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Abstract – The use of projected fringes for the 
measurement of surface profile is a well-developed 
technique. In this paper, we present a surface profile 
measurement method for micro-components based on 
the combination of digital fringe projection, phase 
stepping, temporal phase unwrapping, and digital 
image acquisition. In this paper, a cost-effective 
machine is proposed. In particular, the paper 
describes the hardware and software realization. A 
simple procedure is described, which enables 
calibration of the optical set-up for subsequent 
quantitative measurement of micro-components of 
unknown shapes. In this paper, some examples are 
presented to demonstrate the potentiality of the 
system in measurement of microscopic surface profile. 

 I. INTRODUCTION 
The survey of the surface profile by means of non-

contact optical systems is the subject of extensive studies 
[1-6], given its importance in many fields ranging from 
quality control to medicine, from robotics to solid 
modeling. In the field of conservation of cultural heritage, 
both the determination of surface finish (surface texture) 
and its variations over time are of particular importance. 
In fact, to establish the actual vulnerability of cultural 
assets, one of the most important parameters to determine 
is the loss of material or, more generally, the 
determination of microstructural changes in the exposed 
surface (currently, for these determinations, indirect 
methods are used). Therefore, the objective of the present 
research is to develop a no-contact optoelectronic system 
capable of analyzing, at high resolution, the surface 
profile of artistic finds. The basic methodology to be used 
for the development of the system is the one known as 
grating projection or structured light [7,8]. This method, 
supported by optoelectronic signal processing techniques, 
will allow the development of a system characterized by 
high precision, small footprint and relative low 
production cost. 

 II. THE RANGE-FINDER 
Projected fringe profilometry is one of the most 

effective methods to measure the 2.5D surface profiles of 
rough engineering surfaces [9]. The fringe can be 

generated by projecting parallel light through optical 
grating slides with various projecting patterns, such as 
sinusoidal-like modulation. The traditional phase shifting 
method, which involves physically moving a grating or a 
reference mirror has two problems, namely inefficiency 
due to mechanical movement, and unavoidable phase 
shifting errors incurred during the phase shifting process. 
Therefore, a digital micro-mirror device (DMD) was 
further proposed to generate flexible structured-light 
patterns with highly precise phase shifting. 
This paper presents a surface profile measurement 
method for micro-components based on the fringe 
projection, phase-shifting technique, and temporal phase 
unwrapping. Linear sinusoidal fringe patterns are 
projected on a micro-component surface by a digital 
fringe projector. The system projected an area of fine 
sinusoidal fringes on a micro-component surface. The 
projected sinusoidal fringes will be deformed by the 
surface height variations of the micro-component. By 
detecting the deformed sinusoidal fringes and in 
combination with phase stepping and temporal phase 
unwrapping, high-precision 2.5D measurement of micro-
component can be efficiently acquired. 

The system is built with commercially available 
instrumentation. It is shown in Figure 1 and consists of 
four main modules: the digital fringe projector 
(developed using a Digital Light Projector - DLP); CCD 
camera, micro-stepping movable table and a personal 
computer as processing unit. 

 

 

 
 

Fig. 1. Set up of the measurement system. 
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The DLP is a commercial available video projector 
based on DMD technology. An advantage with this is that 
fringes can be phase-stepped without miscalibration. 
Hence, a generic N-bucket phase shifting algorithm, 
without self-calibrating properties, is suitable for the 
phase calculation.  As camera, it is used a common b/w 
CCD with 1200 x 1600 pixels resolution. 

Structured light with sinusoidal fringes is projected 
onto the object surface. Due to the depth variation of the 
surface the structured light is phase-modulated, leading to 
a deformed spatial carrier fringe pattern in which the 
topographic information of the object surface has been 
encoded. 

The optical geometry of the phase measuring 
techniques is shown in Figure 2. 

 

 

 
 

 When a sinusoidal fringe pattern is projected onto a 3-
D object, the surface height of it is mapped to a phase 
function of the deformed intensity fringe pattern, and can 
be resolved by [10]: 
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where (x, y) is the spatial coordinate, h(x, y) is the local 
height variation, P0 is the period of sinusoidal grating in 
the reference plane, θ is the angle between the axis of 
projection and the reference plane, Δ   is the phase 
difference relative to the height change. The relationship 
between the phase distribution and the range image of a 
2.5D object surface is determined by optical sensitivity 
that depends on the geometry of system design and 
system parameters. Such the equation (1) relation can be 
simply expressed as: 
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where K represents the fringe sensitivity depending on 
the optical geometry. 

As described in equation (2), the phase-shifting 
difference is regarded as being proportional to the depth 
of 3D shape of an object surface. However, due to the 
nonlinearity errors, the image distortion of the digital 

fringe projection (DMD and its lens set) and the image 
acquisition (CCD camera and its lens set), the linearity of 
the phase shift with regard to the depth of the object 
surface, in fact, does not exist [11,12]. The nonlinearity 
errors of both the fringe projection and the image 
acquisition can greatly affect the accuracy of 3D shape 
measurement. To minimize these errors, the system 
parameters used in the digital fringe projection (DFP) for 
3D surface profilometry must be systematically modeled 
and calibrated, with the measurement errors in the 
measurement space mapped out and compensated for. 

For the absolute phase calculation, it is possible to use 
the FFT algorithm [13-15] or phase-shifting technique 
[16]. 

The phase-shifting fringe analysis method has been 
well described in [10, 13, 16]. In short, we presume that 
N frames of sinusoidal fringe patterns are cast in 
sequence on the object surface by the projector, with a 
constant phase increment 2π/N between consecutive 
frames. Then the n’th distorted fringe pattern captured by 
the CCD camera can be represented as 

( , ) ( , ) ( , ) cos ( , ) 2n
nI x y a x y b x y x y
N    (3) 

where n = 0, 1, ... , N-1 is an integer-valued vector; x 
and y are the coordinates of the point in the distorted 
fringe pattern; In(x, y), a(x, y), and b(x, y) denote the 
recorded intensity, the background intensity, and the local 
contrast variation at the point (x, y), respectively; and 
Δϕ(x, y) denotes the phase in which the depth information 
of object surface is included. The values of wrapped 
phases can be calculated by [11] 
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Since phase calculation by the computer gives principal 
values ranging from −π to +π, the phase distribution is 
wrapped into this range and, consequently, has 
discontinuities with 2π-phase jumps for variations larger 
than 2π. In general, a phase unwrapping technique is 
required to identify phase reversal in the fringe pattern. 
With the use of computer-generated fringe patterns, 
however, the phase in the projected fringe pattern can be 
easily programmed. Therefore, temporal phase 
unwrapping technique can be used for analysing phase 
maps [17,18]. The basic idea is to vary the pitch of the 
fringes over time. A sequence of phase maps is recorded, 
forming a three-dimensional phase distribution. The 
phase at each pixel is then unwrapped along the time axis. 
The method is simple and robust. Furthermore, the 
technique also has the advantage that aberrations in the 
system are automatically cancelled so that high-accuracy 
measurements can be made without the need for 
calibration with a flat reference surface. 

Fig. 2. Optical geometry for fringe projection. 
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 III. EXPERIMENTAL RESULTS AND DISCUSSION 
First, some validation experiments have been made. 

Figure 3 shows the recovered 2.5D plot of a specimen of 
metallic step, with 50 m in height, produced by means 
of grinding machine. A comparison between conventional 
direct contact measurement and optical results shows that 
the maximum discrepancy is about 2 μm. 

 

 

 
 
Subsequently, we have performed a test on a coin. 

Figure 4 shows the recovered 2.5D plot of an Italian 10 
Lire coin, used before 2000. 

 

 

 
The system resolution depends on the grating period in 

the reference plane (P0), and the projection angle (θ). In 
our system, the phase values can be measured with a 
resolution of about π/50. Therefore, starting from 
Equation (1), surface profile measurements with a 
resolution better than 2 μm are possible. 

The sensitivity can be readily modified by changing the 
grating pitch (P0) or the illumination angle (θ). 

 

 IV. PIPELINE FOR 3D COLOR MODEL 
For a correct and accurate acquisition of the surface, it is 
essential that the color characteristics are also acquired. 
A typical 3D data elaboration pipeline, to obtain a 
complete 3D model of the acquired object from the raw 
data, consists of the following main steps: 

 

 Acquisition of 2D color information [19, 20]; 
 3D geometric data acquisition; 
 Data integration; 
 Model conversion.  

 

To try the usability of the proposed technique in the 
construction of a virtual gallery of ancient artifacts, we 
have digitized some ancient Roman coins. 
Figure 5 shows the steps of the data processing pipeline, 
used to obtain a complete 3D model of the Roman 
sestertius of Agrippina Senior, who was born in 15 B.C. 
and died in exile in A.D 33. This commemorative coin, 
bearing her name and portrait was struck by her son, the 
emperor Caligula (A.D. 37 – 41).  
Figures 5(a) show the color photos of the coins (obverse 
and reverse). Figures 5(b) show shared view of the 
geometry with surface details. Figures 5(c) show the 
color rendering of the coin. 
 

 

 

 V. CONCLUSION 
Projected fringes for the measurement of surface 

profile is extensively used in 2.5D optical metrology. 
However, low-cost commercially-available projectors are 
susceptible to gamma non-linearity, lack of depth of field, 
system vibration and noise, which distorts the fringe 
patterns and introduces significant errors in the phase 

Fig. 3. Three-dimensional reconstruction of specimen 
with 50 μm calibrated steps. 

Fig. 4. Recovered 3D plot of a coin: “10 Italian lire”. 

Fig. 5. Ancient Roman coin (A.D. 37 – 41). 
(a) Photograph of the coin: obverse and reverse; (b) 
Shaded Rendering of the coin geometry; (c) Rendering of 
the coin shape and color model. 
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measurements. In this work, we have presented a simple 
optical method that can be applied to measurement of 
micro-surface profiles. In the proposed setup, the number 
of phase shifts applied in the projected grating can be 
changed via the user interface, according to the required 
accuracy. 

The proposed device has the potential of the traditional 
fringe projection technique with more versatility, offering 
the freedom to choose and control the fringe period. 
Experiments from real sample have shown that the 2.5D 
profiling measured, by the proposed system, are efficient 
and effective. Finally, the method relies on very simple 
and cheap equipment. 

The proposed system using only consumer technology 
(a video projector and a digital camera), its realization 
can be carried out with less than $ 500. 

In other words, with less than $ 750 is possible to 
realize a system with precision and accuracy comparable 
to much more complex and expensive systems (>$ 5000). 
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