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(ABSTRACT) 

The objective of this research was to provide means for the experimental 

analysis of deformations encountered in micromechanics. Whole field contour 

maps of U and V displacements in a microscopic field of view were desired. 

Since displacements within a small field can be very small even when strains 

are large, ultra-high sensitivity is required. The specific objective was 

displacement Sensitivity of 50 nm per fringe contour, which corresponds to that 

of moire with 20,000 lines per mm, in combination with spatial resolution of the 

optical microscope (2-5 um). 

The objective was achieved by the following developments. First, the 

basic sensitivity of moire interferometry was increased beyond the previously 

conceived theoretical limit. This was accomplished by creating the virtual 

reference grating inside a refractive medium instead of air, thus shortening the 

wavelength of light. A very compact four beam moire interferometer in a 

refractive medium was developed for microscopic viewing, which produced a 

basic sensitivity of 208 nm per fringe order. Its configuration made it inherently



stable and relatively insensitive to environmental disturbances. An optical 

microscope was employed as the image recording system to obtain the desired 

spatial resolution. 

Secondly, a fringe multiplication scheme was implemented. Here, an 

automatic fringe shifting and fringe sharpening scheme was developed, 

wherein very thin fringe contours of order N° = BN were produced, where N is 

the fringe order in the basic moire pattern and 8 is a fringe multiplication factor. 

A factor of 12 was achieved, providing a sensitivity of 17 nm per fringe contour. 

This corresponds to moire with 57,600 lines per mm (1,463,000 lines per in.), 

which exceeds the sensitivity objective. The mechanical and electronic systems 

implemented here are remarkably robust and quick. 

The method was demonstrated with three practical applications: interface 

strains in a thick 0°/90° graphite/epoxy composite, fiber/matrix deformations of 

metal/matrix composites, and thermal deformation around a solder joint in a 

microelectronic subassembly.
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1.0 INTRODUCTION 

1.1 Motivation and Literature Review 

This research is intended to provide enhanced capabilities for 

experimental micromechanics analyses. In recent years, a considerable 

amount of study has been conducted to document micromechanical behavior of 

various solid materials [1-12]. This includes problems involving material 

discontinuities that exist near interfaces between grain boundaries in metals 

and ceramics, between fiber and matrix, and between laminae in fiber 

reinforced composites and geometrical discontinuities at cracks and sharp 

notches. These problems require an understanding of macro- and micro- 

material behavior, and thus they require experimental techniques that provide 

high sensitivity deformation measurements with large dynamic ranges. Among 

the many experimental techniques available today, moire interferometry stands 

as the most attractive approach since it is a strictly geometric method and it 

measures whole-field phenomenon. 

The optical method called moire interferometry was developed largely in 

this decade [13-16]. Although it emerged quickly, the method has been 

improved in an evolutionary process. Moire interferometry retains the virtues of 

the traditional geometric moire method [17] but it extends the sensitivity of moire 

methods into the subwavelength range; moire interferometry with a sensitivity of 

0.417 um (16.4 pin.) per fringe order is practiced routinely in the VPI & SU 

Photomechanics Laboratory. In addition to the high sensitivity, other
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remarkable features of this method such as whole-field measurement, excellent 

fringe contrast, high spatial resolution and extensive dynamic range make it 

suitable for the solutions of various practical problems [18-27]. 

In micromechanics, many studies require microscopic viewing of small 

zones of the specimen. Since displacement is strain multiplied by distance, the 

relative displacements within a small field can be very small, even when the 

strains are not small. Accordingly very high sensitivity that is considerably 

higher than 0.417 um per fringe order is needed to map those displacement 

fields. 

During the past few decades, many researchers have attempted to 

increase the sensitivity of moire methods. These attempts have been made by 

two different approaches: optical filtering techniques and digital image 

processing. 

In the case of optical filtering techniques, distorted gratings that carry the 

displacement information are produced either by using carrier pattern 

techniques [28] or by photographing deformed specimen gratings. Then, the 

distorted gratings are interrogated by moire fringe multiplication to extract the 

whole-field displacement information with enhanced sensitivity. Various 

concepts of moire fringe multiplication were developed separately by Post [29- 

31] and Sciammarella [32]. Basically, the technique involves superposition of a 

reference grating, which may be either real or virtual, with a deformed grating 

and filtering the transmitted light to form a moire pattern by interference of 

selected diffraction beams. Such methods were used by Post and MacLaughlin 

[33] and later by Sanford and Graham [34]. Morimoto [35] and later Czarnek



[36] demonstrated methods with higher sensitivity utilizing optical filtering. In 

each of these cases, the resulting interference pattern showed substantial 

optical noise. In addition, the above work was conducted at lower sensitivities 

than that accomplished here. 

As digital image processing has become easily accessible to the 

experimentalist, many image processing techniques have been developed to 

increase the sensitivity of moire interferometry. Hunter et al. [37,38] proposed a 

method to obtain a continuous displacement field in which a fast fourier 

transform technique was utilized to filter out high frequency noise and to 

describe a displacement field as a continuous function. Voloshin et al. [39] 

used the variations of light intensity of a moire pattern to determine fractional 

fringe orders. Hung et al. [40] also used a fast fourier transform technique but 

they increased the sensitivity by choosing a particular harmonic component in 

the transformed domain. Yu [41] increased the sensitivity by manipulating 

digital images by use of a trigonometric relationship. In all cases, the intensity 

distribution was assumed to be a certain functional form and the function was 

manipulated by a computer. Although high frequency noise could be 

eliminated by various filtering algorithms, those techniques could not avoid 

distortion of intensity distributions caused by low frequency noise such as 

nonuniform illumination and nonuniform quality of the specimen grating. The 

distortion of the intensity distribution could yield significant errors in determining 

displacement fields, especially for those problems encountered in 

micromechanics which have localized regions with high strain gradients.



Although all the optical filtering and image processing techniques 

described above were proposed to increase the sensitivity of displacement 

measurements, very few practical applications to macro- or micromechanical 

problems were found in the literature. This would be due to their inherent 

shortcomings such as optical noise, limited dynamic range of measurements, 

and insufficient sensitivity and accuracy. 

1.2 Background - Moire Interferometry 

1.2.1 Basic Principle 

Moire interferometry [42] provides whole-field in-plane displacement 

fields, U and V. It is an optical method using coherent light and featuring 

subwavelength sensitivity and high spatial resolution. The method is similar in 

many ways to traditional geometric moire methods, but its sensitivity is greater 

by almost two orders of magnitude. 

The basic principle is depicted schematically in Fig. 1. In this method, a 

crossed-line diffraction grating is replicated on a specimen and it deforms 

together with the loaded specimen. Two beams of coherent light A, B illuminate 

the specimen grating obliquely from angles +a and -a, which create walls of 

constructive and destructive interference in the zone of their intersection. This 

interference is cut by the plane of the specimen surface, where an array of 

parallel and very closely spaced fringes are formed. These fringes are 

essentially bright and dark bars and they act like the reference grating of
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Fig. 1 Schematic diagrams of optical arrangement for moire interferometry.



geometric moire. This array of fringes is called a virtual reference grating. The 

frequency, f, of the virtual reference grating is determined by 

f= 2 sina. (1) 
r 

where 2 is the wavelength of light employed and a is the angle of incidence 

(Fig. 1). 

The specimen grating and virtual reference grating interact to form a 

moire pattern which is a contour map of Nx or the in-plane specimen 

displacement U. Additional input beams C and D in the vertical plane (not 

shown) produce the moire pattern for the Ny field. The patterns are 

photographed with a camera focused on the specimen surface. Then, in-plane 

displacement components are determined by 

1 1 
U= Nx, V=aqNy (2) 

where N is the fringe order at each point in the moire pattern. When the 

displacement fields are established, the strain components can be calculated 

from the displacement derivatives by 

  

- 2 U1, Vv _ 1 ONy (3) 
x ax f OX y oy ft oy 

_ Mtoe ~| (4) 
*Y oy ox fl oy ox
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where €, €y are normal strain components and yyy is engineering shear strain 

component, respectively. 

The lower part of Fig. 1 illustrates a suitable optical arrangement in which 

a parallel beam of laser light arrives at the specimen with angle -a, while a 

portion of the same beam is redirected by a plane mirror to arrive with the 

symmetrical angle a. 

1.2.2 Theoretical Limit of Sensitivity 

This research is based on moire interferometry. Equation (2) defines its 

sensitivity as 1/f displacement per fringe order. Since higher sensitivity 

corresponds to a smaller displacement per fringe order, it is clear from Eq. (1) 

that shorter wavelengths are desired for higher sensitivities. Then, for a fixed A, 

the sensitivity approaches its theoretical limit as angle « approaches 90°. In the 

limit, the maximum sensitivity is A/2 per fringe order. 

When a = 64°, sina is already 90% of its maximum value and there is not 

much to be gained by using larger angles. However, an experiment conducted 

at 97.6% of the theoretical limit verified that moire interferometry is effective 

even near its theoretical limit [43]. For visible light of low-blue wavelengths, f is 

limited to slightly more than 4000 lines per mm , corresponding to a sensitivity 

limit near 250nm displacement per fringe order.



1.3 Objective 

The objective of the research is to develop an ultra-high sensitivity 

whole-field in-plane displacement measurement technique for micromechanics 

(the study of the mechanics of solids on a microscopic level). The sensitivity 

objective is 50 nm per fringe contour or better, which corresponds to that of 

moire with 20,000 lines per mm (500,000 lines per in.) or more. 

The objective includes development of a new configuration of moire 

interferometry to maximize the basic sensitivity and stability, and development 

of a two-step process to achieve the sensitivity objective. 

The objective also includes high spatial resolution (resolution of 2-5 um), 

the maximization of signal-to-noise ratio and large dynamic range in 

deformation measurements (up to 10% Strain). 

The optical microscope with visible light is to be used. This avoids the 

severe limitations on the specimen size, the loading and the environmental 

conditions otherwise entailed by use of short (invisible) wavelength techniques 

such as electron microscopy, X-ray and neutron interferometry [44].



1.4 Two-step Process 

A two-step process of moire interferometry is to be developed to achieve 

the sensitivity objective. It is expressed in Fig. 2. Whereas the whole-field 

fringe pattern of moire interferometry follows the intensity vs. fringe order 

relationship of curve N (step 1), a two-step process is to transform the 

distribution to that of curve N° (step 2). The pattern representing the 

displacement field would exhibit B times as many fringe contours, where 8 is 

called the fringe multiplication factor. The contour interval would be reduced by 

a factor of B, and the sensitivity to displacements would be increased by the 

same factor. The resultant pattern would then represent specimen 

displacements by 

where N’ is the fringe order in the final pattern. As in all moire analysis for 

deformation studies, rigid-body displacements are inconsequential and the 

location of a point of N’ = 0 is arbitrary. The relationship to the basic moire 

pattern is N° = BN +k, where k is a constant for the whole field. 

In this work, moire interferometry is used for step 1 to map an original 

displacement field. For step 2, fringe shifting and fringe sharpening are 

employed to record a sequence of shifted fringe contours, each shifted by a 

constant increment. Then the density of the final pattern is increased by 

combining the series of shifted fringe contours into a single contour map.
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fringes, where B is 6.
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1.5 Interpretation of Fringe Formation 

in Moire Interferometry 

The basic principle of moire interferometry was explained with the 

concept of a virtual reference grating. Although it is not a rigorous explanation 

of moire interferometry, it leads to easy understanding of the method. However, 

the existence of a reference grating is not an essential condition for the resulting 

interference fringes. In order to provide a firm background for the fringe-shifting 

process employed in this study, a more rigorous interpretation of fringe 

formation in moire interferometry is given from diffraction theory and wavefront 

interference theory [42, 45]. 

When a grating is illuminated by a collimated beam of light, diffracted 

beams will be governed by the well-known diffraction equation 

sin8, = MAf, + sina (6) 

where @p is the diffraction angle of the mt" diffraction order, 4 is the wavelength 

of light employed, fs is the frequency of the grating and a is the angle of 

incidence. 

In moire interferometry, a high frequency phase-type grating is formed on 

the specimen and it deforms together with the specimen. In the method, two 

incident beams are symmetric with respect to the normal to the specimen 

grating as illustrated in Fig. 3. When the incident angles a of the collimated 

beams satisfy the relationship
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grating y 

  

Camera 

    

  
  

Specimen 

Fig. 3 Moire interferometry. Warped wavefronts A" and B" emerge from the 

deformed specimen grating and interfere to form the moire pattern. 
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sina = mAf, = - (7) 

the +mth and -mt" diffraction order of the incident beams A and B (Fig. 3), 

respectively, emerge along the normal to the specimen; here fis 2mfs where fs is 

the frequency of the undeformed specimen grating. When the specimen grating 

is not deformed, the two diffracted beams A’, B' have plane and parallel 

wavefronts and their mutual interference produces a uniform intensity 

throughout the field; this is called a null field, a field devoid of fringes. 

When the specimen deforms, the wavefronts become warped (A", B" in 

Fig. 3) and interfere with each order to produce fringe patterns. Then, a 

displacement can be described by [45] 

  

U(x,y) = 
2mf, vy 

Ny 3) - +| Nowy) 2 8) 

where U(x,y) is a displacement component in the x-direction (essentially 

perpendicular to the specimen grating lines), N(x,y) is the fringe order and 6 is 

the difference between optical path lengths traveled by the two rays through 

specimen point x, y (rays from beams A and B in Fig. 3) from a common light 

source to the camera image plane. 

Equation (8) is identical to Eq. (2) except for the constant 6/A. The 

constant is equivalent to a uniform displacement throughout the field, or a 

rigid-body translation. Although we are not interested in rigid-body motions
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when studying deformations, the existence of the constant provides a useful 

flexibility which will be discussed later. It is interesting to note, too, that the 

sensitivity depends on 2m times the frequency of the specimen grating. In 

normal practice of moire interferometry, m is equal to 1. The dependency of 

sensitivity on m and the frequency of the specimen grating will be discussed 

later, too.



2.0 MOIRE INTERFEROMETRY IN A REFRACTIVE MEDIUM 

2.1 Introduction 

By combining Eq. (1) and (2), 

A 

2sina 

  

U(x,y) = Ny (9) 

Since the sensitivity of moire interferometry increases as the displacement per 

fringe order decreases, the sensitivity is increased as the wavelength of light A 

is decreased or the angle of incidence a is increased. But, as mentioned 

earlier, there is not much to be gained by using incident angles larger than 64°. 

The remaining variable is the wavelength of light. One can manipulate visible 

light to decrease its wavelength without changing its color or visibility. 

In this chapter, it will be discussed in detail how the wavelength of light 

can be reduced in a refractive medium, and thus how much the basic sensitivity 

of moire interferometry can be increased. Various optical configurations of 

moire interferometry for operation in a refractive medium will be also introduced. 

2.2 Wavelength of Light in a Refractive Medium 

The velocity, C, of light in vacuum [46] is known to be 

15
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C=vr (10) 

where C is a universal constant for all electromagnetic radiation and v, A is the 

frequency and wavelength, respectively, of the radiating wavetrain. The velocity 

of light in a refractive medium is decreased according to the relationship 

yo 2M 
n n 

where Vp is the velocity and n is the refractive index of the medium. 

For any wavetrain in the electromagnetic spectrum, the frequency is the 

same in all media [46], and therefore the wavelength is decreased by the same 

ratio as the velocity, that is, 

Am = (12) 
n 

where A,, is the wavelength of light in the refractive medium. 

2.3 Sensitivity of Moire Interferometry in Refractive Medium 

From Eqs. (1) and (11), the frequency, fm, of a virtual reference grating in 

a refractive medium can be expressed as
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_ 2sin o _ 2nsin a 

Amn x 

  fm 

It is clear from Eq. (13) that, for a given light source of wavelength A in vacuum, 

the frequency of the virtual reference grating in a refractive medium is increased 

by a factor of n and the theoretical limit of the sensitivity is also increased by the 

same factor. 

For example, the wavelength of green argon laser light is 514 nm in arr, 

but it is reduced to 343nm in glass of refractive index 1.5. Thus, the maximum 

frequency of the virtual reference grating is increased from 3890 lines/mm (in 

air) to 5840 lines/mm (in glass), which corresponds to the sensitivity of 170 nm 

per fringe order. 

Table 1 lists various optical glasses and their refractive indices. It also 

shows the theoretical upper limits for virtual reference grating frequencies and 

the corresponding limits of sensitivity when green laser light (A = 514nm) is 

employed. Since the maximum frequency of a virtual reference grating is 

directly proportional to the refractive index, it can be increased by up to 1.98 

with respect to that in air. The maximum frequency of virtual reference gratings 

can be increased even more by using optical crystals. lf Rutile (TiOz) is used 

with the plane polarization of the E-ray, the upper limit of frequency of the virtual 

reference grating is increased by a factor of 3, as shown in Table 2. 

Practical values of the basic sensitivity of moire interferometry are listed 

in Table 3. Angle a is assumed to be 64°, providing sensitivity of 90% of the
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Table 1. Theoretical limits for various optical glasses. 

  

  

  

  

  

  

  

  

            

Theoretical Limit! 

Medium rerraciive f max Sensitivity 

(lines /mm) (nm / fringe) 

Air 1.00 3890 257 

Fused Silica 1.46 5680 176 

Pyrex 1.48 5760 174 

BK7- 1.52 5910 169 

SF2” 1.66 6460 155 

SF18 1.73 6730 149 

LaSF6 1.98 7700 130 

Note 
* Optical glass designations 

"for wavelength A = 514nm 

Table 2. Theoretical limits for an optical crystal. 

  

Theoretical Limit 
  

  

          

Optical Crystal | Refractive a (TiO ») index | f max Sensitivity 

(lines / mm) (nm / fringe) 

O Ray 2.70 10,510 95 

E Ray 3.00 11,670 86 
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Table 3. Practical limits of sensitivity. 

  

  

  

  

  

  

  

  

  

          
  

Refractive Practical Limit of Sensitivity’ (nm / fringe) 

Medium 9 3 4 
=514nm | A =488nm | A = 442nm 

Air 286 271 246 

Fused Silica 196 186 168 

Pyrex 193 183 166 

BK7 188 178 162 

SF2 172 163 148 

SF18 165 157 142 

LaSF6 144 137 124 

TIO, (O ray) 106 100 91 

TiO» (E ray) 95 90 82 

Notes 

‘assuming 90% of the theoretical limit, i.e., a = 64° 
2,3 wavelengths of Argon laser 
“wavelength of HeCd laser 
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theoretical limit. The sensitivity is given for three different visible wavelengths of 

commercially available lasers. As can be seen in Table 3, when LaSF6 is used 

with 2 = 442nm, the basic sensitivity can be increased by more than 3 times 

when compared to the basic sensitivity used in the routine practice of moire 

interferometry, i.e., with f = 2400 lines per mm and sensitivity of 417nm per 

fringe order. Furthermore, with the optical crystal, one could achieve an 

increase of 5 times, to reach about 60% of the sensitivity objective (50nm per 

fringe contour). 

2.4 Optical Configurations 

This section describes three different optical configurations that could be 

fabricated from the optical glasses introduced above. 

2.4.1 Configuration 1 

Figure 4(a) illustrates configuration 1 schematically. The shaded 

element is fabricated from optical glass or crystal and it is called an immersion 

interferometer. The mirrorized surface is analogous to the mirror in Fig. 1. A 

collimated beam enters through an inclined entrance plane (Fig. 4(a)). The 

lower portion of the beam impinges directly on the specimen grating while the 

upper portion impinges indirectly after reflection from the mirrorized surface; 

they create a virtual reference grating on the specimen.
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Fig. 4 (a) Configuration 1 and (b) its variation. 
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The gap between the interferometer and the specimen grating is filled 

with an immersion fluid to achieve optical contact with the specimen grating. 

When the refractive index of the immersion fluid is not the same as that of the 

immersion interferometer, the angles of rays in each media are different from 

each other, as illustrated in the insert in Fig. 4(a). But, this condition does not 

alter the frequency of the virtual reference grating. This can be explained from 

Eq. (13), repeated here, 

_ 2sina — 2nsina 
= 13 1 5 (13)   fm 

It is clear that the magnitude of the virtual reference grating frequency, fm, is not 

changed regardless of the refractive index of the fluid because the value of 

nsina is identically equal to n'sina' according to the law of refraction (see the 

insert in Fig. 4(a)), and therefore the right-hand term remains unchanged. The 

same result is obtained from the equations of diffraction and refraction without 

the conceptualization of a virtual reference grating [42]. A reasonable match of 

refractive indices of immersion fluid and immersion interferometer is desired, 

but mismatch of indices can be tolerated until it is so large that the critical angle 

of complete internal reflection occurs. 

A variation of configuration 1 is illustrated in Fig. 4(b) where a prism is 

attached with an optical cement and one of its surfaces acts as the entrance 

plane.
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The angle of the entrance plane is an important parameter. If the 

entrance plane is horizontal, the angle a required to create a virtual reference 

grating is limited according to the law of refraction. Figure 5(a) illustrates the 

case for n = 1.5, where the maximum value of a is only 41°, corresponding to an 

incident angle 8; of 90°. Thus, the entrance plane should be inclined to allow 

the desired angle a. In addition, the amount of light transmitted into a refractive 

medium decreases as the incident angle 6; increases. Therefore, in practice, 

the angle of the entrance plane should be approximately perpendicular to the 

incident beam. Then, a could be adjusted in a wide range to accommodate 

carrier patterns and still achieve a high level of light utilization. 

Multiple reflections inside the interferometer is another significant 

parameter. This is illustrated schematically in Fig. 5(o), where a beam is 

diffracted by a specimen grating and emerges normal to the specimen. When it 

arrives at the top surface of the interferometer, some portion of the light is 

reflected back to the specimen while most of the beam is transmitted. The 

transmitted light (A in Fig. 5(b)) and the Oth order diffraction (A’ in Fig. 5(b)) of 

this returning beam could create an undesired interference pattern, a so-called 

ghost pattern. For the optical glasses considered here, the reflectance will be 4- 

10%, depending upon the refractive index. Note that two beams with a 100:1 

intensity ratio can produce a discernable fringe pattern with a contrast of 33% of 

that for pure two beam interference [42]. Thus, the ghost pattern can deteriorate 

the quality of the moire pattern and should be eliminated. 

One solution to cope with the problem is illustrated in Fig. 5(c), where the 

top surface of the interferometer has an angle with respect to the bottom
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60° 

  

    
      

  

Immersion 
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Fig. 5 Illustrations for (a) law of refraction, (b) rays creating a ghost 

pattern and (c) a solution to eliminate the ghost pattern.
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surface. Then, the reflected beam A’ will not be captured by the image 

recording system. However, beam A is also steered due to the wedge angle. 

Accordingly, this would be a practical solution only if the microscope lens of the 

image recording system is suitably inclined and has a long working distance. 

Another practical way to circumvent the ghost pattern is to apply an 

antireflection coating to the top surface of the interferometer. With multi-layer 

dielectric coatings, the reflectance can be reduced to 0.15% which can be 

ignored in practice. This is the preferred method. 

2.4.2 Configuration 2 

Configuration 2 is basically the same as configuration 1 but, as illustrated 

in Fig. 6, a collimated beam experiences multiple internal reflections before it 

strikes the specimen grating. This configuration would be more suitable for 

systems in which the interferometer must be very thin. This would be the case if 

the working distance of the lens is not large. 

It is interesting to remember that total internal reflection is obtained when 

incident angles are greater than the critical angle. The critical angle can be 

calculated from the law of refraction and it can be expressed as 

0. = sin“ 
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Fig. 6 Configuration 2.
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where 8, is the critical angle, n is the refractive index of the medium, and the 

external medium is air. For optical glasses considered here, the value of the 

critical angle is in the range of 30° to 43°. Thus, total internal reflections will 

occur for the angles considered here, angles of 50° to 65°. Accordingly, the top 

and bottom surfaces do not have to be mirrorized and the requirements in 

constructing configuration 2 would be almost the same as those for 

configuration 1. 

2.4.3 Configuration 3 

Configuration 3 is different from the other two configurations in that a real 

grating is utilized to achieve a desired angle a. As illustrated in Fig 7(a), +1 

diffraction order from the real grating illuminates a specimen grating in the same 

way as in configuration 2. If the frequency of the real grating (the so called 

compensator grating) is the same as that of the specimen grating, the angle of 

the diffracted beam would be exactly equal to the desired angle o to create a 

virtual reference grating on the specimen. The entrance plane for this 

configuration is the top surface of the interferometer and the modification for the 

entrance plane is not required. 

Configuration 3 is a variation of an achromatic interferometer developed 

by Post [47] and it has a very important feature. Briefly, the compensator grating 

permits use of a chromatic light source, or a light source with a relatively broad 

wavelength spectrum. When a collimated chromatic beam illuminates the 

compensator grating, it produces exactly the right angle a in each wavelength
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Fig. 7 (a) Configuration 3 and (b) illustration of compensation for 

chromatic light.
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to produce a virtual reference grating with the same frequency on the specimen 

(Fig 7(b)); in other words, the virtual reference grating created by the chromatic 

light behaves exactly like that created by a coherent light [47]. 

Although compensation for chromatic light can be accomplished by using 

the compensator grating, the requirements on source width, or degree of 

collimation are not altered. 

A laser diode would be a very attractive choice as a light source for this 

configuration since, apart from its compactness and low cost, it has very narrow 

physical dimensions compared to other broad-band light sources such as 

mercury vapor lamps. Currently most laser diodes emit infra-red light, but it is 

expected that shorter wavelength laser diodes of high power will be available in 

the near future due to the rapid development in the industry. If a laser diode is 

used in this configuration, the complete optical system would be extremely 

small and compact.



3.0 MICROSCOPIC MOIRE INTERFEROMETRY 

3.1 Introduction 

A very compact four-beam immersion interferometer was designed and 

constructed for microscopic viewing. It is a four-beam version of configuration 1, 

illustrated in Fig. 4(b). It was installed under a microscope and CCD video 

camera that acted as the image recording (or camera) system. Its configuration 

made it inherently stable and relatively insensitive to environmental 

disturbances. This allowed a robust scheme to shift the fringes for step 2. 

In this work, BK7 was used as the refractive medium and an argon-ion 

laser that emits a green light (A = 514nm) was employed as the light source. 

The refractive index of BK7 is 1.52 for this wavelength. A specimen grating of 

1200 lines/mm was employed; its +2 diffraction orders enabled use of a virtual 

reference grating of 4800 lines/mm. 

3.2 Enhancement of Sensitivity 

The enhancement of sensitivity by using higher order diffraction beams 

can be explained by recalling Eq. (8), which shows that the sensitivity is the 

reciprocal of 2m times the initial frequency of the specimen grating, where +m 

are the diffraction orders used to produce the moire pattern. Thus, for the given 

frequency of a specimen grating, the sensitivity can be increased by using 

30
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sina = mAfs (7) 

In Air In Refractive Medium (BK7) 

r 
A= 514 0m Am= —- = 338 nm 

f= 2mfs = 2400 lines/mm f= 2mfs = 4800 lines/mm 

Refractive medium 

     
VILL Seeman ins LLL f, = 1200 lines/mm 

(a) (D) 

  

Fig. 8 Frequency of virtual reference grating (a) in air and (b) in BK7.
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higher order diffraction beams. As can be seen in Fig. 8(a), only m = 1 Satisfies 

Eq. (7) when the frequency of the specimen grating is 1200 lines/mm and the 

medium is air; with m > 1 in this case, Eq. (7) requires sina > 1. However, in 

BK7, Eq. (7) is satisfied with m = 2 for the same frequency of specimen grating 

(Fig. 8(b)) since the wavelength of light is reduced to 338nm in BK7. Thus, the 

sensitivity is increased by a factor of 2 compared to that of Fig. 8(a). The 

enhanced sensitivity is 208nm per fringe order. With this basic sensitivity 

provided from step 1, the sensitivity objective can be achieved (essentially) with 

a subsequent fringe multiplication factor of only 4. 

3.3 Immersion Interferometer 

The configuration of the four-beam immersion interferometer is illustrated 

in Fig. 9. The basic description of the interferometer is a glass plate on which 

two prisms are mounted. The shaded surfaces were coated by vacuum 

deposited aluminum and they act as the mirror in Fig. 4(b). Two collimated 

beams a, b enter the interferometer through the prisms and they create two 

virtual reference gratings for the U and V fields. 

Since the interferometer requires accurately perpendicular surfaces of 

high optical quality, it was cut out of a corner cube reflector (that originally had 

three perpendicular optical surfaces) and the cut surface was subsequently 

polished. Figure 10 illustrates the corner cube reflector used here and how the 

cut was made. The perpendicularity of the three optical surfaces of the corner 

cube was accurate to a tolerance of three arc seconds. Since corner cubes are
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Fig. 9 Four-beam immersion interferometer.
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Plane 1 \ 
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Fig. 10 Fabrication of the main element of the immersion interferometer.
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manufactured in high volume and therefore they are inexpensive, this was an 

economical approach. To complete the interferometer, two prisms were bonded 

to the main element with an optical cement and plane 1 and 2 were mirrorized 

by vacuum deposition of aluminum. 

A microscope objective lens that was specially designed to have a large 

working distance was chosen. A good focus over the entire region of interest 

was obtained. This objective lens has another special feature. It was infinitely 

corrected, which means it projects a good image regardless of the distance to 

the image. Accordingly, magnification could be increased merely by increasing 

the lens to image distance. Since a CCD video camera was used, the normal 

specification of magnification is not meaningful. Instead, object size per TV 

frame is meaningful. Good results were obtained for object fields varying from 

0.6mm x 0.6mm to 0.1mm x 0.1mm, with images displayed in 480 x 480 pixel 

format. 

Multiple reflections between a surface of the microscope objective lens 

and the specimen surface created an undesired interference pattern of ghost 

fringes which deteriorated the quality of the moire fringes. This noise was 

virtually eliminated by coating the bottom surface of the interferometer with 

black paint, except for a small region for viewing. The small region acted as an 

aperture to minimize the amount of light captured by the microscope so that the 

influence of the noise became negligible.



4.0 FRINGE SHIFTING 

4.1 Introduction 

Fringe shifting has been used extensively in photoelasticity, especially by 

the Tardy method [48]. Fringe shifting has been advocated for geometric moire 

[49,50], but few applications appear in the literature. In holographic 

interferometry, the heterodyne method [51] and phase stepping method [52, 53] 

are related to (but not the same as) the fringe shifting used here, where the 

phase of a reference beam is changed to shift fringes. Patorski [54] suggested 

a fringe-shifting method for moire interferometry wherein the shift is controlled 

by the polarization of light. 

In this work, a simple mechanical scheme to shift the fringes in moire 

interferometry was developed and implemented. In spite of its simplicity, the 

scheme provided excellent stability and accuracy. This scheme will be 

discussed in detail below. 

4.2 Fringe Shifting 

The method can be explained by an analogy. In geometric moire, fringes 

appear where two sets of grating lines intersect [49]. When one of the gratings 

is translated, these intersection points are also shifted. This is illustrated in Fig. 

11 where one of the superimposed gratings is translated horizontally by half 

36
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of its pitch and fringes are shifted by the same fraction of a fringe order. 

Analogous to this, fringes in moire interferometry can be shifted by translating 

the virtual reference grating. 

Analytically, fringe shifting in moire interferometry can be explained from 

Eq. (8), repeated here, 

U(x,y)   

6 1 5 
nn = = 4 Neen -2) (8) 

~ am, 

where 4 is the optical path length difference between the two incident beams. It 

is clear that a change of 6 can shift the fringe order uniformly over the field; it 

can move the center of a fringe to any desired point in the field. Accordingly, 

subsequent changes of 6 by a fraction of a wavelength, say A/f, will result in a 

subsequent change of fringe order at every point in a moire pattern by the same 

fraction, i.e., AN = 1/B. Note that the distribution of displacements throughout 

the field is imbedded in N(x,y), while the positions of fringe maxima and minima 

depend upon 6. 

The change of 6 is achieved by altering the path lengths of the two 

incident beams relative to each other. Analogous to geometric moire, an optical 

path length change of one of the beams. by a fraction of a wavelength is 

equivalent to a shift of the virtual reference grating by the same fraction of its 

pitch. 

Equation (8) is very general. When the light propagates in a refractive 

medium, the relationship is
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where 8° is the difference of mechanical path lengths of the two interfering 

beams and Am and fm are the wavelength and virtual reference grating 

frequency in that medium. 

4.3 Fringe Shifting Scheme 

The method is illustrated schematically in Fig. 12, where the virtual 

reference grating is shifted by translating the immersion interferometer 

mechanically. This is done by controlling the piezoelectric actuator that is 

directly connected to the glass interferometer. Physically, this scheme can be 

explained by Fig. 13. Rays A and B, separated by the mirrorized surface, travel 

unique path lengths when they meet at a point P on the specimen. The path 

length difference determines the state of constructive or destructive interference 

at P. If the interferometer is translated with respect to the specimen grating by a 

distance d, the ray A still strikes the same point P on the specimen without any 

change of the path length. However, the ray that reaches point P after 

translation is ray B’. Note that the path length of ray B' is changed from that of B 

by distance a+b (Fig. 13). 

The path length change can be calculated by trigonometry and can be 

expressed as
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Fig. 12 Schematic diagram of fringe shifting scheme.
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* 

6 =a+b = 2adsina (15) 

Let d be a fraction of the pitch of the virtual reference grating. That is, 

d=) B=1,2,3,.. (16) 

Am 
2sina 

  where p = pitch of the virtual reference grating = i = 
m 

Then, from Eqs. (15) and (16), we get 

* xX 
§ = 2sing - 22 (17) 

B B 

Thus, when the interferometer is translated by a fraction of the pitch of the virtual 

reference grating, then the path length change of the two beams at point P is the 

same fraction of the wavelength. Returning now to Eq. (8'), the result is a 

change in fringe order everywhere in the field by AN = 1/8. Translation of the 

interferometer by p/B shifts the fringe order by 1/8. Referring back to Fig. 2, it is 

important to note that the intensity distribution of the basic moire pattern 

(represented by curve N (step 1)) is shifted by N/B.
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4.4 Translation and Calibration 

Figure 14(a) illustrates the physical shape of the translation device with 

the immersion interferometer attached. The displacement (or force) generated 

by the piezoelectric actuator deflects the flexible arms of the actuator holder. 

This deflection translates the interferometer with respect to the specimen 

grating, as illustrated in Fig. 14(b) where the deflection is much exaggerated. 

Since the direction of motion is 45° from the x, y axes, a displacement of 2p/8 

is required for each fringe shift. The calibration for fringe shifting of the U and V 

field was identical. 

The apparatus was calibrated by a closed-loop system. Its block diagram 

is illustrated in Fig. 15. The system consists of a piezoelectric actuator, D/A 

converter, programmable DC amplifier and hardware components for image 

processing. The piezoelectric actuator (Model PZ-30 by Burleigh) used here 

operates in a high voltage range (0-1000V) and its maximum traveling distance 

is 5um. Although a traveling distance of less than 1 um was actually required, 

the larger maximum travelling distance allowed use of the actuator near the 

center of its traveling range. This is important to avoid non-lineality and 

hysterisis. A D/A converter board (Model DAC-02 by Metrabyte) was installed in 

a personal computer (IBM PS2, Model 30 286) to generate 0-5V analogue 

Output. The analogue output provided the input for a programmable DC 

amplifier, which amplifies the small voltage input to the desired voltage level for 

the piezoelectric actuator. The resolution of the system was governed by the 

resolution of the D/A converter, which has 12 bit resolution to yield an error 

bound of +1.22 mV in the output signal. The programmable DC amplifier
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Fig. 14 The translation device.
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(Model PZ-70/70M by Burleigh) has two important features, a DC bias of 0- 

1000V and a variable gain of 0-200. In the calibration, the DC bias was set at 

450V and a gain of about 30 was used. The final error bound of the voltage 

output after being amplified was +37 mV, which is the error bound for the D/A 

converter multiplied by the gain used. This corresponds to an error of less than 

1nm in the traveling distance of the actuator. 

Figure 16 illustrates a flowchart for the calibration and fringe shifting 

process. The calibration was performed in two steps, initial and fine calibration. 

In the initial calibration, the desired maximum digital input was specified and the 

variable gain was slowly increased until a shifted fringe was superposed onto 

the original pattern (AN = 1). Thereafter, the gain remained fixed. Next, in the 

fine calibration, the original image was captured and digitized. Then, the 

shifting voltage for AN = 1 was input and the shifted image was also captured 

and digitized. The original image was subtracted from the shifted one and the 

histogram of the resulting image was generated. This process was repeated 

with slightly changed shifting voltages as input until the subtracted images 

became null, that is, when the two images were identically the same. 

Subsequently, a series of fringe-shifted patterns were captured and 

digitized with fringe shift increments of 1/B. Excellent lineality and repeatability 

of the fringe shifting was achieved after the calibration, as evidenced by tests 

using rigid-body rotation of the specimen. Since it took only 1/30 second to 

digitize one frame, shifting and grabbing a series of shifted patterns were 

performed within a fraction of a second.
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Fig. 16 A flow chart for the calibration and fringe shifting process.



5.0 MECHANICAL CONFIGURATION OF THE APPARATUS 

The complete optical arrangement is illustrated in Fig. 17. The specimen 

(with its specimen grating) is mounted in a loading fixture, which in turn, is 

mounted on a rotatory table for fine adjustments of angular orientation. The 

immersion interferometer is connected to a translation device (Fig. 14) to move 

it (relative to the specimen) by predetermined fractions of the pitch of the virtual 

reference grating. The imaging or microscope system is comprised of a 10x 

long-working-distance infinity-corrected microscope lens and a CCD video 

camera (without lens); the magnification is adjusted by changing the lens-to- 

camera distance. Illumination is conducted by single-mode polarization- 

preserving optical fibers from an argon-ion laser to collimators that provide 5mm 

diameter input beams to the interferometer. The collimators are attached to 

rotatable fixtures to vary the angle of incidence and thus accommodate large 

carrier patterns of extension when needed. The interferometer, illuminators and 

microscope are all connected to a heavy-duty x,y traverse to position the system 

over the desired portion of the specimen. Ancillary equipment includes a power 

supply to drive the piezoelectric actuator, a personal computer with a frame 

grabber board and TV monitors. 

48
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CCD Video Camera 
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Rotary Table X-Y Traverse 

S : Optical Fiber from Laser Light Source 

T : Translation Device for Fringe Shifting 

Fig. 17 The optical and mechanical assembly.



6.0 FRINGE SHARPENING AND MULTIPLICATION 

6.1 Introduction 

Digital image processing will be used in step 2 to sharpen a series of 

fringe-shifted patterns and combine them into a composite contour map. These 

patterns are obtained by sequential shifts of the immersion interferometer by a 

constant increment, say g/B where g is the pitch of the virtual reference grating. 

This shifts the moire fringes by the same fraction of a fringe order; in terms of 

phase, the fringes are shifted by 2x/B and these patterns will be called 2x/B- 

shifted patterns. 

Since the width of fringes limits the number of patterns in the composite 

map, fringe sharpening was necessary to maximize the number of fringe 

contours. Digital image processing was utilized to cope with this problem, 

wherein very thin fringe contours were extracted and they were combined 

together. 

A simple and direct solution for obtaining thin fringe contours would 

seem to be a process of determining the geometric center of fringes after 

binarizing the images. In practice, however, such a process could lead to 

serious errors. This is illustrated in Fig. 18(a), where a single grey level 

(threshold value) is picked for the entire image, setting the pixels to be black if 

their values are greater than the threshold value or to be white otherwise; then, 

the geometric centers of the dark fringes can be determined and traced. In the 
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usual case of nonuniform displacement gradients (nonuniform strain fields), the 

geometric center of a dark fringe deviates from the location of intensity maxima 

as illustrated in Fig 18(a). 

Clearly, the deviation of the geometric center from the location of the 

intensity maxima is a function of the threshold value used. The errors might 

become insignificant when a high value of threshold can be used. However, if 

the illumination or the quality of the specimen grating is not uniform over the 

region of interest, in other words, if the grey levels corresponding to the intensity 

maxima vary over the region, a relatively low value of threshold must be used to 

obtain fringes over the field. That condition is illustrated in Fig. 18(b), in which 

case the variation of the deviation would be significant. Such a variation would 

result in substantial error in the determination of strains. 

Furthermore, the slope of the intensity distribution of the moire pattern is 

zero at the intensity maxima. Thus, the certainty of finding the real location of 

intensity maxima would be dramatically decreased when high frequency noise 

modifies the intensity distribution. 

In this chapter, two very effective image processing schemes will be 

introduced to circumvent the problems. The influence of nonuniform 

illumination and optical noise is eliminated and very thin fringe contours are 

obtained. The schemes developed here are much less computer intensive 

compared to the currently popular image processing techniques where 

fractional fringe orders are sought at each pixel. In addition, they offer superior 

reliability because all data are taken at points where the intensity varies very 

rapidly. These schemes will be discussed in detail below.
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6.2 Scheme 1 

With this scheme, a series of sharpened fringe contours are obtained 

from B fringe-shifted patterns. They are combined to produce a fringe contour 

map with fringe multiplication by a factor of B. 

The scheme will be illustrated first for an idealized case, where optical 

noise is zero. Consider a pair of moire patterns: the original pattern and its 

complementary pattern (x-shifted pattern). The intensity distributions of those 

patterns can be expressed as 

(x,y) = 1, + ly + 2/T,Iocos (x,y) (18) 

Io(xy) = ly +lp- 2vlylacos (x,y) (19) 

where | is the intensity distribution of the original pattern, I_ is the intensity 

distribution of the complementary pattern, |, and lz are the intensities of the two 

beams that produce the moire pattern, and 9 is the phase difference between 

the two beams; © represents the fringe order N at each point of the moire 

pattern, such that 

o = 2nN (20) 

The curves of | and I, are illustrated in Fig. 19(a) for the general case in which N 

and o vary nonuniformly along a line x in the moire fringe pattern.
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Fig. 19 Illustration of scheme 1 for an idealized case.
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If these intensity distributions are captured by a video camera and the 

intensities at every pixel are converted to digital form, they can be subtracted to 

give 

I(x,y) = I(xy)-Io(xy) = 4/Tyl2cos (x,y) (21) 

This is plotted in Fig. 19(b). The absolute value |I;(x,y)| is readily calculated for 

each data point and the resultant distribution is plotted in Fig. 19(c). 

The procedure produces highly sharpened fringe contours with minima 

at the quarter-fringe-order points N = 0.25, 0.75, 1.25, 1.75, , ,. These will be 

called the quarter points. In addition to the sharpening, two minima occur for 

each fringe order of the original moire pattern, I(x,y). As a final step in 

manipulating the data, the intensities are binarized by truncation near |I-(x,y)| = 

0. The result is the intensity distribution of Fig. 19(d), which represents narrow 

dark fringes on a bright background. 

The process is illustrated in Fig 20 on a whole field basis. The sequence 

shows the moire pattern and its complement, the subtracted pattern, and the 

highly sharpened fringe contours of the truncated intensity distribution. The 

effectiveness of sharpening and doubling of fringes is clearly evident. 

Although these data were recorded with a 256 grey level capacity, it was 

printed out in only a few grey levels. Also, it is evident that optical noise exists 

in the basic patterns but the results are independent of the noise. The 

sensitivity to noise in the input beams is expressed by the following analysis.
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| (x,y) - le OY) | Truncate near | = 0 

Fig. 20 Illustration of scheme 1 on a whole field base.
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Now, let the intensities of the two beams that form the moire pattern vary 

from point-to-point in a arbitrary way expressed by l;(x,y) and lo(x,y). The 

intensity of the moire pattern and its complement depend upon 1y(x,y), lo(x,y) 

and their relative phase (x,y) by 

(x,y) = 1y(%y) + lay) + 2711 (K y)la(x,y) cos (x,y) (22) 

Ixy) = yxy) + lo(xy) - 271 (yay) cos (x,y) (23) 

By subtraction, 

Ixy) = 4v1,Ky)la(x%y)cos o(x,y) (24) 

which shows that the resulting intensity is a cosine curve modulated by a term 

containing the optical noise. The significant feature, however, is that I;(x,y) is 

zero where cosd is zero, independent of the noise function. If the points where 

the value of the cosine term is equal to zero are traced, the result is 

independent of the noise of the two input beams. The phase of these points can 

be expressed as 

o(x,y) = Na+ > , N=0, +1, +2... (25) 

and these points correspond to those of fractional fringe orders of odd multiples 

of 1/4, called quarter points.
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Figure 21 illustrates how quarter points can be accurately determined 

without regard to the nonuniform illumination or the optical noise that is 

contained in the input beams. Figure 21(a) represents the moire pattern | and 

its complement I... The bold curve represents the scalar sum |,+lo as it appears 

in Eqs. (22) and (23). Its variation represents low frequency and high frequency 

noise. Although I, (Eq. (24)) does not contain the term (l;+l2), it still contains the 

noise information as a coefficient of the harmonic term. The noise might cause 

great distortions of the intensity distributions, but at the quarter points I(x,y) = 

I.(x,y). At quarter points, where cosd(x,y) = 0, the three terms I, I, and (Iy+lo) in 

Eqs. (22) and (23) all become equal as depicted in Fig. 21(a). Hence, after 

subtraction, the intensities at quarter points are zero, independent of noise 

(Fig. 21(b)). In Fig. 21(c), the negative portions of the curve are inverted by 

taking absolute values, providing sharp intensity minima at the quarter points. 

The quarter points are then located by truncating the curve near!=0. Thus, the 

quarter points are located with high fidelity by a simple algorithm. 

Fringe multiplication by an even multiplication factor B can be obtained 

from a series of moire patterns, each shifted by a constant phase of 2z/B. These 

data are manipulated to produce a composite contour map. For example, to 

achieve B = 6, the series of patterns obtained with shifts of 

0, n/3, 2n/3 

T, 4x/3, 51/3 

can be used, where each pattern has a phase difference of x/3 with respect to 

the next pattern. Note that the shifted patterns in the bottom line are the 

complementary patterns of those in the top line. After subtraction of the 

complementary patterns, each of three images in the top line will produce two



Intensity | 

59 

  
  

  

  

  

    

Intensity 4 

1-1, 

0 WS > Xx 

intensity t 

Ie 

. PA J \ _» Fringe 
T T | Order 

0 0.5 1 1.5 2 2.5 3 

Fig. 21 Illustration of scheme 1 for the case of nonuniform illumination 
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quarter points, and thus six fringe contours will be formed for each fringe in the 

basic moire pattern I(x,y). The six fringe contours will be separated by equal 

fringe order increments of 1/6. 

The result for the general case is a pattern of fringe contours of sensitivity 

g/B or 1/Bf per fringe contour. If fringe orders N° are assigned to the combined 

pattern in the normal way and if rigid-body displacements are dismissed, the 

pattern represents a displacement field determined by 

where £ is a fringe multiplication factor. 

6.3 Scheme 2 

With this scheme, a series of B fringe-shifted contours are obtained from 

8/2 fringe-shifted moire patterns. Compared to scheme 1, only half as much 

experimental data are required. 

Consider again a series of moire patterns that are fringe-shifted by a 

constant increment of 2n/8'. Here, B' = 8/2, or half the fringe multiplication 

factor. By recalling Eq. (22), the intensity distribution of these patterns can be 

expressed as
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2in 
L(y) = 14 Q%y) + lo(xy) + 2/11 (Xy)la(x,y) cos [09 2s) (27) 

i=0,1,,,B-1 

where ]; is the intensity distribution of the i, shifted pattern, which is shifted by 

2ix/B' with respect to the original pattern. By subtracting the it? shifted pattern 

from the jth shifted pattern, one can obtain the resulting intensity distribution as 

  04,9) = Lyx) - hay) = 4WT bay abeyysin [oxy ' al) sin (che) (28) 

where i, j < B' andi #j. 

Similar to Eq. (24), Eq. (28) clearly indicates that at the points where the 

  phase (x,y) satisfies the condition sin [ota + tale 0 the result will be 

independent of Il; or lo. These phase values, o(x,y), and the corresponding 

fractional fringe orders, N“(x,y), can be expressed as 

(i+j)7 

B" 
  o(x,y) = Na+ 

N (x,y) = ar (30) 

where N represents the fringe orders in the unshifted moire pattern.
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As an example, consider the case of B' = 3. From the original (0t" shifted) 

pattern and the 1%! shifted pattern, the values of o(x,y) between O and 2nx that 

satisfy Eq. (29) are n/3 and 4n/3. These correspond to fractional fringe orders 

1/6 and 4/6. Table 4 shows the phase (x,y) and the corresponding fractional 

fringe orders for all three possible combinations of the shifted patterns. If three 

pairs are combined in a single pattern, the result is 6 times as many fringes as 

are present in each shifted pattern. That is, in this scheme, the sensitivity can 

be increased by a factor of 28’. This is equivalent to the case of scheme 1 with 

B= 6. 

Figure 22 illustrates how the effects of noise are canceled by this scheme 

for the above case. Figure 22(a) illustrates the intensity distributions of three 

shifted patterns, where the input intensity variations are nonuniform; for the 

purpose of illustration, however, the nonuniformity or noise is less severe than 

that shown in Fig. 21. The uppermost curve shown here as an envelope, 

represents the intensity distribution when constructive interference occurs 

everywhere in the field. This intensity, which includes the noise, can be 

considered invariant. It is modulated at each point in proportion to the idealized 

intensity distribution of a moire pattern. Accordingly, the noise also appears in 

the original and the two shifted patterns (Fig. 22(a)), but attenuated in 

proportion to the intensity levels in the idealized moire pattern. Consequently, 

the attenuation of noise is identical wherever 1; = |, and unequal elsewhere. 

The noise does not influence the locations of the points of intersection of these 

curves. Hence, after subtraction, the curves of Fig. 22(b) cross the zero- 

intensity axis at the correct point, independent of optical noise. These crossings
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Table 4. Phase values and fringe orders for an 

example of scheme 2. 

  

Phase ( Fringe Order ) 

  Pair of Images 

  

  

  
o'” pattern 

wW3 (1/6) 4/3 (2/3) 
1*' pattern 

1° pattern 
x (1/2) an (1 ) 

2” pattern 

  

0" pattern 
2n/3 (1/3 ) 5r/3 (5/6 ) 

24 pattern       
  

T Values in Eqs. 29, 30
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Fig. 22 Illustration of scheme 2 for the case of nonuniform illumination.
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are points of fractional fringe orders of multiples of 1/6. In Fig. 22(c), the 

negative portions of the curve are inverted by taking absolute values like in 

scheme 1. This provides sharp intensity minima at those points. 

The idea of subtraction was suggested personally by K-S Kim and it can 

be found in [55]. The algorithms employed here to locate fringe positions after 

subtraction are less complicated than those of [55] and only one pair of images 

was utilized in [55] whereas a series of shifted images was introduced here to 

produce multiplication of fringe contours. In addition, the enhancement of the 

sensitivity by another factor of 2 in scheme 2 was also introduced here. 

Scheme 2 has the advantage that fewer experimental data are required. 

scheme 1 has the advantage that data are taken at the quarter points, where 

the gradient of intensity vs. fringe order is greatest. In the example, data at the 

N/6 points were used, where intensity gradients remain strong (Fig. 22(a)) and 

the crossing points remain well defined. 

6.4 Combination of Fringe-shifted Patterns 

For the applications of current importance, the enhancement of the 

sensitivity provided by scheme 2 was not needed. Thus, scheme 1 was used to 

sharpen the fringes. In this case, only quarter points of all shifted images 

appeared in the composite fringe contour map. Random noise such as 

electrical noise and noise due to the imperfection of the specimen grating was 

eliminated most effectively at the quarter points because the slope of the
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intensity distribution has its maximum value at the points, or in other words, the 

intensity varies most rapidly at these points. A low pass filter used to minimize 

the random noise was a 3x3 or 5x5 convolution with center pixel weight of 1. 

The final step requires the superposition of fringe contours obtained from 

each pair of shifted moire patterns. A computer program to obtain the 

composite fringe contour map was written in C Language (Microsoft C Compiler 

Version 6.0) according to the flow chart shown in Fig. 23. First, a series of 

fringe-shifted patterns were retrieved and subtraction was done for each of the 

m-shifted pairs. Next, the low pass filtering process was performed on each of 

those images. The resulting images were binarized with a threshold value near 

zero grey level. This produced contour lines which represented the fringes. 

The final step after all the contour lines were obtained, was to assemble them to 

form a composite contour map. Of course, the composite map had B times as 

many contour lines as were present in each individual moire pattern. Hence the 

sensitivity was increased by the same factor which corresponds to the fringe 

multiplication factor B. 

A CCD video camera (Model XC-77 by SONY) was used to capture the 

fringe patterns. It was connected to a frame grabber (Silicon Video Mux by 

EPIX) which converted the analogue image to digital arrays, and thus allowed 

the images to be stored and manipulated digitally by a computer. The frame 

grabber stored each video frame as a 480 x 480 array of 8 bit (256) grey levels 

for a total storage requirement of approximately 230K bytes per frame. Image 

processing was carried out through a personal computer (IBM PS2, Model 80) 

and the result was printed by a laser printer.
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Fig. 23 A flow chart for obtaining the composite contour map.



7.0 DEMONSTRATIONS 

7.1 Normal Strains across an Interface in a Thick 

Graphite/Epoxy Composite 

Micromechanical behavior at the 0/90° interface of a thick, cross-ply 

graphite/epoxy composite laminate was investigated. The specimen was 

loaded in interlaminar compression and the deformation normal to the ply 

interface was documented. 

The specimen was cut from a thick-walled cylinder with outside diameter 

of 203mm (8 in.). The specimen is illustrated and described in Fig. 24. The xyz 

coordinates correspond to the radial, axial and hoop directions of the cylinder, 

respectively. The specimen ends were ground flat and blocks of the same 

material were attached by a cyanoacrylate adhesive to extend the specimen 

height. This was done to minimize the influence of friction forces generated 

between the loading platens and the composite specimen. The specimen 

grating was replicated on face A (the xy plane) and the specimen was loaded in 

a stiff loading frame that was mounted on the heavy-duty rotary stage to control 

in-plane rigid-body rotation of the specimen. 

Figure 25 depicts the longitudinal or V displacement field on Face A with 

a sensitivity of 104nm per fringe contour (B = 2). The fringe gradient (normal 

Strain ey) is greater in the 90° ply than the 0° ply. This is made clearer in Fig. 26, 

where the fringe pattern is transformed by carrier fringes of rotation such that the 

68
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Fig. 24 The graphite/epoxy composite specimen.
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slope of a fringe at any point is inversely proportional to the normal strain ey, at 

the point [28]. This behavior was ascribed to the free surface effect of 

composites wherein constraints that exist in the interior of a body vanish or relax 

at free surfaces. 

In order to emphasize this state of strain along the 0°/90° ply interface, 

the carrier fringe technique was used to transform the displacement field into 

that illustrated in Fig. 27. Here, a uniform normal strain was subtracted by 

carrier fringes of extension so that the sign of the fringe gradient at the 0° ply 

becomes opposite to that at the 90° ply; in addition, carrier fringes of rotation 

were used to obtain continuous fringes across the interface. Again the slope of 

the fringes relates to the strain ey. The extremely large change near the 

interface indicates a severe ec, strain gradient. 

Note that subtraction of the uniform part of the displacement field 

transformed the fringe pattern to a very sparse pattern, with few fringe contours. 

Accordingly, a higher sensitivity was required to document the displacement 

field after subtraction by carrier fringes of extension. In Fig. 27, the sensitivity 

was increased by another factor of 4 compared to that used in Fig. 25 and 26. 

The fringe multiplication factor is B = 8 and the sensitivity is 26nm per fringe 

contour. 

Figure 28 illustrates the same type of displacement field but documented 

in a different location. The pattern shows stronger strain gradients at the ply 

interface. This variation is a consequence of inherent variability in composite 

materials. Material variability includes the variation of thickness of the resin rich
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zone near ply interfaces, which appears as a critical parameter of the local 

deformation. 

The strain distribution along A-A’ (Fig. 27) was determined and it is 

plotted in Fig. 29. The normal strains eyin each ply become increasingly 

dissimilar as they approach the interface, but then the curves turn around and 

join. The result is a very large ey strain gradient near the interface. A similar 

distribution was obtained in a related experimental study of a bimaterial joint 

[56] where steel and brass plates were joined along a flat interface by silver 

solder. 

7.2 Deformation of Metal/Matrix Composites 

Deformation of metal/matrix composites is demonstrated for two different 

materials: a unidirectionally reinforced boron/aluminum composite and a 

siliconcarbide/aluminum composite with a stacking sequence of [90/O]as. 

Specimens were prepared so that 0° fibers were perpendicular to the cross 

section. Specimen gratings were replicated on the face illustrated in Fig. 30 

and the specimens were loaded in compression. 

The boron/aluminum specimen was tested within the elastic range. The 

V displacement field is illustrated in Fig. 31 where B = 8 and a sensitivity of 

26nm per fringe contour was used. The approximate centers of the fibers are 

marked with an asterisk. The phenomenological behavior is evident, wherein 

large differences of deformations are found on a fiber-by-fiber basis, and



Di
st
an
ce
 
fr

om
 
in
te
rf
ac
e 

(m
m)

 

-0.3   

76 

     Strain 

ey 
  

  

Fig. 29 Strain distribution across the interface.
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Fig. 31 Ny’ field of the boron/aluminum specimen. Sensitivity 

is 26nm per fringe contour.
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presumed symmetries and regularities are absent. Strain concentrations are 

evident near several fiber/matrix interfaces. 

The silicon-carbide/aluminum specimen was subjected to a higher load, 

which incurred plastic deformations in the ductile aluminum matrix. A fringe 

pattern depicting the V displacement field is shown in Fig. 32 where a sensitivity 

of 52nm per fringe contour was used. Significant strain concentrations are 

observed near all fiber/matrix interfaces. Figure 33 shows the corresponding U 

displacement field. 

A higher load was applied to the specimen and the two 0° plies at the 

center of the specimen (region marked by a box in Fig. 32) were observed with 

a higher magnification. Figure 34 depicts the V displacement field with carrier 

fringes of extension. The carrier fringes were used to cancel the fringes 

corresponding to the normal strain ey of the fibers to document the relative 

deformation between fiber and matrix. 

7.3 Thermal Deformation of a Microelectronic Assembly 

The solder ball interconnection is widely used for a computer chip to 

ceramic substrate assembly. In the technique, solder balls are used between 

the chip and ceramic substrate as illustrated in Fig. 35 and the assembly is then 

subjected to thermal cycles in the application. A thermal expansion mismatch 

between the chip and ceramic substrate is a critical design parameter because 

it creates deformations and stresses at each solder joint, and causes electrical



80 

  

      
      

Scale (mm) | 

x, U 

Fig. 32 Ny’ field of the silicon-carbide/aluminum specimen. 

Sensitivity is 52nm per fringe contour.
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Fig. 33 N,’ field of the silicon-carbide/aluminum specimen. 

Sensitivity is 52nm per fringe contour.
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Fig. 34 Ny’ field of the silicon-carbide/aluminum specimen 

with carrier fringes of extension for a higher load. 

Sensitivity is 52nm per fringe contour.
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Fig. 35 Illustration of the solder ball interconnection technique.
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and mechanical failures. An epoxy resin with coefficient of thermal expansion 

similar to that of solder can be used to improve the condition by reducing 

thermal strains in the solder balls. The strain distributions of this type of 

package was measured, especially around the solder joints embedded in the 

epoxy encapsulant. 

The experimental procedure for determination of steady state thermal 

Strains by moire interferometry is reported in [57]. Briefly, a special grating mold 

is produced on a zero-expansion substrate so that it has the same frequency at 

room temperature and elevated temperature. This mold is used to replicate a 

specimen grating at elevated temperature. It is also used to adjust the 

frequency of the virtual reference grating at room temperature. Then, the 

deformation of the specimen and specimen grating is observed at room 

temperature. Thus, the absolute change of specimen grating frequency, 

induced by cooling the specimen, is recorded in the moire pattern. 

The V and U displacements are depicted in Figs. 36 and 37, respectively, 

where AT of 62°C was used. The sensitivity used here was 17nm per fringe 

contour, which corresponds to a fringe multiplication B of 12. While the location 

of the solder ball is evident in both fields, the presence of the epoxy 

encapsulant eliminates the serious strain concentrations that would otherwise 

occur at the solder joint. In Fig. 36, the closely spaced fringes in the epoxy 

resin represent the thermal expansion of the epoxy and solder ball normal to 

the chip surface, but the corresponding thermal expansion parallel to the chip 

(Fig. 37) is restrained by the mating parts. Only tiny shears are developed. The 

normal stresses o, and oy in any material depend upon the strain parameter:
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measured strain minus that from free thermal expansion in the respective 

materials.
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Fig. 36 Ny’ field around a solder joint. Sensitivity is 17nm 

per fringe contour.



 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
   

  
  

 
 
 
 

 
 

 
 

 
 

 
 

 



8.0 DISCUSSION AND FUTURE WORK 

8.1 Further Enhancement of the Sensitivity of 

Moire Interferometry 

In this work, BK7 was used as a refractive medium to produce a basic 

sensitivity of 208nm per fringe order. The basic sensitivity can be further 

increased by using other refractive media introduced in Chap. 2. All the optical 

glasses seem to be practical. When LaSF6 is used with a visible green light (A 

= 514nm), a sensitivity of 144nm per fringe order can be achieved, which, 

combined with a fringe multiplication factor of 12, will produce a final sensitivity 

of 12nm per fringe contour. An optical crystal can be used for a still further 

increase of the sensitivity. 

An antireflection coating was not applied to the top surface of the 

immersion interferometer. This resulted in a ghost pattern but its influence was 

minor because reflectance at the BK7/air interface was very small. If optical 

glasses with higher refractive index are used, an antireflection coating must be 

applied to the top surface of the immersion interferometer. Note that the fringe 

processing scheme nullifies the influence of optical noise in the incident beams, 

but it does not treat all the noise introduced in the optical system after the moire 

pattern is formed. 
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8.2 Specimen Grating 

In this work, second-order diffraction beams were used together with a 

specimen grating of 1200 lines per mm to create a virtual reference grating of 

4800 lines per mm. To accommodate the current enhanced sensitivity of moire 

interferometry, specimen gratings of 2400 lines per mm would allow use of the 

first-order diffraction, thus increasing diffraction efficiency and reducing noise. 

Accordingly, the production of higher frequency specimen gratings should be 

undertaken to complement the immersion interferometer. 

Photoresist gratings of a frequency as high as 4400 lines per mm could 

be produced in air with visible light. Higher frequency could be produced, too, if 

the grating is made in a refractive medium. 

Another factor relating to practical application of the method to 

micromechanics is the thickness of the specimen grating. For macromechanics, 

the usual replication technique produces a grating thickness of about 25 um. 

For the small fields of micromechanics, this can be reduced to about 5 um. 

Whereas the deformation of the specimen surface is sought, the deformation on 

the outside surface of the grating is actually observed and measured. The 

difference is negligible for most problems, but in some micromechanics studies, 

where strain gradients are very large, it could be significant. Shear lag through 

the thickness of the grating could mask the true displacement behavior in zones 

of abrupt changes or discontinuities of displacements. 

Two levels of improvement are available to nullify the shear lag. Instead 

of applying the specimen grating by replication, gratings can be produced
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directly on the specimen surface in submicron thickness by using photoresist; 

this seems very practical for the small fields of view encountered in 

micromechanics. Beyond this, a specimen grating of zero thickness can be 

produced on metals, ceramics and other materials by plasma etching, using a 

photoresist grating as a mask [58].



9.0 CONCLUSIONS 

An ultra-high sensitivity whole-field in-plane displacement measurement 

technique was developed for micromechanics. The development included 

enhancement of the basic sensitivity of moire interferometry beyond the 

previously conceived theoretical limit and development of an automatic fringe 

shifting and fringe sharpening scheme for fringe multiplication. 

With the enhanced basic sensitivity of 208nm per fringe order, a 

sensitivity of 17nm per fringe contour was achieved by fringe multiplication of 

12; this sensitivity corresponds to that of moire with 57,600 lines per mm 

(1,463,000 lines per in.). A spatial resolution of 2-5um and a large dynamic 

range in deformation measurements of 0-10% were also achieved. 

The technique was demonstrated for diverse micromechanical problems 

of current importance. The development is ideally suited for the study of a 

broad range of problems in micromechanics, providing an extremely robust 

system for ultra-high sensitivity of deformation measurements. 
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