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We report a novel optical microscope for full-field, noncontact measurements of three-dimensional (3D) surface
deformation and topography at the microscale. The microscope system is based on a seamless integration of the
diffraction-assisted image correlation (DAIC) method with fluorescent microscopy. We experimentally demonstrate
the microscope’s capability for 3D measurements with submicrometer spatial resolution and subpixel measurement
accuracy. © 2014 Optical Society of America
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The use of optical techniques in three-dimensional (3D)
surface deformation and profile analyses offers several
compelling advantages, such as noncontact operation,
full-field measurement capability, and fast data acquisi-
tion. Driven by various industrial needs as well as
research in biology and materials science, there is a
growing interest in performing such analyses at the
micro- and nanoscales. Good cases in point include war-
page inspection of microelectronics components [1],
mechanobiological study of cells and tissues [2], and mi-
cromechanical test for thin-film characterizations [3].
There are a range of optical techniques currently in use

for measuring height profiles and displacements in 3D.
Some of the commonly used full-field profiling methods
include white-light and laser interferometry [4], projec-
tion Moire interferometry [5], depth from focus/defocus
(DFF/DFD) [6–8], as well as 3D digital image correlation
(3D-DIC) [9,10]. A small number of approaches are
available for 3D full-field displacement measurements.
Among them, 3D electronic speckle pattern interferom-
etry (ESPI) [11] offers the highest measurement sensitiv-
ity (down to a few nanometers) but suffers from very
limited measurement range due to speckle decorrela-
tion. On the other hand, 3D-DIC is capable of character-
izing large displacements with subpixel measurement
accuracy.
Despite the advent of the above measurement tech-

niques, high-accuracy optical 3D deformation and profile
characterizations at the microscale remain a great chal-
lenge. There have been several studies that have com-
bined 3D-DIC with stereomicroscopy to enable 3D
measurements at small length scales. Sutton et al. [12]
for the first time developed a stereo-microscopic 3D-
DIC system and used it for strain-field measurements
of mouse carotid arteries. A similar 3D fluorescent stereo
microscope was developed by Hu et al. [13] and tested
via topography and surface deformation measurements
of a biofilm. The spatial resolution of these microscopic
3D-DIC systems has been limited to a few micro-
meters due to the low magnification power of stereo-
microscopy. Traditional compound microscopes can

achieve submicrometer spatial resolution, but they are
only capable of two-dimensional (2D) imaging. In a
recent study, Li and Yi [14] developed a freeform prism
array that could be attached to the objective of a micro-
scope to enable 3D stereo imaging. They demonstrated
the viability of their method through qualitative 3D
imaging tests but did not provide a viable route for
quantitative 3D shape reconstruction.

Xia and co-workers [15,16] have recently developed
a novel image correlation-based technique, named
diffraction-assisted image correlation (DAIC), for 3D
full-field deformation and profile measurements. The
DAIC method utilizes a transmission grating and a single
camera to achieve 3D perception, making it particularly
suitable for microscopic applications. In this Letter, we
present a novel 3Dmicroscope that has been newly devel-
oped by seamlessly integrating the DAIC technique with a
compound optical microscope. The microscope has a
unique capability of 3D deformation and morphology
measurements with submicrometer spatial resolution.

Figure 1 shows the schematic and actual experimental
setup of the 3D microscope system. The layout of the
microscope closely resembles that of an epi-illuminated
fluorescence microscope. Two infinity-corrected micro-
scope objectives (objectives 1 and 2) (Nikon CFI Plan
Apo 20×, N.A. 0.75 and Olympus UPlanFL N 20×, N.A.
0.50) are placed back-to-back and are used to form an
intermediate real image (P0) of a micro-sized specimen
(P). A custom-made transmission diffraction grating
(Ibsen Photonics, Denmark) is positioned right above
the real image. The grating has a constant line spacing
of 2000 nm, and a rectangular profile specially designed
to suppress the zeroth-order light diffraction. The
ruling of the grating is aligned with the y-direction. There-
fore, diffraction by the transmission grating along the
x-direction creates two first-order virtual images corre-
sponding to the intermediate real image. A third micro-
scope objective (objective 3, Nikon BD Plan 20×, N.A.
0.4) is used to project the virtual images onto the
sensor plane of a high-resolution, Peltier-cooled CCD
camera (ML8300M, Finger Lakes Instrumentation, Lima,
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New York) with 16-bit digital digitization. The pixel scale
of the final projected image is 0.53 μm/pixel.
Illumination of the specimen is provided by an ultravio-

let (UV) light-emitting diode (LED) light source. An iris
field diaphragm is positioned in the illumination path
so the size and location of the illuminated area can be
precisely controlled. A 450 nm filter with 10 nm bandpass
is inserted in the imaging path, to filter out the back-
ground light as well as to suppress chromatic dispersion
of the grating. The entire setup is placed on a vibration
isolation table to reduce external vibrations.
The 3D surface displacement or profile of the speci-

men is encoded in the projected first-order images
(P00

−

and P00�). Decoding of such 3D data requires 2D
full-field displacement analysis of the first-order dif-
fracted images. In the present work, this analysis is car-
ried out using the 2D digital image correlation (DIC)
method [17,18]. The DIC method is based on the quanti-
tative comparison of two high-contrast speckle images
through cross-correlation coefficient maximization. In
this work, a random speckle pattern required for the
implementation of DIC is created by coating the speci-
men surface with fluorescent microparticles.
The 3D displacements of the specimen (P) and its

intermediate image (P0) are assumed to be related
according to the following linear relationship:

up0 � Mxyup � αx�x − xc�wp; (1a)

vp0 � Mxyvp � αy�y − yc�wp; (1b)

wp0 � Mzwp; (1c)

in which Mxy and Mz are the in-plane and out-of-plane
magnification factors, αx and αy are the coupling

coefficients that account for the nontelecentricity of
the imaging system, xc and yc are the coordinates of
the center of perspective projection, �u; v� denote the
in-plane displacements in the x- and y-directions,
and w denotes the out-of-plane displacement in the
z-direction. The 3D displacement of the intermediate
image is further related to the in-plane displacements
of the two first-order diffracted images (P00

−

and P00�)
through [15]

up00
−

� Nxy�up0 �wp0 tan θ�; (2a)

up00� � Nxy�up0 −wp0 tan θ�; (2b)

vp00
−

� vp00� � Nxyvp0 ; (2c)

where Nxy is the magnification factor of objective 3 and θ
is the first-order diffraction angle of the grating.

By substituting Eqs. (2a)–(2c) into Eqs. (1a)–(1c) and
inverting the resulting equations, we obtain the 3D dis-
placement of the specimen as

wp �
�up00

−

− up00� �
2NxyMz tan θ

� β1
�up00

−

− up00� �
2

; (3a)

up �
�up00

−

� up00� �
2NxyMz

−

αx�x − xc�
Mxy

wp

� β2
�up00

−

� up00� �
2

− β3�x − xc�wp; (3b)

vp �
�vp00

−

� vp00� �
2NxyMz

−

αy�y − yc�
Mxy

wp

� β2
�vp00

−

� vp00� �
2

− β4�y − yc�wp: (3c)

Once the in-plane displacement fields of the two first-
order diffracted views are obtained, the above equation
can be used to calculate the 3D full-field displacement of
the specimen. The free parameters of the optical system,
βi�i � 1–5�, can be calibrated against a known 3D dis-
placement field.

The 3D profile measurement of a curved surface in-
volves determining the surface height, h, as a function
of in-plane coordinates, xp and yp. To derive a governing
equation for profile measurement, we consider a virtual
process in which the surface is initially flat and is de-
formed into the final curved shape with an out-of-plane
displacement ofw � h. Let Xp00

−

and Xp00� denote the initial
x-coordinates of the first-order diffracted images and xp00

−

and xp00� denote the corresponding x-coordinates in the
final configuration. According to Eq. (4), we have

w�xp00
−

; yp00
−

� � β1
2
��xp00

−

− Xp00
−

� − �xp00� − Xp00� ��

� −

β1
2
up00 � C; (4)

in which up00 � xp00� − xp00
−

is the relative displacement
between the two first-order diffracted views in the final

Fig. 1. (a) Photograph of the newly developed optical micro-
scope for three-dimensional (3D) surface displacement and pro-
file measurements and (b) schematic layout of the microscope.
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configuration, and C � β1�Xp00� − Xp00
−

�∕2 is the relative
displacement in the initial configuration. Here, C is a con-
stant, since the surface is made to be flat in the initial
configuration. Then we mapw from the coordinate space
of the diffracted views to that of the specimen to obtain

h�xp; yp� � w
�
xp
β2

;
yp
β2

�
� −β1up00 : (5)

In writing the above equation, we have dropped the con-
stant term, C. This causes a shift in the measured profile
but does not affect the actual shape of the specimen. The
full-field distribution of up00 can be measured by correlat-
ing the two first-order diffracted images with the 2D-DIC
method, and Eq. (5) can then be used to obtain the
surface profile of the specimen.
Rigid-body translation and rotation experiments were

conducted to assess the validity of the 3D microscope
system for displacement measurements. A flat-glass slide
speckled with fluorescent particles was used as a test
specimen. Figure 2 shows the negative and positive
first-order diffracted views of a selected region on the
glass slide. Note that the zeroth-order view, which corre-
sponds to direct light transmission through the grating,
does not show up due to strong intensity suppression
of the zeroth-order diffraction.
In the rigid-body translation experiment, the glass slide

was translated along the vertical (z) axis for 10.0 μm us-
ing a differential micrometer-driven translation stage.
Four speckle images, including two negative first-order
(−1st) images and two positive first-order (�1st) images,
were captured before and after the rigid-body translation.
The 2D-DIC analysis was carried out between the −1st-
order images and between the �1st-order images, yield-
ing two sets of displacement fields, (up00

−

, vp00
−

) and
(up00� , vp00�), as shown in Fig. 3. Because light diffraction
only acts in the x-direction, the two y-displacement maps
are nearly identical. In contrast, the two x-displacement
maps encode the out-of-plane displacement of the speci-
men in different ways, and therefore exhibit a large dif-
ference (note the difference in the displacement ranges).
The specimen does not have any in-plane motion. How-
ever, all of the four displacement fields are linearly
varying with similar gradients, indicating that the nonte-
lecentricity of the microscope is significant.
The four displacement maps shown in Fig. 3 were used

in Eqs. (3a)–(3c) to calculate the in-plane displacements
(up, vp) and out-of-plane displacement (wp) of the
specimen. The optical parameters in these equations
were obtained by least-squares fitting the calculated

displacements to the actual imposed displacements.
Figures 4(a)–4(c) shows the contour plots of the
calculated in-plane and out-of-plane displacement com-
ponents. The displacement profiles along the central
horizontal line are plotted in Fig. 4(d).

To further demonstrate the measurement capability of
the microscope, a second experiment was carried out in
which the glass side was tilted about an axis along the
y-direction for 6.0 deg using a rotation stage. The tilt pro-
duced constant in-plane displacement components and a
linearly varying out-of-plane displacement field. Similar
to the first experiment, four in-plane displacement
components of the first-order diffracted views were ob-
tained using 2D-DIC. The previously calibrated optical
parameters were used to calculate the 3D displacements
of the specimen from the current in-plane displacement
maps. The obtained out-of-plane displacement is pre-
sented in Fig. 5(a). Figure 5(b) shows the measured
3D displacement profiles along the dashed section
line in Fig. 5(a), together with the true out-of-plane
displacement profile. The displacement in the x-direction

Fig. 2. Negative and positive first-order views of a speckle-
patterned region on a flat-glass slide.
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Fig. 3. In-plane displacement maps of the two first-order dif-
fracted views due to an out-of-plane rigid-body translation of
10.0 μm: (a) negative first-order (up00

−

), (b) positive first-order
(up00�), (c) negative first-order (vp00

−

), and (d) positive first-order
(vp00�).
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Fig. 4. Measured 3D displacement fields due to an out-of-plane
translation of 10.0 μm: (a) up, (b) vp, (c) wp, and (d) displace-
ment profiles along the dashed section line shown in (c).
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�u� has a nonzero value of ∼2 μm due to imperfect co-
axiality of the rotation stage. The measured and true
out-of-plane displacements compare favorably with each
other.
The surface profiling capability of the microscope was

tested by profiling the top surface of a steel ball (0.68 mm
in diameter). The two first-order diffracted views of the
test surface are shown in Fig. 6(a). The microscope was
focused near the central region of the field of view.
Hence, the perimeter of the field of view was noticeably
out of focus. The central in-focused regions in the two
diffracted views were correlated using the DIC method.
The resulted x-displacement field was substituted in
Eq. (5) to obtain the topography of the test surface as
shown in Fig. 6(b). Comparison between the measured
and true height profiles along two section lines is given
in Fig. 6(c). A good level of agreement is found, espe-
cially near the central region of the field of view.
According to Eqs. (3a) and (5), the out-of-plane dis-

placement (wp) and profile (h) measurement errors scale
linearly with the in-plane DIC measurement errors by a
factor of β1, which is inversely proportional to tan θ.
Therefore, for improving the measurement accuracy of
wp and h, it is advisable to choose a maximum first-order
diffraction angle allowed by the numerical apertures of
the objectives.
Throughout the present investigation, the field of view

for all the measurements is kept at about 300 μm. By
changing the current 20× objective lens (objective 1)
to a different magnification, one can vary the field

of view and spatial resolution. It is worth pointing out
that, by using a set of infinity-corrected objectives with
the same parfocal length and different magnifications,
the size and position of the intermediate real image
(P0) would remain unchanged as the magnification is
changed. Therefore, there is no need to realign any opti-
cal components or refocus the microscope during
switching of the objectives, which provides great conven-
ience for performing multiscale measurements.

In conclusion, we have presented an optical micro-
scope system for full-field, noncontact measurements
of 3D surface deformation and topography at the micro-
scale. The 3D microscope system was developed by a
novel combination of the DAIC method and fluorescent
microscopy. The theoretical basis for data analysis
and processing was provided. The performance of the
system was tested by measuring the 3D displacement
components of rigid-body translation and rotation, as
well as by profiling the top surface of a micro-sized ball.
With the submicrometer spatial resolution and subpixel
measurement accuracy demonstrated here, the 3D
microscope can serve as a unique tool in biological
and materials research, as well as in quality engineering
and inspection.

We gratefully acknowledge a Haythornthwaite Re-
search Initiation Grant administered through the Applied
Mechanics Division (AMD) of the American Society of
Mechanical Engineers (ASME).
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Fig. 5. (a) Measured z-displacement field due to an out-of-
plane tilt of 6 deg and (b) displacement profiles along the
dashed section line shown in (a).
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Fig. 6. (a) Negative and positive first-order views of a speckle-
patterned spherical surface, (b) measured topography of the
test surface, and (c) height profiles along the two dashed
section lines shown in (b).
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