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Abstract 
 

     3D surface profile measurement is important in manufacturing for process 
control and quality inspection. In this paper, a cost-effective machine vision system 
for adaptive and full-field 3D surface profiling applications is proposed. The system 
especially aims at the 3D inspection of small metallic objects that are the typical 
characteristics of electronic components such as weld solders and SMDs on PCBs. 
The proposed system is based on the phase shifting technique. A sinusoidal fringe 
pattern is projected on the object, and deformed in accordance with the object surface. 
The surface profile is obtained from the evaluation of intensity images of the 
deformed fringe patterns in different phase shifts. A software-controlled LCD panel is 
adopted to generate varying fringe patterns. It can shift the fringe pattern with 
accurate phase increments. During the phase shifting process it also eliminates 
vibration, which is the main error source in applying traditional phase shifting 
techniques. The system is adaptive because it can easily change the fringe period, 
phase-variation direction and projection area to accommodate the topography and 
reflectance of various objects. The measurement speed of the proposed system is fast. 
An image size of 640×480 pixels can be measured in less than 4 seconds with a 
typical personal computer. Experimental results from weld solders and SMT 
components on PCBs have shown the efficacy of the proposed method. 
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1. Introduction 

 

Surface profile measurement is important in industrial inspection [1], and many 

nondestructive 3D profiling techniques [2-7] have been developed for the sake of 

product quality control and process efficiency. Recently, the trend toward 

miniaturization of electronic components and high-density packaging on circuit 

boards underscored the importance of 3D surface profile measurements in electronic 

manufacturing process to ensure the reliability of electronic devices. 

 

Several nondestrctive techniques have been developed to measure the 3D surface 

profile of electronic components such as weld solders on print circuit boards (PCBs) 

and solder balls on ball grid arrays (BGAs). Laser scanning techniques [8-11] are 

popular in 3D inspection of solder paste and solder points. Tsukahera et al. [12] and 

Kim et al. [13] have developed laser vision systems to measure the surface height of 

solder bumps and solder balls on BGAs. However, their point-by-point or line-by-line 

scans are slow, and measuring accuracy is affected by beam spot reflection and stray 

light. 

 

X-ray detection methods [14-17] are available for 3D measurements of electronic 

components such as solder joints on BGAs and flip chips. Nevertheless, they require 

expensive equipment and long measuring times. Microscope inspection with 

focus-based methods [18,19] has been applied to the shape measurement of solder 

joints on surface mounted devices (SMDs) and circuit boards with high accuracy. 

However, the inherently small effective area of microscope detection has limited its 

application for larger area inspections. 
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It can be seen that 3D surface profile measurement is increasingly important in 

electronic manufacturing. However, the aforementioned existing techniques are either 

slow, expensive or lack feasibility. A fast and cost-effective 3D surface profiling 

system is still needed in the electronic industry. 

 

Among optical measuring methods, the projected fringes approaches [20,21] 

have been a full-field method for 3D measurement. Their measuring speed is fast and 

their implementation is simple. However, the measuring resolution of projected 

fringes methods is limited by the fringe density, and only points lying on the 

center-lines of fringes can be measured. Combined with phase shifting techniques 

[22], the measuring resolution of the projected fringes methods can be significantly 

improved and all points in the inspection area can be measured. This leads to the 

projected sinusoidal fringes with phase shifting techniques. 

 

In the traditional projected sinusoidal fringes with phase shifting technique, the 

projected sinusoidal fringes pattern is acquired by the interference of two lasers, and 

the phase step is obtained by piezocrystal (PZT) [23]. Speckle noise produced by the 

laser interference affects measuring accuracy, and a strict optical setup environment is 

critical for successful measurement. PZT cannot accurately shift the phase step due to 

its nonlinear property and sensitivity to temperature and humidity and, therefore, the 

measuring accuracy is reduced. 

 

The required sinusoidal fringe pattern in projected sinusoidal fringes with phase 

shifting technique can also be created by projecting an image of a white light 

illuminated sinusoidal transmission grating. Srinivasan et al. [24] used a defocused 

projection of a square wave-grating pattern to create the sinusoidal transmission 
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grating, and recorded the projection on a slide. A conventional slide projector was 

used to operate with the grating slide. The phase shifting was created by placing the 

slide projector on a stepper motor-driven translation stage. Their system is practical 

and no strict optical setup environment is needed, compared to the PZT method. 

However, the movement of a stepper motor-driven translation stage cannot be 

continuous and precise. Due to the mechanical movement of the translation stage, the 

accuracy of their measuring system is also affected by vibration, which is the main 

error source in applying phase shifting technique. 

 

In this paper, we propose an adaptive, cost-effective 3D surface profile 

measuring system with LCD-based phase shifting technique and aim at the 3D 

inspection of small metallic objects found in the electronic industry. We adopt an LCD 

panel, and collocate with low cost optical components to create a fine fringe period of 

projected fringe pattern. The adopted LCD panel has uniform optical transparency and 

can be controlled by a personal computer. The unique electro-optical ability of the 

LCD panel makes it suitable for generating sinusoidal transmission gratings. 

Compared to the conventional phase shifting technique, the required sinusoidal fringe 

pattern can be created on an LCD panel and shifted accurately according to the 

desired phase increment by a software-controlled process instead of by physical 

movement of the slide projector. Measuring errors due to the mechanical movement of 

traditional methods for phase shifting can be eliminated in the proposed system. The 

proposed system can adaptively project fringe pattern with varying fringes period, 

phase-variation direction and projection area. Considering the different topographies 

and reflectances of various electronic products, adaptive projection is necessary to 

develop a 3D surface profiling system for the inspection of various small metallic 

electronic components. 
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This paper is organized as follows. Section 2 introduces the principle of the 

proposed method. Section 3 describes the layout, calibration and measurement 

procedure of the LCD-based 3D profiling system. Experimental results from standard 

1 mm-gauge block, coin, weld solders and SMT components on PCBs are presented 

and analyzed in section 4. Section 5 concludes this paper. 

 

2. Principle of 3D Measurement 

 

2.1 Optical geometry 

 

The optical geometry of the projected fringes method is shown in Figure 1. The 

optical axis of projection is normal to the reference plane, which coincides with the 

x-y plane. The surface height ),( yxh  of the object at coordinates ),( yx  is 

evaluated with respect to the reference plane, and can be induced by the optical 

triangulation as 
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where oP  is the period of sinusoidal fringes pattern, dθ  is the angle between the 

axis of detection and reference plane, ),( yxrφ  is the phase value at coordinates 

),( yx  on the reference plane, ),( yxoφ  is the phase value at coordinates ),( yx  in 

the presence of object, and ),( yxφ∆  is the phase difference between ),( yxrφ  and 

),( yxoφ . 

 

Because the optical setup parameters oP  and dθ  are fixed throughout the 

measuring process, Eq. (1) can be simplified as 
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=  is a constant for a given system setup, and can be acquired with 

a simple system calibration procedure described in subsection 3.2. Calculation of the 

surface height ),( yxh  is now reduced to finding the phase difference ),( yxφ∆  at 

each coordinate ),( yx  on the projection plane. 

 

2.2 Extracting phase from intensity images 

 

The intensity image ),( yxI  of the projected sinusoidal fringe pattern can be 

expressed as 

 

),(cos),(),(),( yxyxIyxIyxI mb φ+=                                (3) 

 

where ),( yxIb  is the background intensity, ),( yxIm  is the fringe modulation, and 

),( yxφ  is the phase distribution at coordinates ),( yx . 

 

),( yxI  in Eq. (3) is the known intensity image of the projected sinusoidal fringe 

pattern obtained from the CCD camera. ),( yxIb , ),( yxIm  and ),( yxφ  are 

unknown in Eq. (3) and still need to be solved. To extract the phase ),( yxφ , at least 

three different intensity images of the projected sinusoidal fringes patterns are 

required.  

 

In this study, we choose 2π  as the phase shifting increment and adopt a 

four-step method to generate four different fringe patterns, i.e., we sequentially shift 

the sinusoidal fringe pattern by the phases of 0 , 2π , π , and 23π . Let ),(1 yxI , 
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),(2 yxI , ),(3 yxI , and ),(4 yxI  correspond to the intensity images from phases 0 , 

2π , π , and 23π , respectively. The intensity images of the projected sinusoidal 

fringe patterns can be formulated as 

 

),(cos),(),(]0),(cos[),(),(),(1 yxyxIyxIyxyxIyxIyxI mbmb φφ ⋅+=++=  
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By solving the four equations above, the phase distribution ),( yxφ  at coordinates 

),( yx  can be computed as 
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The reason that we adopt a four-step method, instead of a three-step method, is that 

zero values at the denominator in Eq. (4) can be eliminated. 

 

The phase ),( yxφ  calculated from Eq. (4), which is between 2/π−  and 

2/π , is not the actual phase value and still cannot be used to evaluate the surface 

height. With the so-called modulo π2  correction [22], the calculated phase is first 

made to extend the range from 0 to π2 . Then the π2  discontinuities of modulo 

π2  phase data can be removed by adding π2  to the adjoining data according to the 

phase variation. The phase distributions on the reference plane and on the object, i.e., 

),( yxrφ  and ),( yxoφ , can be obtained according to the forgoing phase unwrapped 

process. Once the phases that modulate the sinusoidal fringes on the object and on the 

reference plane are acquired respectively, the phase difference ),( yxφ∆  is obtained. 
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Then the 3D reconstruction can be derived from Eq. (2). 

 

3. The LCD-based 3D surface profiling system 

 

3.1 System layout 

 

Figure 2 shows the configuration of the proposed system. The projection unit is 

composed of a cool light source, the convex lens 1 and the LCD panel. We adopt the 

cool light source in the system so that the transparency of the LCD panel will not be 

affected by temperature variation [25]. The cool light source with a power range of 

0-150 W and the convex lens 1 with a focal length of 50 mm are employed to supply 

the collimated white light of normal temperature. The chosen LCD panel with a 

resolution of 600800×  pixels has an active area of 27 × 20 mm2. This panel is 

connected to a personal computer, and can be directly controlled by software to 

generate transparent sinusoidal gratings through the LCD control interface. 

 

The convex lens 2 with a focal length of 50 mm is used to focus the images of the 

projected sinusoidal fringe patterns. A precision translation stage with a resolution of 

0.005 mm is used to hold the rigid flat plate (used as the reference plane) and to place 

the object under inspection. The convex lens 1, the LCD panel, the convex lens 2 and 

the precision translation stage are all held by optical holders and fixed on a linear 

optical bench 50 cm in length. The optical setup is designed to obtain normal 

projection onto the reference plane. 

 

A black and white CCD camera is implemented to capture the projected fringe 

patterns. The collocated lens is 50 mm , 8.1F . The CCD camera captures the 
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intensity images from a detection angle of 20 degrees. The effective size of a captured 

image is 480640×  pixels wide with 8-bit gray levels. 

 

3.2 Phase shifting and adaptive projection 

 

The sinusoidal fringe patterns can be software-generated and displayed on the 

LCD panel. Figure 3 shows an example of the computer-generated sinusoidal fringe 

pattern in this study. The sinusoidal fringe lines is perpendicular to the x-axis and its 

intensity distribution varies according to 

 

)](2cos[1 tx
P

In δπ
++=                                           (5) 

 

where nI  is the normalized intensity, P  is the fringe period, and )(tδ  is the phase 

step. 

 

The required sinusoidal fringe pattern is acquired by illuminating the LCD panel 

with the white light source and projecting it to the image plane. Shifting the 

computer-generated fringe pattern with the 2π  phase increment is equivalent to 

shifting the pattern with one fourth of the fringe period. In this study, the fringe period 

is measured with pixels. The required four phase-shifted sinusoidal fringe patterns 

with 2π  phase increment are acquired by digitally shifting the fringe pattern with 

the mapping fringe periods. Therefore, there are no vibrations caused by mechanical 

movement during the phase shifting process. 

 

The proposed system can provide adaptive projection; that is, sinusoidal fringe 

patterns displayed on the LCD panel can be changed easily with different fringe 
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periods, phase-variation directions and grating patterns. As seen in Figure 4, the fringe 

period can be adjusted by changing the P  value in Eq. (5). The phase-variation 

direction is adjusted by rotating the computer-generated sinusoidal fringe pattern with 

counterclockwise θ . For example, the sinusoidal fringe lines are perpendicular to the 

y-axis when θ  is o90 . The grating pattern can be changed with shape masking. 

These adjustments are all done by software setting and are instantly reflected to the 

projected sinusoidal fringe pattern on the image plane. The adaptive projection is very 

useful for measuring 3D surface profiling of various electronic components on PCBs 

because these components generally have different sizes, topographies and reflections. 

 

3.3 System calibration and procedure 

 

Before proceeding to the inspection procedure for 3D object reconstruction, the k 

constant value in Eq. (2) must be predetermined. It can be seen from Eq. (2) that the k 

value can be derived from the known surface height divided by the corresponding 

phase difference. A simple calibration procedure based on a uniform measurement 

scale [26] is used to obtain the k value with a known surface height and the 

corresponding phase difference. The calibration procedure has the advantage that the 

aberrations of the optical lens and the position of the CCD camera do not have to be 

known and have no influence on the measurement accuracy. 

 

The phase distribution on the flat plate is determined by the proposed system 

first. Then the precision translation stage that holds the flat plate is finely tuned along 

the z direction with a known distance d∆  (as the constant surface height h ). Finally, 

the phase distribution on the flat plate after the movement d∆  is determined again 

by the proposed system. Following the calibration procedure described above, the 
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phase change φ∆  due to a translation of the flat plate by a known distance d∆  is 

measured using Eq. (4). Thus, the k value is obtained as  

 

φ∆
∆

=
dk                                                         (6) 

 

Once the k constant value is acquired, the inspection procedure of the proposed 

system proceeds as follows. 

Step 1. Generate a fringes pattern: The sinusoidal fringe pattern is generated first 

using Eq. (5) displayed on the LCD panel. 

Step 2. Project sinusoidal fringes: Illuminate the LCD panel with the collimated 

white light. The sinusoidal fringes pattern image is focused and projected 

onto the rigid flat plate (the reference plane). 

Step 3. Shift phases: The computer-generated sinusoidal fringe pattern that displays 

on the LCD panel is digitally shifted in four phase steps 0 , 2π , π , and 

23π . 

Step 4. Generate the reference phase: The intensity images projected on the rigid 

flat plate are sequentially captured by the CCD camera and computed using 

Eq. (4) to obtain the phase values ),( yxrφ  on the reference plane. 

Step 5. Generate the object phase: Place the object to be inspected on the precision 

translation stage and repeat Steps 3 and 4 to obtain the phase values 

),( yxoφ  in the presence of the object. 

Step 6. Construct a surface profile: The phase difference ),( yxφ∆  of each 

coordinate ),( yx  is calculated. The surface height ),( yxh  of the object 

under inspection is acquired with Eq. (2), and the 3D surface profile of the 

object is obtained. 
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4. Experimental Results 

 

In this experiment, the test samples of standard 1 mm-gauge block, coin, and 

solder joints and SMT components on PCBs are used to evaluate the efficacy of the 

proposed method. All these samples are inspected by the procedure described in 

section 3.3. We first measure the step height of a standard 1mm gauge block of grade 

0 to analyze the measuring accuracy of the proposed system. Figures 5(a)-(c) show 

the original image, the deformed sinusoidal fringes image, and the 3D reconstructed 

surface profile of the gauge block. The resulting mean step height of the projected 

area is 1.03 mm and the standard deviation is 0.04 mm. 

 

Figures 6(a)-(d) show the original image, the deformed sinusoidal fringes image, 

the range image as an intensity function (the brightness is proportional to the height), 

and the 3D surface profile of a coin with a diameter of 25 mm. Although the test coin 

presents a complicated, metallic surface, its 3D surface profile is well reconstructed 

by the proposed system. Figures 7(a)-(c) show the original image, deformed fringes 

image and 3D surface profile of a solder joint on the PCB. Figures 8(a)-(b) show the 

original image and 3D surface profile of SMT components on a PCB. These 

components are all well reconstructed, and well separated from their complicated 

backgrounds of substrates. 

 

In proceeding with these experiments, a few conditions must be noted. The 

adequacy of the fringe contrast must be considered first because it determines the 

quality of the intensity data and then the measuring precision of the surface height. 

Fringe contrast ),( yxγ  is the ratio function of ),(/),( yxIyxI bm  and can be 

computed as 
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where 1I , 2I , 3I , and 4I  are those defined in Eq. (4). Intensity data quality is poor 

when the fringe contrast is close to zero. Contrarily, a good intensity image is 

obtained when the fringe contrast is approximate to 1. If the fringe contrast is too low, 

the 3D surface profile of the object under inspection will not be properly 

reconstructed. In the proposed system, the fringe contrast can be improved by 

adjusting the output power of the cool light source and the diaphragm of the lens. 

Second, overexposure must be avoided because the phase value ),( yxφ  associated 

with the surface height cannot be correctly acquired in an overexposed region. Finally, 

the detection angle dθ  should be less than 30o. An increment in the detection angle 

will induce shadow areas and generate unbalanced intensity distribution on the sensed 

images. Noises of 3D surface profile will be increased, which will result in increasing 

noise in the reconstructed profile. 

 

It can be seen from Eq. (4) that the detected phase value is tightly related to the 

gray level of intensity. It indicates that the use of a higher gray-level spectrum (such 

as 10-bit gray levels) and spatial resolution of digitization hardware (such as 1K×1K 

image systems) will induce the higher measuring resolution of surface profiling. In 

addition, adopting a higher pixel resolution LCD panel will also generate a finer 

fringe period with adequate fringe contrast. A small phase change can be effectively 

measured with a finer fringe period and, therefore, the measuring resolution of the 

proposed system can be further improved. 

 

With full-field projection and inspection, the measurement speed of the proposed 
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system is fast. The processing time of the 3D surface profiling for an image of 

640×480 pixels wide is less than 4 seconds using a Pentium Ⅲ  500-MHz 

microcomputer. 

 

4. Conclusions 

 

 In this paper, a full-field 3D surface profiling system with cost-effective 

equipment is presented. The proposed system is based on the projected sinusoidal 

fringes with phase shifting technique. A software-controlled LCD panel has been 

successfully used to generate sinusoidal fringe grating and achieve vibration-free 

phase shifting. Even though the proposed system is composed of low cost equipment, 

experiments have shown that the measurement process is very efficient and effective 

in 3D inspection of small metallic objects. The proposed system can also provide 

adaptive projection to accommodate the various sizes, topographies and reflections of 

different electronic components. 

 

Experiments reveal that adequate projected fringe contrast is required and 

overexposure of images should be avoided as much as possible. The system resolution 

can be improved considerably by adopting a higher resolution LCD panel, image 

grabber and CCD. A flexible and cost-effective application of 3D inspection can be 

realized with the proposed technique. 
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Figure 1. Optical geometry of the projected fringes method. 
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Figure 2. Configuration of the proposed 3D surface profiling system. 
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Figure 3. Example of the computer-generated sinusoidal fringe pattern. 
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(a) The projected sinusoidal fringe pattern on the flat plane  

with different fringe periods. 

  
(b) The projected sinusoidal fringe pattern on the flat plane  

with different phase-variation directions. 

  
(c) The projected sinusoidal fringe pattern on the flat plane  

with different grating patterns. 

 

Figure 4. The adaptive projection of the proposed system. 
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(a) The 1mm gauge block. 

 

 
(b) The deformed sinusoidal fringes image of the 1mm gauge block. 

 

 
(c) The 3D surface profile of the 1mm gauge block. 

 
Figure 5. The original image, deformed fringes image and 3D surface profile of a 

standard 1mm gauge block. 
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(a) The test coin. 

  
(b) The deformed sinusoidal fringes 

 image of the test coin. 

(c) The range image as an intensity 

function, where the brightness is 

proportional to the height. 

 

 

 
 

(d) The 3D surface profile of the test coin. 
 

Figure 6. The original image, deformed fringes image, range image as an intensity 

function, and 3D surface profile of a test coin. 
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(a) A solder joint on the PCB. 

 

 
(b) The deformed sinusoidal fringes image of the solder joint on the PCB. 

 
 

 
(c) The 3D surface profile of the solder joint on the PCB. 

 
Figure 7. The original image, deformed fringes image and 3D surface profile of 

the solder joint on the PCB. 
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(a) SMT components on a PCB. 

 

 
(b) The 3D surface profile of SMT components on a PCB. 

 
Fig. 8. The original image and 3D surface profile of SMT components on a PCB. 

 

 


