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Abstract 
Optical Triangulation Displacement Sensors 

(OTDSs) are widely used for their simple structure, high 
resolution, and long operating range. However, errors 
originating @om speckle, inclination of the object, source 
power fluctuation, ambient light, and noise of the 
detector limit their usability. In this paper, we propose 
new design criteria for an error-reduced OTDS. The 
light source module for the system consists of an 
incoherent light source and a multimode optical fiber for 
eliminating speckle and shaping a Gaussian beam 
intensity profile. A diffuse-reflective white copy paper, 
which is attached to the object, makes the light intensity 
distribution on the charge-coupled device (CCD). Since 
the peak position of the intensity distribution is not 
related to the various error sources, a sub-pixel 
resolution signal processing algorithm that can detect 
the peak position makes it possible to construct an error- 
reduced OTDS system. 

1 .Introduction 

Optical triangulation displacement sensors (OTDSs) 
have been widely used in industrial measurement 
applications because they combine the advantage of 
noncontact inspection with the ability to measure with 
sub-micron resolution. Moreover, they are reasonably 
fast and have a simple structure, a good reputation, and 
an acceptably long operating range. However, a large 
number of errors originating from an inclination change 
of the object surface, speckle effects, optical power 
fluctuations of the light source, and electronic noises in 
the detector limit the usability of OTDS[1],[2]. Many 
studies have attempted to reduce errors. One proposed 
solution was to arrange several OTDSs around the 
surface[3] because the more sensors, the more accurate 
the output obtained through spatial averaging. But it is 
not easy to make a compact sensor head and fast 
enough signal processing algorithms. Another approach 

was to design a novel OTDS that can process not only a 
spot position change but also the total amount of light 
intensity on the detector[4]. However, because the total 
amount of light intensity is very sensitive to light 
source power variation and electronic noises, the idea is 
not adequate for actual applications. 

This paper proposes, through computer simulation 
and a detailed review of the OTDS components, new 
design criteria for an error reduced OTDS, of which the 
structure is simple and practically realizable. Also, 
basic experiments for verifying the feasibility of the 
proposed sensor system are presented. 

2. Error Reduced OTDS 

Figure I shows the measurement principles of 
OTDSs. 
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Fig. 1. Principles of OTDSs 

OTDSs convert the change of the spot position on the 
detector into object displacement on the assumption 
that the spot is a perfect point. However, in reality, there 
is a light intensity distribution on the detector. Various 
factors change the shape, offset level, and maximum 
value of the intensity distribution and this causes errors 
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in the converted displacement. Signal processing 
algorithms also are of the key factors for estimating 
displacement. In this section, we propose an error- 
reducing method for OTDSs through verification of 
several factors that affect the intensity distribution. 

2.1 LiPht Source and Reflection Surface 

The most critical effect on the intensity distribution is 
subjective speckle that arises from coherent light 
scattering off a rough surface[5]. To eliminate this, we 
propose to replace the laser source with an incoherent 
white light source. Intensity profile from incoherent 
sources such as a halogen lamp is not Gaussian and the 
intensity distribution on the detector is still noisy. To 
obtain the Gaussian intensity profile from a source, a 
multimode optical fiber is used to guide the incoherent 
light. 

The reflection surfaces of OTDS are either diffuse or 
specular. Many surfaces, however, display neither 
specular nor diffuse characteristics. The reflection 
characteristics highly depend on the kind of material 
and surface conditions. The characteristics of the 
surface can be determined through experiments only, 
i.e., they are not predictable. Thus, OTDS able to 
measure the object displacement regardless of the 
object surface conditions is not thought to exist. The 
only way of guaranteeing accurate and precise 
measurement is to attach a supplementary surface to an 
object surface. Specular surfaces such as ideal mirrors 
are not adequate because most specular surfaces are not 
lightweight; thus, dynamic and static characteristics of 
the object may undergo dramatic changes. In addition 
to this, OTDSs using a specular reflection surface are 
very sensitive to the inclination errors. So, we suggest 
white copy paper, a diffuse surface, as the 
supplementary surface. White copy paper is popular 
and its physical effect on the object is extremely small 
because its thickness and mass per area are 80 pm and 
6.4 mg/cm' respectively. 

2.2 Spot position detector and sipnal processing 

Of the many types of optical detectors available, two 
are most commonly used for OTDSs: Position sensing 
detectors (PSDs) and charge-coupled devices (CCDs). 
CCDs can obtain the entire spatial distribution while 
PSDs, the widely accepted detectors for OTDSs, can 
only get the centroid position. The maximum intensity, 
offset level, and shape of the intensity distribution are 
very sensitive to error sources, and small changes in the 
parameters will shift the centroid position. For this 
reason, PSDs cannot guarantee accurate measurement 

in a noisy environment although their resolution is 
theoretically unlimited and they have fast time response. 

The resolution of CCDs is limited to the pixel size. 
To overcome the problem of limited resolution in CCDs, 
a suitable sub-pixel algorithm is essential. Since the 
data related to the intensity distribution, except the peak 
position, are very sensitive to inclination changes, 
source power fluctuation, and ambient light, the sub- 
pixel algorithm must be taken into consideration to 
obtain precise displacement. This is verified through 
simulation and experiment in section 3 and 4. Thus, an 
error reduced OTDS must has a sub-pixel algorithm 
that can detect the peak position of the intensity 
distribution on CCD detector. 

3. Simulation Analysis 

In order to investigate the validity of the proposed 
OTDS system, an analysis of the intensity distribution 
and the signal processing algorithms for various error 
sources are carried out through computer gimulation. 
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(b) Priposed simulation model 

Fig. 2. Modeling of OTDSs 
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Smith[6] developed a simulation model for OTDSs 
using simple ray tracing and the principle of 
superposition. In Smith’s model, the light source, 
reflection surface, and ray propagation mechanism of 
the model was simplified too much and the speckle 
effect arising from coherent light sources was neglected. 
Consequently, the simulation results did not adequately 
reflect the real situation. In this study, we suggest a new 
model[7] for OTDSs (Figure 2). The incoherent light 
emitted from a multimode optical fiber is divided into 
m light elements. The majority of the light elements are 
concentrated very near to the center of the focusing lens 
plane, because the intensity of the emitted light is 
decayed exponentially in a radial direction. A light 
element from the focusing lens plane propagates 
straight toward the focus point of the focusing lens and 
after passing through the finite-area focus, changes the 
propagation direction. The intensity of diffusely 
reflected, incoherent light on the i-th pixel of the image 
plane by a light element can be hypothesized as follows 
using the principle of superposition: 

I [ i ]  = T,xk.li,, exp( -g)Sl? 
r a  

Where k, li,, and R denote the proportional constant, 
optical power of the light source, and radius of the 
beam spot on the focusing lens plane, respectively. 
Simulation results for intensity distributions on the 
detector are shown in fig. 3. The results reveal that the 
maximum level and peak position vary with 
displacement change and the shape of the intensity 
distribution is asymmetric. If the offset level of the 
distribution fluctuates, the centroid value of the 
distribution also changes because the shape is not 
symmetric. 
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(a) Intensity distributions, a=35mm, b=48.1 mm 
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(b) Intensity distributions, various p 
Fig. 3. Simulation results 

Figure 3 also shows that peak position of the 
distribution remains constant although maximum values 
alter with the angle p, for fixed displacement. Therefore, 
in order to design OTDS robust against errors, a peak 
position of the light intensity distribution on the 
detector must be detected and converted into object 
displacement. 

4. Experiment 
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Fig. 4. Experimental setup 

Figure 4 shows the experimental setup. Figure 5 
represents the experiment results for various p and fixed 
a. There are no speckle effects on the distribution; thus 
the peak position of the distribution can be detected 
easily. As the diffuse surface becomes more distant from 
the sensor head, the peak position of the intensity 
distribution shifts to the right direction on the pixel of the 
detector and the maximum values of the intensity 
distribution grow larger. The peak position of the 
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distribution remains constant if the relative displacement 
is fixed while the maximum values of the distribution 
vary with inclination changes. The tendencies of the 
intensity distribution shown in the Figure 5 are consistent 
with the simulation results in Figure 3. 
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Fig. 5. Experimental results 

Figure 5 also shows a relationship between peak 
position and object displacement. In Figure 6,  the 
relationships between the centroid position of the 
distribution and object displacement are plotted. 
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Fig. 6. Pixel position vs. displacement 

The relationship for the peak position is almost linear 
and robust against the inclination change. However, for 
the centroid position, the graphs shift as the angle p 
varies. 

Figure 7 reveals the experiment results for the various 
levels of the ambient light. Due to the asymmetrical 
shape of the intensity distribution, the ambient light level 
changes are responsible for the centroid value even if 
there are no relative displacement changes. Figure 8 
shows experiment results for the various levels of the 
input power. The pixel size of the CCD used in the 
experiments was 13 ,m and the obtained linear 

displacement resolution 1 ,um in an 8 am operating range. 
The peak positions of the distribution were acquired with 
a simple interpolation algorithm. 
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Fig. 7. Effects of background noise 
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Fig. 8. Effects of input power condition 

5 .  Conclusions 

In this paper, the optical system for reducing errors of 
OTDSs was proposed. In order to build up the error- 
reduced OTDS system, a white light source, multimode 
optical fiber, diffuse reflecting surface, and CCD 
detector together with a peak-detection algorithm must 
be effectively integrated. Simulation and experimental 
results showed that there were no speckle effects and the 
peak positions of the intensity distributions were not 
dependent on the inclination change, source power 
fluctuation, or ambient light level. In order to raise the 
measurement resolution up to sub-micron order, hrther 
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studies with a fast enough sub-pixel algorithm that can 
detect the peak position of the distribution must be 
implemented. 
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