and of
the people in t er e s te d  in this kin d of work. An attempt has been made
to abst ract  the main  c h a ra c t e ri s t ic s  of the methods  used in some of
the ‘ount r ies vis i ted .
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16. . J. sur~ s, A. J. u s c l i  -~: i  L. Fcr’rex ’ , “ f or i s ta r T Acceleration ft re :ces
in i C om t o c i t e  :c’J y ” — - O c t s ; er’ i h L ~~.
Use of the  immers ion ana logy  to determine gravi tat ional  stresses in
tw a - -lirnens b o il  bodies made of materials wi th  di f f e ren t  pr oper t ies .

17. A. . Durelli , J . A.  Clark and A. V ocnev , “Exper irncntdl Analysis of High
Pr equency Stress Waves in  a Ring ” --October 1068.
A o ”t n o S  for the  CoO~ iOte  experimental  deserrninat i or. of Jyr~wni c s t r ess
d i s : r’ibut  ion : in a r ing  is demonst rat od .  Photoelastic d~~t’m is supple-

Ly measurements with a capacitance gage used as a d kmuusi c lateral
ex t o r r o o n et e r

10. 1. 1. lark one A. J. bure l li , “A M odif ied  Method of sologra shic Inter-
re ro ret r ’ f  for S ta t i c  and :Prn ars ic Photoelasticity” — -April  1968 .
A js,i j~ fied abs olute retardation approach to photoelastic analysis is
i,eecr ihed . :y u - amic isopachics are presented .

19. J. .0. lark  and A. J. Lurelli, “Photoelastic Analysis of Flexural Waves
r. a L ar ” --M ay 1969.

A c:n:lete d i r e c t , full-field optical determination of dynamic stress
d i s t r  i~~u : ic r i  is illustrated. The method is applied to the study of
f b ex aral waves propagat ing in a urethane rubber bar. Results are
compared with approximate theories of flexural waves.

2 3 .  A. f l c r ’k  aol A. J. Durelli, “Optical Analysis of Vibrations in
font i 5 u O u~. Med ia”—-June 1969.

u t  is~ d methods  of vibration analysis are described which are independent
of ~:;smrt ions associated with theories of wave propagation . Methods are
1Lustrated with studies of transverse waves in prestressed bars, snap

loHing of bars ari d motion of a fluid surrounding a vibrating bar .

2 1 .  V. J. barks , A. J. turelli , K. Chandrashekhara and T. L. Chen, “Stress
Li t r i b u t i o n  Ar su s l  a Circular Bar, with Flat and Spherical Ends,

i r r  a Matrix in a Triaxial Stress Field”--July 1969.
A “i~rec-limersional photoelastic method to determine stresses in composite
ma terials is applied to this basic shape. The analyses of models with
diff erent loads are combined to obtain stresses for the triaxial cases.

22. A . J . furelli , v .  J. Parks and L. Ferrer, “Stresses in Solid and Hollow
1 r ’ e res Sublected to dravity or to Normal Surface Tractions”-—
October 1363.
The method described in Report No. 10 above is applied to two specific
problems . An approach is suggested to extend the solutions to a class
of surface traction problems.

23. J. A . h ark and A. J. Durelli, “Separation of Additive and Subtractive
Msir~ :‘atterns”--December 19 19.
A spa tial filtering technique for adding and subtracting images of several
gr it ingo is described and employed to determine the whole field of
C.ir’tesiorr shears and rigid rotations .
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20 . P. . - .  f a n t i~~ inc A. i . Dur~’ij,i , “interpretation of Pringen in Stress—

Holo— bnteeiuroru ,r’try” ——J uly li ’! H
Errors associate’l wIt: interpreting str’ess—hol.cs —Irscd ers’:etry patterns

a~ the suu erpos ticn of issuocul ics (with half order Irln5e ~~ifts) and
-ire arralyces theoretically arid illustrated with computer

generate I ::elogra:sric eter’f .’rource matterns.

25. J . A. H-~rk , A. J. Durelli and P. “.. Laur a , “Or tee Efte~ t of Initial
- tress on the Propagation of Flexural Waves in Elastic Rectangular
Bars ”--December 1970.
ixperirner tal unalysiS of the propagation of flexural waves in prismatic ,
elastic bars with and without prestressing . The effects of prestressing
Li axial tension , axial compression and pure bending are illus trated .

2k . A . 1. Durelli and J. A. (blark , “Experimental Analysis of Stresses in a
Buoy-Cable Lysters Using a Birefringent Fluid”--February 1971.
An ex tension of the method of photoviscous analysis is presented which
permits susntitative studies of strains associated with steady state
vibrations of immersed structures. The method is applied in an
investigation of one forn of behavior of buoy—cable systems loaded by
she action of surface waves.

27. A. J. Durelli and T. S. Chen, “Displacements and Finite-Strain Fields in
a Sphere Subjected to Large Deforrnations”--February 1972.
Displacements and strains (ranging from 0.001 to 0.50) are determined in
a polyurethane sphere subjected to several levels of diametral compression .
A 500 lines-per-inch grating was embedded in a meridian plane of the
sphere and moire effect produced with a non-deformed master . The maximum
applied vertical displacement reduced the diameter of the sphere by 27
rer cent .

28. A. J. Durelli arid S. Machida , “Stresses and Strain in a Disk with Variable
Modulus of Elasticity”--March 1972.
A transparent material with variable modulus of elasticity has been
manufactured that exhibits good photoelastic properties and can also be
strain analyzed by moire. The results obtained suggests that the stress
distribution in the homogeneous disk. It also indicates that the strain
fields in both cases are very different , but that it is possible, approxi-
mately, to obtain the stress field from the strain field using the value
of E at every poin t , and Hooke ’s law.

2 9 .  A . J. Durelli and J. Buitrago , “State of Stress and Strain in A Rectangular
Belt Pulled Over a Cylindrical Pulley”--June 1972.
Two- and three-dimensional photoelasticity as well as electrical strain
gages , dial gages and micrometers are used to determine the stress
distribution in a belt-pulley system . Contact and tangential stress for
various contact angles and friction coefficients are given.
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3k. T. L. Chen aria A. J. furelli , ‘ Stress Field in a Sphere LuIjected to
1 - f - ~a : i r  h~~ns ” — — J u n e  1972.

S t r a i n  f ie l ds  obtained in a sphere subjected to lar e diarnetral compressions
from a previous paper were converted into stress fields using two approaches.
Fir ;t , the concept of strain—energy fun ction for an isotropic elastic
bod y was used.  Then the stress field was determined wi th  the Hookean
type re tur-il stress—natural strain reletion. The results so obtained
were also compared .

31. A .  J. Lurell i, V. J. Parks and H.  1. Hasseern , “Helices Under Load”--
July 10/3.
Previous solutions for the case of close coiled helical springs and for
helices cede of thin bars are extended. The complete solution is
presented in graphs for the use of designers. The theoretical development
is correlated with experiments.

32. T. : .  Chen and A. J. Durelli, “Displacements and Finite Strain Fields in
a Hollow Sphere Subjected to Large Elastic Deformations”--September 1973.
The same methods described in No. 27, were applied to a hollow sphere
with an inner diameter one half the outer diameter . The hollow sphere
was loaded up to a strain of 30 per cent on the meridian plane and a
reduction of the diameter by 20 per cent.

33. A. J. Durelli, H. H. Hasseem and V. f. H1r~ s, “New Experimental Method
i n Three-Dimensional Elastostatics”— - ecember 1973.
A new material is repor ted which is un i~ ue among three-dimensional
stress-freezing materials , in that , in i~~s usated (or rubbery) state
it has a Poisson ’s ratio which is appreciabl’~ lower than 0.5. For a
loaded model, made of this material, tb e urIi qur property allows the
direc t determination of stresses from strain measurements taken at
interior points in the model.

3~~. J. Wolak and V. 3. Parks, “Evaluation of Large Strains in Industrial
Applicat ions ”—-April 1974.
It was shown that Mohr ’s circle permits the transformation of strain from
one axis of reference to another , irrespective of the magnitude of the
strain, and leads to the evaluation of the principal strain components
from the measurement of direct strain in three directions.

35. A. J. Durelli, “Experimental Stress Analysis Activities in Selected
European Laboratories”——A pril 1975.
Continuation of Report No. 15 after a visit to Belgium , Holland, Germany,
France , Turkey , England and Scotland .

36. A. J. furelli , V. J. Parks and J. 0. BUhler-Vidal, “Linear and Non—linear
Elastic and Plastic Strains in a Plate with a Big Hole Loaded Axially in
it s Plane ”--July 1975.
Strain analysis of the ligament of a plate with a big hole indicates that
both geometric and material non-linearity may take place. The strain
concentration factor was found to vary from 1 to 2 depending on the level
of deformation.
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37. A.  3. IJur ’e l l i , V .  Lav l in , 3. P .  bUb ler-V idal arid G. fine , “Elastostat ie :
of a Cubic box Subjected to Concentrated Loads ” --Augus t 1975.
Analysis of experimental strain, stress and def lect ion of a cubic box
;usiected to concentrated loads applied at the center of two opposite

faces . The ratio between the inside span and the wall thickness was
varied t etween approximately 5 and 121.

30. A. J. :: .~r~~lli , v . 3 .  Parke and J. P . BUhler-Vidal , “Elastostatics of
Cubic  koxe . Subjected to ?rescure ” —-Marc h 1976 .
Exp erimental analysis of strain, stress and deflections ir a cubic box
subjected to either internal or external pressure . Inside span-to-wall
thickness ratio varied from 5 to 14.
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In t r- :~~~~~~ i

CL ~Jv~~.t- iges  er : i_ n te ill optical  meti oas in exper~rrenta l s tudies

s: vi: r e u  I ~ns are t : .i~~ tn ’; ar nuI~ecntiosing un~ generally full—field

ih’e;~ o:~ Hal rietho ic c m a ’  I gr eene-I  into  three categories - noire metho~~~,

l oiacrip :ic interleroinetr’bc methods , uriC laser speckle t chn :~uec .

A :e f  r .view of the moir~ methods in visualization of nodes coo

- - .  ( 1)
ant .c:a: : ~ vr:rat~ r,g plate can be rouno sn reference . A pro 3 ect cc

ruling method
(2
~

3) was also developed for s tudying vibrational amplitudes.

A in’ - c oendent pcrturhated ruling is observed when the ruling is projected

ar ts vibratine oh~ ’ct. Photographing tee perturbated ruling with an exposure

ti me of cveral vibrational peri ods yields a time-integrated moire fringes

lcup ic t I ns ~bdol amplit ude of the steady s i t  vibration. These fringes can

also be cern iv eye in real-time ~f tb ‘iitrational frequency is approxi—

h , 29 ii or more . All tee mobr ’h met :.ods , however , are limited to studies

r- i u iuns with re~ ative1y large amplitudes .

Powell er i c  ftc tson 
(4) and other investigators (5~

6
~

7) have demonstrated

that tirsc-avera~~d holography is well suitable for 
analysis of steady—state

v L~ rati on ; with ‘for’, small amplitudes . In the reconstruction of the holo-

gras. wares res~ rd e1 a steady-state vibrating object , a time-averaged fringe

pattern is observed which is described by a zero—order Besse l function

contain ing the vibrational amplitud in its argument. Nodal areas are also

-s le rly :r~iicat - c d h” the regions of the brightest reconstruction . An

extension of th is technique , the modulated holography(8~
9)

, can be used to

1

________ _ 
_ _
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r ed -s s e  s- r i  i’.’ ‘ ‘ ‘ , ~s to . i t ~ :rr ~ :.~ t n ’ . r ’~ le si ’.’ ; - : ~~~~~~

- . t op SosiaPs c~

tb’ ‘ -  ‘ ‘ -  ~n itc ~~S , b ’ ec ’e’ r , - i : - ’ ’  taos a- ,eoci -it’ d wIt : r. shegresaic r.tex fors—

‘- ‘sr .’ , ; c c - , sm I as -n: c- au I r ’~m- ’r ct  or sc-ec u: Hal an : •:-n’m ai stabi ilties ,

tee r h  c ,, I l i _ i 5 - i t  arc c c - I : .’. , etc

;:ec~ le fv ’. t’ i’r s t .- -~~ u 0 ( , I  t i  t I :O  r ,n ’:o:c scattering of a di ± i ,~sed

‘-aS w:.-- r Llusin~ s . : y a c , c’er,t l sn t acts as an Ir,ssr’oatloe oar s  er

ou t  c- ob ”ct surface . P V c  m; 1’,’ w. ~sh ing  she ,p -ecrcie  pattern on a

acc r fh i c ’ ’  rc :c i le  i t  is cna -rg- ~ irs. ste - ~‘j  :, r : e  oscill -it ior , , one can observe

no :al r : - ‘r r c :  is real 51~~~~~~10 ,ll~~ 12~~~ This orovi Ic-s a eu i c k  and simp le way

or s 1 c r  :cg for  ttc -a: r r o : r i a t e  f requencies  to b e s tuc i ed  in grea t er  - d e t a i l .

ic u t ’r eel S c - r~ i--n’:: 
1~~~~~ demonstrated that a time-averaged speckled fringe

i-c’: ics Its. vibrational amplisu ies similar to that of time averagec

H - ‘ r iSO’!  0 0 1 1- I be at t a l n ed . The sensitivity of their techel pso ~~o~~t - 
-

h~ is” or Icr as t:,at of :olograpny. Devertheless , is is less demanding

on : ohs ’. ion an t srrcklc’ fringe;: ~oocilize on the co-j ec t  surface.

-ì rtu H st eePle interferornetry over h oio~ r ar h ic  in ter ferornetry  is
(lr.~ 15 ~r)

it :- ‘rmits H-slaee displacements to be measured independently ‘ ‘
~~~

P. :- i r t i : ul ar l y  useful for in-plane vibrat ion analysis 
7 ,~~8)~

Ar sic - ’r Intere sting techni que for v ibra t ion s t ud i e s  is the speckle—

she ar  ~~ I n ’ r’r~ crone ter int roduced by Hung and Tav i ~~~~~~~ The t echn i que

—~~a -- n - ’ . : - -r i v a t i v e a of v i . : ra :ional  amp l i tudes  d i re c t l y ;  thus it g r ea tl y

f i o l l i t i t e : ;  tb-a ana lys i s  of stresses result ing from vibrat ions . An improved

ion was r ep o r t e l i - ’,’ Hun g , RowianI;; and Danie 1~ 
20 )  

~~ st~’lr  method , the

oh ~~-‘ - ; t cole r stud y we’; i i iurn in a t e i by a beam of coheren t li ght  and was

in ns- ’ v a eao-’rc .nvi ng a mask w i th  four apertures in f ront  of the lens .

A ;chatnsranh ic pidt ’ we .; exp osed in tb’ m i s fu c u se d  image plane while the

ob jec t  was undergoin ’ :ct eiIy-o tit ’ vibras is: . The mur~ ose of mi sfocusinc t

2
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w i :  to r i o  :sce ~ -c: ‘ ‘t i P, ; ’ ” t~~, - cr . IL ’ ; pros -se ’-d ;)t.ite W.~ , :o- sr.,er’ rilt’ir-ed

to yi~
-l four P e cu  ‘a:; of Hit; ’~.., - -is : d t’; I:: tics’ t i c’ C-’r’ivatlvec. of the

i i ,  .im :lh:c c - - c. with respect to the - 11100; Ion par-.al~ el to tee’ l ine ’

joir~i:n’ t:ce - ‘a : - n  - of c-ac: . ~; err er - P u i i  . Vice ’ sensitivity of the method

-
~~ , - . ~is~ ’; -soot  roh. - ‘I by tl c’ -ir:,aurct or .r c - -in n • ::owe ’I er , bat ;: the c c - r i —

- c I r ’ --c ion~; as w i ,  cc; t b ”  s c n s i t v~ ty  w er e  f ixed  enter  recording .

The present pu : in Ceosnii,es -a cow opt 10’i~~ tc-cnn iccue whereby tice -d c -r i—

vat i ’i ’;; -of v i :-r ’e t i or u i  j c ;pii tudes w i t h  respect to all , directions Cãri be

Pc-O ar lel it one Sir - - y or - -ovec , the sens i t iv i ty  can be varied af ter

r e c o r d ing .

l i ce  :ac t  the  technique measures zrer l ’tat ives  of vibrational amplitudes

is : . ir~ i . i i a n ly useful  for otud -j ing f lexural  stresses induced by vibration:.

f i n e  s t ra i n s  due tc vibrational bending are proport ional  to the second deri-

va tives of tti e ampli tud es , it therefore only requires one differentiation

to obtain strains as ~n contrast to those amplitude measuring 
techniques

which nec-ct to differ-e n siute ’ the ucta twice.

~~~~~ ~xampl- : presented in Fig . 4 were prepared at low levels of

son c ; ;t ’J t t c  lo on ier to show the principle of this technique. For actual

tit iv ’; stud io ., t he  systems should be adjusted to yield higher f r i ng e

de~~ i ti e~ ir~ order to f~~:ii t ~~-~.accura te determination of the second

derivat ives .

f’-scr 1r t. .i o r ~ of t he  ~ir - t h o c i

Figure 1 illustrates the schematic diagram for recording . The object

under ate l y I;; I ilus. in i ’ e I  i v  a coll imated beam of coherent l ight  inclined dt

an arcrle U t~~ tL- ; VP -w i ns. iirectiofl . It is imaged by a camera with tb’

3 
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aper ture Puli’i open- -s . A cit,c.tosr.amhic plutc is placed at -s smaJ i distance S

from the image ; h~~~i ; - - . W h i l e  t ; ; -  oh~ ect is undergoing steady state oscillations,

the hrlotos’rdp ic i t pla te 1 ,  exposed with an exposure time equal to many

vP-rationa l 1eni .1.:. H i ”  proc-iseel photo~~aphic plate is referred to 
as a

“ - b ’ , .  i : i t ” r t t ’ : spe .;o~sr.tm.
” Vi, ~il~ he shown in the following that a

-~ ; ‘-r n e - n ’~~.r I :. ’ ‘ . . - r’ - n v i H v o a  of the vibrational amplitudes wi th

n- ; : - - i :  , . --:~~~~- ‘~ - t  P -
~~~

‘ - icc  he extracted from the specklegram with

v~~~: ~‘i  - - n : r i t I v H ’ : , - x  - .- ~n- r i l ’or 1 r i .~ technique .

, l r i . . i n , ’:;i~ ‘a~ ~ -ceC - 5 J i 5 ,’ , i ~“-c55

H” full ipartu re of r i t e  lens can be considered as an inf ini tely dense

collection of small aperture pairs. Let ci;; focus on the function of one

ap :r::sr’ c - -air . bet the line joining the centers of the aperture pair be

sar- ilel :. o the r-dlrection as shown in Figure 2. and d be their separation.

The two images of tb ’- s t ructure , one fooused by each aperture , are co inc iden t

in tr:e br cge plane. hue to the f i lm plane being misfocused , these two

irma , ’- - ;  ir e sheared l a t e r a l ly  in the r-direction. The amount of the shearing

-~r ’ in the f i lm  plane ic

= ~~~—d (
~•) ‘I

i

where P. i s the distance of the image plane from the lens , and S is the

m i s f o c u s .  The equivalent  shearing 6r in the object plane is

r Sor ~t - ~--——~~~-—-—— d ( 2 )
m m D.

1

where in is the narnific~ tion .

Obviously this arrangement brings the ray scattered from a point P(x ,y) to

meet the ray scattered from a neighboring point P(x+Ox , yi-Oy ) in the film

14
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plane where .~cx in 0 .~n 5  -i -i  = Or s n~~. If toe two cc -‘;rt~~r-c - a r c  snail ,

they can be con :;id-ir” d 00 a two-point source , and the resulting interference

is a ruling whose lin es or’; perpendicular to the r-direction . The frequency

(l5 ,~L e )
f ’  of the ruling icr given oy

A ( p. ÷S) 
(~ )

where ~ = wavelength of the laser light.

Hence the equivalent frequency f in the object is :

f = ( L )

m
2
D.

= 
~s (D. +S) Or

The ruling is distorted by the randomness of the speckle pattern . It

can be shown that the intensity distribution I(x ,y) of the speckle ruling is

represented by (19,20)

I (x ,y) = a 2[l + cos(2nfr + x)] * ( 5 )

where x - random speckle phase

a - light amplitude

x - rcosky rsinc~

it has been assumed in the above analysis that the object is in its stationary

position . Suppose that the object is undergoing steady state sinusoidal

vibration with a displacement only in the z-direction represented by:

W ( x ,y,t) A(x ,y) cos(wt+cl) (6)

“For simp lici ty, the magnification is assumed to be unity and so the image plane

would take the same coordinates as the object plane except it is inverted .
This assumption is carried on hereafter .

5
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where

1;; tOe displacement in the z—direction

A ( x ,’.’) - amplitude f u n c t i o n

- circular  frequency

a - arbitrary pba:e

The reldtiVe displacement O W ( t )  between the point P (x ,y)  and the neighboring

point F (x +O x , y+Oy ) is thus :

cSW(x ,y,t) = W ( x + Ox ,yi- Oy , t )  — W (x ,y, t )  (7 )

This relative disp lacemen t will cause a relative opt ical path change and hence

the phase between the light scattered from the two points . With the assumption

that  the object size is small compared to D0 , this relative phase ~ change can

be shown to be approximately given by~

(1-s’cosO) • O W(x ,y , t) (8)

which results in a local optical sh i f t  of the speckle-ruling .4 Th us equ ation

( 5 )  in which I (x ,y)  is now time dependen t becomes :

2 ,
I ( x ,’z , t )  = a [~

, ‘F cos(2i~f r+x+~x ) ]  (9 )

The exposure E (x ,y )  on the film for a number of vibrational period is there-

fore an integration of the intensity over the exposure time T given by:

~(x , y)  k 1T I (x ,y, t )d t  ( 10)

where k is the photographic film constant

The above integration y ields :

E (x ,y)  kTa 2 {l + cos ( 2-iT fr+X ) . (11)

where

= -~~-(l + coso)[A(x+Ox ,y+Oy ) — A ( x ,y ) ]  ( 12)

Equation (11) represents a carrier of approximately constant frequency

modula ted by J0[~ I1, a Bessel function of zero-order . Nulling of the carrier

6 
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whie- ~l be ;- ;n : P - -f ; so~ r’, fr ’inge ”~ occurs wr en 6 ~‘ uei,S to tue  null

root-; of th e  s- i - -- - - c t ’ - ; -  i’ , -c ~sc-l  f u r c c t i - ~r c .  i , -1uatlofl (12 ) may be re~~ itter .  as:

+ cosO) Or { A ( > +
~~~~~

O
~~ - ~~~~~~~ ( 13)

+ cos~~)
Or

If tr , the lateral shear is small , ( j c) approaches ( - ~
-) .  Hence the

fr inge pa t te rn  dep icted h’j equation (11) is a contour map of the oer~ vatives

of th - ’  v ib ra t iona l  ump li tu de ; ;  wi th  respect to the r-direction .

It iS seen in equat ion ( 13) that Or , the amount of shearing , is a

:;e r ,c ;it iv i ty  f ac to r , and it depends upon d , the separation of the aper ture

cen t  Also Or is related to the f resuency of ruling by equation ( 1 4 ) .  Thus

an . c n- ;r r ’r r e - p a i r  w i t h  greater separation produces a greater shearing and stance

gr”at’;r  - - irr i ,.e fi~ efuency . The direction of the shearing is parallel to t -h c

line j o i n i n g  the aperture-pair  centers i . e . ,  it is perpendicular to the lines

of the ru l ing . h i t h  the orientation of the aperture-pair varied , both the

shearing direction and the ruling orientation are changed accordingly .

We have just  shown that an aperture-pair is indeed an interferometer

measuring the derivatives of the vibrational amplitudes with respect to a

d irection parallel to the line joining the aperture-pa ir centers and with

sensitivi ty depending upon the aperture separation . This information is

repres ented by a family of fringes formed by moire phenomenon of two

sligh tly mismatched speckle-rulings interpreted by equation (11). Since

- 
- 

the whole lens aperture consists of many aperture pairs with aperture

sepa rat ion vary ing from 0 to R , the diameter of the lens , and wi th the

orientation varying from ~ 0 to ~ 3600 , recorded on the specklegram

are r u l i r c g c ;  of - il l  orientations and of frequency varying from 0 to

‘ / A ( D : + h ) .  t ach r u c i n g  forms a fringe family of its ow-n . Therefore a

-
~~~~~ 7
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spetH 1.-gr i t. ; ontdi r~
- - ‘a : erpositHor of a niultiplicity of r c ;o i r ~ fringe

families . LieS rn-lore fani i-i i- -r iots vibrational umpiltude :; with  respect

~o a tic’ - - - t ion  ; - -r - 1 . - r .1i .:ular to . ;;ce ruling-line and with sensitivity depends

ocr tb’ ruLing freq u’ancv . l”aus the derivatives of the vibrational amplitudes

wit:. rec ; ”et To all directions are recorded in the specklegram with a

V,iPiSSte c’arc c~a of sensitiv ty after recording the upper limit depending or.

the h i g h ” .at f requency which the recording lens is capable of passing .

Readou t Process by Fourier Filtering

To readout the fringe family dep icting amplitude-derivative with respect

to a nortH cuiar direction and with a desired sensitivity , a readou t d~~~~ .’l c- a

r ;:r owlc in rigure 3 is employed. A beam from a laser icr expanded by a micro-

scopic oh~ ective en~i is spatially filtered by the pinhole . The beam diverged

from tb’- :in hole is focused by a lens to a point ly ing in- a plane known as

the  i’ ou r i- r ;r  f i l t e r ing  p lane . The t ime-integrated specklegram is placed in

the r.~ cct p lane as shown and is imaged by a camera beh ind  the Fourier

li l t -n or p lane . It will he shown that by inserting a small aperture off-center

in the n -dir ec t iOn , a fringe pattern depicting the vibrational amplitude

d e rivat iv ’  wi th  respect to the n-direction is displayed in the image plane of

nsa -r an t -ru (output plane) with a sensitivity proportional to the distance

t h e  aa-’r’ture from the optical center .

it can be shown that what appears in the Fourier filtering plane of

F 
~~-‘~~
“ ~ icr t b ’  Fourier transform of the amplitude transmittance of the

- ,pe ’~ i x ’~~rarn mul t ipli ed by a quadratic phase term .
(2
~~ This represen ts a

~r~~n r , f o r - r n i t i o n  from a spatial domain to a frequency domain . In other words ,

r ’ e l i r i r : ;  ~~f diff -r -nt frequency are separated in the Fourier filtering plane.

I f a ‘ m u  I 1 . i t - ’r t ar ’  is  loca ted at a distance q from the optical axis 
in8



the r~—dirc,ction , a rul i i i ; ’ onri ;o; ’,u r iu i  to the nj—direct ion end of frequency

f is g iv e r l  by

(13)

where ~ = wavelength of light used for filtering is passed. As analyzed

above t h i ; ;  ruling corresponds to a shearing Or in the ri—direct ion given by:

X S ( D . + S)
Or 

~~~~~~~~ D.  
(l~4)

However , areas corresponding to the nulling of the carrier as described in

equa tion (11) makes no contribution . Thus those areas will appear dark in

the output plane. Therefore a fringe pattern is observed on the image that

dep icts the amplitude-derivative with respect to the ri-direction accompanied

by a sensitivity factor of Or- given in equation ( 15) .  By vary ing the

nj-direction , any desired derivative direction can be chosen with an adjustable

sensitivi ty depending on the distance q.

Exp eriments

A rectangular ’ plate of dimensions 3.75 x 5.0 cm clamped along its boundaries

was chos en for demonstration . The plate was driven by an audio speaker so that

it wi:; vibrating at its fundamental frequency . The set up shown in Figure 1

was u.~ cd for recording whereby a spectra physics 125 laser was used for the

illuminating source . The processed time-integrated specklegram was Fourier

filt - ‘ r e ’  I with tb-c scheme of Figure 3. The specklegrams were recorded on Agfa

— lOE 7b f i lm , typ ically using exposure times of 1-5 seconds . Photographic

processing included 5 minutes in Kodak D-19, 1 minute stop , 5 minutes Fix and

10 minutes  wash. Figure 4 shows the fringe patterns extracted from the

specklegra rn dep icting the derivatives of the vibrational amplitudes with

respect r ’ the various .iirr-ctions as shown , and with different sensitivities .

(3

— —  - 

4 1
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Pumoary , j f l  I on;c’ J ,~

A n-’-w orrnicdl techni que lids been described which permits derivatives of

v l l r ’a t i , n a i  anip l itudec .  to be measured directly.  One outstanding feature of

the t e c o r r i qu e is that it provides variability after recording, both in

jeniv.r t iv- d i r e c t i o n  as well as sensitivity . The method can be viewec as p

a holorn inhlc interierometric method in which every point on the object

acts ocr a ref ereno ’- for all its neighboring points. However , several

limitat ions .a~ - oci.rted with holography have been alleviated . These include :

( 1)  i a nj ~ r i n - ’r to l  r e t  u p ;  ( 2 )  less demanding on stabilities , (3) relax —

at~ orc ~- f film resolutior. requirement and ( 4 )  providing greater range of

;e :r:;itivi y. A s ;ccr ’tc :o n inr , of the tecc.ni .~ue is tha t fringe visibility is

g-cr :- ’rult y poor.

It hould be noted tb -at the mechanical shift of speckle-rulings due to

lateral iisplacement (displacement orthogonal to line of sight ) is assumed

Ia’ i t l r - . h o-a id the lateral displacement be appreciable , the mechanical

i f  mu .t be e c ’nc ; i—I ’ -’ red .  The combined effect of the optical and mechanical

s h i f t  of speckle-rulings will be analyzed in a future paper .

10
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Vibra t ion
Pla tes
Speckl e int erf e rome t ry

20. ABSTRA CT (ContlnU. on r .~ eru aId. If n.c... T aid ld.ntiI ~’ by block ntaib.r)

A s tead y-s ta te  vib ra t ing  object  is i l luminated wi th  coherent light and
i ts  image is sli gh tly misfocused in the film plane of a camera . The resul t ing
processed film is called a “time - integrated specklegram . When the speckle-
gram is Fourier f i l t e red , it exhibi ts fr inge s dep icting der ivat ives of the
vib rationa l amp lit ude. The d i rec t ion  of the spa t i a l  derivative , as wel l  a s
the f ringe sens i t iv i ty  may be easi ly  and cont inuously  varied during the
Fou r ier  f i l t e r i n g  process. Besides the above mentioned advantages , t his
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new me thod is also much less d emanding than ho lographic interferometry with
respec t to vibratio n isolation , op tical set-up t ime , illuminating source
coherence , required film resol ution , etc.
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