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Abstract: In the past decade, the optical method called moiré interferometry has matured rapidly to emerge 
as an invaluable tool, proved by many industrial and scientific applications.  It has been applied to 
numerous problems in engineering mechanics.  It measures in-plane displacement fields with high 
sensitivity and high spatial resolution.  This paper reviews current practices of moiré interferometry and its 
extensions.  Diverse applications are referenced to emphasize the wide scope of the method in engineering 
mechanics.  Examples in the text are from the microelectronics industry, where moiré interferometry is used 
extensively for experimental analyses of temperature-induced deformations.  In-depth speculation on future 
developments and practices is presented. 
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1 INTRODUCTION  

Today, moiré interferometry is used for many studies [1].  
It has been applied for studies of composite materials [2-
18], polycrystalline materials [1, 19], piezoelectric 
materials [20], fracture mechanics [21-28], biomechanics 
[29], structural elements [30,31], structural joints [32-35], 
residual stress measurement [36-42], and strain gage 
calibration [1,43].  More recently, it has been practiced 
extensively in the microelectronics industry to measure 
thermally induced deformation of electronic packages [44-
59]. 

Moiré interferometry measures in-plane displacements 
with a very high sensitivity.  The data are received as 
interference fringe patterns, or contour maps, of the 
displacement fields.  Because of the high sensitivity and 
abundance of data, reliable strain distributions (normal 
strains and shear strains) can be extracted from the patterns.  
The method differs from classical interferometry and 
holographic interferometry, which are most effective for 
measuring out-of-plane displacements. 

Moiré interferometry is characterized by a list of 
excellent qualities, including the following: 
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(a) full-field technique, i.e. quantitative measurements can 
be made throughout the field; 

(b) high sensitivity to in-plane displacements U and V, 
typically 0.417 µm per fringe order, but extended to 17 
nm per fringe contour by microscopic moiré 
interferometry; 

(c) insensitive to out-of-plane displacements W; 
(d) high spatial resolution, which means that measure-

ments can be made in tiny zones; 
(e) high signal-to-noise ratio, ensuring that the fringe 

patterns have high contrast and excellent visibility; 
(f) large dynamic range, providing a method that is 

compatible with large and small displacements, large 
and small strains, large and small strain gradients; there 
are no correlation requirements; 

(g) determination of shear strains as readily as normal 
strains; 

(h) real-time technique—the displacement fields can be 
viewed as loads are applied 

 
Reference [1] provides comprehensive coverage of the 

theory and practice, and diverse applications of moiré 
interferometry in one volume.  Additional technical 
information can be found in the recent literature by Patorski 
[60], Cloud [61], and others.  This paper is intended to 
describe the qualities and basic concepts of moiré 
interferometry, to present some current applications, and to 
speculate on future developments and practices.  Although 
the literature reports applications in many diverse fields, the 
applications described here are from the microelectronics 
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industry.  These represent a broad spectrum of problems 
and experimental solutions, which give insight into the 
potential of moiré interferometry for other fields of study. 

 
 

2 METHOD 

2.1 Basic Concept 

The general scheme of moiré interferometry is illustrated in 
Fig. 1.  A high-frequency cross-line grating on the 
specimen, initially of frequency fs, deforms together with 
the specimen.  A parallel (collimated) beam, B1, of laser 
light strikes the specimen and a portion is diffracted back, 
nominally perpendicular to the specimen, in the +1 
diffraction order of the specimen grating.  Light from the 
mutually coherent collimated beam B2 is diffracted back in 
its -1 order.  Since the specimen grating is deformed as a 
result of the applied loads, these diffracted beams are no 
longer collimated.  Instead, they are beams with warped 
wavefronts, where the warpages are related to the 
deformation of the grating.  These two coherent beams 
interfere in the image plane of the camera lens, producing 
an interference pattern of dark and light bands, which is the 
Nx moiré pattern. 

Similarly, mutually coherent collimated beams B3 and 
B4, centered in the vertical plane, are diffracted in +1 and -1 
diffraction orders by the nominally horizontal lines of the 
deformed specimen grating.  These two diffracted beams 
interfere to produce the Ny moiré pattern.  In practice, 
beams B1 and B2 are blocked, so the Ny fringes are viewed 
alone.  Alternately, B3 and B4 are blocked to view the Nx 

fringes. 
These moiré patterns are contour maps of the U and V 

displacement fields, i.e., the displacements in the x and y 
directions, respectively, of each point in the specimen 
grating.  The relationships, for every x,y point in the field of 
view, are 
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In routine practice of moiré interferometry, fs = 1200 
lines/mm (30,480 lines/in.).  In the fringe patterns, the 
contour interval is 1/2fs, which is 0.417 µm displacement 
per fringe order.  The sensitivity is its reciprocal, 2.4 
fringes per µm displacement.  For microscopic moiré 
interferometry, described later, sensitivity of 57.6 fringe 
contours per µm displacement has been achieved. 

The basis of moiré interferometry is described above by 
this sequence:   

 
1. Two beams are incident upon the specimen grating.  
2. Diffraction of each beam by the deformed grating 

produces two warped wavefronts emerging from the 
specimen. 

3. The coherent addition of these two beams produces the 
moiré pattern by constructive and destructive 
interference. 

 

 

Fig. 1 Schematic illustration of four-beam moiré 
interferometry to record the Nx and Ny fringe patterns, 
which depict the U and V displacement fields [1] 

 
This is an excellent physical explanation.  It is consistent 
with the mathematical derivation, which defines the 
intensity distribution in the moiré pattern and its 
relationship, equation (1) to the fringe orders [1]. 

However, another physical explanation is equally 
compelling; perhaps it is more closely related to our 
experience and intuition, and perhaps it is more helpful for 
understanding the relationship between the deformation and 
the moiré pattern.  It is very simple. 

Figure 2a illustrates unobstructed beams B1 and B2 in a 
two-dimensional cross-sectional view.  Assuming the two 
beams have propagated equal distances from the source to 
point a, constructive interference occurs along the plane of 
symmetry, ab.   The path lengths between the source and 
any point in this plane are equal for the two beams.  Along 
an adjacent plane, the path lengths of B1 and B2 differ by 
λ/2 at every point, so destructive interference, or the 
absence of light, occurs in that plane.  Along another 
adjacent plane, the path difference is λ, creating a plane of 
constructive interference, etc.  Accordingly, the volume of 
space where beams B1 and B2 coexist is filled with a regular 
array of planes of constructive interference, alternating with 
planes of destructive interference.  These represent bright 

JOURNAL OF STRAIN ANALYSIS VOL 36 NO 1 S03000   © IMechE 2001 



MOIRÉ INTERFEROMETRY FOR ENGINEERING MECHANICS 3

 
Fig. 2 Schematic diagrams illustrating (a) constructive and destructive interference at the intersection of two 

coherent beams, (b) a virtual reference grating on plane AA and (c) the interaction of a virtual reference 
grating and a specimen grating, which creates a moiré pattern [1] 

regions of light separated by regions of darkness.  The 
volume of space is said to be filled with walls of 
interference. 

In Fig. 2b, the walls are cut by plane AA, which 
becomes illuminated by an array of bright bands, separated 
by dark bands.  The illumination resembles a bar-and-space 
grating, and it is fully analogous to the reference grating of 
geometrical moiré. In moiré interferometry, it functions as a 
reference grating.  There is no physical reference grating in 
moiré interferometry, but the two incident beams create a 
virtual reference grating.  The volume of space where the 
two beams coexist is called a virtual grating and the array 
of bright and dark bands that illuminates the specimen is 
called a virtual reference grating. 

In the second physical description of moiré 
interferometry, the virtual reference grating and the 
deformed specimen grating interact to form the moiré 
pattern, which is recorded by a camera.  The system is 
illustrated in Fig. 2c.  The effect is analogous to 
geometrical moiré, but since it is proved that the equations 

of moiré interferometry and geometrical moiré are identical 
[62], the description is fully justified. 

The frequency, f, of the virtual reference grating is 
determined by the angle α and wavelength λ by  
 
 

2 sin  f α
λ

=   (2) 

 
For the usual applications, f = 2400 lines/mm (60,960 
lines/in.).  Moiré interferometry utilizes a virtual reference 
grating of twice the initial frequency of the specimen 
grating, i.e., 
 

2 sf f=   (3) 
 
This corresponds to moiré fringe multiplication by a factor 
of 2.  The resulting sensitivity is determined by the 
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reference grating, corresponding to geometrical moiré with 
gratings of frequency f. 

Again, the second physical explanation is consistent 
with the mathematical derivation, in which the intensity 
distribution in the moiré pattern, and also equation (1) are 
derived [1].  Fringe order Nx determines the in-plane 
displacements U at each point in the field, uniquely; 
although the specimen and specimen grating experiences V 
and W displacements (where W is the out-of-plane 
displacement), the Nx pattern is a simple function of U, 
alone.  Similarly, the mathematical derivation proves that 
the Ny pattern is a function of V, independent of U and W. 

 
 

2.2 Optical Configurations 

Any configuration of optical and mechanical components 
that produces the four beams illustrated in Fig. 1 can be 
used.  Of course, each pair of beams must be mutually 
coherent.  Several configurations are illustrated and 
described in reference [1].  Fine adjustments of beam 
direction are required to control precisely the initial null 
field and, when desired, the carrier fringes.  An extremely 
important feature is robust construction to minimize 
sensitivity to external disturbances, primarily vibrations 
from mechanical and acoustical sources, and secondarily, 
air currents and thermal disturbances.  Compact 
construction is an asset in this regard [63].  Commercial 
moiré systems based on various optical arrangements have 
been introduced in the marketplace and numerous systems 
have been put into practice in industry and at university and 
government laboratories. 
 
 

2.3 Extension: Microscopic Moiré Interferometry 

Special considerations arise for deformation measurements 
of tiny specimens or tiny regions of larger specimens.  The 
relative displacements within a small field of view will be 
small (even if the strains are not small); thus the number of 
moiré fringes might not be enough for an accurate analysis.  
Perhaps the most important consideration, therefore, is the 
need for increased displacement sensitivity–enhanced 
sensitivity beyond the high sensitivity discussed above.   

In a method called microscopic moiré interferometry, 
sensitivity is increased progressively by two techniques.  
The first is an immersion interferometer, whereby the 
virtual reference grating is formed inside a medium of 
higher index of refraction; this strategy reduces the 
wavelength of the light and thus increases the upper limit of 
frequency for the virtual reference grating.  Virtual 
reference gratings of 4800 lines/mm (122,000 lines/in.) are 
produced in practice, thus doubling the usual basic 
sensitivity [64].  The second technique is optical/digital 
fringe multiplication (O/DFM), whereby fringe shifting and 
an efficient algorithm is used to generate an enhanced 
contour map of the displacement field; the map displays β 
times as many fringe contours as the original moiré pattern 
[65].  In practice, β = 12 has been achieved for microscopic 

moiré interferometry, which with the doubled sensitivity, 
represents a multiplication of 24. 

A specific system is described briefly.  It has been 
described in much more detail in reference [1] and [66].  
The technique is based on the premise that the moiré 
pattern encompassing the small field of view will contain 
only a few fringes.  Accordingly, it is practical to record the 
pattern by a charge-coupled device (CCD) camera.  Good 
fringe resolution is preserved because the pattern is 
recorded with numerous pixels per fringe. 

The apparatus is illustrated in Fig. 3.  The specimen is 
coupled optically to the interferometer by a thin layer of 
immersion fluid, so that beams corresponding to B1—B4 in 
Fig. 1 propagate in a refractive medium.  A magnified view 
of the fringe pattern is recorded by the CCD camera, which 
digitizes the intensity level at every pixel.  A piezoelectric 
translation device provides the means for phase stepping.  
The entire system is moved relative to the specimen by the 
xy traverse, allowing any part of the specimen to be viewed 
and analyzed. 

 

2.4 Specimen Gratings 

The bar-and-space gratings of geometrical moiré cannot be 
printed with very high frequencies.  Instead, phase gratings 
are used, which means that the grating surface consists of a 
regular array of hills and valleys.  For most analyses, the 
specimen grating is applied by the replication process 
illustrated by cross-sectional views in Fig. 4.  A special 
mold is used, which is a plate with a cross-line phase 
grating on its surface.  The grating is overcoated with a 
highly reflective metallic film, usually evaporated 
aluminum.  A small pool of liquid adhesive is poured on the 
mould, and the specimen is pressed into the pool to spread 
the adhesive into a thin film.  Excess adhesive is cleaned 
off repeatedly as it flows out.  The mold is pried off after 
the adhesive has hardened.  The weakest interface is 
between the metallic film and the cross-line grating, so the 
film is transferred to the specimen.  Thus, a thin, highly 

 

Fig. 3 Mechanical and optical arrangement for 
microscopic moiré interferometry [66] 
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reflective cross-line grating is firmly attached to the 
specimen surface, such that it deforms together with the 
specimen surface.  Details can be found in Chapter 4 and 
Appendix C of reference [1]. 

The adhesive thickness is typically about 25 µm (0.001 
in.) for larger specimens (greater than 300 mm2) and about 
2 µm for small specimens.  For most analyses the thickness 
and stiffness of the grating is negligible.  Various room 
temperature curing adhesives can be used, including 
epoxies, acrylics, urethanes, and silicone rubbers.  Recent 
reports of success with instant cyanoacrylate cements have 
been circulated.  Adhesives that cure by exposure to 
ultraviolet light have been used successfully.  Special 
techniques have been developed for replicating specimen 
gratings on electronic packages, to cope with the small size 
and tiny openings [47,49], as discussed later. 

2.5 Fringe Counting 

The assignment of fringe orders has been treated in more 
detail in reference [1].  Because deformations are deter-
mined by the relative displacements of each point in a 
body, the zero-order fringe is arbitrary; the zeroth order can 
be assigned to any fringe in the moiré pattern.  In Fig. 5, it 
is assigned in the lower left region of the specimen.  Of 
course, at every point along this continuous fringe, Ny = 0.  

Figure 5 shows the deformation of a tensile coupon cut 
from a stainless steel plate in the region of a weld [33].  
Cracks appear in the weld, but along the left edge of the 
specimen the material is continuous.  Since the strain is 

tensile, or positive, the fringe orders along the left edge 
increase monotonically in the +y direction, as shown.  Then 
the fringe orders can be assigned at every point in the field 
by following continuous fringes across the field.  Fringe 
orders along the right edges were assigned accordingly. 

 
Fig. 4 Steps in producing the specimen grating by a 

casting or replication process; the reflective metallic 
film is transferred to the specimen grating [1] 

 
Fig. 5 Weld defects in a stainless steel tension specimen [33]. 

(Reproduced by permission of S.A. Chavez) 

Where a crack is present, the V displacements are 
different along the upper and lower lips of the crack.  This 
accounts for the crack opening that results from the tensile 
load.  For example, at the right edge the fringe order 
changes from Ny = 3 to Ny = 10, indicating a crack-opening 
displacement of 7 fringe orders, or 2.9 µm. 

Clues derived from known loading conditions and 
known specimen geometry are often sufficient to establish 
the sign of the fringe gradient at every point, i.e., to 
establish whether the fringe order is increasing or 
decreasing as the count progresses from one fringe to the 
next neighboring fringe.  Occasionally the clues might not 
be sufficient, but there is always a simple experimental way 
to determine the sign of the fringe gradient [1]. 

2.6 Strain Analysis 

Strains can be determined from the two displacement fields 
by the relationships for engineering strain: 
 

1 ,  yx
x y

NNU V 1
x f x y f y

ε ε
∂ ∂∂ ∂ = = = =  ∂ ∂ ∂ ∂   

  (4) 

1 yx
xy

NNU V
y x f y x

γ
∂ ∂∂ ∂

= + = + ∂ ∂ ∂ ∂ 
 (5) 

where ε is the normal strain and γ is the shear strain at the 
surface of the specimen.  Although it is not indicated here 
by the (x,y) suffix [shown in equation (1)], these equations 
apply for every point in the field.  Thus, it is the fringe 
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gradients that determine the strains, both the normal strains 
and the shear strains. 

In principle, the exact differential can be extracted at 
any point by plotting a curve of fringe orders along a line 
through the point and measuring the slope of the curve at 
the point.  Often, however, the finite increment 
approximation is sufficient, whereby (as an example) 
∂Nx/∂x is taken to be equal to ∆Nx/∆x.  In that case, strain is 
determined by measuring ∆x, the distance between 
neighboring fringes, in the immediate neighborhood of the 
point of interest. 

Shear strains are determined as readily as normal 
strains.  Numerous examples of fringe counting and strain 
analysis are given in reference [1].  In nearly all cases of 
strain analysis, the strains are sought at specific points (e.g., 
where the fringes are most closely packed, indicating strain 
maxima), or along specific lines.  Manual methods, and 
computer-assisted methods are most practical for such 
cases.   

 
 

3 SELECTED APPLICATIONS FOR 
MICROELECTRONICS DEVICES 

 
Microelectronics devices contain many electronic compo-
nents within an active silicon chip, such as transistors, 
capacitors, resistors, etc.  To form a usable device, a silicon 
chip requires protection from the environment as well as 
electrical and mechanical connections to the surrounding 
components.  The various conducting and insulating 
materials involved in the devices have different coefficients 
of thermal expansions (CTE).  When electrical power is 
applied, the device is subjected to a temperature excursion 
and each material expands at a different rate.  This non-
uniform CTE produces thermally induced mechanical 
stresses within the device assembly.   

As the components and structures involved in high-end 
microelectronics devices are made smaller, the thermal 
gradient increases and the strain concentrations become 
more serious.  Hence, there is a continuously increasing 
activity in experimental analysis, both for specific studies 
and for guidance of numerical analyses.  Moiré 
interferometry is taking a leadership role for experimental 
analyses.  A few diverse applications are presented here. 

 

3.1 Grating Replication for Complex Geometry 

A special technique is required for replicating a specimen 
grating on the cross sections of microelectronics devices 
because they usually have such a tiny and complex 
geometry that the excess epoxy produced by the grating 
replication procedure shown in Fig. 4 cannot be swabbed 
away.  The excess epoxy is critical since it could reinforce 
the specimen and change the local strain distribution.   

An effective replication technique was developed to 
circumvent the problem [47,49].  First, a tiny amount of 
liquid epoxy is dropped onto the grating mould; the 
viscosity of the epoxy should be extremely low at the 

replication temperature. Then, a lintless optical tissue (a 
lens tissue) is dragged over the surface of the mold, as 
illustrated in Fig. 6.  The tissue spreads the epoxy to 
produce a very thin layer of epoxy on the mould.  The 
specimen is pressed gently into the epoxy, and it is pried 
off after the epoxy has polymerized.  Before 
polymerization, the surface tension of the epoxy pulls the 
excess epoxy away from the edges of the specimen.  The 
result is a specimen grating with a very clean edge.  The 
specimen must be made very flat and smooth to be 
compatible with the thin film of epoxy.  The thickness of 
specimen gratings produced by this procedure is about 2 
µm. 

 

3.2 Bithermal Loading (Isothermal Loading) 

Thermal deformations can be analyzed by room 
temperature observations.  In this technique, the specimen 
grating is applied at an elevated temperature, and it is 
allowed to cool to room temperature before it is observed in 
the moiré interferometer.  Thus, the deformation incurred 
by the temperature increment is locked into the grating and 
recorded at room temperature [1,67]. 

A typical temperature increment is 80°C, whereby the 
grating is applied at about 100°C and observed at about 
20°C.  An adhesive that cures at elevated temperature is 
used, usually an epoxy.  The specimen and mould are pre-
heated to the application temperature, the adhesive is 
applied, and it is allowed to cure at the elevated 
temperature.  The mould is a grating on an ultra-low 
expansion (ULE) substrate; so its frequency is the same at 
elevated and room temperatures.  Otherwise, a correction is 
required for the thermal expansion of the mould. 

These measurements can be achieved for cryogenic 

 
Fig. 6 Procedure to replicate a specimen grating on a 

specimen with a complex geometry 
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temperatures, too.  In one test, the specimen grating was 
applied at -40°C using an adhesive that cured in ultraviolet 
light [1].   

This technique had come to be known as isothermal 
loading in recent years, but that name implies constant 
temperature and therefore it is not descriptive.  The present 
authors propose to call the technique bithermal loading, 
implying two discrete temperatures. 

 

3.3 Bithermal Loading: Flip-Chip Plastic Ball Grid 
Array Package Assembly 

An example of bithermal loading is illustrated in Fig. 7 
[54].  The specimen is a flip-chip plastic ball grid array 
(FC-PBGA) package assembly.  In the assembly, a silicon 
chip (6.8 mm x 6.1 mm x 1.2 mm) was first attached to an 
organic substrate through tiny solder bumps.  The gap 
between the chip and the substrate was filled with an epoxy 
underfill to help resist the thermal stresses induced in the 
solder bumps.  This subassembly was then surface-mounted 
to a typical FR-4 printed circuit board (PCB) through larger 
solder ball arrays to form a final assembly.  The assembly 
was cut and its cross-section was ground to produce a flat, 
smooth, cross-sectional surface.  The specimen grating was 
replicated at 82°C and the fringes were recorded at room 
temperature (∆T = -60°C).  Very clean edges of the 
specimen grating are evident.   

The V field fringe pattern reveals the detailed bending 
deformation of the substrate.  The vertical displacements 
along the centerlines of the substrate and the PCB were 
determined from the fringe patterns and they are plotted in 

Fig. 8a.  Two distinct curvatures are observed, one in the 

area connected to the chip and the other in the rest of the 
substrate.  The CTE of the substrate was higher than that of 
the PCB.  The substrate contracted more than the PCB 
during cooling, while the deformation of the substrate 
covered by the chip was constrained by the low CTE of the 
chip.  This complicated loading condition produced an 
uneven curvature of the substrate, which resulted in an 
inflection point below the edge of the chip.   

The substrate was connected to the PCB through the 
solder balls and the difference of curvature between the 
substrate and the PCB was accommodated by the 
deformation of the solder balls.  The normal and shear 
strains (averaged along the vertical center-line) at each 
solder ball were calculated from the fringe patterns and 
they are plotted in Fig. 8b.  The largest of these normal 
strains occurred in the solder ball located at the edge of the 
chip and its magnitude was nearly four times greater than 
the largest shear strain.  Although symmetry about the 
central solder ball would be expected, the small deviations 
from precise symmetry are characteristic of real structures. 

This result is entirely different from the results of a 
previous study on a ceramic ball grid array (CBGA) 
package assembly [49].  The subsequent numerical 
parametric study quantified the effect of the substrate CTE 
on the solder ball strains.  The study indicated that the 
substrate CTE was one of the most critical design 
parameters for optimum solder joint reliability [54].  The 
experimental evidence provided by moiré interferometry 
was essential to revealing this important design parameter. 

 
Fig. 7 U and V displacement fields of an FC-PBGA package assembly, induced by thermal 

loading of ∆T = -60 °C [54]. The contour interval is 0.417 µm per fringe 

S03000   © IMechE 2001 JOURNAL OF STRAIN ANALYSIS VOL 36 NO 1 



B HAN, D POST AND P IFJU 

JOURNAL OF STRAIN ANALYSIS VOL 36 NO 1 S03000   © IMechE 2001 

8

3.4 Accumulated Inelastic Deformation: Ceramic 
Column Grid Array Package Assembly 

The effect of thermal cycling on solder columns was 
investigated [55].  The ceramic column grid array (CCGA) 
package is an extension of the CBGA package but it offers 
enhanced solder joint fatigue reliability through a compli-
ant solder column.  The specimen was a CCGA package 
assembled to an FR-4 PCB.  The CCGA package was a 44 
mm square module with 1089 input-output interconnections 
(33 by 33).  A schematic diagram of the column assembly 
is shown in Fig. 9a with relevant dimensions.  The 
assembly contained cast-in-place columns, where wire 
solder columns were cast directly on the ceramic module 
and subsequently connected to a PCB using eutectic solder.  
The wire solder column is made of a high-melting point 

solder alloy (90%Pb/10%Sn).  The wire column does not 
melt during the assembly process, which provides a 
consistent and reproducible standoff between the ceramic 
package and the PCB.   

 

  
Fig. 8 (a) Vertical displacements determined along the centre-lines of the substrate and the PCB 

and (b)  distribution of normal and shear strains (averaged along the vertical centre-line) at 
each solder ball 

One side of the specimen was ground flat to expose the 
largest cross section of solder columns for specimen grating 
replication.  The procedure of bithermal loading (∆T = -
60°C) was used first to document the deformation induced 
by an initial thermal loading simulating the assembly 
process.  The U and V displacement fields are shown in 
Fig. 9b for the end column, i.e. the column most distant 
from the center.  The deformation of the solder column was 
dominated by bending (flexure), as revealed by nearly zero 
shear strains at the middle of the column.   

The same specimen was subjected to subsequent 
thermal cycles. The maximum and minimum temperature in 
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the cycle was 125°C and -40°C. The heating and the 
cooling rate was 16.5°C/minute and a dwell time of 5 min 
was used at each extreme temperature, which resulted in a 
period of 30 minutes per cycle.  The total U and V 
displacements of the same column after four complete 
thermal cycles are shown in Fig. 9c.   

The fringe patterns in Fig. 9 were used to determine the 
deformed shape of the column.  The fringe patterns were 
marked at uniform intervals along the boundary and the 
(fractional) fringe orders were determined at each mark.  
Then, the deformed shape was plotted by displacing each 
boundary point by an amount proportional to the U and V 
fringe orders.  The results are shown in Fig. 10a for the 
initial bithermal loading and Fig. 10b after four thermal 
cycles, where the deformations were greatly exaggerated.   

It is interesting to note that while the relative horizontal 
displacement between P1 and P3 are nearly the same, the 
deformed shapes are quite different around the region with 
the eutectic solder fillet.  Eutectic solder has a much lower 
melting point and thus it is more susceptible to deformation 
at the elevated temperature during the thermal cycles 
(smaller Young's modulus and higher creep rate), compared 
with the high-melting solder. The creep of eutectic solder 
was much greater during the high temperature interval and 
this deformation accumulated during the thermal cycles.  
As a result, the lower portion of the column, surrounded by 
the eutectic solder, remained bent in the opposite direction 
and it could not return to its previous geometry at room 
temperature.  This effect was confirmed by the results from 
an actual accelerated thermal cycling (ATC) test [55].  The 

 
Fig. 9 (a) Schematic diagram of a CCGA assembly. (b), (c) U and V displacement fields, induced 

by (b) initial thermal loading and (c) four subsequent thermal cycles of -40 to 125°C [55]. 
The contour interval is 0.417 mm per fringe 
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different temperature dependent properties of the two 
solder materials are critical parameters for accurate 
assessment of cycles-to-failure prediction under actual 
operating conditions. 

 

 (a) (b) 

Fig. 10 Deformed shape of solder columns (a) after the initial thermal loading and (b) after four thermal 
cycles [55] 

 

3.5 Micromechanics: Micro Via in Build-up Structure 

One of several purposes of a chip carrier is to provide 
conducting paths between the extremely compact circuits 
on the chip and the more widely spaced terminals on the 
PCB.  Recent micro via technology enabled the industry to 
produce laminate substrates with high density, and fine 
pitch conductors as required for advanced assemblies.  A 
cross-sectional view of a high-density organic substrate is 
illustrated in Fig. 11 [68].  Photosensitive dielectric layers 
(insulators) are built up sequentially with patterned layers 
of copper plating (typically 25 µm thick).   

Extensive research and development efforts have been 
and are being made to perfect the underfill process for these 
organic substrates, and to develop optimum underfill 
materials for the larger silicon devices.  An important trend 
in newly developed underfill materials is its increased 
Young’s modulus, which increases the coupling between 
the silicon chip and the substrate.  This high degree of 
coupling transfers the CTE mismatch-induced-loading to 
the build-up layers of the substrate.   

Microscopic moiré interferometry was employed to 
quantify the effect of the underfill on the deformations of 
the microstructures within the build-up layers [59].  Two 
specimen configurations were analyzed to study the 

deformations induced by the subsequent manufacturing 
process: a bare substrate and a flip chip package.  The flip-
chip assembly is illustrated schematically in Fig. 12a with 
its relevant dimensions.  In the assembly, a silicon chip was 
attached to a high-density substrate by solder bumps and 
the gap between the solder bumps was filled with an 
underfill.   

 
Fig. 11 Schematic diagram of a high-density organic 

substrate with build-up structures 

The specimens were cut and ground to expose the 
desired microstructures as illustrated schematically in 
Fig. 2b, where the insert depicts the detailed 
microstructures within the build-up layer.  An epoxy 
specimen grating was applied at an elevated temperature of 
92°C in a small region containing the microstructures.  A 
tiny volume of the epoxy was applied around the region of 
interest with a sharp-pointed tool and an ULE grating mold 
was pressed against the epoxy to spread it into a thin film 
over the region.  The fringes were recorded at a room 
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Fig. 12 Schematic diagram of the flip-chip assembly on a high-density substrate (a) before and (b) 
after specimen preparation 

temperature of 22°C, recording the thermal deformation for 
∆T = -70°C.  The displacement fields for a small region 
containing the microstructures were recorded by 
microscopic moiré interferometry.  The region is marked by 
a dashed box in Fig. 13a; it is approximately 500 µm by 
375 µm.  The resultant fringe patterns are shown in Fig. 
13b for the bare substrate and Fig. 13c for the flip-chip 
assembly.  A fringe multiplication factor of β = 4 was used 
to produce a displacement contour interval of 52 nm/fringe.  

The copper micro vias are imbedded in the build-up 
layer.  The CTE of the copper (17 ppm/°C) is much smaller 
than the CTE of the photosensitive material (greater than 40 
ppm/°C).  Consequently, the photosensitive material 
contracts more than the vias during cooling.  Since the 
photosensitive material is confined by the metal via and the 
adjacent layer, the different expansion rate causes deforma-
tions within the metal vias.   

The deformation of a small segment of metal via, CC’ 
(see the insert of Fig. 14), was analyzed to investigate the 
effect of the chip and underfill.  The deformed shape of the 
portion CC’ in the flip chip assembly was evaluated from 
the fringe patterns in Fig. 13c and the results are plotted in 
Fig. 14a.   

The center portion of CC’ is connected rigidly to the 
solder bump/underfill layer while the left and right 
segments are extended into the photosensitive material.  As 
can be seen from the deformed shape, these segments 
moved in the positive y direction (upwards) relative to the 
center portion.  This movement produced a shear strain in 
the segments, which is plotted in Fig. 14b.  The maximum 
shear strain occurred near the end of the right segment and 
its magnitude was 0.38 per cent.  The shear strain of the 

same segment in the bare substrate is also plotted in Fig. 
14b. The effect of the extra constraint from the solder and 
underfill layer is evident. 

 
 

4 TRENDS/PREDICTIONS 

 
Speculation raises mixed emotions.  There is the exhilara-
tion of predicting future events, coupled with the 
uncertainty of foresight.  Nevertheless, our view of the 
trends and developments expected in the next few years is 
offered. 
 

4.1 Instrumentation 

Less complicated designs for moiré and microscopic moiré 
interferometer system are anticipated.  Instruments de-
signed exclusively for transparent replicas will be the least 
complex, but those offering the greatest versatility will be 
simplified as well.  

Current instruments endeavor to achieve initial null 
fields.  Future implementations may accept several fringes 
in the initial field, coupled with computer aided means of 
subtracting them from the final field. 

The current trend toward use of CCD cameras instead 
of film cameras is expected to continue.  Emphasis will be 
placed on variable image magnification so that regions of 
high fringe density can be resolved by using higher 
magnifications, and global patterns can be recorded with 
lower magnifications.  A large range of magnifications will 
be provided to serve a wide variety of applications.  
Emphasis will be devoted to strong and uniform light 
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distribution, to achieve high quality fringe patterns at all 
magnifications. 

 

4.2 Replication of Deformed Gratings 

Replication is well known in science and technology. The 
following examples are seen: in scanning electron micro-
scopy, where details of a specimen surface are reproduced 
on a small substrate so that it can fit conveniently in the 
scanning electron microscope; in composite research, 
where replicas are used for microscopic inspection of fibre 

and matrix anomalies; in spectrographic grating 
manufacture, where commercial gratings are copied from 
very expensive master gratings.  Replication is a process of 
copying details.  In our context, the details lie in the 
deformation of a specimen grating after the specimen is 
subjected to mechanical loads and/or environmental 
changes. 

 

 
Fig. 13 (a) Micrographs of the region of interest. (b),(c) Microscopic U and V displacement fields of (b) the 

bare substrate and (c) the flip-chip assembly. The contour interval is 52 nm per fringe [59] 

Replication has been applied beneficially in a few 
applications of moiré interferometry.  It was used to 
measure the deformation of an electronic package at a 
cryogenic temperature [1].  It was used to measure 
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deformations along curved surfaces of composite laminates 
[11,18].  In a classical paper by McKelvie and Walker [69], 
replication was advocated for remote sites and harsh 
environments, followed by analysis of the replicas in the 
laboratory.   

Now, replication is envisaged as a routine practice.  In 
this practice, a grating is applied to the specimen or 
workpiece in the usual way.  Then, the workpiece is 
subjected to its working loads, e.g. in a mechanical testing 
machine, which deforms the specimen and the specimen 
grating.  Replicas of the deformed grating are made at 

desired intervals in the loading process, and subsequently 
these replicas are analyzed in a moiré interferometer. 

 
Fig. 14 (a) Deformed shape of the micro via segment CC’ in the flip chip assembly and (b) shear 

strain distribution along CC’ [59]. 

Replication provides numerous advantages for typical 
applications. No limits are applied to the size of the 
workpiece.  Familiar equipment can be used for loading, 
including large or special-purpose machines.  Vibrations 
and air currents, which otherwise might have to be 
suppressed for observations with a moiré interferometer, 
are inconsequential.  The technique can be applied conv-
eniently in the field, far from the laboratory, and in difficult 
environments. In many applications, replicas can be made 
for cases where the loading is not mechanical, but stems 
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from changes of temperature, humidity, chemical or 
radiation environments, etc. 

Further advantages accrue for equipment requirements.  
Loading devices on the optical table are not needed.  The 
replicas can be made on transparent substrates, enabling use 
of transmission systems of moiré interferometry instead of 
the current reflection systems.  Then, vacuum deposition 
equipment for applying reflective coatings would not be 
required.  When transmission systems are used, the camera 
lens can be located very close to the replica, and therefore, 
very high magnifications become convenient. Additionally, 
the replicas become permanent records of the deformation, 
so there is easy recourse to checking and extending an 
analysis after an initial investigation. 

What developments are required?  Although the replica-
tion method can be practiced with current technology, it 
would be advantageous to find techniques for quick and 
routine replication of deformed gratings.  This involves 
optimum combinations of specimen grating materials and 
quick-setting replication materials; and it involves use of 
self-releasing grating materials or use of appropriate parting 
agents to allow easy separation of the replica from the 
specimen.  Such materials are available and systematic 
investigations will lead to optimized procedures. 

 

4.3 Micromechanics 

Extensive use of microscopic moiré interferometry is 
foreseen for micromechanics studies. Special instrumenta-
tion will continue to be developed, consistent with the 
special requirements of micromechanics applications.  
Although there is no definite size criterion, the maximum 
field size will generally be less than a square millimeter, 
and a range of magnifications will isolate much smaller 
fields. 

Techniques to enhance the measurement sensitivity will 
be advanced for microscopic moiré interferometry.  Since 
the basic sensitivity depends upon the frequency, f, of the 
virtual reference grating, further increases of f will be 
introduced by utilizing light of shorter wavelengths. 
Ultraviolet light or immersion interferometry, or both, will 
provide the shorter wavelengths. 

The enhancement of basic sensitivity will help, but in 
most cases the fringe patterns will still be too sparse; the 
number of fringes in the field will be too small for an 
accurate analysis.  Additional data will be needed and these 
data will be obtained by phase stepping.  The uncertainties 
introduced by random electronic noise in the CCD camera 
and associated hardware will be minimized by repeating the 
measurements a number of times and averaging the results.  
Alternatively, electronic components of highest 
performance will be selected.  The additional effort and 
expense would be justified for analyses involving few 
fringes, in contrast to those that exhibit an abundance of 
fringes. 

The algorithms that transform the fringe data to 
displacement and strain fields will advance, too.  They will 
become more interactive to allow compensation for local 
defects or special conditions. The traditional quasi-

heterodyne method, which is used most successfully for the 
inspection of optical surfaces, will be optimized for 
microscopic moiré interferometry. The optical/digital fringe 
multiplication method [65] will be extended to produce a 
larger number of fringe contours from a given number of 
phase steps. 

Also most problems at the finest level of micromecha-
nics (with the small region of interest) will utilize replicas 
of the deformed grating. Then, transmission-type moiré 
interferometers will allow the highest magnification and 
spatial resolution.  This scheme provides the greatest 
stability, and thus, the optimum conditions for phase 
stepping.  In-plane displacements of the order of 1 nm will 
be measured reliably by microscopic moiré interferometry. 

 

4.4 Data Reduction from Single Images 

For most macromechanics analyses, moiré interferometry 
provides a great number of stress-induced fringes, suff-
icient for a detailed analysis.  Yet, in current practice, there 
is a tendency to use phase-stepping schemes to reduce these 
data to graphs of displacement and strain distributions [70-
75].  In many cases, the measurements are conducted at 
abnormally low load levels in order to reduce the number 
of moiré fringes in the field, since the phase-stepping 
algorithms are more effective with sparse fringe patterns.  
This is artificial suppression of data, and the practice seems 
counterproductive. 

The phase-stepping algorithms enjoy popularity mostly 
because they enable automatic data reduction.  However, 
there are drawbacks that can lead to serious errors.  These 
include electronic noise in the CCD camera, frame grabber, 
and allied electronics, which contribute random variations 
to the data—data that might already be suppressed.  
Stability of the moiré interferometer during the phase-
stepping process is crucial, but it can be difficult to ensure 
sufficient stability under the conditions of some experi-
mental investigations.  Automated analyses do not recog-
nize extraneous inputs like those from scratches or other 
imperfections of the specimen grating.  Automated analyses 
do not cope well with rapidly changing displacement fields, 
for example, those that can be encountered in composite 
materials that show differential response of fiber and matrix 
components.  Finally, a common human error should be 
mentioned; automated analyses must not be allowed to 
extend across regions of dissimilar materials. 

For most practical analyses, quantitative results are 
extracted at designated locations, i.e. at points, or along 
lines in the specimen.  It is significant to observe the nature 
of the data reduction in the three real-world industrial 
analyses reviewed above.  As is usual, the analyses were 
designed to investigate specific characteristics of the 
structure.  Quantitative data were extracted at key 
locations (center-lines and boundary points in these cases) 
and whole-field analysis techniques were not employed. 

Thus, for the majority of applications (those that exhibit 
numerous fringes) another scheme of data reduction would 
be beneficial.  New schemes of computer aided analysis 
will be developed that produce displacement and strain 
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graphs from a single pair of moiré fringe patterns, i.e., 
single images of the U and V fields.  They will likely 
require user input, firstly to choose regions of interest and 
to determine whether carrier fringes should be used in these 
regions; and secondly, to deal with possible imperfections 
in the fringe patterns, such as those from scratches in the 
gratings.  The computer techniques will probably quantify 
the locations of fringes and graph displacement fields from 
these; apparent displacement from carrier fringes would be 
subtracted off.  Strains would be calculated from computer 
measurements of the x and y components of distance 
between fringes (the distance either between neighboring 
fringes or between more distant fringes); the operator 
would decide.  A variety of algorithms that reduce tedious 
aspects of the analyses but retain the logical step-by-step 
human input that is present in manual analyses could be 
developed. 

Fourier methods utilize single fringe patterns and they 
offer current alternatives to phase-stepping analyses.  How-
ever, they do not offer the high fidelity and user discretion 
and control that may be desired. As the technology evolves, 
a Fourier technique may be employed for a global view of 
the strain field, followed by a direct computer aided 
analysis for local regions of special interest.  The key will 
be human understanding and control, replacing relatively 
blind automation. 

 

4.5 Applications 

Moiré and microscopic moiré interferometry have become 
extremely important tools in the electronics industry for 
electronic packaging studies.  Their application (mostly to 
evaluate thermal strains, but also for mechanical loading 
and material characterization) is introduced at design and 
development, evaluation, and process control stages. Appli-
cations for the study of composite materials and compo-
nents are extensive and increasing, but not yet rivaling the 
electronics packaging activity.  Other areas of strong and 
growing interest include fracture mechanics, biomechanics, 
rheology of plastics, metallurgy and ceramic science.  Both 
the scope and volume of analyses are growing together with 
the ever more complex developments in engineering and 
science, and in juxtaposition and support of the ever more 
complex analyses by numerical computer studies. 
 

4.6 Propagation into College/University Curricula 

It is predicted that the theory and practice of moiré 
interferometry will be taught at most colleges in engineer-
ing, science, and technology curricula.  The method will be 
introduced in physics courses (lecture and laboratory) as a 
practical application of optics and interferometry.  It will be 
introduced in traditional mechanics of materials courses to 
visualize and measure load-induced deformations.  The 
method will be studied in more depth in courses on optics 
for engineering and science; and it will be studied most 

comprehensively in stand-alone courses on moiré interfero-
metry.   

Instrumentation will become available for these 
educational purposes, and it will be more basic and 
economical. Transmission systems used with replicas might 
become typical for demonstrations and exercises.  As the 
technology propagates, it is likely that new innovative 
designs will emerge. The more advanced courses will 
surely encounter computer aided analysis. These 
experiences will inevitably lead to experimentation with 
alternate schemes of analysis, and superior programs will 
evolve. 

We believe this propagation will occur in the next 
decade, and moiré interferometry will become familiar in 
engineering and science.  It will be known by many as a 
tool for measurement and exploration. 
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