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Thin film stresses in thin film/substrate systems at elevated temperatures affect the reliability and
safety of such structures inmicroelectronic devices. The stresses result from the thermalmismatch strain
between the film and substrate. The reflection mode digital gradient sensing (DGS) method, a real-time,
full-field optical technique, measures deformations of reflective surface topographies. In this paper, we
developed this method to measure topographies and thin film stresses of thin film/substrate systems at
elevated temperatures. We calibrated and compensated for the air convection at elevated temperatures,
which is a serious problem for optical techniques. We covered the principles for surface topography mea-
surements by the reflection mode DGS method at elevated temperatures and the governing equations to
remove the air convection effects. The proposed method is applied to successfully measure the full-field
topography and deformation of a NiTi thin film on a silicon substrate at elevated temperatures. The
evolution of thin film stresses obtained by extending Stoney’s formula implies the “nonuniform” effect
the experimental results have shown. © 2015 Optical Society of America
OCIS codes: (100.2000) Digital image processing; (240.0310) Thin films; (120.6780) Temperature;

(310.4925) Other properties (stress, chemical, etc.).
http://dx.doi.org/10.1364/AO.54.000721

1. Introduction

Deformation measurements of surface topographies
at elevated temperatures are significant, but can
present a challenging task in mechanical systems. It
is possible to obtain stresses in a thin film/substrate
system through the deformation of a surface topogra-
phy via mechanics theory, which can be used to study
the mechanical performance of the system [1–3].
There are two methods to measure deformations of
surface topographies: contact and noncontact mea-
surements. Contact-type deformation measurement
methods, such as scanning probe microscopy, obtain
the specimen surface topography deformation

directly. However, it is time-consuming to perform
a full-field measurement and inconvenient for real-
time monitoring at elevated temperatures [4,5].

Noncontact type deformation measuring methods,
which are convenient and stable, obtain the deforma-
tion information via optical measurement technolo-
gies. Optical technology based on Twyman–Green
interferometry is widely used for the measurement
of specimen surface profiles [6–8]. Rosakis and co-
workers used a coherent gradient sensing method
(CGS) to measure the reflective surface curvature by
shear interferometry [9,10]. A Moiré-based method
was used for large surface deformation measurement
through the distortion of projection stripes by the
geometric relationship with the specimen surface
profile [11]. However, all optical measuring methods
must overcome the convection of the air in an
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atmospheric environment at elevated temperatures
[5,12]. Techniques such as long-wave infrared inter-
ferometric techniques have been developed to over-
come the air convection. However, these methods
are not widely used because they require specific op-
tical elements [13,14]. These optical techniques are
based on interferometry or grating projection and re-
quire monochromatic light or grid patterns. Because
the experimental setup for these methods is complex,
they are unsuitable measurement techniques in an
environment with convection. Moreover, computer
technology, digital image processing, and photo-
graphic techniques have made it possible to develop
a digital image correlation method (DIC) for defor-
mation measurements. The DIC method is widely
used in engineering because it uses a simple exper-
imental setup [15,16]. However, for deformation
measurement at elevated temperatures in atmos-
pheric environments, this DIC method is still vulner-
able to air disturbances.

Recently, Tippur and co-workers developed a digi-
tal gradient sensing (DGS) method with a transmit-
ted mode for principle stress gradient measurements
of transparent materials and a reflection mode for re-
flected surface slope gradient measurements of
specularly reflective planar surfaces [17–20]. DGS
takes advantage of the DIC method with a relatively
simple light path design, which makes this method
convenient in an environment with convection. In
this paper, we developed the reflection mode DGS
for surface topography deformation measurements
at elevated temperatures. The stress of thin film/sub-
strate system can be obtained by the measured sur-
face topography deformation based on extending
Stoney’s formula. We have described in detail the
principle of removing air convection in the reflection
mode DGS. Finally, the proposed method was used to
measure the surface topography and the film stress
of a thin alloy film on a silicon substrate at elevated
temperatures.

2. DGS Principle and Setup for Measuring Surface
Topography Deformation at Elevated Temperatures

Figure 1 illustrates the setup used for reflection
mode DGS for surface topography deformation mea-
surements at elevated temperatures. The specimen
is a flat, thin plate with a surface that is polished
or coated to become a mirror, which is placed on a
reflector opposite a planar speckle target. A spectro-
scope is placed between the specimen and the speckle
target, and is oriented at an angle of 45°. Figure 2(b)
shows the speckle target processed with random
speckles. Two cold light sources are used to provide
uniform illumination for the speckle target. The sur-
faces of the specimen and the reflector could reflect
these random speckles. Then, a CCD camera was
used to focus on the speckle target via the reflective
surfaces of the specimen and the reflector, and
through the spectroscope. The area of the reflector
is much larger than the specimen, where the
specimen area is seen as a point through the camera

view, compared with the speckle target. The distance
between the target speckle and the specimen is Δ.
The optical path length from the CCD camera to
the specimen is L. The specimen surface is flat in
its original state. �x; y� and �x0; y0� are the in-plane
coordinates of the specimen and target plane,

Fig. 1. Schematic of DGS experimental setup for surface defor-
mation measurements at elevated temperatures.

Fig. 2. Diagram of the DGS for surface deformation measure-
ments at elevated temperatures: (a) optical path between the
speckle target and reflector, and (b) speckle image displacement
of air convection in the specimen area computed by those reflected
around the specimen.
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respectively, as shown in Fig. 1. The reflector always
remains flat during heating, so the reflection light
rays that are vertically incident travel back along
the original path. In this condition, any image point
on the speckle target that is vertically incident on the
planar reflector would remain vertically incident.
The reflection light rays in the specimen area are de-
flected because of the out-of-plane displacement from
surface deformation, as shown in Fig. 2(a). The point
P on the speckle target whose vertical incident lay
along the ray [denoted as “i” in Fig. 2(a)] could be
reflected [denoted as “r” in Fig. 2(a)] to the point Q
because of the deformation of the specimen. Dis-
placement of speckle image �δx; δy� via the reflective
specimen surface can also be obtained by the DIC
method. With a small angular deflection assumption
(δx:y ≪ Δ), the relationship between the specimen
surface slopes �∂w∂x ; ∂w∂y� and the displacement of
speckle image resulted from the deformation of speci-
men surface �δx−s; δy−s� can be expressed as [18]:

(
∂w
∂x � δx−s

2Δ
∂w
∂y � δy−s

2Δ
: �1�

When the air between the specimen and the
speckle target is heated, the reflection light rays
can deflect owing to the air convection. The deflection
of the reflected light rays in the specimen zone as
shown in Fig. 2(b) results from both the air convec-
tion and the deformation of the specimen topography.
To overcome the serious challenge of air convection in
deformation measurements, we adopted a fitting
method to obtain the error in the deformation mea-
surement caused by the air convection. The total
speckle image displacement �δx; δy� reflected via the
specimen surface can be divided into two parts, as
shown below:

�
δx � δx−a � δx−s
δy � δy−a � δy−s

: �2�

The first part results from air convection and is de-
noted by the subscript of x − a. The other part results
from the deformation of specimen surface with the
subscript of x − s. As mentioned above, the size of the
planar specimen is much smaller than the reflector.
The image displacement �δx−a; δy−a� owing to air con-
vection in the specimen area can be processed as
shown in Fig. 2(b). The transparent red zone in
Fig. 2(b) represents the specimen-occupied space,
and the adjacent area around the specimen is the re-
flected speckle image. The image displacement of the
speckle image in adjacent reflector area �δx−ad; δy−ad�
can be directly computed. If the air convection (i.e.,
air density due to heating) is uniform, the refractive
index of the air in the adjacent area will be the same
as that in the specimen-occupied zone, so δx−a � δx−ad
and δy−a � δy−ad. However, air convection is usually
nonuniform. Thus, it is necessary to calculate the

speckle displacement owing to the air convection
in specimen-occupied zone separately. We performed
this calculation by fitting, which is suitable for data
fitting with error.

We use polynomial fitting to obtain the speckle im-
age displacement as a result of air convection in the
specimen area after the speckle image displacement
�δx; δy� reflected via the specimen surface. The dis-
placement �δx−ad; δy−ad� reflected via the reflector in
the specimen adjacent area is obtained by the DIC
method. Then we assumed the air convection dis-
placement in the x direction is:

g�a�x �x; y� �
X

0≤i;j≤6
aijxiyj; (3)

where g�a�x �x; y� is the fitting polynomial for the air
convection displacement in the x direction and aij

is the coefficient of the fitting polynomial function.
The fitting order depends on the permissible accu-
racy. Here, we used fitting with the sixth-order poly-
nomial. The variance between the actual value and
the assumption is:

F �
Z
S
jδx−ad − g�a�x �x; y�j2dS; (4)

where the summation area S is the area adjacent to
the specimen. Then we determined the coefficients
aij of the fitting function g�a�x �x; y� by the least squares
optimization:

∂F
∂aij

� 0 i; j � 0; 1;…; 6: (5)

After solving the system of linear equations Eq. (5),
we can obtain the coefficients aij. The same pro-
cedure was used to obtain the speckle image
displacement that resulted from air convection in
y-direction g�a�y �x; y�.

Then we were able to obtain the speckle image
displacement that resulted from air convection in the
specimen zone, δx−a � g�a�x and δy-air � g�a�y . Thus,
the speckle image displacement that resulted from
the specimen deformation can be obtained by
subtracting the air convection displacement in the
specimen zone from the total displacement:

�
δx−s � δx − g�a�x

δy−s � δy − g�a�y
: �6�

After using the speckle image displacement
�δx−s; δy−s� that resulted from the specimen deforma-
tion in Eq. (1) for the calculation of surface slopes, we
can obtain the surface topography of the specimen
w�x; y� by the integral:

w�x; y� �
Z

x

0

∂w�x;0�
∂x

dx�
Z

y

0

∂w�x; y�
∂y

dy; (7)

1 February 2015 / Vol. 54, No. 4 / APPLIED OPTICS 723



where
R
x
0

∂w�x;0�
∂x dx and

R y
0

∂w�x;y�
∂x dx are the surface

slopes and �∂w∂x ; ∂w∂y� are the line integrals along x
direction and y direction, respectively.

3. Stress Measurements in Thin Films at Elevated
Temperatures

Thin film/substrate systems are widely used in the
semiconductor electronics industry, and stress in
the films is a key factor that influences the properties
of electronics components. In the thin film/substrate
system, the film stress appears at elevated
temperatures owing to the mismatched strain be-
tween the film and substrate. Using the surface
slopes obtained above, we were able to acquire
the film surface curvature through geometrical
analysis [9]:

8><
>:
κxx � ∂2w

∂x2

κyy � ∂2w
∂y2

κxy � κyx � ∂2w
∂x∂y

; �8�

where κxx and κyy are the curvatures in x direction
and y direction, respectively, and κxy is the twist
curvature.

Stoney’s formula is the commonly used method for
thin film stresses calculation in uniform deformation
situation. However, the deformation or misfit be-
tween the film and substrate introduced from the
complicated fabrication process is normally non
uniform, which inevitably result in nonuniform
thermo-stress due to elevated temperature [2,21,22].
Feng et al. proposed an extension of Stoney’s formula
for thin film/substrate systems in nonuniform tem-
perature distribution. In the following, we used
cylindrical coordinates to present the film stresses
analysis. And the nonuniform thin film stresses from
the nonuniform curvatures of the substrate can be
expressed as [3]:

σrr � σθθ �
Esh2

s

6�1− υs�hf

×

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

κrr � κθθ

� �1� υf ���1� υs�αs−2αf �
�1� υs���1� υs�αs − ��1� υf �αf �

×�κrr � κθθ − κrr � κθθ��
�
3� υs
1� υs

−2
�1� υf ���1� υs�αs−2αf �

�1� υs���1� υs�αs − �1� υf �αf �
�

×
P∞

m�1�m� 1�� rR�m�Cm cos mθ�Sm sin mθ�

9>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>;

;

(9)

σrr−σθθ�
Esh2

sαs�1−υf �
6�1−υs�hf

1
�1�υs�αs−�1�υf �αf

×

8>><
>>:
κrr−κθθ

−

P∞
m�1

�m�1�
h
m
�
r
R

�
m
−�m−1�� rR�m−2

i
×�Cm cosmθ�Sm sinmθ�

9>>=
>>;;

(10)

and

σrθ �
Esh2

sαs�1− υf �
6�1− υs�hf

1
�1� υs�αs − �1� υf �αf

×

(
κrθ �

1
2

X∞
m�1

�m� 1��m�
r
R

�
m
− �m− 1�� rR�m−2

�
×�Cm sin mθ −Sm cos mθ�

)
;

(11)

where σrr and σθθ are the in-plane stresses of the thin
film in the radial and circumferential directions, re-
spectively; σrθ is the film shear stress; τr and τθ are
the interfacial shear stresses between the thin film
and substrate in the radial and circumferential direc-
tion, respectively; and hs and hf are the thickness of
the substrate and thin film, respectively. R is the ra-
dius of the thin film; Es is the Young’s modulus of the
substrate;υs and υf are the Poisson’s ratio of the sub-
strate and thin film, respectively; αs and αf are the
thermal expansion coefficients of the substrate and
thin film, respectively; κrr and κθθ are the curvatures
in the radial and circumferential direction, respec-
tively; κrθ is the twist curvature; and κrr � κθθ �
1

πR2

R
2π
0

R
R
0 �κrr � κθθ�rdrdθ is the average curvature of

the substrate as well asCm � 1
πR2

R
2π
0

R
R
0 �κrr � κθθ��ηR�m

cos�mφ�ηdηdφ and Sm � 1
πR2

R
2π
0

R
R
0 �κrr � κθθ��ηR�m

sin�mφ�ηdηdφ.

4. Experimental Results and Discussion

One experiment was performed to verify the fitting
precision of the speckle image displacement resulted
from air convection by the polynomial fitting. The
comparison between fitting results and true speckle
image displacement resulting from air convection via
a reflector heated in a temperature chamber with a
quartz window was used to test the fitting error, as
shown in Fig. 3. Figure 3(a) represents the speckle
image displacement resulted from air convection
via the reflector at 300°C.

The speckle image displacement in the zone of the
central red circle in Fig. 3(a) was fitted by the data
around the circle. The true and fitting speckle image
displacements are showed in Figs. 3(b) and 3(c),
respectively. Figure 3(d) shows the relative error be-
tween the fitting results and the true value. The
speckle image displacement resulting from air
convection was nonuniform and the fitting relative
error was less than 3%. That shows the polynomial
fitting method is applicable when there is relatively
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flat air convection. The fitting precision depends on
the intensity of air convection. The fitting error
would be large when the air convection is severe with
turbulence. Therefore, we should keep a period of
heat preservation at every measurement tempera-
ture point to make air convection flat.

We used the method to measure a specimen with a
nickel-titanium alloy (Ni49Ti51) thin film of 1 μm
thickness deposited on silicon substrate of 400 μm
thickness from room temperature to 400°C. The dis-
tance between the target speckle and the specimen
Δ � 0.45 m. As shown in Fig. 4, we obtained the
speckle image displacement that resulted from the
specimen deformation by subtracting the air convec-
tion fitting displacement from the total speckle im-
age displacement. Figures 4(a) and 4(b) are the total
speckle image displacement and the air convection
fitting speckle image displacement at 400°C along
the x direction, respectively. Figure 4(c) shows the
speckle image displacement that resulted from the
specimen deformation at 400°C along x direction.

The speckle image displacement was nonuniform
and the speckle image displacement that resulted
from the specimen deformation was one order of
magnitude smaller than the air convection fitting
speckle image displacement. This result means the
air disturbance influence in the specimen deforma-
tion measurement was very large at elevated tem-
peratures.

We then obtained the surface topography changes
from the displacement of the specimen in the process
of heating, according to Eqs. (1–6). Figures 5(a)–5(d)
show the specimen surface topography at 100°C,
200°C, 300°C, 400°C, respectively. The roughness
of the specimen surface deformation was on the order
of micrometers. We found that the roughness of the
specimen surface deformation maintained a magni-
tude of 0.5 μm from 100°C to 300°C and decreased
to about 0.2 μm at 400°C.

After obtaining the surface topography changes of
the specimen, we obtained the thin film stresses in
real time as they were subjected to varied tempera-
tures via Eqs. (8–11). To calculate the film stresses
at elevated temperatures, we selected the room tem-
perature as a reference state. The physical parame-
ters of the thin film/substrate system were
Es � 170 GPa, υs � 0.22, αs � 3 × 10−6 °C−1, Ef �
150 GPa, υf � 0.17, and αf � 1 × 10−5 °C−1. The thin
film stresses as the temperature was varied from

Fig. 3. Fitting precision verification of speckle image displace-
ment resulted from air convection (a) speckle image displacement
resulted from air convection via reflector during heating with the
central zone for fitting (b) true speckle image displacement re-
sulted from air convection in central zone (c) fitting results of
the speckle image displacement resulted from air convection in
the central zone (d) relative error between the fitting results
and the real value.

Fig. 4. Speckle image displacement resulted from the specimen deformation (right) by the total speckle image displacement (left) sub-
tracting the air convection fitting displacement (middle) at 400°C along x direction.

Fig. 5. Specimen surface topography change in the process of
heating (μm): (a) 100°C, (b) 200°C, (c) 300°C, and (d) 400°C.
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100°C to 400°C are shown in Figs. 6–8. Figures 6(a)–
6(e) are the film radial stress σrr at 100°C, 200°C,
300°C, and 400°C, respectively. Figures 7(a)–7(e)
are the film circumferential stress at 100°C, 200°C,
300°C, and 400°C, respectively. Figures 8(a)–8(e) are
the film shear stress σrθ at 100°C, 200°C, 300°C, and
400°C, respectively. These results show that the
film stresses are nonuniform. The film radial stress
σrr and circumferential stress σθθ were large, with a
magnitude of a few GPa, while the shear stress σrθ
was rather small, with a magnitude of a few MPa.
The radial stress and circumferential stress of the
film are similar to each other at each temperature
point. This means the film stress state is equibiaxial.
For thin film/substrate systems, in-plane stresses of
the thin film were key to film fracture failures.

To investigate the thin film stress variation with
temperature, we selected the central point in the
specimen to illustrate the thermo-stress evolution.

Figure 9 shows that σrr was −2 GPa (in compression)
at 100°C, then decreased to smaller compressive
stresses −1.12 GPa at 200°C. σrr maintained the
stress intensity at −1 GPa (in compression) at 300°
C and then changed rapidly to 1.68 GPa (in tension).
Meanwhile σθθ also changed from compression to ten-
sion with an increase in temperature. σθθ and σrr
were approximately equal, while σrθ maintained
stress intensity approximate −0.2 GPa (in compres-
sion) during the heating process from. These results
show that the film mainly sustains tension and com-
pression. It is worth nothing that the film stresses
had a rapid change during the heating process from
300°C to 400°C. This upheaval may have resulted
from the nonuniformity and the nonlocal effect of
film stress.

5. Concluding Remarks

We developed the reflection mode DGS method to
measure surface topography deformations at
elevated temperatures, and used it to remove the

Fig. 6. Nonuniform thin film stresses σrr (GPa): (a) 100°C,
(b) 200°C, (c) 300°C, and (d) 400°C.

Fig. 7. Nonuniform thin film stresses σθθ (GPa): (a) 100°C,
(b) 200°C, (c) 300°C, and (d) 400°C.

Fig. 8. Nonuniform thin film stresses σrθ (GPa): (a) 100°C,
(b) 200°C, (c) 300°C, and (d) 400°C.

Fig. 9. Thin film radial stress σrr, circumferential stress σθθ
and shear stress σrθ at the central point of the specimen vs.
temperature.
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effects of air convection. For the thin film/substrate
system, the full-field film stresses subjected to varied
temperatures can be obtained from the surface
topography deformation by extending Stoney’s for-
mula. This optical technique is featured as full-field,
nonuniform surface topography deformation mea-
surement that removes the effect of air convection
on the measurement. A test of fitting speckle image
displacements resulted from the air convection was
carried out to evaluate the reliability of the method
for removing the effect of air convection in surface
topography deformation measurement. A nickel-
titanium alloy thin film deposited on a silicon sub-
strate at elevated temperatures was used to verify
the proposed method, which can be potentially ex-
tended to higher temperature. In this demonstration,
the increased surface roughness and nonuniformly
varied stresses of nickel-titanium alloy thin film with
increasing temperatures have been measured, which
provide what we believe is a fundamental approach
to measure the full-field, nonuniform film stresses at
elevated temperatures with air convection.

We gratefully acknowledge the support from the
National Basic Research Program of China (Grant
No. 2015CB351900), National Natural Science Foun-
dation of China (Grant Nos. 11222220, 11320101001,
11090331, 11227801, and 91216301) and Tsinghua
University Initiative Scientific Research Program.

References
1. E. E. Bloemhof, “Absolute surface metrology by differencing

spatially shifted maps from a phase-shifting interferometer,”
Opt. Lett. 35, 2346–2348 (2010).

2. X. Feng, Y. Huang, H. Q. Jiang, D. Ngo, and A. J. Rosakis, “The
effect of thin film/substrate radii on the Stoney formula for
thin film/substrate subjected to non-uniform axisymmetric
misfit strain and temperature,” J. Mech. Mater. Struct. 1,
1041–1053 (2006).

3. X. Feng, Y. Huang, and A. J. Rosakis, “Stresses in amultilayer-
thin film/substrate system subjected to non-uniform temper-
ature,” J. Appl. Mech. 75(2), 021022 (2008).

4. X. L. Dong, X. Feng, K.-C. Hwang, S. P. Ma, and Q. W. Ma,
“Full-field measurement of non-uniform stresses of thin films
at high temperature,” Opt. Express 19, 13201–13208 (2011).

5. X. L. Dong, C. X. Zhang, X. Feng, and K.-C. Hwang, “Full-field
measurement of topography and curvature by coherent gra-
dient sensing method at high temperature,” Exp. Mech. 53,
959–963 (2013).

6. C. X. Zhang, X. L. Dong, X. Feng, and K.-C. Hwang, “Multi-
wavelength shearing interferometry for measuring the slopes,
curvatures and shape of thin films/substrate system,” Opt.
Lett. 38, 5446–5449 (2013).

7. C. L. Tien and H. D. Zeng, “Measuring residual stress of aniso-
tropic thin film by fast Fourier transform,” Opt. Express 18,
16594–16600 (2010).

8. S. Chatterjee and Y. P. Kumar, “Measurement of the surface
profile of an axicon lens with a polarization phase-shifting
shearing interferometer,” Appl. Opt. 50, 6057–6062 (2011).

9. A. J. Rosakis, R. P. Singh, Y. Tsuji, E. Kolawa, andN. R.Moore,
Jr., “Full field measurements of curvature using coherent gra-
dient sensing: application to thin film characterization,” Thin
Solid Films 325, 42–54 (1998).

10. T.-S. Park, S. Suresh, A. J. Rosakis, and J. Ryu, “Measurement
of full-field curvature and geometrical instability of thin film-
substrate systems through CGS interferometry,” J. Mech.
Phys. Solids 51, 2191–2211 (2003).

11. M. Finot, I. A. Blech, S. Suresh, and H. Fujimoto, “Large de-
formation and geometric instability of substrates with thin-
film deposits,” J. Appl. Phys. 81, 3457–3464 (1997).

12. X. Fang, H. Yu, G. Zhang, H. Su, H. Tang, and X. Feng, “In situ
observation and measurement of composites subjected to
extremely high temperature,” Rev. Sci. Instrum. 85, 035104
(2014).

13. I. Alexeenko, J. R. Vandenrijt, M. Georges, G. Pedrini, C.
Thizy, W. Osten, and B. Vollheim, “Digital holographic inter-
ferometry by using long-wave infrared radiation (CO2 laser),”
Appl. Mech. Mater. 24–25, 147–152 (2010).

14. I. Alexeenko, J. R. Vandenrijt, G. Pedrini, C. Thizy, W. Osten,
B. Vollheim, andM. Georges, “Nondestructive testing by using
long-wave infrared interferometric techniques with CO2 la-
sers and microbolometer arrays,” Appl. Opt. 52, A56–A67
(2013).

15. W. H. Peters and W. F. Ranson, “Digital imaging techniques
in experimental stress analysis,” Opt. Eng. 21, 427–431
(1981).

16. D. Zhang, X. Zhang, and G. Cheng, “Compression strain mea-
surement by digital speckle correction,” Exp. Mech. 39, 62–65
(1999).

17. C. Periasamy and H. V. Tippur, “Full-field digital gradient
sensingmethod for evaluating stress gradients in transparent
solids,” Appl. Opt. 51, 2088–2097 (2012).

18. C. Periasamy and H. V. Tippur, “Measurement of orthogonal
stress gradients due to impact load on a transparent sheet us-
ing digital gradient sensing method,” Exp. Mech. 53, 97–111
(2013).

19. C. Periasamy andH. V. Tippur, “Measurement of crack-tip and
punch-tip transient deformations and stress intensity factors
using digital gradient sensing technique,” Eng. Fract. Mech.
98, 185–199 (2013).

20. C. Periasamy and H. V. Tippur, “A full-field reflection-mode
digital gradient sensing method for measuring orthogonal
slopes and curvatures of thin structures,” Meas. Sci. Technol.
24, 025202 (2013).

21. Y. Huang and A. J. Rosakis, “Extension of Stoney’s formula to
non-uniform temperature distributions in thin film/substrate
systems. The case of radial symmetry,” J. Mech. Phys. Solids
53, 2483–2500 (2005).

22. X. Feng, Y. Huang, and A. J. Rosakis, “Multi-layer thin films/
substrate system subjected to non-uniformmisfit strains,” Int.
J. Solids Struct. 45, 3688–3698 (2008).

1 February 2015 / Vol. 54, No. 4 / APPLIED OPTICS 727


