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In this paper, an automatic optical inspection system for the 3D surface profile of an unsymmetrical

microstructure using Fizeau interferometer was proposed. This non-contact optical inspection system

is suitable for measuring the lens sag and 3D surface profile of symmetrical and unsymmetrical

microlenses. Referring to the unsymmetrical microlenses as an example, the distribution of the

interference fringes is partly dense and partly rare, and is completely different from the equally dense

distribution of symmetrical microlenses. Thus, a novel algorithm is proposed to solve the above

mentioned problem in this paper, namely, individually determining the darkest points of the dark

fringes and the brightest points of the bright fringes, and fitting these discrete points as close curves

through the Bezier curve theory. As the contour lines of an unsymmetrical microlens are obtained, the

3D surface profile of the unsymmetrical microlens can be plotted correspondingly. Furthermore, the

proposed system has the following advantages due to its non-contact structure. This system is

specifically designed for in-line measurements according to the rapid inspection speed; it has no need

to coat a reflective layer on the inspected microstructure, thus avoiding damaging the surface structure

of the sample.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

As present technology continuously pursues miniaturization,
such as mobile phones, digital cameras, webcam lens of the note-
book PC, etc., lenses must be miniaturized with the reduced volume
of the main body. Therefore, a microlens with a radius of 10 mm–
2 mm is extensively used. The process of microlens array uses
standard semiconductor process technology, such as photolithogra-
phy, resist processing, and reactive ion etching [1–4]. This wafer-
based process technology considers the accuracy degree of the lens
profile surface, and determines the accurate location on the micro-
lens array. Manual inspection may lead to different inspection
results as the human eye would feel tired and make misjudgments
after long hours of work. Therefore, an automatic inspection system
is designed in this study that automatically obtains interference
images of a symmetrical microlens or an unsymmetrical microlens,
according to the principle of Fizeau interferometer and the machine
vision techniques [5–9]. The lens sag of a microlens was determined
using a self-developed algorithm, and the microlens surface profile
contour line was built by computer graphics technology, which is
able to rebuild the 3D surface profile of a microlens.
ll rights reserved.
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There are many instruments and methods for measuring the
surface shape of a microlens, such as AFM [10,11], Stylus Profiler
[12,13], and SEM [14,15]. This type of instruments is expensive
and the inspection speed is too slow; moreover, such probe-based
measurements will slightly scratch the array surface of the
microlens. Therefore, in order to show the practicability of this
study more effectively, machine vision technology was used to
form a non-contact automatic optical inspection platform.

Yamamoto and Yamaguchi used wavelength scanning Fizeau
interferometry to measure the body surface profile and the
surface profile height of aluminum coated glass surface. Its
principle is that the surface profile of the object is measured by
changing the interference signal phase [16]. Charriere et al. used
digital holographic microscopy to describe the characteristics of a
microlens [17], which allowed objects to be measured in a wide
range of shapes as the vibration did not require isolation. How-
ever, the measurement structure for the surface shape of a
microlens was incompatible with the measurement structure of
the light characteristics of a microlens, and had to be measured by
two instruments. In other words, the measured object had to be
moved. Anna et al. used Full-Field Swept Source optical coherence
tomography to measure the 3D shape of a microlens [18], which
structure adopted a superbright diode illuminant. Then an elec-
tronically controlled frequency adjuster implemented a scan
conversion of the illuminant frequency, causing a strong light to
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pass through the analyte, enter a Michelson interference structure
to form interference, record the interference patterns obtained at
different frequencies, and finally, build the amplitude and phase
diagram. Quan et al. proposed a non-contact optical inspection
system using the interference fringe projection technique to
measure the 3D surface profile information of high pressure
formed objects [19]. Chen et al. proposed an optical interference
measurement system for the biomedical domain, using the
Michelson interferometer and digital image processing technol-
ogy to analyze the ball surface roughness of artificial joints [20].
Takaaki used non-contact optical inspection systems, such as the
Twyman–Green interference and Mach–Zehnder interference
methods, in the inspection structure of microlens array, and
drawing the 3D surface profile of a microlens [21]. Yang et al.
develop a detection system of the symmetrical microlens array
especially for the cases that the sag of microlens is much longer
than the wave length of light source. The proposed method is
applicable to the in-line lens sag measurement of different-sized
microlens array of liquid lenses in manufacturing processes [22].

The proposed system in this study adopts the principle of the
Fizeau interferometer, which uses a camera to capture the
interference images of a standard reference plane and a microlens
array surface. Only one image is needed when analyzing the
phase difference to measure the lens sag of the microlens, thus
promoting the inspection speed. And the structure of the Fizeau
interferometer is simpler and lower-cost than other optical
interferometers, or rather easily commercialized. The inspected
object can be a symmetrical or unsymmetrical microlens. For
example, the interference fringe distribution of an unsymmetrical
microlens is dense on one side and rare on the other, which differs
from the isopycnic sides of a symmetrical type. Therefore, this
study proposed an innovative algorithm: to determine the darkest
and brightest points of each dark fringe and bright fringe, and
then use the Bezier curve [23–25] to fit the determined points
into a closed curve. These closed curves can be regarded as
surface profile contour lines [26], which serve as the base for
rebuilding the 3D surface profile of the microlens.
2. Methods of unsymmetrical microstructure measurement
system

The interference fringes of microlens were obtained using the
microscopic interferometry of Fizeau interferometer. The ring-
shaped interference fringes contain dark fringe and bright fringe
information are as shown in Fig. 1. In order to guarantee that the
fringes found in the image are extremely dark fringes and
extremely bright fringes, the unsymmetrical microlens is taken
as an example in this study, and the extremely dark fringes and
the bright fringe

the dark fringe

Fig. 1. Interference fringe image of unsymmetrical microlens.
extremely bright fringes of the ring-shaped fringes would be
analyzed according to the following procedures.

2.1. Mask operation and central position calculation of microlens

When adopting the objective lens to magnify the images of
fringes, the central area of the resulted image may probably be
brighter than the surrounding area. The binary result will not be
good if using the traditional binary operation of a single threshold
value, as it may result in numerous misjudgments. Hence, a mask
operation is used to compare the gray value of the image pixel
G(x, y) with the mask average gray value Gavg(x, y), to determine
whether the pixel belongs to the background or the interference
fringes, as shown in Eq. (1).

G0 x,yð Þ ¼
255 if G x,yð ÞZGavg x,yð Þ

0 else G x,yð ÞoGavg x,yð Þ

(
ð1Þ

Gavg x,yð Þ ¼

Pw
i ¼ 1

Ph
j ¼ 1

G i,jð Þ

w� h
ð2Þ

where
G0(x, y) is the new gray value after the mask operation, and G(i,

j) is the gray value of the pixel at coordinates (i, j),
Gavg(x, y) is the mask average gray value, and w, h is the size of

the mask array.
After dividing the background, the complete interference

fringes and background binary image are shown as Fig. 2. Then
determine the central coordinates C (Xc, Yc) of the microlens using
the region filling method, as shown in the following equations
and Fig. 2.

Xc ¼

P
x

n
ð3Þ

Yc ¼

P
y

n
ð4Þ

where
P

x and
P

y are the sum of x-coordinates and the sum of y-
coordinate, n is the total pixels in this region.

2.2. Dividing bright and dark fringes and edge detection

The image is divided by tagging the ring-shaped bright and
dark interference fringes individually. According to the previous
mask operation, the ring-shaped interference fringes are guaran-
teed to be separate and mutually exclusive in binary results, only
the isolated points will be removed by the concept of ‘‘eight-
adjacent points’’. Since the brightness of every pixel may be
changed after denoising, such as the low-pass filter and the
Fig. 2. Result of central point.



Fig. 3. Dark fringe division result: (a) Loop 1 (b) Loop 2 (c) Loop 3 (d) Loop 4 (e) and Loop 5.

�

Fig. 4. Scan edge point coordinates of interference fringe at fixed angle y.

Fig. 5. Result of edge detection of each dark fringe.
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median filter etc., the similar operations are avoid using in this
paper to promote the accuracy of the searching results and the
completeness of the optical information. The division then can be
completed by the ‘‘connectivity priciple’’ as shown in Fig. 3(a)–(e),
the dark fringes of each microlens can be divided into 5 tags (5
ring-shaped interference fringes); similarly, the bright fringe can
be divided into 4 tags.

The scattering points are removed from the divided single
interference fringe, and then the edge point coordinates are
searched using an innovative method. A ray is initiated from the
central coordinates C (Xc, Yc) of the microlens to the edge of
interference fringe, where each turning is at fixed angle y for 3601
scanning, as shown in Fig. 4.

The gray values of the interference fringe pixels of the ray are
analyzed. If the variation in brightness of two adjacent pixels is
from dark to bright, and the gradient is 255, then the dark point
must be the edge point of interference fringe. The equation of this
ray can be expressed as follows:

Xe¼ Xcþ l

Ye¼ Ycþ l tan y

(
ð5Þ

where l40 and 0ryo2p.
Therefore, according the aforesaid principle, if there are two
adjacent points, Xcþ l,Ycþ l tanyð Þ and Xcþ lþDlð Þ,Ycþ lþDlð Þð

tan yÞ, in the binary image of interference fringe, and they meet
the following equation:

g Xcþ lþDlð Þ, Ycþ lþDlð Þtan yÞ�g Xcþ l,Ycþ ltan yð Þ ¼ 255ð ð6Þ

where

g Xcþ lþDlð Þ, Ycþ lþDlð Þtan yÞ and g Xcþ l, Ycþ ltan yð Þð

represent the gray values of the two adjacent pixels, respectively.
Xcþ l,Ycþ l tanyð Þ must be the edge point of interference

fringe; the complete interference fringe edge sets can be obtained
by repeating this procedure. For example, the searched result for
the edge detection of the dark fringes is shown in Fig. 5.

2.3. Constructing the radial lines

The dark fringe is also taken as an example, where E1, E2yEn

represent the edge points of every dark fringe, and their coordi-
nate points are xe1

, ye1

� �
, xe2

,ye2

� �
y xen ,yen

� �
. Each edge point is

connected to the central coordinate point C using Eq. (5), which is
a straight line equation; this connection is called radial lines. As
shown in Fig. 6, CE1 , CE2 , CE3yCEn line segments represent the
radial lines of connection between the edge points and
center point.

Since the radial lines pass through every dark fringe, the
extremely dark points of the radial lines in each interference
fringe can be determined. Fig. 7 shows the schematic diagram of
the radial lines passing through the outermost dark fringe, where
radial line No. n has k pixels Rn1–Rnk, herein g(R11), g(R12)yg(R1k)
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represent the gray values of k pixels passing through radial line
CE1 . Brightness is analyzed according to the gray values of k pixels
in order to determine the coordinate point with the minimum
brightness value, i.e. the extremely dark point of this radial line.
Each dark fringe is calculated in the same way using a circular
method to determine the extremely dark point on each dark
fringe. In a similar manner, the coordinate point with the max-
imum brightness value among k pixels is determined to identify
the extremely bright point of each bright fringe.
P1 (X1, Y1)

L (XL, YL) S (XS, YS)

R (XR, YR)
2.4. Using the Bezier curve to fit microlens profile contour lines

When the extremely bright points and the extremely dark
points are determined, as there may be omitted points between
these extreme points, neither the extremely bright fringe nor the
extremely dark fringe are closed curves. Therefore, the ‘‘Bezier
curve’’ algorithm is modified in this study for curve fitting [23,27],
where the fitted closed curve is the microlens profile contour line,
and the altitude difference is the quadrant light wavelength.

A second-order Bezier curve is used to fit the extremely bright
fringes and the extremely dark fringes. The dark fringe is taken as
an example, every three pixels of the extremely dark fringes is set
as a group, and the extremely dark fringes are fitted with multi
unit Bezier curves as shown in Fig. 8.

The unit Bezier curve is composed of P0, S and P2, where P0 is
the start point of the unit Bezier curve, P2 is the end point of the
unit Bezier curve and P1 is the control point of the unit Bezier
C (Xc,Yc)

CEn CE1 CE2
CE4

Fig. 6. Schematic diagram of radial lines of outermost dark fringe.

Fig. 7. Schematic diagram to determine th
curve. Point L varies from P0 to P1 and describes a linear Bezier
curve. The equation of this curve can be expressed as follows:

LðtÞ ¼ 1�tð ÞP0þtP1, tA ½0,1� ð7Þ

In a similar manner, point R varies from P1 to P2 and also
describes a linear Bezier curve. The equation of this curve can be
expressed as follows:

RðtÞ ¼ 1�tð ÞP1þtP2, tA ½0,1� ð8Þ

Point S(t) varies from L to R forms a second-order Bezier curve,
which can be expressed as follows:

SðtÞ ¼ 1�tð Þ
2P0þ2t 1�tð ÞP1þt2P2 , tA ½0,1� ð9Þ

To evaluate the coordinates of the control point P1, the point S

could be set as the highest in every unit Bezier curve, that is, the y

coordinate of S is relatively larger than the y coordinate of all the
other points on the unit Bezier curve as shown in Fig. 9.
CE1

CE2

CEn

C

Rnk

Rn1

e extremely dark point of radial lines.

P0 (X0, Y0) P2 (X2, Y2)

Fig. 8. A second-order Bezier curve is composed of P0, S and P2.

P0 (X0, Y0)

P1 (X1, Y1)

P2 (X2, Y2)

S (XS, YS)

L (XL, YL)
R (XR, YR)

1-t=0.5

t=0.5

Fig. 9. Set the point S the highest point in every unit Bezier curve to evaluate the

control point P1.



Fig. 10. Extremely dark fringe curve fitting result: (a) Loop 2 (b) Loop 3 (c) Loop 4. (d) Loop 5 and (e) complete microlens profile contour lines.
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Since the point S is the highest point in every unit Bezier curve,
LR is parallel to the P1P2 , and the value of t can be solved as
follows:

1�t

t
¼

t

1�t
) t¼ 0:5 ð10Þ

The coordinates of the control point P1 then can be calculated
with the given values P0(X0, Y0), P2(X2, Y2) and t¼0.5, as shown
below:

P1¼
SðtÞ� 1�tð Þ

2P0�t2P2

2t 1�tð Þ
, t¼ 0:5 ð11Þ
1i iB B +=

iA 1+iA
segment i+

ii TT =−1

segment i

g(x.y)

Serial number

(90º)

(0º)

C (X

Gray Value (Brightness)

Fig. 11. The gray value curve of the inter

Computer
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Objective
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Fig 12. Schematic diagram of in
The fitted closed curves of every extremely dark fringe and the
complete microlens profile contour lines are shown in Fig. 10.

2.5. Rebuild three-dimensional surface profile of microlens

The phase angle of the interference fringes changes from 01 to
1801, indicating the microlens surface variation is l/4. But the
phase angles of the innermost ring and outermost ring are
probably not a complete change. Hence, the phase difference of
every neighboring pixel along the radial lines is calculated
according to the gray value curve, and the gray value curve of
the interference image can be obtained along the microlens
21 ++ = ii TT

1

or λ/4 height difference

Represents π/2 phase difference,

of pixels

(180º)

c,Yc)

radial lines

ference image along the radial lines.

Laser

D Camera

bjective Lens

am Splitter

Fiber

Microlens
Array

Rotating
Diffuser

spection system structure.



Fig. 14. Curve diagram of lens sag measurement of sample A obtained by this system.
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center. The variation of the brightness in this curve could be
divided into the 1st segment, the 2nd segment, y, and the nth
segment as shown in Fig. 11.

Find maximum value Ti and minimum value Bi of the bright-
ness curve of the ith segment, g(x, y) is brightness of pixel (x, y) on

the ith segment of brightness curve.
Let Di be the brightness variation of the ith segment,

Di ¼ 9Ti�Bi9 ð12Þ

Let Ai be the brightness of the ith segment at a phase angle of
901,

Ai ¼ Biþ
Di

2
ð13Þ

The phase angle difference dy(x, y) between the point (x, y) and
(xþ1, y) in the ith segment can be calculated as follows:

dy x,yð Þ ¼ cos�1 2
g x,yð Þ�Ai

Di

� �
�cos�1 2

g xþ1,yð Þ�Ai

Di

� �
ð14Þ

where g(x, y), g(xþ1, y) are the gray value of the point (x, y) and
(xþ1, y).

Suppose the noise of background is smooth and uniformly
distributed in the captured image, the noise of background can be
eliminated by the subtraction in the denominator g(x, y)�Ai and
g(xþ1,y)�Ai. Hence, the phase angle of the innermost and out-
ermost interference fringe then can be calculated by the extra-
polation method without the influences of background noise.

Then the corresponding microlens surface altitude difference
dl(x) between point (x, y) and (xþ1, y) in this segment can be
obtained according to the following equation [28]:

dl xð Þ ¼
l

4p

� �
9cos�1 2

g x,yð Þ�Ai

Di

� �
�cos�1 2

g xþ1,yð Þ�Ai

Di

� �
9 ð15Þ

Let the segment where center circle (xcyc) lies be the nth
segment, the lens sag is the sum of microlens surface altitude
difference from the 1st segment to the segment where the
microlens center (xcyc) lies and could be obtained as following
(Dl):

Dl¼
Xxc

1

dlðxÞ ð16Þ
Constructing t
lines

Searching the ce
interference 

Searching the e
interference 

Fitting the darkest / 
brightest points as a closed 

curve

Applying the brightness 
ratio method to calculate 

the lens sag

Plotting the 3D surface 
profile of the microlens

Fig. 13. The flow chart of mic
3. Experimental results and discussion

A non-contact AOI system is developed in this study to inspect
the 3D surface profile of microstructures, especially for the
unsymmetrical type. Fig. 12 shows the automatic inspection
system for the 3D surface profile of a microlens, and the flow
chart of microlens in-line inspection is shown as Fig. 13. The
speckle noise arising from the laser beam was eliminated by a
rotating diffuser, thus making the captured image clearer. The
laser beam was transmitted through the fiber into the microscope
set, the 20� objective lens, 2� Adapter, Navitar Manual Zoom
Lens, and CCD camera form an imaging module, under which
there was an XY-Table for precision positioning. The microlens
sample was placed on the XY-Table, and an optical flat was placed
on the microlens sample as the reference plane for the inter-
ferometer. The above-mentioned equipment was mounted on a
vibration-proof platform, and the light path of the micro-
interferometer was constructed to form an AOI system for the
microlens.

There were two microstructure samples A and B inspected in
this study, where A is a symmetrical microlens array with a lens
size of 110 mm�110 mm, and B is an unsymmetrical microlens
array with a lens size of 200 mm�165 mm. The lens sags and
apertures differ, as they were constructed through different
processes. To verify the accuracy of the proposed system, the
ET3000 surface profiler developed by KOSAKA Company is used to
inspect the lens sag of the above same samples. However, the
contact profilometry is not suitable for the in-line inspection of
microlens array. Since the ET3000 surface profiler uses the probe
XY-Table moves with the 
line scanning path

he radial 

Capturing the interference
images by CCD camera 

nter of the 
fringes 

dge of the 
fringes 

Mask operation

rolens in-line inspection.



Fig. 15. (A) Sample A: top view of 3D surface profile of symmetrical microlens and (B) sample A: side view of 3D surface profile of symmetrical microlens.

Fig. 16. Curve diagram of lens sag measurement of sample B obtained by this system.
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to contact the surface of microlenses, and the lens sag is obtained
through the vertical displacement of the contact probe, which
may slightly scratch the microlenses as they are very fragile.

First, the sample A symmetrical microlens array was mea-
sured, as shown in Fig. 14, and 10 microlenses were randomly
selected for measurement by this system. The Lens Sag measure-
ment result was 0.94–0.98 mm, ET-3000 surface profiler measure-
ment result was 0.95–0.96 mm, and the difference between these
results was less than 0.02 mm. In addition, when the edge points
of the ring-shaped interference fringes of microlens were
determined, the 3D surface profile of the microlens could be
rebuilt using the radial lines formed from the connection between
the edge points and central position. Fig. 15(A) is the top view of
the rebuilt 3D surface profile of the symmetrical microlens, and
Fig. 15(B) is the side view.

Sample B of the unsymmetrical microlens was measured,
as shown in Fig. 16. The Lens Sag measurement result was
1.39–1.45 mm, ET-3000 surface profiler measurement result was
1.42–1.43 mm, and the difference between them is less than
0.04 mm. The 3D surface profile was rebuilt according to the
aforesaid principle. Fig. 17(A) is the top view of the rebuilt 3D
surface profile of unsymmetrical microlens, and Fig. 17(B) is the
side view.

The Lens Sag measurement results, as obtained by this system
and the ET-3000 surface profiler, are as shown in Table 1. As seen,
the difference between two systems was less than 0.04 mm,
suggesting that 3% lateral accuracy can be achieved by the
proposed system, and the proposed system has the advantage of
non-contact inspection for avoiding damage to the surface struc-
ture of the analyte. Moreover, the inspection speed of the
proposed system is fast since the average processing time of
measuring a microlens is less than or equal to 0.5 s, and the cost is
relatively reduced.



Fig. 17. (A) Sample B: top view of 3D surface profile of unsymmetrical microlens and (B) sample B: side view of 3D surface profile of unsymmetrical microlens.

Table 1
Comparison of measurement results by this system and ET3000 surface profiler.

Inspection item (lm) This system (lm) ET3000 (lm) Difference (lm)

Lens Sag of sample A 0.94–0.98 0.95–0.96 r0.02
Lens Sag of sample B 1.39–1.45 1.42–1.43 r0.04
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4. Conclusions

The interferometric AOI system for the 3D surface profile of an
unsymmetrical microstructure consists of an XY-Table, an optical
imaging module, an optical interference module, and software
controls. The XY-Table controls the longitudinal and transverse
translation of the entire inspection system, and is able to
individually inspect the lenses. The CCD camera captures the
interference image of the microlens, the noise is first removed
from the image by mask operation, and then, the central position
is searched using the region filling method. Afterward, the 3D
surface profile of unsymmetrical and symmetrical microlens are
rebuilt using the contour line surface profile method, and the
edge point coordinates of the ring-shaped interference fringes are
individually determined through image processing and computer
graphics. Each edge point of the dark and bright fringes can be
connected to the center to form radial lines, and the coordinates
of the interference fringe’s extreme points on the radial lines can
be determined. Since these extremely bright points and extremely
dark points are not always a closed curve, the Bezier curve
algorithm is introduced for curve fitting these points, which is
the key innovation of this paper. Finally, the 3D surface profile of
a microlens can be successfully rebuilt using the phase difference
between the fringes. In addition, this system has the advantage of
non-contact measurement, which does not require a metal coat-
ing to form a reflective layer for measurement, thus, avoiding the
destruction of the surface structure of samples. Furthermore, the
3D surface profile of the microlens to be measured can be rebuilt,
and as only one image is taken each time, the inspection process
is rapid.
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