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APPLICATIONS OF HOLOGRAPHY:
INTERFEROMETRY FOR MECHANICAL STRESS
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Abstract

Holographic interferometry can be used to characterize deformations of various structures under stress.
In “double-exposure™ holographic interferometry, two holograms of the same object, one of which is
¢reated while the objeet is under stress or some other form of excitation, arc formed in the same
photographic matenal. In “real-time™ holographic interferometry, (he superposition of a hologram of
an object with the object itself’ (while being subjecied to stress) is observed. [n “time-average”
holography, a hologram is created while the object in question is subjected to a source of periodic
stress (such as vibration). These techmiques are used to reveal the vibrational-response and stress-
response characleristics ot structures by examination of the fringe patterns In the resulting
interferograms. Holographic interferometry )s used for a wide array of exolic applications, such as
mapping the vibrational response specira of musical instruments and jet engine components, delecling
buricd mines, or examining the structural health of a priceless painting. Finally, digital holographic
techniques have enabled the characterization of MEMS structures to assess the fabrication process (by
examining residual stress) as well as (he testing of MEMS's deformation responses to thermal loading,

I. INTRODUCTION common configuration of the holographic setup is shown

in Fig. 1.) Expressing the recording step mathematically,
Before we exanune applications of holographic ~ We have the object wave, which can be expressed as

interferometry, we must of course uvnderstand (he

principles behind holographic interferometry. To that Up(x, ) = ag(x, yyexp[—jd(x, )], (1)

end, we will briefly review holograph and miterferometry,

and then see how the (wo sciences are combined 1o create the reference wave, which can be expressed as

holographic interferometry. This section (as well as the

§ecou1d section, on the\ various typels O.f holographic Uglx,y) = ag, (2)

interferometry) closely follows the derivalions contained

in Vest’s seminal holographic interferometry text [1]. )
5rap Y 1 and the resulung recorded intensity at the plane of the

LA: Holoaranh recording material:
. P g l !)

Holography is a technique used to record and then 1(x,y) :‘aR +U0(x,y)‘2
later reconstruct the light [ield scattered by an object. R
The light wave scaltered by the object in question is =ag +‘U0(x,y)
referred to as the object wave. To reconstruct the object
wave, a second light wave, called the reference wave, is The developed recording material  will have a
created such that it is coherent with the object wave. The
two waves are directed onto the same photographic
recording matenal, and the resuiting recording of the N
imcrfereﬁce pattern that arises is called a hologram. (A 1(x,y) =ty + Plagly(x, y) +agls (x.3)) (4)

R . (3)
+ayUg(x.y)+ayUy (x,y)

transtutlance proportional to (he recorded intensily:



where 1, will be nearly uniform over the film, therefore
representing a bias Jevel i the exposure. S is the
sensitivity parameter of the recording material.

To reconstnuct the object wave. the hologram is
illumjnated by a uniform wave (oflen simply the reference
wave itself):

Uc(x,y)=ac, (5)
leading to the reconstructed wave:

UR(XJ):UC(X;)’)*’(X;)') (6)
=acty + facagUo(x, )+ facagUy (x,y)

The term [acazUas(x.y) is proportional to the object
wave, assuming the @edp term is uniform. DBy filtering

other components, we have reconstructed a facsimile of
the object wave.
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Figure 1. Common holographlic setup. |12]

Holography is a significantly more thorough (and
difficult) method of capturing the image of an object than
simiply measuring the intensity at a plane some distance
from the object (e.g., via photography). In holography,
since the object wave itself is reconstructed, not only the
magnitude of the light scattered from the object but also
the phase of that light is recorded. Thus, when viewed
from slightly different angles. the holographic image will
appear to have the same three-dimensional characteristics
as the original object itself.

[.B: Conventional /nterferometry

In conventional interferometry, an object wavefront
is combined with a reference wavefront to create an
interference paltern at the detector which allows for an
understanding of the variations in (he object wavefront.
I'or example, interferometry is oflen used to create maps
of the aberrations of an oplical element, as 1n the case of
the Micro-Exposure Tool (MET) optic at LBNL’s EUVL
laboratory. As shown in Fig. 2, light is bounced ofY the

MET optic, then split into two spherical waves. The f{irst
wave is crcated by passing the light through a relatively
large window, allowing the aberrated wavefront of the
oplic to propagate; the second wave is the unaberrated
reference wavefront, created by passing the light through
an adjacent pinhole. The resulling interferogram of the
unaberrated reference wave and aberrated optic wave
enable accurate characterization of the optic.

Oplic wave

Reference wave

Figure 2. Setup for interferometry of the MET optic.
(Ken Goldberg, I.LBNL)

Combining  conventional  interferometry  with
holography. one can produce three-dimensional
interferograms-—images of diffusely-reflecting, threc-
dimensional objects that are overlaid with interference
fringes indicating areas of deformation or displacement in
the objecl. Simiiarly, transparent objects will be overlaid
with fringes indicating a change jn refractive index of the
matcrial as due to a structural deformity or change in
thickness. Such interferometry is possible because the
light field scattered from an object may be first
holographically recorded, then later holographically
reconstructed and compared to another light field
scaftered from the same object under different conditions,
all  with interferometric  precision. This type of
interferometry, called holographic inferferometry. is
defined as interferometry in which at least one of the
waves in question is holographically reconstructed. The
combination of fwo or more waves (of which one is a
hologram) is referred to as a holographic interferogram
(whereas a simple interference pattern recorded on a fat
screen in intensity—as by the eye—is referred to simply
as an interferogram, no modifier).

II. TYPES OF HOLOGRAPHIC INTERFEROMETRY

There are several flavors of holographic
interferometry, but most rely on a similar basic principle:
the combinatton of (1) a reference hologram recorded
while the object 1s in neutral equilibrium, with no stress



applied, and (2) a second tmage or holographic image
(which we’ll refer to as the “subject image™ or “subject
hologram™) created while the captured is being subjected
to some form of stress - mechanical, thermal, vibrational,
etc. In some cases, even a single hologram may be
sufficient for the purposes of holographically
interferometry. This section will review three basic types
of holographic terferometry:  double-exposure, real-
time, and time-average holographic interferometry.

1LA: Double-exposure holographic interferometiry

In double-exposure holographic interferometry, both
the reference hologram and subject hologram are
recorded in the same photographic plate. The exposures
are made using a standard off-axis holographic imaging
system as shown in Kig. 1. Upon development, the plate
will then be illuminated vsing the reference beam, and the
resulting hologram uvbserved will consist of a three-
dimensional image of the original object, overlaid with a
pattern of interference (ringes. Notably, the arrangement
of the fringes will change as the viewing angle shifts, in
similar fashion to the viewing of a single hologram.

To understand the origin of the fringes, we’ll begin
by writing down the two fields that are recreated using the

double-exposure hologram. The first ficld—the fickd of
the object captured in the reference hologram—is wrilten

as:

Uglx,y) =alx, yyexp[-jé(x, y)) Q)
The second field—the field of the siressed object
captured in the subject hologram -1s affected primarily
by a phase change due ta the deformation:

Up'(x.y) =alx, y)exp[—jig(x. y) + Ag(x, »)}] (&)

The observed intensity of the reconstructed wave 15 given
by:

I(x,y) ={Uy(x,y) + Uo'()‘»)")l2

= |a(x, y)exp[—j#(x, y)] +
a(x, y)exp[—j{p(x,y) + 545(%}’)}}12
=2a" (x, y){) + cos[Ad(x, y)]}

(%)

The fact that the fields (and not intensities) of the two
object waves add is the crux of holographic
interferometry—it is what makes interferometry by
holography  superior 1o classical  interferometry,
particularly when mvestigaung three dimensional eftects.

It 1s the lincarity of the holographic process that gives rise
(0 this phenomenon of field addition.

As Eq. 9 shows, the observed intensity will consist of
the imensity of the onginal object modulated by the
fringe pattern {1 + cos[Ag(x, )]} . Dark fringes indicate
positions where the subject hologram and reference
hologram are perfectly oul of phase (that is, A¢ is an
odd-integer multiple ot m), and light fringes are positions
where the subject and reference holograms constructively
interfere (A¢ is an even-integer muluple of 7). Moving
from one fringe to another corresponds to an out-of-plang
displacement of the object that is equal to half the
wavelength of the illuminating light, The location and
density of these fringes may therefore easily be related to
physical qualities of the object under study.

IL.B: Real-time holographic interferometry

In some cases, 11 1s necessary or useful to observe the
response of the object under study 1o changing excitation
in real time. I[n particular, when mechanical vibrations
are the subject of concern—~for example, if one wants to
identify the resonant frequencies of a given object by
sweeping the excitation frequency over a wide range of
values—"real-time” holographic interferometry is the best
choice. In real-time holographic interferometry, the light
scaltered by the object interferes by superposition with
the holographically reconstructed image of the object
itself, recreated using a reference hologram faken under
al-rest conditions. The configuration used for real-ume
holographic interferometry is identical (o that used for
double-exposure holographic interteromelry. The
reference hologram 1s recorded, developed, and returned
to the recording plane. When the laser is tumed back on,
the hologram will be illuminated simultaneously by the
reference wave and the light scattered by the object under
some kind of varying excitation. The obsecrver will then
see the interference of the rwo waves (holographic and
object) that will descnbe not only the deformity or
displacement of the object but (hat will also indicate
vibrational amplitude ol the excitation.

Mathematically. if the complex amplitude of the
holographically reconstructed wave is Ug(x,y) . then
the instantaneous object wave can be expressed as
Uylx, yyexp( JAg(x, y,0)]. where Ag(x,y,1)is the
phase change due to the vibration at time ¢ The
instantaneous  intensity  observed during  real-time
hoiographic interferometry will then be:

I(xy,0) =0 (6, p) *[1 + expl jad(x, .00 0o

=Ug (e, 2| * 24U - cos[Ag(x, 1))}



In real-time holographic interferometry, the fringes arise
from the {l - cos[Ag(x,y,!)]} term in Eq. 10.

To constitute real-time holographic interferometry,
the image must be recorded in real-time by a CCD
sampling at a rate exceeding the vibration frequency.
Another option would be to use a stroboscopic technique,
whereby the laser is strobed at the vibrational {requency.
Then a snapshot of the object at a single point (or more
likely, a very short window) during the vibrational cycle
can be recorded; to take a snapshot at a different point in
the cycle, the laser should simply be phase-delayed by the
desired fraction of the total vibrational period.

If, instead, the image 1s photographed with a sbutter
speed longer than the vibrational period. or is viewed by
the eye (which is limited to viewing frequencies of about
25 Hz), and then the ime-averaged intensity 1s recorded.
This would result in an observed fringe pattern, but one
with significantly less fringe visibility than can be
accomplished using a simpler time-averaging techmque
visited in the next section.

11.C: Time-average holographic interferometry

In time-average holographic interferometry, a single
holographic  exposure 1s made during vibrational
excitahon. Naturally, the exposure period will be much

longer than the vibrational period, thus a time-average .

view of the object ficld is recorded. Since an object
under vibration spends most of its time near the positions
of maximum positive or negative displacement (where it
has zero velocity), the resulting hologram is qualitanively
similar to a double-exposurc inlerferogram, with the
difference that is also displays contours of the object
during the imtermediate displacements between the two
maxima.

As an example,
sinusoidally:

consider an object wvibrating

Z(x, v, 1) =Z(x, y)sin(wt) (1)

Light reflected from a given point on the object is phase
delayed by:

Ag(x, y,)=2x/ A)* 2Z(x, ysin{awr)  (12)

Therefore, the sum of the object and reference waves will
have the form:

Uplx, 3, 1) = alx, y)exp[- jl{d{.. y-)+i/z’12(.x) sinat)] (13)

Thus, when the time-average hologram s recorded and
illuminated by the reference wave, the reconstructed wave

U ¢ (x, y) will be proportional to the time-average of the

abject wave over the exposure interval T:

>
a(x, yyexp[—jig(x, )] * % Iexp[t—” Z(x)sin w()d! (14)
0 (]

Since the exposure time is long compared to the
vibrational period, T >>1/w , the integral evaluates to

Up(x.y) :(1(-Y~.V)€XP[_J'{¢(X‘J')]"Jn{%z(x)j (15)
and the observed intensity will be:
2 2 Ar
Ir{x.y)=a(x.y)*J, {720‘)} : (16)

Thus, interference fringes will appear superimposed on
the surface of the object, with bright fringes coinciding
with (a) nodal regions of the objeci, where the object
remains stationary during the vibration, and (b) regions of
the object that experience constant vibrational amplitude.
Based on these interference fringes, the vibrational
amplitude of the object at any point can be extracted.

[L.D: Practical concerns

In order to achieve successful use of holographic
interferometry. exfreme care must be taken to reposition
the reference hologram (in the case of real-time or time-
average interferometry) and perform development of the
reference hologram so as to prevent any magnification or
demagnification of the reconstructed image by swelling or
shrinking of the recording matenal. In double-exposure
holographic interferometry, there are fewer sources of
mechanical error, although one must take care not to
displace the object other than by the intended source of
stress to prevent extrancous fringing effects n the
resulting interferogram.  These effects are an entire
science alone, but for the scope of this paper they will not
be examined in great detail.

I11. APPLICATIONS OF
INTERFEROMETRY

HOLOGRAPHIC

Holographic interferometry has many uses, several of
which will be presented here. The major thrust of this
overview will consider uses of holographic interferometry
in nondestructive testing (NDT). In nondestructive
testing, holographic interferometry 1s used to characterize
deformations of various structures under stress. NDT
techniques via holographic interferometry are used to



measure vibration and stress-response charvacteristics of
structures  including jet engines {2] and musical
instrwments  [S]. In addition, digital holographic
techniques [7,8] have enabled the characterization of
MEMS structures to assess the fabrication process (by
examining residual sfress) as well as the testing of
MEMS’s deformation responses to thermal loading, etc
[5,6]. Finally, holographic interferometry js used for more
exatic applications, such as detecting burted, non-metallic
antipersonnel mines {3] and evaluating the structural
integrity of aging priceless works of art [4]. We will visit
each of these examples in detail.

A. Dynamic vibraiion analysis of a jet turbine compressor

rotor [2]

An aircraft engine is an excellent example of a
mechanical component that requires developmental
engineering for high-stress applications. To guarantee the
engine can tolerate extremes in vibration as well as
impulsive or continuous stress, the vibrational modes,
common displacements and motion geomeiries of the pan
must be understood. To that end, holographic
interferometry has been employed to provide real-time,
nondestructive metrology that not only identifies the
characteristics of normal operation of a jet turbjne
compressor (Figs. 3-4) but also io search for hidden
structural weaknesses or other anomalies/defects which
would compromise the integrity of the component.

Figure 4. Turbine compressor, back view. [2]

The techniques used for this study encompassed both
real-ime and time-average holographic interferometry.
First, using a standard holographic sefup, a holographic
exposure of the turbine structure was made in a stress-free
state. This initial holographic image was then left n
place, the structure was excited by a low-level non-
contact acoustical sowce, and the real-time holographic
jmage containing the superposition of the stress-free
hologram and excited turbine was collected by a camera.
The vibrational frequency was then swept across the
range of interest and particularly strong resonances were
noted.

Then, using fime-average holographic techniques,
interferograms of the strong resonances were recorded,
and based on interference fringes produced by the
vibrational siresses, mappings of the displacement
responses of the part could be acquired. Figs. 5-6 show
samples of interferograms of both the front and back,
respectively, of the turbine. The complex shapes of the
interference patterns demonstrate the strong nodal
behavior of the part, with nodal “ridges” that djvide the
high-amplitude fringe groups indicating a phase change
the occurs between them. These pictures also illustrate
and define high-stress points in the part that might be
especially susceptible to manufacturing defects.

Figure 5. Holographic interferogram of a turbine
compressaor, front view, (2]

Figure 6. Holographic interferogram of a turbine
compressor, back view. |2]
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In addition, the strongest resonant modes of the part can
be identified. Some particularly strong resonant modes
are displayed in Fig. 7. This information provides critical
clues to engineers about the susceptibility of the pact to
failure due to excitation at those resonant frequencies.

Figure 7. Holographic interferograms of a turbine
compressar, for various strong resenances. {2|

B. Non-metallic antipersonnel mine detection [3]

A number of techniques are used to detect buried

mines. Most are based on magnetic, radar, or chemical -

detection schemes. However, several types of mines
confain very few metallic parts, and as such are difficult
to detect with tradifional techniques. Although seismic
detection techniques have been used for marine mines,
they have not been previously adapted to buried nmines;
however, by combining seismic detection techniques with
holographic  interferometry, perturbations in  the
propagation of a seismic wave caused by a buried mine
can be observed.

The techmque employs holographic interferomefry in
a similar configuration used to detect defects in
mechanical structures. For demonstralion's purposes, a
mine was buried in a sandbox. A pulsed laser is used to
make two holograms of a target area of the surface of the
sangd box at two very close times (Fig. 8).
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Figure 8. Experimental setup for proof-of-concept of
holographic mine detectlon. |3]

The first holographic exposure is made with no excitalion
of the sand box. The second exposure is made after
triggering a seismic wave. The propagation of the
seismic wave creates slight, periodic displacements on the
surface of the sand box, appearing as a series of radially
expanding interference fringes when the two holographic
mmages are combined. The presence of a deviation in
density of the contents of the sand box will make a clear
deformation 1n this radial pattern as shown in Fig. 9,
signaling the presence of (he mine.

Mine locahzalion

Flgurc 9. Mine detection illustration; the deviatlon in the
expanding fringe pattern of the selsmic wave Indlcates the
mine position. [3)

C. Painting diagnostics [4]

Over time, priceless paintings suffer damage due to
humidity, temperature vanations, and other unavoidable,
everyday occurrences. More specifically, painfings are
structurally composed of several layers of primers, made
of mixtures of gesso and glue. and paint, all stacked upon
a canvas or wood base. As a result of slowly-accruing
damage to a painting, detachments between layers can
occur, usually between the first layer of primer and the
wood (or canvas) hase. These detachmenis, of course, are
harmful to the health of the painting, and need to be
monitored to allow for identification of works which
require resioration,

Double-exposure  holographic interferometry is a
proven method for measuring the location and severity of
the detachments.  Due to natural temperature and
humidity variations, 1t is found that local displacements in
detachments occur at a rate on the order of a few microns
per minute.  Therefore, by recording each of the
exposures in  the  double-exposure  holographic
interferometry setup with a separation of several minutes,
fringe patterns on the surface of the painting will be
sufficiently dense to identify detachments. However, to
heighten the sensitivity of the method, slightly warmed air



is passed over the surface layers of the painting; since the
detached regions of the panting will disperse heat into
the canvas or wood support more slowly than “healthy”
parts of the painting, these regions will stand out with
higher contrast (more fringes) in a holographic
interferogram recorded during the cooling phase. As
shown 1n Fig. 11, the detachments appear as dislocations
in the fringe pattern of the cooling painting.

Figure 10. Holographic image of a panel painting (Santa
Caterina, Pier Francesco Fiorentino, fifteenth century). |4]

Figure 11. Holographic interferogram made using thermal-
drift method, revealing detachments. [4)

D. Deflection shapes of the violin body [5]

Even today, the fundamental physical function of the
violin is not well understood. Since the late 1960’s,
however, holographic interferometry has been a critical
tool in extracting some basic information about the
instrument’s strong resonance and responses to different
bowed stimull on the strings. In particular, the vibration
modes of both the top-plate and bottom-plate of the
instrument have been identified.

To accomplish this mode-mapping task, a phase-
stepped version of real-time holographic interferometry
with digital capture was employed. The violin was
Numunated by laser light, creating an object wave
mcident on a CCD detector which was then nterfered
with a smooth reference beam. As shown in Fig. 12, a
piezoelectric mounted murror (PZMI) is used to create
shifts in the optical phase of the object wave in steps of
80°. By overlaying the most recent 4 frames, a real-time
interferogram is created that displays a maximum number
of fringes when a strong resonance is found during a
sweep of the excjtation frequency. Some sanples of
holographic  interferograms recorded at resonant
frequencies arc shown in Fig. 13.

The mapping of a violin's resonant frequency
spectrum 1s frequently used as a first-order ranking
system in the instrument’s sound quality. Specifically,
when particular resonant frequencies of a violin fall close
to “‘principal peaks” of the violin, which are related to an
acoustic phenomenon of bowed-string instruments called
the wolf-tone phenomenon, the sound quality of the
instrument is generally considered superior.

PZM 1
Optical

Duiminauon

Reference beam

Figure 12. Sct up for phase-stepped real-time bolograpbic
interferometry of a violin. |5]
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Figure 13. Holographic interferograms of some strong
resonant frequencies of the violin. |5)

E. MEMS characterization [6,7]

Holographic interferometry has recently been used (o
perform measurements of MEMS structures. By accuorate
determination of the shape of a MEMS structure such as a
cantilever beam following fabrication, one can evaluate
the quality of the fabrication process by determining the
residual stress in the MEMS structural layer, or evaluate
the combination of different materials in the composition
of the siructures [6]. In addition, one can charactenze the
mechanical propertics of the resulting struchures under
source of outside, operational stress, such as temperature
gradients [7].

To expose a hologram of a MEMS structure, a digital
holographic technique is used. As shown in Fig. 14, a
laser illuminates the MEMS structure and the resulting
object wave is combined with the reference wave (created
using a beam splitter) at a CCD detector. This setup

requires the use of a microscope objective (o enlurge the
image of the object.
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Flgure (4. System for digital holographic interferometry of
MEMS stroctures. |6]

Using a double-exposure holographic interferometry
technique, one hologram is made of the cantilever under
observation, and a second js made of the surrounding flat
reference surface in close proxinuty to the canblever.
Since a digutal holographic technique is used, the
holograms are recorded separately and combined using
DH techniques [8,9]. Using this technique, the resulting
interferogram will be subject to some local errors due to
local imperfections in the reference surface. However,
assuming an acceptable reference surface, interference
fringes are clearly visibly on the 1nterferogram and can be
used to create an out-of-plane deformation map, as shown
in Fig. 1S,

{cr Qly

Figure 15. Helographlc interferometry aof 2 cantilever beam.
(a) object hologram; (b) refercnce holograny; (¢) compaosite
DH double-exposure interferogram; (d) ont-of-plane
deformation map created using interferogram |6|



As shown 1 Fig. 16, digital holographic
interferometry can be used as a fast substitute for high-
angle SEM photography in characierization of MEMS
structures. Here, the interferogram clearly captures the
complex warping of the cantilevers quite well.

{a) (L)

Figure 16. Comparison of SEM image and holographic
interferogram of cantllever structures. (a) SEM image; (b)
holographic Interferogram |7]

IV. SUMMARY

Holographic interferometry is technique used widely
for characterizing the mechanical response of structures
to sources of deformation. Through double-exposure
holographic interferometry, one can detect flaws in a
structure while under constant stress,  With real-time
holographic interferometry, onc can perform a rapid
sweep of vibrational excitation and look for resonant
frequencies.  Finally, using time-average holographic
interferometry,  one  can  create  high-visibilty
interferograms of an object under vibrational stress for
detailed study.
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