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Abstract. To overcome inherent problems with conventional three-
dimensional profiling systems based on pattern-projection method, we
propose incorporating a digital device, such as a single MEMS mirror
in the projection optics. In this system, a projector is controlled to generate
a projection pattern with an appropriate periodic structure and sinusoidal
intensity distribution. The key aspect to this projection method is that sinu-
soidal signals are generated by a function generator; that is, the temporal
sinusoidal intensity distribution is transformed from the time domain to the
spatial domain. This flexible pattern-projection method permits phase-
shifting techniques to be applied to industrial measurement and inspec-
tion. This apparatus is so compact as to have a dimensional size similar
to a conventional digital camera [53 mm(H) x 130 mm(W) x 38 mm(D)].
Furthermore, it is lightweight (320 g) without a battery or circuit boards.
Such a compact system can be used as a palm-top camera and potentially
may be used in low cost measurement systems for three-dimensional pro-

filometry. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/
1.0E.51.1.013601]
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1 Introduction

Measuring technology has been used to assure the quality
and safety of products in manufacturing processes. In
particular, three-dimensional (3-D) profiling systems have
become essential tools in manufacturing industries.! How-
ever, conventional 3-D profiling systems have several short-
comings, including being very large in size, heavy in weight,
and expensive in price. Consequently, there is a strong
demand for an inexpensive, portable camera for 3-D profi-
lometry in industrial applications. There is a need to measure
3-D profiles of products in the automobile, electronic,
mechanical, and apparel industries and also in the medical
care field.

It is expected that the above requirements can be met by
an optical 3-D measurement method based on the pattern-
projection method, which is widely used in industrial appli-
cations. There are three main methods for performing fringe
analysis in pattern-projection techniques: phase-shifting
methods, Fourier-transform methods, and space-encoding
methods."? In this study, we adopt a phase-shifting method,
which is extensively used in industrial applications. Various
pattern-projection techniques have been proposed (see
Fig. 1). pattern-projection techniques can be classified
into two groups: analog and digital methods. For analog
methods, a stepping motor is generally used to move a pat-
tern printed on a glass plate. Digital methods can be classi-
fied into those that use a liquid crystal grating (LCG), a
liquid crystal display (LCD) and those that employ micro-
electromechanical systems (MEMS).> Methods that use
either LCGs or LCDs are a matrix and/or stripe type.* In
MEMS applications either a digital light processing (DLP)/
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digital mirror device (DMD)>® or a single mirror is used.
Figure 2 depicts optical setups that employ LCD and DLP/
DMD projectors. The light source of the LCD projector is a
halogen lamp or a LED. Two dichroic mirrors are used to
separate red, green, and blue from the white light source.
LCDs can independently control the transmitted intensities
of the three colors at each pixel. After a cross dichroic prism
(X-cube) recombines a programmable pattern of three colors,
a periodic pattern can be projected on the surface of a sam-
ple. The LCD projector is large and heavy since its optical
system contains three LCDs, a cross dichroic prism, and a
projection lens. A halogen lamp or a LED is used as the
light source for a DLP/DMD projector with one chip. After
light passes through a pair of lens units and color filters, it is
reflected by the DMD. DMDs can be computer-controlled
and they are used as switching devices in the same manner
as LCDs. DMDs have faster response speeds than LCDs.
DMD projectors have become inexpensive and conse-
quently. Consequently in many studies methods based on
DMDs are reported. In particular, some studies have used
DLPs to perform rapid 3-D measurements.”™®

As an alternative to DLP/DMD technology, we have pro-
posed a 3-D profile measurement method that uses a single
MEMS mirror.”! This principle is potentially able to realize
a compact camera for 3-D profile measurement since the
single MEMS mirror is inexpensive and very small. In this
system, a laser diode and an single MEMS mirror are used
for pattern-projection. The voltage applied to the laser diode
is controlled to generate an appropriate periodic pattern. The
key aspect to the projection method is in that a fringe pattern
generated in the time domain can be transformed into the
spatial domain by the MEMS mirror. We are trying to
develop a prototype compact camera for 3-D measurement
by incorporating a single MEMS scanner. This paper
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Fig. 1 General classification of pattern-projection techniques. (Color online only.)
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Fig. 2 Optical system using conventional commercial projector; (a) projection technique based on LCDs projector; (b) projection technique based
on DLP/DMD projector with one chip. (Color online only.)
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Fig. 3 Projection technique using a single MEMS mirror. (Color online only.)
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Fig. 4 Optical arrangement for three-dimensional profilometry.

describes the principle and optical configuration of the
compact camera along with its basic performance.

2 Principle

2.1 Pattern Projection Technique Using a Single
MEMS Mirror and a Laser Diode

Figure 3 shows the optical configuration of the pattern-
projection technique. We employed a laser diode as a mono-
chromatic light source. The laser beam is converted by a
cylindrical lens or a line-generator lens from a line beam
to a fan beam. This beam is incident on a single MEMS

mirror, which oscillates about its axis to follow the longitu-
dinal direction of the line beam and the driving axis of the
single MEMS mirror. The rotation rate of the MEMS mirror
is roughly assumed to be constant with time, i.e. a plot of its
rotation angle looks like a triangle wave. The fan beam can
be used to scan a sample by rotating the single mirror so as
to illuminate a two-dimensional area. At the same time, a
function generator is used to generate appropriate projected
patterns. The pattern can be formed by the input signals con-
trolled by the function generator. In other words, we can con-
vert a projection pattern that contains appropriate periodic
structures and an arbitrary intensity distribution, such as a
sinusoidal pattern from the time domain to the spatial
domain. For fringe analysis, a phase-shifting algorithm can
be used to precisely analyze the pattern. To utilize a phase-
shifting algorithm, the phase of the input signal applied to the
laser diode should be modulated. Shifting of fringe patterns
can be achieved by modulating the initial phase of the input
signal. By controlling the input signals from the function
generator, an appropriate pattern can be generated quickly
and precisely.

2.2 Configuration of Compact Camera for 3-D
Profilometry

Figure 4 shows the optical configuration of a compact cam-
era for 3-D profilometry that incorporates a single MEMS
mirror. The projector using the single MEMS mirror
shown in Fig. 3 is located at the point A(b,0,a) in Fig. 4.
In the coordinate system (x,y,z) shown in Fig. 4, the lens
of a CCD camera is set at the point B(0, 0, ) and the imaging
plane of the CCD is set at the distance ¢ from the point B in
the z direction. The angle between AP and AD is denoted by
Oy, where the line AP is vertical to the datum plane and N
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Fig. 5 The relationship of the signals; (a) Signals generated by FG; (b) Reference signals; (c) Input signals to LD. (Color online only.)
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indicates the number of fringes. The point T(X,Y,Z) is
located on the sample surface. Then, from the geometrical
calculation, the point T(X,Y,Z) on the sample surface*'!
can be expressed by

X = (Z_“)é, (1
C

Y:_—VXZ—’_(Q_Z)Z.
verg "

z:(l— be >a. 3)
cw —aé

Here, £ and # are pixel positions on the CCD plane. Symbol
w is as follows:

_pp(&.n)
w= e

(@)

. “)

Symbols p and ¢(&,77) mean the pitch of the fringe pattern
and the phase distribution of the fringe, respectively. We can
obtain Eqgs. (1) and (3) by considering the angle 0

w b-X
tan Oy = — = ~Z
a a-

. ®)

and from the relationship of a ratio of similitude between
lines ¢B and TB.

X:—-¢=a-Z:c (6)
and
Yi—n=1/X*+(a-2)*:\/c*+ & 7

Here, ¢(£,n7) expresses the sample’s phase distribution
including height information and 6, indicates ZPAO. The
intensity distribution I;(£, 1) can be captured using the CCD
camera. A voltage, such as a sinusoidal wave in the time
domain, is generated by the function generator and applied
to the laser diode. The symbol i indicates the number (i = 0,
1, 2, 3) of the intensity distribution captured by the CCD
camera. The intensity distribution 7;(£,#7) can be written
including the phase distribution ¢(&,7) as follows,

Io(&.m) = 1'(&m) +1"(&,n) cos[gp(&,m)] (8a)
1y (&m) = I'(&n) +1"(&.n) cos[gp(E.n) + 7/2] (8b)
L& n) =1'(&.n) +1"(&.n) cos[¢p(&.n) + 7] (8¢)
I3(&n) = I'(&.n) +1"(&.n) cos[gp(&.n) + 37/2], (8d)

where 1'(€,n) and I''(£, ) are the bias and amplitude com-
ponents, respectively. The initial phases of the intensity dis-
tribution §; (i = 0 to 3) are given by 0, z/2, z, and 37/2,
respectively. The four-step phase-shifting technique can be
used to determine the phase distribution ¢(&,#). Hence,
the phase distribution, including the sample’s height infor-
mation, is given by
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Fig. 6 Prototype palm-top camera.

$(&.n) = tan™! ! ©)

The phase distribution is obtained from —z rad to 4z rad
with 2z discontinuities. A phase unwrapping algorithm is
applied to obtain a continuous phase. Phase unwrapping
can remove the 2z discontinuity by adding or subtracting
multiples of 2z. After obtaining the continuous phase, the
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Fig. 7 Projected pattern of proposal method; (a) Projected pattern on
paper is captured by a digital photographic camera; (b) Captured
image by CCD camera; (c) Intensity distribution of A— A’. (Color
online only.)
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coordinates of the sample (X, Y, Z) can be determined from
Eq. (1) to (9).

3 Experimental Setup and Results

The optics of the projection system uses a laser diode
(ADL66z01-HU, Arima Co. Ltd.) as the light source and
a resonance scanner (LSM 500, Venture Forum Mie Ltd.)
as the single MEMS mirror. It also uses an aspheric colli-
mator lens (f =11 mm) and a cylindrical plano-convex
lens (f = 250 mm). The laser diode has a wavelength of
660 nm and a nominal maximum output power of 60 mW.
The laser diode and the resonant scanner have dimensions
of ¢14 mm X 62 mm(L) and ¢10 mm X 12 mm(L), respec-
tively. The single MEMS mirror in the resonant scanner is
3 mm in diameter and has a sympathetic vibration frequency
of 500 Hz. The MEMS miirror can be restored to its original
position by applying 0 and 5 V signals during the going and
returning cycles. During the going cycle, a voltage generated
by the function generator is applied to the laser diode,
whereas the laser diode is switched off during the returning
cycle. Figure 5 shows signals between the single MEMS
mirror and the function generator. Figures 5(a) and (b)
show the signal generated by the function generator and
the signal that specifies the going (5 V) and returning
(0 V) directions of the single MEMS mirror. The combined
signal shown in Fig. 5(c) is applied to the laser diode. The
projected pattern can be phase-shifted by modulating the

(a)
ll ;f £ . © & |[estigauge3
B EE E B = -
’ ' ; i ; g !le%g;ﬁ_ge??
2 F = ! : = }'(tél().,gmlll)
! ! ; gst’luge]
& & ({=8.5mm)
(©) 2
10 f(x6y)
E O
E»lom
N-zom
-30
0 20 40 60 80 100
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= raw data g, (x, y)
(e) 20 fitting data G, (x, y)
- lg’ Gy
g Go(x, y)
= -10
20f G(x,y)
-30
0 20 40 60 80 100
X [mm]

(b)

(d)

z [mm]

initial phase of the signals as shown in Fig. 5(a). As men-
tioned above, this projection system can sweep the projected
pattern at the rate of 500 Hz. It is theoretically possible to
modulate the projected pattern up to the maximum frequency
of the MEMS mirror (i.e., from 2 to 8 kHz).

Figure 6 shows the compact camera developed for 3-D
profilometry, which has dimensions of 53 mm X 130 mm X
38 mm and a weight of 320 g. A compact CCD camera
(STC-RCL33A, Sentech Co., Ltd.) with an 8-bit gray scale
in monochromatic use is employed. The camera lens has a
focal length of 16 mm. The CCD camera is positioned on
the left of the camera and the single MEMS mirror is set
on the right. The bandpass interference filter (wavelength
Ao = 656 nm; FWHM (full width at half maximum):
10 nm; Edmund Optics Ltd.) is mounted in front of the camera
lens and an optical window is installed in the front of the
MEMS mirror. The distance a and the baseline length b
shown in Fig. 3 are 100 and 250 mm, respectively. Although
the maximum output power of the laser diode is 60 mW,
the output of the beam from the compact camera is reduced
to 3 mW by the influence of the input generated signals.
The scanning angle of the MEMS mirror is as wide as 40°.
The illumination area is 100 mm(H) x 180 mm(W) at the
object distance of 250 mm. The effective imaging area is
75 mm(H) x 90 mm(W) in Fig. 7(a); this area was selected
since it is suitable for measuring a small car component and as
the pattern period decreases at both ends of the imaging area.

5 10
¥ b(z)
=] 0 15
x L a(z)
3 1 0 4o
< 5 =
3 5=
s -10
= i 2c(z){-10
° s s
-12 8 -4 0 4 8 12
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Fig. 8 Three-dimensional profile of test reference gauge; (a) Projected pattern of the standard; (b) Measured raw data; (c) g;(x, y) and G;(x, y);
(d) The relation ship of the parameters a(z), b(z) and c¢(z); (e) Calibrated data after calibration; (f) 3-D profile.
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Fig. 9 Three-dimensional profile of pottery of the owl; (a) original
image; (b) 3-D image.

Therefore, the center area of the projected pattern is utilized to
measure the surface profile to reduce the error in the driving
speed of the MEMS. We are currently attempting to overcome
this problem by using a special lens that intentionally adds

32 48

X [mm)]

aberration. In this paper, we solved this problem by measuring
the limited area shown in Fig. 7(a) and performing a calibra-
tion. Figure 7(b) shows a raw image captured by the CCD
camera incorporating this compact camera. The intensity dis-
tribution has very clear contrast, as shown in Fig. 7(c). At this
stage in development, the control unit for the laser diode, the
MEMS scanner, the CCD camera, and the function generator
circuit are separated from the camera unit. A sinusoidal vol-
tage (f =40 kHz; E =0 5 V) is applied to the laser diode.
The CCD camera is connected to a notebook computer (CF-
Y8, Panasonic Co., Ltd., Intel (R) Core (TM) 2 Duo CPU
L7800@2.00 GHz, 777 MHz, 1.99 GB RAM) by a camera
capture card (Frame Link VCE-CLBO1, Imperx Co., Ltd.)
The phase shift of the projected pattern has a time lag of
0.5 s so that it takes 2.0 s to capture four images. The time
between capturing an image and displaying it is 3.0 s due
to the time taken for analyzing the image.

Reference samples were used to evaluate the performance
of this compact camera for 3-D measurements. Three test
gauges were arranged in a step-like arrangement with
intervals of 10 and 8.5 mm between the steps. Figure 8(a)
shows an original image of the projector for the reference
sample. A periodic pattern is projected with a large period
relative to the steps of the test gauges for avoiding 2z ambi-
guity of phase distribution. The surface profile is determined
using a four-step algorithm. Figure 8(b) shows the cross-sec-
tioned profile of the test gauges. Although a flat section was
measured, the measured raw data shows a curved section.
The calibration method can correct for the variation in the
speed of the MEMS mirror. Here, three data of the cross sec-
tioned profile in Fig. 8(b) are defined f(x, ), f,(x,y) and
f3(x,y), respectively. The data is conducted to calculate as
follows.

a(x,y) =f1(x.y) —z. (10)

Here, z; indicates the height shown in Fig. 8(b). After fitting
a(x,y) by the cubic polynomial expression, we can obtain

z[mm)]

15
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60

45
y [mm]
30

15

64 80

96

Fig. 10 Three-dimensional profile of test sample.
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the fitting function fB(x, y). The function g;(x,y) is given by
subtracting f(x,y) from f;(x,y)

gi(x.y) = filx.y) = B(x,y). (1)

Although the data shown as g (x,y) becomes a flat along x
axis, it is clear that the coefficients of a quadratic function
shown g,(x,y) and g3(x,y) are different, respectively. To
calibrate the variation in the speed of the MEMS mirror,
we calculate the coefficients of a quadratic function shown
as g,(x,y) and gz(x,y), respectively. After fitting g;(x, y) by
the quadratic polynomial expression, we can determine the
fitting function G;(x,y) in Fig. 8(c). The function G;(x,y)
can be expressed as

Gi(x,y) =a; - x* +b; - x + c;. (12)
In this optical arrangement, we can obtain three parameters

a;, b; and c¢; shown in Fig. 8(d). All parameters a;, b; and c;
can be fitted by the linear polynomial expression as follows

a;=a(z) =067x107°.7+73.2x107° (13a)
b; = b(z) = =58.9x 107 - 7 =591 x 107° (13b)
c;=c(z) =1.00-z-0.10 x 1073, (13¢)

Since the parameters a;, b; and ¢; change along z axis, a(z),
b(z) and c(z) can be represented as the function of z. Finally,
the data of the cross-sectioned profile after the calibration
can be determined as follows.

2(x,y) = hi(x,y) = gi(x,y) = {a(z) - ¥ +b(z) - x}.  (14)

According to the calibration method, we can calibrate the
influence of the speed of the MEMS. As a result, Fig. 8(e)
can be given as the calibration results. The measured results
became a straight line and there were variations of about
0.3 mm. Here, variations represented the mean error and
the maximum error to be about 0.5 mm. To achieve the high
accuracy measurement, we have only to project the fine per-
iodical pattern. Figure 8(f) shows 3-D surface profile of the
test pieces.

As an example, we measured a ceramic owl which,
despite its glazed pottery, has a projected pattern with a
very high contrast. Figure 9(b) shows a 3-D image of the
owl. The gray level and contours indicate the height of this
ceramic owl. Figure 10 shows another example in which the
character’s “3-D” are carved. Figures 8, 9 and 10 show the
relevant contour patterns. The effect of the contour pattern is
replicated at quadruple its frequency onto the surface height
map as the fringe pattern is not an imperfect sinusoidal wave.
The magnitude of the contour patterns was up to 0.5 mm. If
we calibrate the laser output relative to the input signal, the
contour pattern will be deleted.

4 Conclusions

We developed a compact camera for 3-D profilometry using
a single MEMS mirror and a laser diode. We demonstrated
its performance and potential for applications. The key tech-
nology to this measurement is a single MEMS mirror for
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pattern-projection and does not use a DLP or an LCD.
The 3-D camera is as compact as a conventional digital
camera and can shift the phase of projected patterns by
several milliseconds. Moreover, this projection method can
shift appropriate periodic patterns by in an arbitrary period.
A laser diode is employed as the light source and no projec-
tion lens is used in this system. This 3-D camera imposes no
limitations on the size of the measurement area that is caused
by distortion of the projection lens. Based on the above-
mentioned advantages, this instrument is expected to be uti-
lized for many practical applications in various industries.
In the future, we intend to construct a more compact 3-D
camera built in an electric circuit.
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