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Abstract: We present a method for fast inspection of metallic micro parts. It is based on the combination of two-
wavelength contouring and digital holographic microscopy (DHM). For fast evaluation, an autofocus algorithm 
to refocus the object digitally without the need for any external intervention is proposed. The method enhances 
the microscope objective’s depth of focus compared with imaging techniques by standard microscopy. Compared 
to standard DHM, an object side telecentric objective is utilized to overcome irreversible depth distortions caused 
by standard microscope objectives. The method is demonstrated by reconstructing the three-dimensional shape of 
a metallic deep drawn micro cup. Experimental results confirm the improved depth of focus of DHM. 
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1. Introduction 

 

Micro parts are commonly fabricated at a high 
production rate. The manufacturing in such a mass 
production process which contains prototyping and 
production has to be cost-effective. The cold drawing 
process is one of the cost-effective production 
processes and it produces up to several hundreds of 
micro parts per minute. Usually, micro parts should 
have defined shape and surface characteristics. These 
characteristics strongly depend on the production tools 
and steps used to manufacturing them [1].  

In general, micro parts are subject to dimensional 
errors which lead to form deformation and surface 
defects such as dent, scratches, and fractures. Thus, 
quality inspection is an important task to improve and 
monitor the production process. For inspection, 

metrology techniques such as tactile, confocal 
microscope, white light interferometry [2], phase 
retrieval [3-5] and computational shear interferometry 
(CoSI) [6] were used. In regard to in-line inspection, 
such techniques are not suited since they are based on 
scanning and/or require a set of sequential 
measurements. In contrast to these methods, digital 
holography (DH) [7] offers fast measurements with 
resolution down to fractions of the wavelength of the 
illumination. DH offers a direct access to the phase 
difference of the coherent superposition of light 
diffracted from the test object and a separate reference 
beam. Thus, the optical path difference (OPD) of light 
diffracted by the test object which is directly 
correlated with its geometric and surface properties 
can be measured. However, phase ambiguities occur 
when the height difference between two points of a test 
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surface is larger than a quarter of the wavelength. 
Especially if the investigated surface is optically 
rough, the result of the evaluation becomes ambiguous 
and cannot be used to reconstruct the shape of the test 
object. One way to solve this problem is realized by 
recording two holograms to recover two phase 
distributions associated with two different 
wavelengths. This approach is referred to as two-
wavelengths contouring technique [8-9]. The results 
of the two-wavelength measurement equal that  
of a single measurement with a much larger 
wavelength Λ which is often referred to as the 
synthetic wavelength. This relaxes the ambiguity 
problem to step heights of Λ/4.  

Here we present a fast shape measurement method 
which can be used for in-line quality inspection of 
micro parts. The method is based on implementation 
of autofocus in holographic two wavelength 
contouring. The method enhances the depth of focus 
of the utilized DHM objective. For fast acquisition, 
holographic spatial frequency multiplexing is realized 
to capture the required two holograms in a single shot. 
The method is demonstrated by measuring the 3D 
form of a metallic micro cup. 

 
 

2. Form Measurements by Means of 
Holographic Contouring  
 
This technique consists of two main processes: the 

measurement which requires a holographic setup to 
capture the required hologram and an evaluation 
process to convert the measurement to a 3D form map. 
Since it is planned to investigate micro objects, digital 
holographic microscopy DHM is considered [8-9]. 
Fig. 1 shows a scheme of the utilized DHM [10].  

 
 

 
 

Fig. 1. A scheme of the used DHM setup: LDM refers to an 
object side telecentric long distance microscope objective 
having 10× magnification, a numerical aperture of NA= 0.21 
and a working distance of 51 mm. Obj refers to the test 
object and BS is a 50:50 beam splitter. 

 
 

The setup consists of a long distance microscope 
objective (LDM) with a 10× magnification, a 

numerical aperture (NA) of 0.21 and a working 
distance (WD) of 51 mm. The LDM is an object side 
telecentric objective. It is noted that the NA of the 
microscope objective limits the depth of field which is 
planned to be extended by means of digital refocusing 
in digital holograph. BS is a beam-splitter combining 
light diffracted from the surface under test and the 
reference wave resulting in a hologram for each 
wavelength across the camera plane. The holograms 
are then captured using a charge-coupled device 
(CCD) camera sensor located in the camera plane. It is 
noted that there exists an angle α between the 
observation and illumination direction. 

However, technical objects’ surfaces are optically 
rough, since the object surface commonly exhibits 
steps and peaks larger than quarter of the single 
wavelength. Thus, the evaluation process as a result of 
the measurement becomes ambiguous. Due to these 
phase ambiguities the surface form of the test object 
cannot be reconstructed from the measurement. 
Holographic two-wavelength contouring method can 
be used to solve this problem. In this approach, two 
complex amplitudes, Uλ1 and Uλ2, are retrieved from 
two measurements associated with two different 
wavelengths λ1 and λ2. In order to simultaneously 
record the two holograms associated with λ1 and λ2 in 
a single shot, three optical fiber splitter/coupler are 
used. The scheme for the realization of object 
illumination and reference beams is shown in Fig. 2. 

 
 

 
 

Fig. 2. Object and reference illumination scheme for the 
experimental setup. The scheme results in two reference 
waves and one illumination wave fiber tip, where light 
emitted from both laser diodes is mixed. This is realized 
using three 1×2 fiber splitter/coupler. 

 
 

Each laser diode is coupled into a single mode 
fiber. Using a 1×2 fiber splitter, the input of each is 
divided into two outputs. Two of these outputs are 
used for illuminating the test object from one direction 
by combining them using a 1×2 coupler with an 
illuminating angle of ∝ = 22°. The other two outputs 
are used as reference waves. The positions of the two 
reference waves are shifted from the center of the 
optical axis by different shifts of Δxn = (Δxni, Δxnj). 
Accordingly, the interference of the spherical wave 
arising from the field curvature of the objective and 
the shifted reference point source generates linear 
fringes, i.e. a linear phase ramp [4]. Since the two 
reference waves are shifted with a different amount of 



Sensors & Transducers, Vol. 226, Issue 10, October 2018, pp. 77-82 

 79

shift, the corresponding holograms generated across 
the recording plane are modulated by different phase 
ramps Gλn which are given by 

ఒ௡(x)ܩ  = expሾi2πΔx୬ ∙ xሿ (1) 
 
Here, x = (xi, xj) represents a two dimensions 

vector at the recording, i.e., hologram, plane. The 
intensity distribution of the hologram generated at the 
camera plane which is captured using the CCD sensor 
can be written as 

ଵ,ଶ(x)ܫ  = (x)ܣ + (x)ܤ +  (2) ,	(x)ܥ
 

where A(x) represents the incoherent summation of 
the intensities of the interfering wave fields i.e. dc-
term and B(x) and C(x) are given by 
(x)ܤ  = ෍൫ܷைഊ೙(x) ∙ ܷ∗ோഊ೙(x) ∙ ఒ௡(x)൯ଶܩ

௡ୀଵ , (3) 

(x)ܥ  = ෍൫ܷ∗ைഊ೙(x) ∙ ܷோഊ೙(x) ∙ ఒ௡(x)൯ଶ∗ܩ
௡ୀଵ  (4) 

 
Here, ܷைഊ೙ and ܷோഊ೙ denote the object and 

reference wave fields, respectively, and * referrers to 
the complex conjugate. According to Eq. (3) and 
Eq. (4), the phase ramps introduce different spatial 
carriers to the holograms and thus they are laterally 
separated at the frequency domain obtained by 
applying a fast Fourier transform. A scheme of the 
expected spectrum of a single hologram containing 
object’s information from the two simultaneous 
illuminations is shown in Fig. 3. Here +1, −1, and the 
dc-term refer to the diffraction orders, i.e., the plus and 
the minus first diffraction orders and the dc-term of an 
intensity hologram. The diffraction orders are laterally 
separated confirming that there was no crosstalk 
between the two generated holograms. 

 
 

 
 

Fig. 3. Schematic representation of the expected spectrum 
of a single hologram, where +1, −1, and the dc-term refer 
to the diffraction orders and fx and fy represents the spatial 

frequencies in x and y directions. 

In the following section, recovering the phase 
information from the recorded holograms will  
be discussed. 
 
 
3. Recovering the Phase Information 

Form the Recorded Hologram 
 
The adaptive spatial carrier frequency method  

[11-13] is applied in order to retrieve two complex 
amplitudes corresponding to λ1 and λ2 from the 
recorded intensity hologram. This is done by 
implementing the following steps: 

1) Applying the fast Fourier transform on the 
recorded intensity hologram. 

2) The spatial frequencies which are 
corresponding to the minus first diffraction order 
recorded for λ1 is selected and all other frequencies are 
filtered out including the dc-term. 

3) The selected frequencies area is translated to the 
center of the spectrum. 

4) To obtain the complex amplitude Uλ1 at the 
hologram plane an inverse fast Fourier transform  
is applied. 

5) Steps 2 to 4 are repeated for the minus first 
diffraction order related to λ2.  

Thus, two complex amplitudes, Uλ1 and Uλ2, are 
retrieved from a one hologram recorded for the two 
wavelengths λ1 and λ2. 
 
 
4. Holographic Contouring 

 
From the two complex amplitudes across the 

hologram plane, Uλ1 and Uλ2, which are retrieved for 
the two different wavelengths λ1 and λ2, the 
corresponding complex amplitudes across the object 
plane, U୓ಓభand	U୓ಓమ, are numerically determined. By 
tacking the argument of U୓ಓభand	U୓ಓమ the phase 
distributions at the object plane are calculated. 
Subtracting the two retrieved phase distributions 
across the object plane gives the phase difference Δφ 
across the object plane. From Δφ the 3D height map zp 
of the test object is directly calculated utilizing [14] 

 ∆(x) = ߨ2−

௣(1ݖ + cos) (5) 

 
Here, α is the angle between the observation and 

illumination direction and Λ is referred to as the 
synthetic wavelength which is given by  

 Λ = ଶߣ|ଶߣଵߣ −  ଵ| (6)ߣ

 
The resulting phase difference distribution map 

given by ∆ equivalents a single measurement with Λ. 
This map contains fringes and it is referred to as the 
phase contouring map. 

 



Sensors & Transducers, Vol. 226, Issue 10, October 2018, pp. 77-82 

 80

5. Autofocus for Form Measurements 
 
Since the microscope objective of the DHM has a 

limited depth of focus, sharp contouring fringes appear 
only within the microscope objective’s depth of field 
which is limited to a few microns. In this section, an 
autofocus method is used to enable the reconstruction 
of a complete sharp contouring map which covers the 
micro part under test. This phase map is used then to 
retrieve the 3D form of the test object. The approach 
is based on using an error metric which is calculated 
based on the standard deviation of the phase difference 
residuals. The error metric is given by [15] 

 E =෍|׏߶ோ௘௦|ଶ௫∈஺ , (7) 

 
where ∇φRes is the phase difference residual and is 
determined by subtracting the phase recovered from 
each measurement and its low pass filtered phase 
distribution. ∇ is the nabla operator which is applied 
in two dimensions. Hence, the minimum total variance 
of φRes is used to define where the object is in focus. 
The implementation of the whole process is 
summarized in the following steps: 

1) Recover the complex amplitude across a certain 
plane in the object space for each wavelength using the 
spatial phase shifting approach. Thus, two phase 
distributions are obtained at the regarded plane as 
shown by the simulated results in Fig. 4(a, b). 

2) Numerical propagation of the recovered 
complex amplitudes in various planes to cover the 
whole test object. The result of phase difference 
between the recovered phase distributions across the 
same plane gives a contouring map, as shown in 
Fig. 3(c), with sharp fringes only where the object is 
in focus. Propagating the recovered wave field ௭ܷ೙	
numerically from the plane located at zn to the plane at 
zm can be described by convolution of the wave field ௭ܷ೙	with a linear shift invariant impulse response hz 
[16] by: 

 ௭ܷ೘(x) = ൫ ௭ܷ೙ ⊗ ݄௭൯(x)  (8) 
 
Here, ܷ݉ݖ denotes the complex amplitude of the 

propagated wave field and the index z refers to the 
propagation distance. The transfer function of 
propagation is a phasor with unit amplitude given by 

 ݄௭(x − u) = − ߣ݅ exp(݅݇|ݎ|)|ݎ| cos(z, r), (9) 

 
where k is the wave number and r = (x-u, z) is a vector 
connecting two positions of the respective propagation 
planes.  

3) The focus region is indicated by monitoring the 
error metric, Eq. (7), and masking only the area where 
the object is in focus.  

4) Step 3 is repeated for all object layers defining 
the area where the object is in focus. 

 
 

Fig. 4. Simulation of light diffracted from a metallic micro 
cup with 1 mm diameter, 0.5 mm height and a surface 
roughness of 5 μm. In a) and b) two phase distributions for 
λ = 637 nm and λ = 642 nm are shown. In c) the phase 
difference of a) and b) is given, with sharp fringes across the 
area where the object is in focus. d) shows the contouring 
phase map constructed by numerical propagation through 
various layers in the object space. The map shows sharp 
fringes across the entire object. 
 
 

5) At this step all areas found to be in focus are 
stitched together to construct a contouring map where 
sharp fringes covering the entire object as shown in 
Fig. 4(d). 

The resulting contouring phase map is then 
unwrapped. The values of the unwrapped phase are 
substituted in Eq. (5) to reconstruct a 3D height map 
of the test object. The 3D map could be used, e.g., to 
inspect the geometry of the test object. 

 
 

6. Experimental Results 
 
Fig. 5 shows the test object which is a metallic 

micro cold formed cup having a radius of ca. 500 µm 
and depth of ca. 500 µm. 

 
 

 
 

Fig. 5. Scanning electron micrograph of a metallic 
cold formed micro-cup [14]. 
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The object and reference illumination scheme for 
the experimental setup is constructed based on the 
scheme given in Fig. 2. To this purpose, two laser 
diodes λ1 = 636.55 nm and λ2 = 642.10 nm and three 
1×2 fiber splitters and couplers are used.  
Hence, according to Eq. (6), a synthetic wavelength of 
Λ = 73.64 µm is utilized for the evaluation process. 

Fig.6a shows an example of a captured hologram. 
And Fig. 6 (b) shows its spectrum which contains all 
information required for implementing the contouring 
approach. It is noted here, that there is no cross talk 
between the two different holograms which are 
recorded in a single shot camera image. Each object’s 
information related to certain wavelength is shifted 
according to an exact position. 

 
 

 

 
 

Fig. 6. Image a) shows a single hologram which contains 
object information for the simultaneous illumination of two 

wavelengths and b) shows its spectrum. 

 
 
As seen from Fig. 7(a, b), the contouring fringes 

are only sharp for the plane which is in-focus due to 
the limited depth of focus of the utilized microscope 
objective. Areas out of focus are corrupted by speckle 
decorrelation, as predicted by the simulation results 
shown in Fig. 4. 

To obtain a sharp contouring map across the whole 
object, the recovered object wave is numerically 
propagated throughout all objects planes using Eq. (8). 
The autofocus algorithm is implemented by scanning 
within small windows throughout all propagated 
planes to define where the object is in focus 
minimizing Eq. (7). Accordingly, different areas 
where the object is in-focus are found and stitched 
together forming the sharp amplitude image of micro-

cup, Fig. 7 (c), and the contouring map, see Fig. 7(d). 
For fast evaluation, an automated process was 
proposed and implemented within a graphics 
processing unit (GPU). For this a GTX 1080 graphic 
card having 8 GB Ram is used. Using this unit the 
evaluation process is done in less than one second. 

 
 

 
 

Fig. 7. Reconstructed intensities which represent a sharp 
image of the micro cup under test at one plane a) and across 
the whole object after the digital extending DHM depth of 
focus b) are shown. And b) and d) show the corresponding 
phase difference. Image size is 2200 × 2200 pixels with a 
pixel pitch of 4.54 µm. 

 
 

To reconstruct the 3D form of the measured micro-
cup, the phase contouring map presented in Fig. 7(d) 
is unwrapped using Goldstein phase unwrapping 
approach [17]. By substituting the unwrapped phase 
values in Eq. (5), the 3D height map which is 
presented in Fig. 8 is obtained. 

 
 

 
 
 

Fig. 8. 3D form of a metallic micro-cup reconstructed by 
substituting the unwrapped phase values of the phase 

contouring map into Eq. (5). 

zp μm 

250 μm
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7. Conclusions 
 

We present a fast approach for geometrical 
inspection of cold formed micro parts. It uses two-
wavelength holographic contouring in digital 
holographic microscopy (DHM). Using autofocus, the 
depth of field of the DHM is extended. The autofocus 
approach defines the plane where the object is in focus 
by estimating the standard deviation of the contouring 
phase map ΔφRes which is relatively high within areas 
where the object is out of focus because of the speckle 
decorrelation. For fast evaluation, the method is 
implemented in a GPU. The method is demonstrated 
by reconstructing the 3D geometrical shape of a 
metallic cold formed micro-cup. 
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