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In the non-contact 3-dimensional (3D) shape measurements, the fringe pattern projection method 
based on the phase-shifting technique has been considered very effective for its high speed and 
accuracy. The digital fringe projector in particular has great flexibility in generating fringe patterns 
since the patterns can be controlled easily by the computer program. In this work, we have developed 
a high-speed digital laser grating projection system using a laser diode and a polygon mirror, and 
evaluated its performance. It has been demonstrated that all the optical measurements required 
to find out the profile of a 3D object could be carried out within 31 ms, which confirmed the 
validity of our 3D measurement system. The result implies the more important fact that the speed 
in 3D measurement can be enhanced remarkably since, in our novel system, there is no device 
like a LCD or DMD whose response time limits the measurement speed.
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I. INTRODUCTION

The optical 3-dimensional (3D) measurement technology 
[1] has expanded its application area rapidly these 
days. It is used in shape inspection of the product, 
reverse engineering, computer graphics, electronic indus-
try, and even in the fashion industry [1, 2]. The technology 
is so useful and convenient that there have been many 
efforts made to develop its variations like shadow-moire 
[3], projection-moire [4], and gray code [5]. These efforts 
have improved the accuracy and speed of the optical 
3D measurement. 

To achieve better accuracy, there have been studies 
to compensate the distortion of the optical system [6-7] 
and to improve the detector’s sensitivity [8] as well as 
to use better optical sources [8-9]. To reduce the measure-
ment time, researchers have developed key technologies 

like rapid processing of image data [11] and combination 
of optical patterns [12]. Today it is generally accepted 
that the fringe pattern projection method with the phase- 
shifting technique is the most effective way to obtain 
3D shape with high accuracy and speed [10, 13-15].

The fringe pattern projection system is composed of 
a fringe pattern projector, a CCD camera, and a control 
unit. For the fringe projector, there are conventionally 
two types present. One type adopts a grating element 
to produce the fringe patterns and the other uses a liquid 
crystal display (LCD) or digital micromirror device 
(DMD). When we use the grating element in the fringe 
pattern projector, the system becomes simple and we 
can obtain rapid phase shift. But this method is not 
appropriate for the two-frequency Moire or gray-code 
system because the alignment of the two grating elements 
is difficult and the long path of motion of the gratings 
makes it hard to accomplish real-time measurement.

When the digital projector such as LCD or DMD is 
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FIG. 1. Schematic diagram of Laser Gratings Projector.
FIG. 2. Optical Geometry of 3D Shape Measurement 

System.

used to generate patterns [8, 12, 15, 16], there is practi-
cally no phase error and it is convenient to change the 
patterns since the patterns are provided by computer 
program. However, there is rather long time required 
to transmit the 2-dimensional image data from the com-
puter to the digital projector, because of the response 
time of the LCD (or DMD) and the large amount of 
image data. For many applications, this transmission 
time is short enough and does not create any problem. 
But, for a lot of today’s delicate applications, the speed 
of pattern change is not satisfactory for realization of 
high-speed accurate 3D measurements.

To overcome these shortcomings of the conventional 
fringe projectors, we propose the novel high-speed digital 
fringe projection system where a laser diode (LD) and 
a rotating polygon mirror (PM) produce the fringe 
grating patterns that can be varied much more rapidly 
compared with the previous fringe projectors, while 
keeping all the merits of the conventional digital pro-
jectors such as programmable pattern generation and 
accurate phase shift.

II. Schematic of Shape Measurement 
with the LGP System

Fig. 1 shows the schematic of the Laser Gratings 
Projector (LGP) developed in this work. The polygon 
mirror (PM) is composed of 14 evenly-divided reflective 
facets and makes 10,000 revolutions per minute powered 
by the high-frequency motor. The angular velocity of 
the PM can be controlled by the frequency of the exter-
nal clock that is provided into the motor. The light 
source is a laser diode (LD) having wavelength of 655 
nm and output power of 30 mW. The laser output is 
converted to the slit beam by a condenser lens and a 
rod lens. The focal length of the condenser lens is 4.6 
mm and the diameter of the rod lens is 7 mm. The LD 
is alternately turned on and off very rapidly by the control 
signal. When these alternating slit beams are reflected 
by the revolving PM, they make the fringe grating on 
the object to be measured.

There is a fixed mirror present in the system which 
reflects the slit beam into the photodiode (PD) when 
a facet and the laser beam make a certain angle to form 
the optical path from the LD and the PD through the 
fixed mirror. Since every facet sends the slit beam to 
the PD once during a revolution and at the exactly same 
position, the output current from the PD can be used 
as the synchronization signal for generation and phase 
shift of the laser grating.

The pitch of the laser grating, that is, the distance 
between consecutive fringes can be controlled by adjust-
ing the on-off period of the LD. We can also shift the 
phase of the grating, which means that the whole grating 
pattern is shifted horizontally without any other change 
of its shape. The phase shift can be made by altering 
the phase of the LD control signal. That is carried out 
by the microprocessor (ATMEL, ATMEGA 128). Ac-
cording to the program we already made, the micropro-
cessor delays by a certain amount of time before acti-
vating the LD after recognizing the synchronization 
signal from the PD, which determines the amount of 
phase shift.

In fact, the microprocessor brings all information re-
quired for generation of grating patterns like on-off period 
of the LD and the delay time from the PC. During the 
measurement procedure, the microprocessor sequentially 
writes down the control parameters on the register of 
the programmable logic device (PLD) that activates the 
LD control signal. In a similar way, the microprocessor 
generates the trigger signal for the CCD camera(View- 
works Co., VM-VGA264C-MC 10) to capture the image.

The CCD camera monitors and captures the image 
of grating fringes imposed on the object. The CCD camera 
has a half-inch CCD image sensor with resolution of 
640×480 and can transmit as many as 264 frames/s.

Fig. 2 is the optical geometry of the system for ob-
taining the shape coordinates. Obtaining these coor-
dinates s a basic process to measure the 3D shape of 
the object. As shown in the figure, the distance from 
the CCD camera to the reference plane (Z = 0) is L 
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FIG. 3. Photograph of the sample object (W:150 ×
H:150 × D:35 mm).

and the laser grating projector is as far as D from the 
CCD camera. The coordinate (Xp, Zp) of a point P on 
the object is represented as follows:
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Since all the quantities in equation (1) such as e, f, 
L, etc. are known except for , we can obtain the shape 

coordinate (Xp, Zp) of the point P only if  is found. 

 can be measured by the phase measuring profilometry 

(PMP) method that is carried out by our LGP system. 
Let us denote the angular velocity of the PM as  

and the frequency of the LD control signal as .

Let Pr be the reference phase of the grating at a point 
R that lies in the reference plane, and Pp be the object 
phase of the grating at a point P that lies in the surface 
of the object. Then the height of the point P from the 
reference plane can be obtained from the height phase 
Ph that is defined by Pp-Pr.

Due to the reflection law, the laser beam reflected 
from the PM scans the object with angular velocity of 
2, that is two times larger than that of the revolving 
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Using equations (1) and (3), we can obtain shape 
coordinate (XP, ZP) of an arbitrary point P in the surface 
of the object. We can measure the 3D shape of the 
object by repeating the process mentioned so far with 
respect to the sufficiently many surface points of the 
object. Although the principle of 3D profilometry in 
our works can be understood by equations (1) to (3), 
it is necessary in real measurement to compensate several 
errors caused by lens distortions, inaccurate values of 
system parameters, etc. in order to obtain the true shape 
of the object. Hence we characterize the system ahead 
of the shape measurement, which will be used to remove 
the systematic errors through computer-based calibration 
process [7].

III. EXPERIMENTAL RESULTS

We have measured the 3D shape of the object shown 
in Fig. 3 to evaluate the performance of our LGP system. 
The object was covered with non-glossy white paint and 
its dimension was 150(wide)×150(height)×35(depth) 
mm

3
. The distance L between the object and the LGP 

system was 800 mm. The polygon mirror used in the 
experiment was supported by the air bearings, which 
kept the revolution very stable.

To measure the 3D shape of the object, six different 
images needed to be captured, four of which were ordinary 
fringe grating images laid on the object. The phase differ-
ence between successive laser grating patterns was 90°. 
The frequency of the main clock in Fig. 2 was 40 MHz. 
In the PMP method, the LD was alternately turned on 
and off every other 56 clocks. The images with respect 
to each of the illuminated laser grating are shown in 
Fig. 4(a) ~ 4(d). From these four images (IO0 ~ IO270), 
we could obtain the Moire phase map [17] of the object 
that is shown in Fig. 5(a) where the Moire phase is a 
wrapped phase that ranges between -π and +π. Therefore 
the Moire phase has a problem of 2π-ambiguity that 
makes it impossible to determine the value of the 
height phase Ph in equation (3).

To eliminate the 2π-ambiguity in the Moire phase 
map, we captured two additional laser grating images 
laid on the object where the illuminated patterns were 
2-bit gray code patterns. In gray code patterns, the pitch 
of the gray-coded laser grating was four times larger 
than that of ordinary laser gratings. Consequently the 
on-off period of the LD was also four times larger, that 
is, the of-off period of the LD was 224 clocks. Using 
the images obtained by the gray code that are shown 
in Fig. 4(e) and 4(f), we could eliminate the 2π-ambiguity 
and get a correct map of the unwrapped height phase 
Ph [18] that is represented by Fig. 5(b).
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(a) phase shift 0°, IO0 (b) phase shift 90°, IO90 

(c) phase shift 180°, IO180 (d) phase shift 270°, IO270

(e) first gray code, IG1 (f) second gray code, IG2

FIG. 4. The images of the laser gratings illuminated 
on the object.

(a) Moire phase map (b) Height phase map

(c) Reconstructed 3D geometry 

FIG. 5. Phase Map & Reconstructed 3D geometry. 

Since we got the map of Ph, we could obtain the 3D 
shape (Fig. 5(c)) of the object by calculating the shape 
coordinates (XP, XP) all over the object using equations 
(1) and (3). As shown in the figure, the 3D shape meas-
ured by our LGP system is in good agreement with the 
real object, which proves the validity of our 3D measure-
ment system. The periodic fine stripes in Fig. 5(c) are 
noise caused by non-sinusoidal intensity profiles of the 
laser fringe gratings [15].

As previously mentioned, the alteration of fringe 
patterns takes place by writing down the control para-
meters that determine the pitch and phase into the PLD’s 
register. Because this process needs just a few micro-
seconds and is carried out during the LD is turned on 
to generate the synchronization signal, we do not require 
any extra time to change the patterns. That means it is 
possible to illuminate as many as ~ 2300 grating patterns 
in one second, each of which has different pitch and 

phase from each other, which is a remarkable improve-
ment compared with performance of the conventional 
digital projector system using LCD or DMD where the 
maximum pattern change in a second is limited to ~ 300.

In this work, we kept the same laser grating patterns 
while 12 facets encountered the laser beam because of 
the low output power of the laser diode and low sensi-
tivity of the CCD image sensor. Hence it took ~ 31 ms 
to get the six CCD images of Fig. 4. With the LD and 
CCD camera having sufficiently high output power and 
sensitivity, respectively, we can capture one image for 
one facet, which means that all the six images required 
to reconstruct the 3D shape of the object can be acquired 
within 2.6 ms.

IV. CONCLUSIONS

In this work, we have developed the high-speed digital 
laser grating projection system for measurement of the 
3D shape of the object. In our LGP system, the laser 
diode and the polygon mirror were used to generate the 
various fringe grating patterns. Since the pitch and phase 
of the laser grating can be changed by simply adjusting 
the LD on/off period and the delay time in the micro-
processor, it takes just a few microseconds to change 
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the patterns. In contrast, the LCD or DMD projector 
system needs several milliseconds to transmit other grating 
patterns. Our LGP system, in principle, can measure 
the 3D shape of an object within 2.6 ms, which is great 
improvement compared with the conventional digital 
projection systems.

We have proved the validity of our LGP system 
through the experiment where the six different laser 
grating patterns were used to measure the accurate 3D 
shape of the object. We expect that our LGP system 
and measurement method can be a very convenient tool 
for the 3D shape measurement, especially for the appli-
cations that need rapid measurement.
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